


Chemotherapy
antibiotiC and 



Commissioning Editor: Sue Hodgson

Development Editor: Nani Clansey

Editorial Assistant: Poppy Garraway/Rachael Harrison

Project Manager: Jess Thompson

Design: Charles Gray

Illustration Manager: Bruce Hogarth

Illustrator: Merlyn Harvey

Marketing Manager (USA): Helena Mutak



antibiotiC and 
Chemotherapy

Roger G. Finch
MB BS FRCP FRCP(Ed) FRCPath FFPM

Professor of Infectious Diseases, School of Molecular Medical Sciences,

Division of Microbiology and Infectious Diseases, University of Nottingham and  

Nottingham University Hospitals, The City Hospital,  

Nottingham, UK

David Greenwood
PhD DSc FRCPath

Emeritus Professor of Antimicrobial Science, University of Nottingham Medical School,

Nottingham, UK

S. Ragnar Norrby
MD PhD FRCP

Professor, The Swedish Institute for Infectious Disease Control, Stockholm, Sweden

Richard J. Whitley 
MD

Distinguished Professor Loeb Scholar in Pediatrics, Professor of Pediatrics, Microbiology,  

Medicine and Neurosurgery, The University of Alabama at Birmingham, Birmingham,  

Alabama, USA

N I N T H  E D I T I O N

Edinburgh  London  New York  Philadelphia  St Louis  Sydney  Toronto  2010

anti-infective agents and their use in therapy



SAUNDERS an imprint of Elsevier Limited

© 2010, Elsevier Limited. All rights reserved.

First edition 1963
Second edition 1968
Third edition 1971
Fourth edition 1973
Fifth edition 1981
Sixth edition 1992
Seventh edition 1997
Eighth edition 2003

No part of this publication may be reproduced or transmitted in any form or by any means, electronic 
or mechanical, including photocopying, recording, or any information storage and retrieval system, 
without permission in writing from the publisher. Details on how to seek permission, further 
information about the Publisher’s permissions policies and our arrangements with organizations such 
as the Copyright Clearance Center and the Copyright Licensing Agency, can be found at our website: 
http://www.elsevier.com/permissions.

This book and the individual contributions contained in it are protected under copyright by the 
Publisher (other than as may be noted herein). 

The chapter entitled ‘Antifungal Agents’ by David W. Warnock is in the public domain.

ISBN: 978-0-7020-4064-1

British Library Cataloguing in Publication Data
A catalogue record for this book is available from the British Library

Library of Congress Cataloging in Publication Data
A catalog record for this book is available from the Library of Congress

Printed in China

Last digit is the print number: 9 8 7 6 5 4 3 2 1

Notices
Knowledge and best practice in this field are constantly changing. As new research and experience 
broaden our understanding, changes in research methods, professional practices, or medical treatment 
may become necessary. Practitioners and researchers must always rely on their own experience and 
knowledge in evaluating and using any information, methods, compounds, or experiments described 
herein. In using such information or methods they should be mindful of their own safety and the safety of 
others, including parties for whom they have a professional responsibility.

With respect to any drug or pharmaceutical products identified, readers are advised to check the most 
current information provided (i) on procedures featured or (ii) by the manufacturer of each product to 
be administered, to verify the recommended dose or formula, the method and duration of administration, 
and contraindications. It is the responsibility of practitioners, relying on their own experience and 
knowledge of their patients, to make diagnoses, to determine dosages and the best treatment for each 
individual patient, and to take all appropriate safety precautions.

To the fullest extent of the law, neither the Publisher nor the authors, contributors, or editors, 
assume any liability for any injury and/or damage to persons or property as a matter of products liability, 
negligence or otherwise, or from any use or operation of any methods, products, instructions, or ideas 
contained in the material herein.



Contents

Preface vii
List of Contributors ix

Section 1: General aspects

 1 Historical introduction 2
David Greenwood

 2 Modes of action 10
Ian Chopra

 3 The problem of resistance 24
 Olivier Denis, Hector Rodriguez-Villalobos  
and Marc J. Struelens

 4 Pharmacodynamics of anti-infective  
agents: target delineation and  
susceptibility breakpoint selection 49
Johan W. Mouton

 5 Antimicrobial agents and the kidney 60
S. Ragnar Norrby

 6 Drug interactions involving  
anti-infective agents 68
Keith A. Rodvold and Donna M. Kraus

 7 Antibiotics and the immune  
system 104
Arne Forsgren and Kristian Riesbeck

 8 General principles of antimicrobial 
chemotherapy 110
Roger G. Finch

 9 Laboratory control of antimicrobial 
therapy 115
Gunnar Kahlmeter and Derek Brown

 10 Principles of chemoprophylaxis 123
S. Ragnar Norrby

11 Antibiotic policies 126
 Peter G. Davey, Dilip Nathwani   
and Ethan Rubinstein

Section 2: Agents 

  Introduction to Section 2 144

 12 Aminoglycosides and  
aminocyclitols 145
Andrew M. Lovering and David S. Reeves

 13 β-Lactam antibiotics: cephalosporins 170
David Greenwood

 14 β-Lactam antibiotics: penicillins 200
Karen Bush

 15 Other β-lactam antibiotics 226
Karen Bush 

 16 Chloramphenicol and  
thiamphenicol 245
Mark H. Wilcox

 17 Diaminopyrimidines 250
Göte Swedberg and Lars Sundström

 18 Fosfomycin and fosmidomycin 259
David Greenwood

 19 Fusidanes 262
David Greenwood

 20 Glycopeptides 265
Neil Woodford

 21 Lincosamides 272
David Greenwood

 22 Macrolides 276
André Bryskier

 23 Mupirocin 290
Adam P. Fraise

 24 Nitroimidazoles 292
Peter J. Jenks

 25 Oxazolidinones 301
Una Ni Riain and Alasdair P. MacGowan



vi CONTeNTS

 26 Quinolones 306
Peter C. Appelbaum and André Bryskier

 27 Rifamycins 326
Francesco Parenti and Giancarlo Lancini

 28 Streptogramins 334
Francisco Soriano

 29 Sulfonamides 337
David Greenwood

 30 Tetracyclines 344
Ian Chopra

 31 Miscellaneous antibacterial agents 356
David Greenwood

 32 Antifungal agents 366
David W. Warnock

 33 Antimycobacterial agents 383
John M. Grange

 34 Anthelmintics 395
George A. Conder

 35 Antiprotozoal agents 406
Simon L. Croft and Karin Seifert

 36 Antiretroviral agents 427
Mark Boyd and David A. Cooper

 37 Other antiviral agents 452
Richard J. Whitley

Section 3: Treatment

 38 Sepsis 472
Anna Norrby-Teglund and Carl Johan Treutiger

 39 Abdominal and other surgical  
infections 483
Eimear Brannigan, Peng Wong and David Leaper

 40 Infections associated with neutropenia  
and transplantation 502
Emmanuel Wey and  Chris C. Kibbler

 41 Infections in intensive care patients 524
Mark G. Thomas and Stephen J. Streat

 42 Infections associated with implanted  
medical devices 538
Michael Millar and David Wareham

 43 Antiretroviral therapy for HIV 556
Anton Pozniak

 44 Infections of the upper respiratory tract 567
Nicholas A. Francis and Christopher C. Butler

 45 Infections of the lower respiratory  
tract 574
Lionel A. Mandell and Robert C. Read

 46 endocarditis 589
Kate Gould

 47 Infections of the gastrointestinal tract 593
Peter Moss

 48 Hepatitis 608
Janice Main and Howard C. Thomas

 49 Skin and soft-tissue infections 617
 Anita K. Satyaprakash, Parisa Ravanfar and  
Stephen K. Tyring

 50 Bacterial infections of the central nervous system 633
Jeffrey Tessier and W. Michael Scheld

 51 Viral infections of the central nervous system 650
Kevin A. Cassady

 52 Bone and joint infections 659
Werner Zimmerli

 53 Infections of the eye 667
David V. Seal, Stephen P. Barrett and Linda Ficker

 54 Urinary tract infections 694
S. Ragnar Norrby

 55 Infections in pregnancy 702
Phillip Hay and Rüdiger Pittrof

 56 Sexually transmitted diseases 718
Sheena Kakar and Adrian Mindel

 57 Leprosy 743
Diana Lockwood, Sharon Marlowe and Saba Lambert

 58 Tuberculosis and other mycobacterial infections 752
L. Peter Ormerod

 59 Superficial and mucocutaneous  
mycoses 771
Roderick J. Hay

 60 Systemic fungal infections 777
Paula S. Seal and Peter G. Pappas

 61 Zoonoses 797
Lucy Lamb and Robert Davidson

 62 Malaria 809
Nicholas J. White

 63 Other protozoal infections 823
Peter L. Chiodini and Carmel M. Curtis

 64 Helminthic infections 842
Tim O’Dempsey

 Index 861



The first edition of this book was published almost half a century ago. Subsequent 
editions have generally been published in response to the steady flow of novel antibacterial 
compounds or the marketing of derivatives of existing classes of agents exhibiting 
advantages, sometimes questionable, over their parent compound. In producing the ninth 
edition of this book the rationale has been not so much in response to the availability 
of new antibacterial compounds, but to capture advances in antiviral and, to a lesser 
extent, antifungal chemotherapy and also to highlight a  number of  changing therapeutic 
approaches to selected infections. For example, the recognition that  combination  therapy 
has an expanded role in preventing the emergence of drug resistance; traditionally applied 
to the treatment of tuberculosis, it is now being used in the management of HIV, hepatitis 
B and C virus infections and, most notably, malaria among the protozoal infections.

The impact of antibiotic resistance has reached critical levels. Multidrug-resistant 
pathogens are now commonplace in hospitals and not only affect therapeutic choice, but 
also, in the seriously ill, can be life threatening. While methicillin-resistant Staphylococcus 
aureus (MRSA) has been  taxing  healthcare systems and achieved prominence in the 
media, resistance among Gram-negative  bacillary  pathogens is probably of considerably 
greater importance. More specifically, resistance based on extended spectrum β-lactamase 
production has reached epidemic proportions in some  hospitals and has also been 
recognized, somewhat belatedly, as a cause of much community  infection. There are also 
emerging links with overseas travel and possibly with the food chain. The dearth of novel 
compounds to treat resistant Gram-negative bacillary infections is particularly worrying. 
What is clear is that the appropriate use of antimicrobial drugs in the management of 
human and animal disease has never been more important.

As in the past, the aim of this book is to provide an international repository of 
information on the properties of antimicrobial drugs and authoritative advice on their 
clinical application. The  structure of the book remains unchanged, being divided into 
three parts. Section 1 addresses the general aspects of antimicrobial chemotherapy 
while Section 2 provides a detailed description of the agents, either by group and their 
respective compounds, or by target microorganisms as in the case of  non-antibacterial 
agents. Section 3 deals with the treatment of all major infections by site, disease or target 
pathogens as appropriate. Some new chapters have been introduced and others deleted. 
The recommended International Non-proprietary Names (rINN) with minor exceptions has 
once again been adopted to reflect the international relevance of the guidance provided.

Preface
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chapter

1

THE EVOLUTION OF ANTIMICROBIC 
DRUGS

No one recently qualified, even with the liveliest imagination, 
can picture the ravages of bacterial infection which continued 
until rather less than 40 years ago. To take only two examples, 
lobar pneumonia was a common cause of death even in young 
and vigorous patients, and puerperal septicaemia and other 
forms of acute streptococcal sepsis had a high mortality, little 
affected by any treatment then available. One purpose of this 
introduction is therefore to place the subject of this book in 
historical perspective.

This subject is chemotherapy, which may be defined 
as the administration of a substance with a systemic anti-
microbic action. Some would confine the term to synthetic 
drugs, and the distinction is recognized in the title of this 
book, but since some all-embracing term is needed, this 
one might with advantage be understood also to include 
substances of natural origin. Several antibiotics can now be 
synthesized, and it would be ludicrous if their use should 
qualify for description as chemotherapy only because they 
happened to be prepared in this way. The essence of the 
term is that the effect must be systemic, the substance 
being absorbed, whether from the alimentary tract or a site 
of injection, and reaching the infected area by way of the 
blood stream. ‘Local chemotherapy’ is in this sense a con-
tradiction in terms: any application to a surface, even of 
something capable of exerting a systemic effect, is better 
described as antisepsis.

THE THREE ERAS OF CHEMOTHERAPY

There are three distinct periods in the history of this subject. In 
the first, which is of great antiquity, the only substances capa-
ble of curing an infection by systemic action were natural plant 
products. The second was the era of synthesis, and in the third 
we return to natural plant products, although from plants of a 
much lower order; the moulds and bacteria forming antibiotics.

1. Alkaloids. This era may be dated from 1619, since it is 
from this year that the first record is derived of the success-
ful treatment of malaria with an extract of cinchona bark, 
the patient being the wife of the Spanish governor of Peru.† 
Another South American discovery was the efficacy of ipecac-
uanha root in amoebic dysentery. Until the early years of this 
century these extracts, and in more recent times the alkaloids, 
quinine and emetine, derived from them, provided the only 
curative chemotherapy known.

David Greenwood

Historical introduction

The first part of this chapter was written by Professor Lawrence Paul 
Garrod (1895–1979), co-author of the first five editions of Antibiotic 
and Chemotherapy. Garrod, after serving as a surgeon probationer 
in the Navy during the 1914–18 war, then qualified and practiced 
clinical medicine before specializing in bacteriology, later achieving 
world recognition as the foremost authority on antimicrobial che-
motherapy. He witnessed, and studied profoundly, the whole devel-
opment of modern chemotherapy. A selection of over 300 leading 
articles written by him (but published anonymously) for the British 
Medical Journal between 1933 and 1979, was reprinted in a supple-
ment to the Journal of Antimicrobial Chemotherapy in 1985.* These 
articles themselves provide a remarkable insight into the history of 
antimicrobial chemotherapy as it happened.

Garrod’s original historical introduction was written in 1968 for 
the second edition of Antibiotic and Chemotherapy and updated for 
the fifth edition just before his death in 1979. It is reproduced here 
as a tribute to his memory. The development of antimicrobial che-
motherapy is summarized so well, and with such characteristic lucid-
ity, that to add anything seems superfluous, but a brief summary of 
events that have occurred since about 1975 has been added to com-
plete the historical perspective.

*Waterworth PM (ed.) L.P. Garrod on antibiotics. Journal of Antimicrobial 
Chemotherapy 1985; 15 (Suppl. B)

† Garrod was mistaken in perpetuating this legend, which is now discounted by 
medical historians.
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2. Synthetic compounds. Therapeutic progress in this field, 
which initially and for many years after was due almost 
entirely to research in Germany, dates from the discovery of 
salvarsan by Ehrlich in 1909. His successors produced ger-
manin for trypanosomiasis and other drugs effective in proto-
zoal infections. A common view at that time was that protozoa 
were susceptible to chemotherapeutic attack, but that bacteria 
were not: the treponemata, which had been shown to be sus-
ceptible to organic arsenicals, are no ordinary bacteria, and 
were regarded as a class apart.

The belief that bacteria are by nature insusceptible to any 
drug which is not also prohibitively toxic to the human body 
was finally destroyed by the discovery of Prontosil. This, the 
forerunner of the sulphonamides, was again a product of 
German research, and its discovery was publicly announced 
in 1935. All the work with which this book is concerned is 
subsequent to this year: it saw the beginning of the effective 
treatment of bacterial infections.

Progress in the synthesis of antimicrobic drugs has contin-
ued to the present day. Apart from many new sulphonamides, 
perhaps the most notable additions have been the synthetic 
compounds used in the treatment of tuberculosis.

3. Antibiotics. The therapeutic revolution produced by the 
sulphonamides, which included the conquest of haemolytic 
streptococcal and pneumococcal infections and of gonor-
rhoea and cerebrospinal fever, was still in progress and even 
causing some bewilderment when the first report appeared 
of a study which was to have even wider consequences. This 
was not the discovery of penicillin – that had been made by 
Fleming in 1929 – but the demonstration by Florey and his 
colleagues that it was a chemotherapeutic agent of unexam-
pled potency. The first announcement of this, made in 1940, 
was the beginning of the antibiotic era, and the unimagined 
developments from it are still in progress. We little knew at 
the time that penicillin, besides providing a remedy for infec-
tions insusceptible to sulphonamide treatment, was also a 
necessary second line of defence against those fully suscepti-
ble to it. During the early 1940s, resistance to sulphonamides 
appeared successively in gonococci, haemolytic streptococci 
and pneumococci: nearly 20 years later it has appeared also 
in meningococci. But for the advent of the antibiotics, all the 
benefits stemming from Domagk’s discovery might by now 
have been lost, and bacterial infections have regained their 
pre-1935 prevalence and mortality.

The earlier history of two of these discoveries calls for 
 further description.

 SULPHONAMIDES

Prontosil, or sulphonamido-chrysoidin, was first synthesized 
by Klarer and Mietzsch in 1932, and was one of a series of 
azo dyes examined by Domagk for possible effects on hae-
molytic streptococcal infection. When a curative effect in 
mice had been demonstrated, cautious trials in erysipelas and 

other human infections were undertaken, and not until the 
evidence afforded by these was conclusive did the discover-
ers make their announcement. Domagk (1935) published the 
original claims, and the same information was communicated 
by Hörlein (1935) to a notable meeting in London.‡

These claims, which initially concerned only the treatment 
of haemolytic streptococcal infections, were soon confirmed 
in other countries, and one of the most notable early stud-
ies was that of Colebrook and Kenny (1936) in England, who 
demonstrated the efficacy of the drug in puerperal fever. This 
infection had until then been taking a steady toll of about 1000 
young lives per annum in England and Wales, despite every 
effort to prevent it by hygiene measures and futile efforts to 
overcome it by serotherapy. The immediate effect of the adop-
tion of this treatment can be seen in Figure 1.1: a steep fall 
in mortality began in 1935, and continued as the treatment 
became universal and better understood, and as more potent 
sulphonamides were introduced, until the present-day low 
level had almost been reached before penicillin became generally 
available. The effect of penicillin between 1945 and 1950 is 
perhaps more evident on incidence: its widespread use tends 
completely to banish haemolytic streptococci from the envi-
ronment. The apparent rise in incidence after 1950 is due to 
the redefinition of puerperal pyrexia as any rise of temperature 
to 38°C, whereas previously the term was only applied when 
the temperature was maintained for 24 h or recurred. Needless 
to say, fever so defined is frequently not of uterine origin.

‡ A meeting at which Garrod was present.

Fig. 1.1 Puerperal pyrexia. Deaths per 100 000 total births and 
incidence per 100 000 population in England and Wales, 1930–1957. 
N.B. The apparent rise in incidence in 1950 is due to the fact that the 
definition of puerperal pyrexia was changed in this year (see text). 
(Reproduced with permission from Barber 1960 Journal of Obstetrics 
and Gynaecology 67:727 by kind permission of the editor.)

120

100

80

60

40

20

0

30

25

20

15

10

5

0

Infection during childbirth and the puerperium

Sulphonamides Penicillin

1930 1935 1940 1945 1950 1955

N
o

ti
fic

at
io

n
s

D
ea

th
s

Deaths per 100000 total births

Notifications of puerperal
fever and pyrexia per 100000
population



4 CHAPTER 1 HISTORICAL INTRODUCTION

Prontosil had no antibacterial action in vitro, and it was 
soon suggested by workers in Paris (Tréfouël et al 1935) that 
it owed its activity to the liberation from it in the body of 
p-aminobenzene sulphonamide (sulphanilamide); that this 
compound is so formed was subsequently proved by Fuller 
(1937). Sulphanilamide had a demonstrable inhibitory action 
on streptococci in vitro, much dependent on the medium and 
particularly on the size of the inoculum, facts which are readily 
understandable in the light of modern knowledge. This expla-
nation of the therapeutic action of Prontosil was hotly con-
tested by Domagk. It must be remembered that it relegated 
the chrysoidin component to an inert role, whereas the affin-
ity of dyes for bacteria had been a basis of German research 
since the time of Ehrlich, and was the doctrine underlying the 
choice of this series of compounds for examination. German 
workers also took the attitude that there must be something 
mysterious about the action of a true chemotherapeutic agent: 
an effect easily demonstrable in a test tube by any tyro was 
too banal altogether to explain it. Finally, they felt justifiable 
resentment that sulphanilamide, as a compound which had 
been described many years earlier, could be freely manufac-
tured by anyone.

Every enterprising pharmaceutical house in the world 
was soon making this drug, and at one time it was on the 
market under at least 70 different proprietary names. What 
was more important, chemists were soon busy modifying 
the molecule to improve its performance. Early advances 
so secured were of two kinds, the first being higher activity 
against a wider range of bacteria: sulphapyridine (M and B 
693), discovered in 1938, was the greatest single advance, 
since it was the first drug to be effective in pneumococcal 
pneumonia. The next stage, the introduction of sulphathi-
azole and sulphadiazine, while retaining and enhancing 
antibacterial activity, eliminated the frequent nausea and 
cyanosis caused by earlier drugs. Further developments, 
mainly in the direction of altered pharmacokinetic proper-
ties, have continued to the present day and are described in 
Chapter 1 (now Ch. 29).

ANTIBIOTICS

‘Out of the earth shall come thy salvation.’ – S.A. 
Waksman

 DEFINITION

Of many definitions of the term antibiotic which have been 
proposed, the narrower seem preferable. It is true that the 
word ‘antibiosis’ was coined by Vuillemin in 1889 to denote 
antagonism between living creatures in general, but the noun 
‘antibiotic’ was first used by Waksman in 1942 (Waksman 
& Lechevalier 1962), which gives him a right to re-define 
it, and definition confines it to substances produced by 

 micro- organisms antagonistic to the growth or life of others 
in high dilution (the last clause being necessary to exclude 
such metabolic products as organic acids, hydrogen perox-
ide and alcohol). To define an antibiotic simply as an antibac-
terial substance from a living source would embrace gastric 
juice, antibodies and lysozyme from man, essential oils and 
alkaloids from plants, and such oddities as the substance in 
the faeces of blowfly larvae which exerts an antiseptic effect 
in wounds. All substances known as antibiotics which are in 
clinical use and capable of exerting systemic effect are in fact 
products of micro-organisms.

 EARLY HISTORY

The study of intermicrobic antagonism is almost as old as 
microbiology itself: several instances of it were described, 
one by Pasteur himself, in the seventies of the last century.§ 
Therapeutic applications followed, some employing actual living 
cultures, others extracts of bacteria or moulds which had been 
found active. One of the best known products was an extract 
of Pseudomonas aeruginosa, first used as a local application by 
Czech workers, Honl and Bukovsky, in 1899: this was com-
mercially available as ‘pyocyanase’ on the continent for many 
years. Other investigators used extracts of species of Penicillium 
and Aspergillus which probably or certainly contained antibiot-
ics, but in too low a concentration to exert more than a local 
and transient effect. Florey (1945) gave a revealing account of 
these early developments in a lecture with the intriguing title 
‘The Use of Micro-organisms as Therapeutic Agents’: this was 
amplified in a later publication (Florey 1949).

The systemic search, by an ingenious method, for an organ-
ism which could attack pyogenic cocci, conducted by Dubos 
(1939) in New York, led to the discovery of tyrothricin (gram-
icidin + tyrocidine), formed by Bacillus brevis, a substance 
which, although too toxic for systemic use in man, had in fact 
a systemic curative effect in mice. This work exerted a strong 
influence in inducing Florey and his colleagues to embark on 
a study of naturally formed antibacterial substances, and pen-
icillin was the second on their list.

 PENICILLIN

The present antibiotic era may be said to date from 1940, 
when the first account of the properties of an extract of cul-
tures of Penicillium notatum appeared from Oxford (Chain 
et al 1940): a fuller account followed, with impressive  clinical 
evidence (Abraham et al 1941). It had been necessary to 
find means of extracting a very labile substance from culture 
fluids, to examine its action on a wide range of bacteria, to 
examine its toxicity by a variety of methods, to establish a 
unit of its activity, to study its distribution and excretion when 

§ i.e. the nineteenth century.
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 administered to animals, and finally to prove its systemic effi-
cacy in mouse infections. There then remained the gigantic 
task, seemingly impossible except on a factory scale, of pro-
ducing in the School of Pathology at Oxford enough of a sub-
stance, which was known to be excreted with unexampled 
rapidity, for the treatment of human disease. One means of 
maintaining supplies was extraction from the patients’ urine 
and re-administration.

It was several years before penicillin was fully purified, its 
structure ascertained, and its large-scale commercial pro-
duction achieved. That this was of necessity first entrusted 
to manufacturers in the USA gave them a lead in a highly 
profitable industry which was not to be overtaken for many 
years.

 LATER ANTIBIOTICS

The dates of discovery and sources of the principal anti-
biotics are given chronologically in Table 1.1. This is far 
from being a complete list, but subsequently discovered 
antibiotics have been closely related to others already 
known, such as aminoglycosides and macrolides. A few, 
including  penicillin, were chance discoveries, but ‘stretch-
ing out suppliant Petri dishes’ (Florey 1945) in the hope of 
catching a new antibiotic-producing organism was not to 
lead anywhere. Most further discoveries resulted from soil 
surveys, a process from which a large annual outlay might 
or might not be repaid a hundred-fold, a gamble against 
much longer odds than most oil prospecting. Soil contains 
a profuse and very mixed flora varying with climate, vege-
tation, mineral content and other factors, and is a medium 
in which antibiotic formation may well play a part in the 
competition for nutriment. A soil survey consists of obtain-
ing samples from as many and as varied sources as possi-
ble, cultivating them on plates, subcultivating all colonies 
of promising organisms such as actinomycetes and exam-
ining each for antibacterial activity. Alternatively, the pri-
mary plate culture may be inoculated by spraying or by 
agar layering with suitable bacteria, the growth of which 
may then be seen to be inhibited in a zone surrounding 
some of the original colonies. This is only a beginning: 
many thousands of successive colonies so examined are 
found to form an antibiotic already known or useless by 
reason of toxicity.

Antibiotics have been derived from some odd sources other 
than soil. Although the original strain of P. notatum appar-
ently floated into Fleming’s laboratory at St. Mary’s from 
one on another floor of the building in which moulds were 
being studied, that of Penicillium chrysogenum now used for 
penicillin production was derived from a mouldy Canteloupe 
melon in the market at Peoria, Illinois. Perhaps the strang-
est derivation was that of helenine, an antibiotic with some 
antiviral activity, isolated by Shope (1953) from Penicillium 
funiculosum growing on ‘the isinglass cover of a photograph of 
my wife, Helen, on Guam, near the end of the war in 1945’. 

name Date of 
discovery

Microbe

Penicillin 1929–40 Penicillium notatum

Tyrothricin Gramicidin  
Tyrocidine

1939 Bacillus brevis

Griseofulvin 1939

1945

Penicillium griseofulvum 
Dierckx
Penicillium janczewski

Streptomycin 1944 Streptomyces griseus

Bacitracin 1945 Bacillus licheniformis

Chloramphenicol 1947 Streptomyces venezuelae

Polymyxin 1947 Bacillus polymyxa

Framycetin 1947–53 Streptomyces lavendulae

Chlortetracycline 1948 Streptomyces aureofaciens

Cephalosporin  
C, N and P

1948 Cephalosporium sp.

Neomycin 1949 Streptomyces fradiae

Oxytetracycline 1950 Streptomyces rimosus

Nystatin 1950 Streptomyces noursei

Erythromycin 1952 Streptomyces erythreus

Oleandomycin 1954 Streptomyces antibioticus

Spiramycin 1954 Streptomyces ambofaciens

Novobiocin
 

1955
 

Streptomyces spheroides
Streptomyces niveus

Cycloserine 1955 Streptomyces orchidaceus
Streptomyces gaeryphalus

Vancomycin 1956 Streptomyces orientalis

Rifamycin 1957 Streptomyces mediterranei

Kanamycin 1957 Streptomyces kanamyceticus

Nebramycins 1958 Streptomyces tenebraeus

Paromomycin 1959 Streptomyces rimosus

Fusidic acid 1960 Fusidium coccineum

Spectinomycin 1961–62 Streptomyces flavopersicus

Lincomycin 1962 Streptomyces lincolnensis

Gentamicin 1963 Micromonospora purpurea

Josamycin
 

1964
 

Streptomyces narvonensis var.
josamyceticus

Tobramycin 1968 Streptomyces tenebraeus

Ribostamycin 1970 Streptomyces ribosidificus

Butirosin 1970 Bacillus circulans

Sissomicin 1970 Micromonospora myosensis

Rosaramicin 1972 Micromonospora rosaria

}}

table 1.1 Date of discovery and source of natural antibiotics
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 He  proceeds to explain that he chose the name because it 
was non-descriptive, non-committal and not pre-empted, 
‘but largely out of recognition of the good taste shown by the 
mould … in locating on the picture of my wife’.

Those antibiotics out of thousands now discovered which 
have qualified for therapeutic use are described in chapters 
which follow.

FUTURE PROSPECTS

All successful chemotherapeutic agents have certain prop-
erties in common. They must exert an antimicrobic action, 
whether inhibitory or lethal, in high dilution, and in the com-
plex chemical environment which they encounter in the body. 
Secondly, since they are brought into contact with every tis-
sue in the body, they must so far as possible be without harm-
ful effect on the function of any organ. To these two essential 
qualities may be added others which are highly desirable, 
although sometimes lacking in useful drugs: stability, free sol-
ubility, a slow rate of excretion, and diffusibility into remote 
areas.

If a drug is toxic to bacteria but not to mammalian cells 
the probability is that it interferes with some structure or 
function peculiar to bacteria. When the mode of action of 
sulphanilamide was elucidated by Woods and Fildes, and the 
theory was put forward of bacterial inhibition by metabolite 
analogues, the way seemed open for devising further anti-
bacterial drugs on a rational basis. Immense subsequent 
advances in knowledge of the anatomy, chemical composi-
tion and metabolism of the bacterial cell should have encour-
aged such hopes still further. This new knowledge has been 
helpful in explaining what drugs do to bacteria, but not in 
devising new ones. Discoveries have continued to result only 
from random trials, purely empirical in the antibiotic field, 
although sometimes based on reasonable theoretical expecta-
tion in the synthetic.

Not only is the action of any new drug on individual bac-
teria still unpredictable on a theoretical basis, but so are its 
effects on the body itself. Most of the toxic effects of anti-
biotics have come to light only after extensive use, and even 
now no one can explain their affinity for some of the organs 
attacked. Some new observations in this field have contrib-
uted something to the present climate of suspicion about new 
drugs generally, which is insisting on far more searching tests 
of toxicity, and delaying the release of drugs for therapeutic 
use, particularly in the USA.

  THE PRESENT SCOPE 
OF CHEMOTHERAPY

Successive discoveries have added to the list of infections 
amenable to chemotherapy until nothing remains altogether 
untouched except the viruses. On the other hand, how-
ever, some of the drugs which it is necessary to use are far 

from ideal, whether because of toxicity or of unsatisfactory 
 pharmacokinetic properties, and some forms of treatment 
are consequently less often successful than others. Moreover, 
microbic resistance is a constant threat to the future useful-
ness of almost any drug. It seems unlikely that any totally new 
antibiotic remains to be discovered, since those of recent ori-
gin have similar properties to others already known. It there-
fore will be wise to husband our resources, and employ them 
in such a way as to preserve them. The problems of drug resis-
tance and policies for preventing it are discussed in Chapters 
13 and 14.

 ADAPTATION OF ExISTING DRUGS

A line of advance other than the discovery of new drugs is the 
adaptation of old ones. An outstanding example of what can 
be achieved in this way is presented by the sulphonamides. 
Similar attention has naturally been directed to the antibiot-
ics, with fruitful results of two different kinds. One is sim-
ply an alteration for the better in pharmacokinetic properties. 
Thus procaine penicillin, because less soluble, is longer act-
ing than potassium penicillin; the esterification of macrolides 
improves absorption; chloramphenicol palmitate is palatable, 
and other variants so produced are more stable, more solu-
ble and less irritant. Secondly, synthetic modification may 
also enhance antimicrobic properties. Sometimes both types 
of change can be achieved together; thus rifampicin is not 
only well absorbed after oral administration, whereas rifa-
mycin, from which it is derived, is not, but antibacterially 
much more active. The most varied achievements of these 
kinds have been among the penicillins, overcoming to vary-
ing degrees three defects in benzylpenicillin: its susceptibility 
to destruction by gastric acid and by staphylococcal peni-
cillinase, and the relative insusceptibility to it of many spe-
cies of Gram-negative bacilli. Similar developments have 
provided many new derivatives of cephalosporin C, although 
the majority differ from their prototypes much less than the 
penicillins.

One effect of these developments, of which it may seem 
captious to complain, is that a quite bewildering variety of 
products is now available for the same purposes. There are 
still many sulphonamides, about 10 tetracyclines, more than 
20 semisynthetic penicillins, and a rapidly extending list of 
cephalosporins, and a confident choice between them for any 
given purpose is one which few prescribers are qualified to 
make – indeed no one may be, since there is often no significant 
difference between the effects to be expected. Manufacturers 
whose costly research laboratories have produced some new 
derivative with a marginal advantage over others are entitled 
to make the most of their discovery. But if an antibiotic in a 
new form has a substantial advantage over that from which it 
was derived and no countervailing disadvantages, could not 
its predecessor sometimes simply be dropped? This rarely 
seems to happen, and there are doubtless good reasons for it, 
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but the only foreseeable opportunity for simplifying the pre-
scriber’s choice has thus been missed.
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LATER DEVELOPMENTS IN 
ANTIMICROBIAL CHEMOTHERAPY

ANTIBACTERIAL AGENTS

At the time of Garrod’s death, penicillins and cephalosporins 
were still in the ascendancy: apart from the aminoglycoside, 
amikacin, the latest advances in antimicrobial therapy to reach 
the formulary in the late 1970s were the antipseudomonal 
penicillins, azlocillin, mezlocillin and piperacillin, the amidi-
nopenicillin mecillinam (amdinocillin), and the β-lactamase-
stable cephalosporins cefuroxime and cefoxitin. The latter 
compounds emerged in response to the growing importance of 
enterobacterial β-lactamases, which were the subject of intense 
scrutiny around this time. Discovery of other novel, enzyme-
resistant, β-lactam molecules elaborated by micro-organisms, 
including clavams, carbapenems and monobactams (see Ch. 
15) were to follow, reminding us that Mother Nature still has 
some antimicrobial surprises up her copious sleeves.

The appearance of cefuroxime (first described in 1976) 
was soon followed by the synthesis of cefotaxime, a meth-
oximino-cephalosporin that was not only β-lactamase stable 
but also exhibited a vast improvement in intrinsic activity. 
This compound stimulated a wave of commercial interest in 
cephalosporins with similar properties, and the early 1980s 
were dominated by the appearance of several variations on the 
cefotaxime theme (ceftizoxime, ceftriaxone, cefmenoxime, 
ceftazidime and the oxa-cephem, latamoxef). Although they 
have not been equally successful, these compounds argu-
ably represent the high point in a continuing development of 
cephalosporins from 1964, when cephaloridine and cephalo-
thin were first introduced.

The dominance of the cephalosporins among β-lactam 
agents began to decline in the late 1980s as novel derivatives 
such as the monobactam aztreonam and the carbapenem imi-
penem came on stream. The contrasting properties of these 

two compounds reflected a still unresolved debate about 
the relative merits of narrow-spectrum targeted therapy and 
ultra-broad spectrum cover. Meanwhile, research  emphasis 
among β-lactam antibiotics turned to the development of 
orally absorbed cephalosporins that exhibited the favorable 
properties of the expanded-spectrum parenteral compounds; 
formulations that sought to emulate the successful combina-
tion of amoxicillin with the β-lactamase inhibitor, clavulanic 
acid; and variations on the carbapenem theme pioneered by 
imipenem.

Interest in most other antimicrobial drug families lan-
guished during the 1970s. Among the aminoglycosides the 
search for new derivatives petered out in most countries after 
the development of netilmicin in 1976. However, in Japan, 
where amikacin was first synthesized in 1972 in response 
to concerns about aminoglycoside resistance, several novel 
aminoglycosides that are not exploited elsewhere appeared 
on the market. A number of macrolides with rather undistin-
guished properties also appeared during the 1980s in Japan 
and some other countries, but not in the UK or the USA. 
Wider interest in new macrolides had to await the emergence 
of compounds that claimed pharmacological advantages over 
erythromycin (see Ch. 22); two, azithromycin and clarithro-
mycin, reached the UK market in 1991 and others became 
available elsewhere.

Quinolone antibacterial agents enjoyed a renaissance 
when it was realized that fluorinated, piperazine-substituted 
derivatives exhibited much enhanced potency and a broader 
spectrum of activity than earlier congeners (see Ch. 26). 
Norfloxacin, first described in 1980, was the forerunner of 
this revival and other fluoroquinolones quickly followed. 
Soon manufacturers of the new fluoroquinolones such as 
ciprofloxacin, enoxacin and ofloxacin began to struggle for 
market dominance in Europe, the USA and elsewhere, and 
competing claims of activity and toxicity began to circulate. 
The commercial appeal of the respiratory tract infection mar-
ket also ensured a sustained interest in derivatives that reli-
ably included the pneumococcus in their spectrum of activity. 
Several quinolones of this type subsequently appeared on the 
market, though enthusiasm has been muted to some extent 
by unexpected problems of serious toxicity: several were with-
drawn soon after they were launched because of unacceptable 
adverse reactions.

As the 20th century drew to a close, investment in new 
antibacterial agents in the pharmaceutical houses underwent 
a spectacular decline. Ironically, the period coincided with a 
dawning awareness of the fragility of conventional resources 
in light of the spread of antimicrobial drug resistance. Indeed, 
such new drugs that have appeared on the market have arisen 
from concerns about the development and spread of resis-
tance to traditional agents, particularly, but not exclusively, 
methicillin-resistant Staphylococcus aureus. Most have been 
developed by small biotech companies, often on licence from 
the multinational firms.

Further progress on antibacterial compounds in the 21st 
century has been spasmodic at best, though some compounds 
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in trial at the time of writing, notably the glycopeptide orita-
vancin and ceftobiprole, a cephalosporin with activity against 
methicillin-resistant Staph. aureus, have aroused considerable 
interest.

OTHER ANTIMICROBIAL AGENTS

  ANTIVIRAL AGENTS

The massive intellectual and financial investment that was 
brought to bear in the wake of the HIV pandemic began 
to pay off in the last decade of the 20th century. In the late 
1980s only a handful of antiviral agents was available to the 
prescriber, whereas about 40 are available today (see Chs 36 
and 37). Discovery of new approaches to the attack on HIV 
opened the way to effective combination therapy (see Chs 36 
and 43). In addition, new compounds for the prevention and 
treatment of influenza and cytomegalovirus infection emerged 
(see Ch. 37).

  ANTIFUNGAL AGENTS

Many of the new antifungal drugs that appeared in the late 
20th century (see Chs 32, 59 and 60) were variations on older 
themes: antifungal azoles and safer formulations of ampho-
tericin B. They included useful new triazoles (fluconazole 
and itraconazole) that are effective when given systemically 
and a novel allylamine compound, terbinafine, which offers 
a welcome alternative to griseofulvin in recalcitrant dermato-
phyte infections. Investigation of antibiotics of the echinocan-
din class bore fruit in the development of caspofungin and 
micafungin. The emergence of Pneumocystis jirovecii (former-
ly Pneumocystis carinii; long a taxonomic orphan, but now 
accepted as a fungus) as an important pathogen in HIV-
infected persons stimulated the investigation of new therapies, 
leading to the introduction of trimetrexate and atovaquone 
for cases unresponsive to older drugs.

  ANTIPARASITIC AGENTS

The most serious effects of parasitic infections are borne by 
the economically poor countries of the world, and research 
into agents for the treatment of human parasitic disease 
has always received low priority. Nevertheless, some use-
ful new antimalarial compounds have found their way into 
therapeutic use. These include mefloquine and halofan-
trine, which originally emerged in the early 1980s from the 
extensive antimalarial research program undertaken by the 
Walter Reed Army Institute of Research in Washington, and 
the hydroxynaphthoquinone, atovaquone, which is used in 

antimalarial prophylaxis in combination with  proguanil. 
Derivatives of artemisinin, the active principle of the Chinese 
herbal remedy qinghaosu, also became accepted as valuable 
additions to the antimalarial armamentarium. These devel-
opments have been slow, but very welcome in view of the 
inexorable spread of resistance to standard antimalarial 
drugs in Plasmodium falciparum, which continues unabated 
(see Ch. 62).

There have been few noteworthy developments in the 
treatment of other protozoan diseases, but one, eflornithine 
(difluoromethylornithine), provides a long-awaited alterna-
tive to arsenicals in the West African form of trypanosomia-
sis. Unfortunately, long-term availability of the drug remains 
insecure. Although a commercial use for a topical formu-
lation has emerged (for removal of unwanted facial hair), 
manufacture of an injectable preparation is uneconomic. 
For the present it remains available through a humanitarian 
arrangement between the manufacturer and the World Health 
Organization.

On the helminth front, the late 20th century witnessed 
a revolution in the reliability of treatment. Three agents – 
albendazole, praziquantel and ivermectin – emerged, which 
between them cover most of the important causes of human 
intestinal and systemic worm infections (see Chs 34 and 64). 
Most anthelmintic compounds enter the human anti-infective 
formulary by the veterinary route, underlying the melancholy 
fact that animal husbandry is of relatively greater economic 
importance than the well-being of the approximately 1.5 bil-
lion people who harbor parasitic worms.

THE PRESENT SCOPE OF 
ANTIMICROBIAL CHEMOTHERAPY

Science, with a little help from Lady Luck, has provided for-
midable resources for the treatment of infectious disease dur-
ing the last 75 years. Given the enormous cost of development 
of new drugs, and the already crowded market for antimicro-
bial compounds, it is not surprising that anti- infective research 
in the pharmaceutical houses has turned to more lucrative 
fields. Meanwhile, antimicrobial drug resistance continues to 
increase inexorably. Although most bacterial infection remains 
amenable to therapy with common, well-established drugs, 
the prospect of untreatable infection is already becoming an 
occasional reality, especially among seriously ill patients in 
high-dependency units where there is intense selective pres-
sure created by widespread use of potent, broad-spectrum 
agents. On a global scale, multiple drug resistance in a num-
ber of different organisms, including those that cause typhoid 
fever, tuberculosis and malaria, is an unsolved problem. These 
are life-threatening infections for which treatment options are 
limited, even when fully sensitive organisms are involved.

Garrod, surveying the scope of chemotherapy in 1968 
(in the second edition of this book), warned of the threat 
of microbial resistance and the need to husband our 
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resources. That threat and that need have not diminished. 
The challenge for the future is to preserve the precious 
assets that we have acquired by sensible regulation of the 
availability of antimicrobial drugs in countries in which 
controls are presently inadequate; by strict adherence 
to control of infection procedures in hospitals and other 
healthcare institutions; and by informed and cautious pre-
scribing everywhere.

 Further information
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Oxford: Oxford University Press; 2008.
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Oxford University Press; 2007.
Wainwright M. Miracle cure. The story of antibiotics. Oxford: Basil Blackwell Ltd; 1990.



Chapter

2 Modes of action

Ian Chopra

ANTIBACTERIAL AGENTS

Bacteria are structurally and metabolically very different from 
mammalian cells and, in theory, there are numerous ways in 
which bacteria can be selectively killed or disabled. In the 
event, it turns out that only the bacterial cell wall is structur-
ally unique; other subcellular structures, including the cyto-
plasmic membrane, ribosomes and DNA, are built on the 
same pattern as those of mammalian cells, although sufficient 
differences in construction and organization do exist at these 
sites to make exploitation of the selective toxicity principle 
feasible.

The most successful antibacterial agents are those that 
interfere with the construction of the bacterial cell wall, the 
synthesis of protein, or the replication and transcription of 
DNA. Indeed, relatively few clinically useful agents act at 
the level of the cell membrane, or by interfering with specific 
 metabolic processes within the bacterial cell (Table 2.1).

Unless the target is located on the outside of the bacterial 
cell, antimicrobial agents must be able to penetrate to the site 
of action. Access through the cytoplasmic membrane is usu-
ally achieved by passive diffusion, or occasionally by active 
transport processes. In the case of Gram-negative organisms, 

the antibacterial drug must also cross the outer membrane 
(Figure 2.1). This contains a lipopolysaccharide-rich outer 
bilayer, which may prevent a drug from reaching an otherwise 
sensitive intracellular target. However, the outer membrane 
contains aqueous transmembrane channels (porins), which 
does allow passage of hydrophilic molecules, including drugs, 
depending on their molecular size and ionic charge. Many 
antibacterial agents use porins to gain access to Gram-negative 
organisms, although other pathways are also exploited.1

Selective toxicity is the central concept of antimicrobial chemo- 
therapy, i.e. the infecting organism is killed, or its growth prevented, 
without damage to the host. The necessary selectivity can be achieved 
in several ways: targets within the pathogen may be absent from the 
cells of the host or, alternatively, the analogous targets within the host 
cells may be sufficiently different, or at least sufficiently inaccessible, 
for selective attack to be possible. With agents like the polymyxins, 
the organic arsenicals used in trypanosomiasis, the antifungal poly-
enes and some antiviral compounds, the gap between toxicity to the 
pathogen and to the host is small, but in most cases antimicrobial 
drugs are able to exploit fundamental differences in structure and 
function within the infecting organism, and host toxicity  generally 
results from unexpected secondary effects.

table 2.1 Sites of action of antibacterial agents

Site agent principal target

Cell wall Penicillins Transpeptidase
Cephalosporins Transpeptidase
Bacitracin, ramoplanin Isoprenylphosphate
Vancomycin, teicoplanin Acyl-d-alanyl-d-alanine
Telavancin Acyl-d-alanyl-d-alanine (and  

the cell membrane)
Cycloserine Alanine racemase/ligase
Fosfomycin Pyruvyl transferase
Isoniazid Mycolic acid synthesis

 Ethambutol Arabinosyl transferases

Ribosome Chloramphenicol Peptidyl transferase
Tetracyclines Ribosomal A site
Aminoglycosides Initiation complex/translation
Macrolides Ribosomal 50S subunit
Lincosamides Ribosomal A and P sites
Fusidic acid Elongation factor G
Linezolid Ribosomal A site

 Pleuromutilins Ribosomal A site

tRNA charging Mupirocin Isoleucyl-tRNA synthetase

Nucleic acid  Quinolones DNA gyrase (α subunit)/
topoisomerase IV

Novobiocin DNA gyrase (β subunit)
Rifampicin RNA polymerase
5-Nitroimidazoles DNA strands

 Nitrofurans DNA strands

Cell membrane Polymyxins Phospholipids
 Daptomycin Phospholipids

Folate synthesis
 

Sulfonamides Pteroate synthetase
Diaminopyrimidines Dihydrofolate reductase
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INHIBITORS OF BACTERIAL CELL WALL 
SYNTHESIS

Peptidoglycan forms the rigid, shape-maintaining layer of 
most medically important bacteria. Its structure is similar 
in Gram-positive and Gram-negative organisms, although 
there are important differences. In both types of organism 
the basic macromolecular chain is N-acetylglucosamine 
alternating with its lactyl ether, N-acetylmuramic acid. Each 
muramic acid unit carries a pentapeptide, the third amino 
acid of which is l-lysine in most Gram-positive cocci and 
meso-diaminopimelic acid in Gram-negative bacilli. The cell 
wall is given its rigidity by cross-links between this amino acid 
and the penultimate amino acid (which is always  d-alanine) 

of adjacent chains, with loss of the terminal amino acid 
(also d-alanine) (Figure 2.2). Gram-negative bacilli have a 
very thin peptidoglycan layer, which is loosely cross-linked; 
Gram-positive cocci, in contrast, possess a very thick pepti-
doglycan coat, which is tightly cross-linked through inter-
peptide bridges. The walls of Gram-positive bacteria also 
differ in containing considerable amounts of polymeric 
sugar alcohol phosphates (teichoic and teichuronic acids), 
while Gram-negative  bacteria possess an outer membrane as 
described above.

A number of antibacterial agents selectively inhibit differ-
ent stages in the construction of the peptidoglycan (Figure 
2.3). In addition, the unusual structure of the mycobacterial 
cell wall is exploited by several antituberculosis agents.

Protein

Phospholipid

Protein

Lipoprotein

Lipopolysaccharide
Cell wall

Slime layer
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space

Cyloplasmic
membrane

Porin protein

Fig. 2.1 Diagrammatic representation of the Gram-negative cell envelope. The periplasmic space contains the peptidoglycan and 
some enzymes. (Reproduced with permission from Russell AD, Quesnel LB (eds) Antibiotics: assessment of antimicrobial activity and resistance. 
The Society for Applied Bacteriology Technical Series no. 18. London: Academic Press; p.62, with permission of Elsevier.)
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Fig. 2.2 Schematic representations of the terminal stages of cell wall synthesis in Gram-positive (Staphylococcus aureus) and Gram-negative 
(Escherichia coli) bacteria. See text for explanation. Arrows indicate formation of cross-links, with loss of terminal d-alanine; in Gram-negative 
bacilli many d-alanine residues are not involved in cross-linking and are removed by d-alanine carboxypeptidase. NAG, N-acetylglucosamine; 
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 FOSFOmYCIN

The N-acetylmuramic acid component of the bacterial cell 
wall is derived from N-acetylglucosamine by the addition of 
a lactic acid substituent derived from phosphoenolpyruvate. 
Fosfomycin blocks this reaction by inhibiting the pyruvyl 
transferase enzyme involved. The antibiotic enters bacteria by 
utilizing active transport mechanisms for α-glycerophosphate 
and glucose-6-phosphate. Glucose-6-phosphate induces the 
hexose phosphate transport pathway in some organisms 
(notably Escherichia coli) and potentiates the activity of fosfo-
mycin against these bacteria.2

 CYCLOSERINE

The first three amino acids of the pentapeptide chain of 
muramic acid are added sequentially, but the terminal  
d-alanyl-d-alanine is added as a dipeptide unit (see Figure 2.3). 
To form this unit the natural form of the amino acid, l-ala-
nine, is first racemized to d-alanine and two molecules are 
then joined by d-alanyl-d-alanine ligase. Both of these reac-
tions are blocked by the antibiotic cycloserine, which is a 
structural analog of d-alanine.

  VANCOmYCIN, TEICOpLANIN 
ANd TELAVANCIN

Once the muramylpentapeptide is formed in the cell cyto-
plasm, an N-acetylglucosamine unit is added, together with 
any amino acids needed for the interpeptide bridge of Gram-
positive organisms. It is then passed to a lipid carrier mole-
cule, which transfers the whole unit across the cell membrane 
to be added to the growing end of the peptidoglycan macro-
molecule (see Figure 2.3). Addition of the new building block 
 (transglycosylation) is prevented by vancomycin (a glycopeptide  

antibiotic) and teicoplanin (a lipoglycopeptide antibiotic) 
which bind to the acyl-d-alanyl-d-alanine tail of the muramyl-
pentapeptide. Telavancin (a lipoglycopeptide derivative of 
vancomycin) also prevents transglycosylation by binding to 
the acyl-d-alanyl-d-alanine tail of the muramylpentapeptide. 
However, telavancin appears to have an additional mecha-
nism of action since it also increases the permeability of the 
cytoplasmic membrane, leading to loss of adenosine triphos-
phate (ATP) and potassium from the cell and membrane 
depolarization.3 Because these antibiotics are large polar mol-
ecules, they cannot penetrate the outer membrane of Gram-
negative organisms, which explains their restricted spectrum 
of activity.

 BACITRACIN ANd RAmOpLANIN

The lipid carrier involved in transporting the cell wall building 
block across the membrane is a C55 isoprenyl phosphate. The 
lipid acquires an additional phosphate group in the transport 
process and must be dephosphorylated in order to regenerate 
the native compound for another round of transfer. The cyclic 
peptide antibiotics bacitracin and ramoplanin both bind to 
the C55 lipid carrier. Bacitracin inhibits its dephosphorylation 
and ramoplanin prevents it from participating in transglycosy-
lation. Consequently both antibiotics disrupt the lipid carrier 
cycle (see Figure 2.3).

 β-LACTAm ANTIBIOTICS

The final cross-linking reaction that gives the bacterial cell 
wall its characteristic rigidity was pinpointed many years ago 
as the primary target of penicillin and other β-lactam agents. 
These compounds were postulated to inhibit formation of the 
transpeptide bond by virtue of their structural resemblance 
to the terminal d-alanyl-d-alanine unit that participates 
in the transpeptidation reaction. This knowledge had to be 
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Fig. 2.3 Simplified scheme of bacterial cell wall synthesis, showing the sites of action of cell wall active antibiotics. NAG, 
N-acetylglucosamine; NAMA, N-acetylmuramic acid. (Reproduced with permission from Greenwood D, Ogilvie MM, Antimicrobial Agents. 
In: Greenwood D, Slack RCB, Peutherer JF (eds). Medical Microbiology 16th edn. 2002, Edinburgh: Churchill Livingstone, with permission of 
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 reconciled with various concentration-dependent morpholog-
ical responses that Gram-negative bacilli undergo on exposure 
to penicillin and other β-lactam compounds: filamentation 
(caused by inhibition of division rather than growth of the 
bacteria) at low concentrations, and the formation of osmoti-
cally fragile spheroplasts (peptidoglycan-deficient forms that 
have lost their bacillary shape) at high concentrations.

Three observations suggested that these morphological 
events could be dissociated:

•	 The	oral	cephalosporin	cefalexin	(and	some	other	
β-lactam agents, including cefradine, temocillin and 
the monobactam, aztreonam) causes the filamentation 
response alone over an extremely wide range of 
concentrations.

•	 Mecillinam	(amdinocillin)	does	not	inhibit	division	(and	
hence does not cause filamentation in Gram-negative 
bacilli), but has a generalized effect on the bacterial cell wall.

•	 Combining	cefalexin	and	mecillinam	evokes	the	‘typical’	
spheroplast response in Esch. coli that neither agent 
induces when acting alone.4

It was subsequently shown that isolated membranes of bac-
teria contain a number of proteins that bind penicillin and 
other β-lactam antibiotics. These penicillin-binding proteins 
(PBPs) are numbered in descending order of their molecular 
weight.5 The number found in bacterial cells varies from spe-
cies to species: Esch. coli has at least seven and Staphylococcus 
aureus four. β-Lactam agents that induce filamentation in 
Gram-negative bacilli bind to PBP 3; similarly, mecillinam 
binds exclusively to PBP 2. Most β-lactam antibiotics, when 
present in sufficient concentration, bind to both these sites 
and to others (PBP 1a and PBP 1b) that participate in the 
rapidly lytic response of Gram-negative bacilli to many peni-
cillins and cephalosporins.

The low-molecular-weight PBPs (4, 5 and 6) of Esch. coli are 
carboxypeptidases, which may operate to control the extent of 
cross-linking in the cell wall. Mutants lacking these enzymes 
grow normally and have thus been ruled out as targets for the 
inhibitory or lethal actions of β-lactam antibiotics. The PBPs 
with higher molecular weights (PBPs 1a, 1b, 2 and 3) possess 
transpeptidase activity, and it seems that these PBPs repre-
sent different forms of the transpeptidase enzyme necessary 
to arrange the complicated architecture of the cylindrical or 
spherical bacterial cell during growth, septation and division.

the nature of the lethal event

The mechanism by which inhibition of penicillin-binding 
proteins by β-lactam agents causes bacterial lysis and death 
has been investigated for decades. Normal cell growth and 
division require the coordinated participation of both pepti-
doglycan synthetic enzymes and those with autolytic activity 
(murein, or peptidoglycan hydrolases; autolysins). To prevent 
widespread hydrolysis of the peptidoglycan it appears that 
the autolysins are normally restricted in their access to pep-
tidoglycan. Possibly, as a secondary consequence of β-lactam 
action, there are changes in cell envelope structure (e.g. the 

formation of protein channels in the cytoplasmic membrane) 
that allow autolysins to more readily reach their peptidoglycan 
substrate and thereby promote destruction of the cell wall.6

 ANTImYCOBACTERIAL AGENTS

Agents acting specifically against Mycobacterium tuberculosis 
and other mycobacteria have been less well characterized than 
other antimicrobial drugs. Nevertheless, it is believed that 
several of them owe their activity to selective effects on the 
biosynthesis of unique components in the mycobacterial cell 
envelope.7 Thus isoniazid and ethionamide inhibit mycolic acid 
synthesis and ethambutol prevents arabinogalactan synthesis.8 
The mode of action of pyrazinamide, a synthetic derivative of 
nicotinamide, is more controversial. Pyrazinamide is a prod-
rug which is converted into pyrazinoic acid (the active form 
of pyrazinamide) by mycobacterial pyrazinamidase. Some 
evidence suggests that pyrazinoic acid inhibits mycobacterial 
fatty acid synthesis,8 whereas other data support a mode of 
action involving disruption of  membrane energization.9

INHIBITORS OF BACTERIAL pROTEIN 
SYNTHESIS

The process by which the information encoded by DNA 
is translated into proteins is universal in living systems. In 
prokaryotic, as in eukaryotic cells, the workbench is the 
ribosome, composed of two distinct subunits, each a com-
plex of ribosomal RNA (rRNA) and numerous proteins. 
However, bacterial ribosomes are open to selective attack 
by drugs because they differ from their mammalian coun-
terparts in both protein and RNA structure. Indeed, the two 
types can be readily distinguished in the ultracentrifuge: 
bacterial ribosomes exhibit a sedimentation coefficient of 
70S (composed of 30S and 50S subunits), whereas mam-
malian ribosomes display a coefficient of 80S (composed of 
40S and 60S subunits). Nevertheless, bacterial and mito-
chondrial ribosomes are much more closely related and it 
is evident that some of the adverse side effects associated 
with the therapeutic use of protein synthesis inhibitors as 
antibacterial agents results from inhibition of mitochondrial 
protein synthesis.10

In the first stage of bacterial protein synthesis, messenger 
RNA (mRNA), transcribed from a structural gene, binds to 
the smaller ribosomal subunit and attracts N-formylmethionyl 
transfer RNA (fMet-tRNA) to the initiator codon AUG. The 
larger subunit is then added to form a complete initiation 
complex. fMet-tRNA occupies the P (peptidyl donor) site; 
adjacent to it is the A (aminoacyl acceptor) site aligned with 
the next trinucleotide codon of the mRNA. Transfer RNA 
(tRNA) bearing the appropriate anticodon, and its specific 
amino acid, enters the A site assisted by elongation factor Tu. 
Peptidyl transferase activity joins N-formylmethionine to the 
new amino acid with loss of the tRNA in the P site, via the exit 
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(E) site. The first peptide bond of the protein has therefore 
been formed. A translocation event, assisted by elongation 
factor G, then moves the remaining tRNA with its dipeptide 
to the P site and concomitantly aligns the next triplet codon 
of mRNA with the now vacant A site. The appropriate amino-
acyl-tRNA enters the A site and the transfer process and sub-
sequent translocation are repeated. In this way, the peptide 
chain is synthesized in precise fashion, faithful to the origi-
nal DNA blueprint, until a termination codon is encountered 
on the mRNA that signals completion of the peptide chain 
and release of the protein product. The mRNA disengages 
from the ribosome, which dissociates into its component sub-
units, ready to form a new initiation complex. Within bacterial 
cells, many ribosomes are engaged in protein synthesis during 
active growth, and a single strand of mRNA may interact with 
many ribosomes along its length to form a polysome.

Several antibacterial agents interfere with the process of 
protein synthesis by binding to the ribosome (Figure 2.4). In 
addition, the charging of isoleucyl tRNA, i.e. one of the steps 
in protein synthesis preceding ribosomal involvement, is sub-
ject to inhibition by the antibiotic mupirocin. Therapeutically 
useful inhibitors of protein synthesis acting on the ribosome 
include many of the naturally occurring antibiotics, such as 
chloramphenicol, tetracyclines, aminoglycosides, fusidic acid, 

macrolides, lincosamides and streptogramins. Linezolid, a 
newer synthetic drug, also selectively inhibits bacterial pro-
tein synthesis by binding to the ribosome. In recent years 
considerable insight into the mode of action of agents that 
inhibit bacterial protein synthesis has been gained from 
structural studies on the nature of drug binding sites in the 
ribosome.11–14

 CHLORAmpHENICOL

The molecular target for chloramphenicol is the peptidyl 
transferase center of the ribosome located in the 50S subunit. 
Peptidyl transferase activity is required to link amino acids 
in the growing peptide chain. Consequently, chloramphenicol 
prevents the process of chain elongation, bringing bacterial 
growth to a halt. The process is reversible, and hence chloram-
phenicol is fundamentally a bacteristatic agent. Structural 
studies reveal that chloramphenicol binds exclusively to spe-
cific nucleotides within the 23S rRNA of the 50S subunit and 
has no direct interaction with ribosomal proteins.11 The struc-
tural data suggest that chloramphenicol could inhibit the for-
mation of transition state intermediates that are required for 
the completion of peptide bond synthesis.

Fig. 2.4 The process of protein synthesis and the steps inhibited by various antibacterial agents.
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 TETRACYCLINES

Antibiotics of the tetracycline group interact with 30S ribo-
somal subunits and prevent the binding of incoming aminoa-
cyl-tRNA to the A site.12 However, this appears to occur after 
the initial binding of the elongation factor Tu–aminoacyl-
tRNA complex to the ribosome, which is not directly affected 
by tetracyclines. Inhibition of A-site occupation prevents 
polypeptide chain elongation and, like chloramphenicol, these 
antibiotics are predominantly bacteristatic. Structural analy-
sis reveals several binding sites for tetracycline in the 30S sub-
unit which account for the ability of the antibiotic to cause 
physical blockage of tRNA binding in the A site.12

Tetracyclines also penetrate into mammalian cells (indeed, 
the effect on Chlamydiae depends on this) and can interfere 
with protein synthesis on eukaryotic ribosomes. Fortunately, 
cytoplasmic ribosomes are not affected at the concentrations 
achieved during therapy, although mitochondrial ribosomes 
are. The selective toxicity of tetracyclines thus presents some-
thing of a puzzle, the solution to which is presumably that 
these antibiotics are not actively concentrated by mitochon-
dria as they are by bacteria, and concentrations reached are 
insufficient to deplete respiratory chain enzymes.15

 AmINOGLYCOSIdES

Much of the literature on the mode of action of aminoglyco-
sides has concentrated on streptomycin. However, the action 
of gentamicin and other deoxystreptamine-containing amino-
glycosides is clearly not identical, since single-step, high-level 
resistance to streptomycin, which is due to a change in a spe-
cific protein (S12) of the 30S ribosomal subunit, does not 
extend to other aminoglycosides.

Elucidation of the mode of action of aminoglycosides has 
been complicated by the need to reconcile a variety of enig-
matic observations:

•	 Streptomycin	and	other	aminoglycosides	cause	
misreading of mRNA on the ribosome while paradoxically 
halting protein synthesis completely by interfering with 
the formation of functional initiation complexes.

•	 Inhibition	of	protein	synthesis	by	aminoglycosides	leads	
not just to bacteristasis as with, for example, tetracycline 
or chloramphenicol, but also to rapid cell death.

•	 Susceptible	bacteria	(but	not	those	with	resistant	
ribosomes) quickly become leaky to small molecules on 
exposure to the drug, apparently because of an effect on 
the cell membrane.

A complete understanding of these phenomena has not yet 
been achieved, but the situation is slowly becoming clearer. 
The two effects of aminoglycosides on initiation and misread-
ing may be explained by a concentration-dependent effect on 
ribosomes engaged in the formation of the initiation complex 
and those in the process of chain elongation:16 in the presence 
of a sufficiently high concentration of drug, protein synthesis 

is completely halted once the mRNA is run off because re-
initiation is blocked; under these circumstances there is little 
or no opportunity for misreading to occur. However, at con-
centrations at which only a proportion of the ribosomes can 
be blocked at initiation, some protein synthesis will take place 
and the opportunity for misreading will be provided.

The mechanism of misreading has been clarified by recent 
structural information on the interaction of streptomycin with 
the ribosome.13 Streptomycin binds near to the A site through 
strong interactions with four nucleotides in 16S rRNA and 
one residue in protein S12. This tight binding promotes a 
conformational change which stabilizes the so-called ram 
state in the ribosome which reduces the fidelity of translation 
by allowing non-cognate aminoacyl-tRNAs to bind easily to 
the A site.

The effects of aminoglycosides on membrane permeability, 
and the potent bactericidal activity of these compounds, remain 
enigmatic. However, the two phenomena may be related.17 The 
synthesis and subsequent insertion of misread proteins into the 
cytoplasmic membrane may lead to membrane leakiness and 
cell death.18

Spectinomycin

The aminocyclitol antibiotic spectinomycin, often consid-
ered alongside the aminoglycosides, binds in reversible fash-
ion (hence the bacteristatic activity) to the 16S rRNA of the 
ribosomal 30S subunit. There it interrupts the translocation 
event that occurs as the next codon of mRNA is aligned with 
the A site in readiness for the incoming aminoacyl-tRNA. 
Structural studies reveal that the antibiotic binds to an area 
of the 30S subunit known as the head region which needs 
to move during translocation. Binding of the rigid spectino-
mycin molecule appears to prevent the movement required 
for translocation.13

  mACROLIdES, kETOLIdES, 
LINCOSAmIdES, STREpTOGRAmINS

These antibiotic groups are structurally very different, but 
bind to closely related sites on the 50S ribosomal subunit of 
bacteria. One consequence of this is that a single mutation in 
adenine 2058 of the 23S rRNA can confer cross-resistance 
to macrolides, lincosamides and streptogramin B antibiotics 
(MLSB resistance).

Crystallographic studies indicate that, although the binding 
sites for macrolides and lincosamides differ, both drug classes 
interact with some of the same nucleotides in 23S rRNA.11 
Neither of the drug classes binds directly to ribosomal pro-
teins. Although streptogramin B antibiotics have not been co-
crystallized with ribosomes, it is assumed that parts of their 
binding sites overlap with those of macrolides and lincos-
amides (see above). The structural studies support a model 
whereby macrolides block the entrance to a channel that 
directs nascent peptides away from the  peptidyl  transferase 



16 CHAPTER 2 ModES of ACTIoN

center. Lincosamides also affect the exit path of the nascent 
polypeptide chain but in addition disrupt the binding of 
aminoacyl-tRNA and peptidyl-tRNA to the ribosomal A and 
P sites.

The streptogramins are composed of two interacting 
components designated A and B. The type A molecules bind 
to 50S ribosomal subunits and appear, like lincosamides, 
to affect both the A and P sites of the peptidyl transferase 
center, thereby preventing peptide bond formation. Type 
B streptogramins occupy an adjacent site on the ribosome 
and also prevent formation of the peptide bond; in addi-
tion, premature release of incomplete polypeptides also 
occurs.19 Type A molecules bind to free ribosomes, but not 
to polysomes engaged in protein synthesis, whereas type B 
can prevent further synthesis during active processing of the 
mRNA. The bactericidal synergy between the two compo-
nents arises mainly from conformational changes induced 
by type A molecules that improve the binding affinity of type 
B compounds.20

Ketolides, such as telithromycin, which are semisynthetic 
derivatives of the macrolide erythromycin, appear to block the 
entrance to the tunnel in the large ribosomal subunit through 
which the nacent polypeptide exits from the ribosome.21 
However, the binding of ketolides must differ from those of 
the macrolides, lincosamides or streptogramin B antibiotics 
because the ketolides are not subject to the MLSB-based resis-
tance mechanism.21

 pLEuROmuTILINS

Pleuromutilins such as tiamulin and valnemulin have been 
used for some time in veterinary medicine to treat swine 
infections.22 More recently a semisynthetic pleuromutilin, 
retapamulin, has been introduced as a topical treatment for 
Gram-positive infections in humans.23 Pleuromutilins inhibit 
the peptidyl transferase activity of the bacterial 50S ribosomal 
subunit by binding to the A site.22,24

 FuSIdIC ACId

Fusidic acid forms a stable complex with an elongation fac-
tor (EF-G) involved in translocation and with guanosine 
triphosphate (GTP), which provides energy for the trans-
location process. One round of translocation occurs, with 
hydrolysis of GTP, but the fusidic acid–EF-G–GDP com-
plex cannot dissociate from the ribosome, thereby blocking 
further chain elongation and leaving peptidyl-tRNA in the 
P site.25

Although protein synthesis in Gram-negative bacilli – and, 
indeed, mammalian cells – is susceptible to fusidic acid, the 
antibiotic penetrates poorly into these cells and the spectrum 
of action is virtually restricted to Gram-positive bacteria, 
notably staphylococci.25

 LINEzOLId

Linezolid is a synthetic bacteristatic agent that inhibits bac-
terial protein synthesis. It was previously believed that the 
drug prevented the formation of 70S initiation complexes. 
However, more recent analysis suggests that the drug inter-
feres with the binding, or correct positioning, of aminoacyl-
tRNA in the A site.14

 mupIROCIN

Mupirocin has a unique mode of action. The epoxide-
 containing monic acid tail of the molecule is an analog of 
isoleucine and, as such, is a competitive inhibitor of isoleucyl-
tRNA synthetase in bacterial cells.25-27 The corresponding 
mammalian enzyme is unaffected.

INHIBITORS OF NuCLEIC ACId 
SYNTHESIS

Compounds that bind directly to the double helix are gener-
ally highly toxic to mammalian cells and only a few – those that 
interfere with DNA-associated enzymic processes – exhibit suf-
ficient selectivity for systemic use as antibacterial agents. These 
compounds include antibacterial quinolones, novobiocin and 
rifampicin (rifampin). Diaminopyrimidines, sulfonamides, 
5-nitroimidazoles and (probably) nitrofurans also affect DNA 
synthesis and will be considered under this heading.

 QuINOLONES

The problem of packaging the enormous circular chromo-
some of bacteria (>1 mm long) into the cell requires it to be 
twisted	into	a	condensed	‘supercoiled’	state	–	a	process	aided	
by the natural strain imposed on a covalently closed double 
helix. The twists are introduced in the opposite sense to those 
of the double helix itself and the molecule is said to be nega-
tively supercoiled. During the process of DNA replication, the 
DNA helicase and DNA polymerase enzyme complexes intro-
duce positive supercoils into the DNA to allow progression 
of the replication fork. Re-introduction of negative supercoils 
involves precisely regulated nicking and resealing of the DNA 
strands, accomplished by enzymes called topoisomerases. One 
topoisomerase, DNA gyrase, is a tetramer composed of two 
pairs of α and β subunits, and the primary target of the action 
of nalidixic acid and other quinolones is the α subunit of DNA 
gyrase, although another enzyme, topoisomerase IV, is also 
affected.28 Indeed, in Gram-positive bacteria, topoisomerase 
IV seems to be the main target.29 This enzyme does not have 
supercoiling activity; it appears to be involved in relaxation of 
the DNA chain and chromosomal segregation.
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Although DNA gyrase and topoisomerase IV are the pri-
mary determinants of quinolone action, it is believed that 
the drugs bind to enzyme–DNA complexes and stabilize 
intermediates with double-stranded DNA cuts introduced 
by the enzymes. The bactericidal activity of the quinolones 
is believed to result from accumulation of these drug stabi-
lized covalently cleaved intermediates which are not subject 
to  rescue by DNA repair mechanisms in the cell.30

The coumarin antibiotic novobiocin acts in a complemen-
tary fashion to quinolones by binding specifically to the β sub-
unit of DNA gyrase.31

 RIFAmpICIN (RIFAmpIN)

Rifampicin and other compounds of the ansamycin group 
specifically inhibit DNA-dependent RNA polymerase; that 
is, they prevent the transcription of RNA species from the 
DNA template. Rifampicin is an extremely efficient inhibi-
tor of the bacterial enzyme, but fortunately eukaryotic RNA 
polymerase is not affected. RNA polymerase consists of a core 
enzyme made up of four polypeptide subunits, and rifampicin 
specifically binds to the β subunit where it blocks initiation 
of RNA synthesis, but is without effect on RNA polymerase 
elongation complexes. The structural mechanism for inhibi-
tion of bacterial RNA polymerase by rifampicin has recently 
been elucidated.32 The antibiotic binds to the β subunit in a 
pocket which directly blocks the path of the elongating RNA 
chain when it is two to three nucleotides in length. During 
initiation the transcription complex is particularly unstable 
and the binding of rifampicin promotes dissociation of short 
unstable RNA–DNA hybrids from the enzyme complex. The 
binding pocket for rifampicin, which is absent in mammalian 
RNA polymerases, is some 12 Å away from the active site.

  SuLFONAmIdES ANd 
dIAmINOpYRImIdINES

These agents act at separate stages in the pathway of folic acid 
synthesis and thus act indirectly on DNA synthesis, since the 
reduced form of folic acid, tetrahydrofolic acid, serves as an 
essential co-factor in the synthesis of thymidylic acid.33

Sulfonamides are analogs of p-aminobenzoic acid. They 
competitively inhibit dihydropteroate synthetase, the enzyme 
that condenses p-aminobenzoic acid with dihydropteroic acid 
in the early stages of folic acid synthesis. Most bacteria need 
to synthesize folic acid and cannot use exogenous sources of 
the vitamin. Mammalian cells, in contrast, require preformed 
folate and this is the basis of the selective action of sulfon-
amides. The antileprotic sulfone dapsone, and the antituber-
culosis drug p-aminosalicylic acid, act in a similar way; the 
basis for their restricted spectrum may reside in differences of 
affinity for variant forms of dihydropteroate synthetase in the 
bacteria against which they act.

Diaminopyrimidines act later in the pathway of folate syn-
thesis. These compounds inhibit dihydrofolate reductase, 
the enzyme that generates the active form of the co-factor 
 tetrahydrofolic acid. In the biosynthesis of thymidylic acid, 
tetrahydrofolate acts as hydrogen donor as well as a methyl 
group carrier and is thus oxidized to dihydrofolic acid in the 
process. Dihydrofolate reductase is therefore crucial in recy-
cling tetrahydrofolate, and diaminopyrimidines act relatively 
quickly to halt bacterial growth. Sulfonamides, in contrast, 
cut off the supply of folic acid at source and act slowly, since 
the existing folate pool can satisfy the needs of the cell for sev-
eral generations.

The selective toxicity of diaminopyrimidines comes about 
because of differential affinity of these compounds for dihy-
drofolate reductase from various sources. Thus trimethoprim 
has a vastly greater affinity for the bacterial enzyme than for 
its mammalian counterpart, pyrimethamine exhibits a partic-
ularly high affinity for the plasmodial version of the enzyme 
and, in keeping with its anticancer activity, methotrexate has 
high affinity for the enzyme found in mammalian cells.

 5-NITROImIdAzOLES

The most intensively investigated compound in this group 
is metronidazole, but other 5-nitroimidazoles are thought 
to act in a similar manner. Metronidazole removes electrons 
from ferredoxin (or other electron transfer proteins with low 
redox potential) causing the nitro group of the drug to be 
reduced. It is this reduced and highly reactive intermediate 
that is responsible for the antimicrobial effect, probably by 
binding to DNA, which undergoes strand breakage.34 The 
requirement for interaction with low redox systems restricts 
the activity largely to anaerobic bacteria and certain proto-
zoa that exhibit anaerobic metabolism. The basis for activ-
ity against microaerophilic species such as Helicobacter pylori 
and Gardnerella vaginalis remains speculative, though a novel 
nitroreductase, which is altered in metronidazole-resistant 
strains, is implicated in H. pylori.35

 NITROFuRANS

As with nitroimidazoles, the reduction of the nitro group of 
nitrofurantoin and other nitrofurans is a prerequisite for anti-
bacterial activity. Micro-organisms with appropriate nitrore-
ductases act on nitrofurans to produce a highly reactive 
electrophilic intermediate and this is postulated to affect DNA 
as the reduced intermediates of nitroimidazoles do. Other evi-
dence suggests that the reduced nitrofurans bind to bacterial 
ribosomes and prevent protein synthesis.36 An effect on DNA 
has the virtue of explaining the known mutagenicity of these 
compounds in vitro and any revised mechanism  relating to 
inhibition of protein synthesis needs to be  reconciled with this 
property.
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AGENTS AFFECTING mEmBRANE 
pERmEABILITY

Agents acting on cell membranes do not normally discrimi-
nate between microbial and mammalian membranes, although 
the fungal cell membrane has proved more amenable to selec-
tive attack (see below). The only membrane-active antibacterial 
agents to be administered systemically in human medicine are 
polymyxin, the closely related compound colistin (polymyxin 
E) and the recently introduced cyclic lipopeptide daptomycin. 
The former have spectra of activity restricted to Gram-negative 
bacteria whereas daptomycin is active against Gram-positive 
bacteria, but inactive against Gram-negative species.

Polymyxin and colistin appear to act like cationic deter-
gents, i.e. they disrupt the Gram-negative bacterial cytoplas-
mic membrane, probably by attacking the exposed phosphate 
groups of the membrane phospholipid. However, initial inter-
action with the cell appears to depend upon recognition 
by lipopolysaccharides in the outer membrane followed by 
 translocation from the outer membrane to the cytoplasmic 
membrane.37 The end result is leakage of cytoplasmic con-
tents and death of the cell. Various factors, including growth 
phase and incubation temperature, alter the balance of 
fatty acids within the bacterial cell membrane, and this can 
 concomitantly affect the response to polymyxins.38

The cyclic lipopeptide daptomycin exhibits calcium-depen-
dent insertion into the cytoplasmic membrane of Gram-positive 
bacteria, interacting preferentially with anionic phospholipids 
such as phosphatidyl glycerol.39 It distorts membrane struc-
ture and causes leakage of potassium, magnesium and ATP 
from the cell together with membrane depolarization (Figure 
2.5).40–42 Collectively these events lead to inhibition of macro-
molecular synthesis and bacterial cell death.41,42 Daptomycin 
is inactive against Gram-negative bacteria because it fails to 
penetrate the outer membrane. However, the basis of selective 
toxicity against the cytoplasmic membrane of Gram-positive 
bacteria as opposed to eukaryotic membranes is currently 
unclear.

ANTIFuNGAL AGENTS

The antifungal agents in current clinical use can be divided 
into the antifungal antibiotics (griseofulvin and polyenes) and 
a variety of synthetic agents including flucytosine, the azoles 
(e.g. miconazole, ketoconazole, fluconazole, itraconazole, 
voriconazole, posaconazole), the allylamines (terbinafine) and 
echinocandins (caspofungin, micafungin, anidulafungin).43–45

In view of the scarcity of antibacterial agents acting on the 
cytoplasmic membrane, it is surprising to find that some of 
the most successful groups of antifungal agents – the poly-
enes, azoles and allylamines – all achieve their effects in this 
way.43–45 However, the echinocandins, the most recent anti-
fungals introduced into clinical practice,46 differ in affecting 
the synthesis of the fungal cell wall.45,47

GRISEOFuLVIN

The mechanism of action of the antidermatophyte antibiotic 
griseofulvin is not fully understood.45 There are at least two 
possibilities:

•	 Inhibition	of	synthesis	of	the	fungal	cell	wall	component	
chitin

•	 Antimitotic	activity	exerted	by	the	binding	of	drug	to	the	
microtubules of the mitotic spindle, interfering with their 
assembly and function.

(i)  Membrane insertion
 of daptomycin

(ii)  Membrane penetration

(iii) Membrane disruption
 and cell death

ATP

K+ Mg2+

Fig. 2.5 A model for the mode of action of daptomycin in Gram-
positive bacteria. (i) Daptomycin, in the presence of Ca2+, inserts 
into the cytoplasmic membrane either as an aggregate or as 
individual molecules that aggregate once within the membrane. 
(ii) Daptomycin penetrates the membrane and causes membrane 
curvature. (iii) Extensive membrane curvature and strain results 
in membrane disruption leading to leakage of intracellular 
components, membrane depolarization, loss of biosynthetic activity 
and cell death. Daptomycin (black-filled circles); phospholipids 
(gray-filled circles).
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pOLYENES

The polyene antibiotics (nystatin and amphotericin B) bind 
only to membranes containing sterols; ergosterol, the predom-
inant sterol of fungal membranes, appears to be particularly 
susceptible.45,47 The drugs form pores in the fungal membrane 
which makes the membrane leaky, leading to loss of normal 
membrane function. Unfortunately, mammalian cell mem-
branes also contain sterols, and polyenes consequently exhibit 
a relatively low therapeutic index.

AzOLES

In contrast to the polyenes, whose action depends upon the pres-
ence of ergosterol in the fungal membrane, the antifungal azoles 
prevent the synthesis of this membrane sterol. These compounds 
block ergosterol synthesis by interfering with the demethylation 
of its precursor, lanosterol.45,48 Lanosterol  demethylase is a cyto-
chrome P450 enzyme and, although azole antifungals have much 
less influence on analogous  mammalian systems, some of the 
side effects of these drugs are attributable to such action.

Antifungal azole derivatives are predominantly fungistatic 
but some compounds at higher concentrations, notably micon-
azole and clotrimazole, kill fungi apparently by causing direct 
membrane damage. Other, less well characterized, effects of 
azoles on fungal respiration have also been described.49

ALLYLAmINES

The antifungal allylamine derivatives terbinafine and nafti-
fine inhibit squalene epoxidase, another enzyme involved in 
the biosynthesis of ergosterol.50 Fungicidal effects may be due 
to the accumulation of squalene in the membrane leading to 
its rupture, rather than a deficiency of ergosterol. In Candida 
albicans the drugs are primarily fungistatic and the yeast form 
is less susceptible than is mycelial growth. In this species there 
is less accumulation of squalene than in dermatophytes, and 
ergosterol deficiency may be the limiting factor.51

ECHINOCANdINS

Caspofungin and related compounds inhibit the formation of 
glucan, an essential polysaccharide of the cell wall of many 
fungi, including Pneumocystis jirovecii (formerly Pneumocystis 
carinii). The vulnerable enzyme is β-1,3-glucan synthase, 
which is located in the cell membrane.47,52

FLuCYTOSINE (5-FLuOROCYTOSINE)

The spectrum of activity of flucytosine (5-fluorocytosine) 
is virtually restricted to yeasts. In these fungi flucytosine is 
transported into the cell by a cytosine permease; a cytosine 

deaminase then converts flucytosine to 5-fluorouracil, which 
is incorporated into RNA in place of uracil, leading to the for-
mation of abnormal proteins.45 There is also an effect on DNA 
synthesis through inhibition of thymidylate synthetase.53 The 
absence of major side effects in humans can be attributed to 
the lack of cytosine deaminase in mammalian cells.45

ANTIpROTOzOAL AGENTS

The actions of some antiprotozoal drugs overlap with, or are 
analogous to, those seen with the antibacterial and antifungal 
agents already discussed. Thus, the activity of 5-nitroimida-
zoles such as metronidazole extends to those protozoa that 
exhibit an essentially anaerobic metabolism; the antimalarial 
agents pyrimethamine and cycloguanil (the metabolic prod-
uct of proguanil), like trimethoprim, inhibit dihydrofolate 
reductase.

A number of antibacterial agents also have antiproto-
zoal activity. For instance the sulfonamides, tetracyclines, 
lincosamides and macrolides all display antimalarial activ-
ity, although they are most frequently used in combination 
with specific antimalarial agents. Some antifungal polyenes 
and antifungal azoles also display sufficient activity against 
Leishmania and certain other protozoa for them to have 
received attention as potential therapeutic agents.

There is considerable uncertainty about the mechanism of 
action of other antiprotozoal agents. Various sites of action 
have been ascribed to many of them and, with a few nota-
ble exceptions, the literature reveals only partial attempts to 
define the primary target.

ANTImALARIAL AGENTS

 QuINOLINE ANTImALARIALS

Quinine and the various quinoline antimalarials were once 
thought to achieve their effect by intercalation with plasmo-
dial DNA after concentration in parasitized erythrocytes. 
However, these effects occur only at concentrations in excess 
of those achieved in vivo.54 Moreover, a non-specific effect 
on DNA does not explain the selective action of these com-
pounds at precise points in the plasmodial life cycle or the dif-
ferential activity of antimalarial quinolines.

Clarification of the mode of action of these compounds has 
proved elusive, but it now seems likely that chloroquine and 
related compounds act primarily by binding to ferriprotopor-
phyrin IX, preventing its polymerization by the parasite.54,55 
Ferriprotoporphyrin IX, produced from hemoglobin in the 
food vacuole of the parasites, is a toxic metabolite which is 
normally rendered innocuous by polymerization.

Chloroquine achieves a very high concentration within 
the food vacuole of the parasite and this greatly aids its activ-
ity. However, quinine and mefloquine are not concentrated 
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to the same extent, and have much less effect on ferriproto-
porphyrin IX polymerization, raising the possibility that other 
(possibly multiple) targets are involved in the action of these 
compounds.56,57

8-Aminoquinolines like primaquine, which, at therapeu-
tically useful concentrations exhibit selective activity against 
liver-stage parasites and gametocytes, possibly inhibit mito-
chondrial enzyme systems by poorly defined mechanisms. 
Furthermore, whether this action is due directly to the 
8-aminoquinolines, or their metabolites, is unknown.54

 ARTEmISININ

Artemisinin, the active principle of the Chinese herbal rem-
edy qinghaosu, and three derivatives of artemisinin are widely 
used antimalarial drugs.54 These drugs are all converted in vivo 
to dihydroartemisinin which has a chemically reactive peroxide 
bridge.54 This is cleaved in the presence of heme or free iron 
within the parasitized red cell to form a short-lived, but highly 
reactive, free radical that irreversibly alkylates malaria pro-
teins.58,59 However, artemisinin may have other mechanisms of 
action,	including	modulation	of	the	host’s	immune	response.59

 ATOVAQuONE

The hydroxynaphthoquinone atovaquone, which exhibits anti-
malarial and anti-Pneumocystis activity, is an electron transport 
inhibitor that causes depletion of the ATP pool. The primary 
effect is on the iron flavoprotein dihydro-orotate dehydroge-
nase, an essential enzyme in the production of pyrimidines. 
Mammalian cells are able to avoid undue toxicity by use of 
preformed pyrimidines.60 Dihydro-orotate dehydrogenase 
from Plasmodium falciparum is inhibited by concentrations of 
atovaquone that are very much lower than those needed to 
inhibit the Pneumocystis enzyme, raising the possibility that 
the antimicrobial consequences might differ in the two organ-
isms.61 Although atovaquone was originally developed as a 
monotherapy for malaria, high level resistance readily emerges 
in Plasmodium falciparum when the drug is used alone.54 
Consequently, atovaquone is now combined with proguanil.

OTHER ANTIpROTOzOAL AGENTS

Arsenical compounds, which are still the mainstay of treatment 
of African sleeping sickness, appear to poison trypanosomes 
by affecting carbohydrate metabolism through inhibition of 
glycerol-3-phosphate, pyruvate kinase, phosphofructokinase 
and fructose-2,6,-biphosphatase.62,63 This is achieved through 
binding to essential thiol groups in the enzymes. This mecha-
nism of action accounts for the poor selective toxicity of the 
arsenicals, since they also inhibit many mammalian enzymes 
through the same mechanism.62

The actions of other agents with antitrypanosomal activ-
ity, including suramin and pentamidine, are also poorly 
 characterized.62,64 Various cell processes, mainly those involved 
in glycolysis within the specialized glycosomes of protozoa of 
the trypanosome family, have been implicated in the action of 
suramin.65 However, a variety of other unrelated biochemi-
cal processes are also inhibited.62,63 Consequently, the mode 
of action of suramin remains obscure. However, suramin 
appears to be more effectively accumulated by trypanosomes 
compared to mammalian cells and this may account for the 
selective  toxicity of the drug.62

Pentamidine and other diamidines disrupt the trypano-
somal kinetoplast, a specialized DNA-containing organelle, 
probably by binding to DNA, though they also interfere with 
polyamine synthesis and have been reported to inhibit RNA 
editing in trypanosomes.61,62,65,66

Laboratory studies of Leishmania are hampered by the 
fact that in-vitro culture yields promastigotes that are mor-
phologically and metabolically different from the amastigotes 
involved in disease. Such evidence as is available suggests that 
the pentavalent antimonials commonly used for treatment 
inhibit ATP synthesis in the parasite.67 Whether this is due 
to a direct effect of the antimonials or conversion to trivalent 
metabolites is uncertain.67 Antifungal azoles take advantage of 
similarities in sterol biosynthesis among fungi and leishmanial 
amastigotes.68

Eflornithine (difluoromethylornithine) is a selective inhibitor 
of ornithine decarboxylase and achieves its effect by depleting 
the biosynthesis of polyamines such as spermidine, a precursor 
of trypanothione.62,69 The corresponding mammalian enzyme has 
a much shorter half-life than its trypanosomal counterpart, and 
this may account for the apparent selectivity of action.62 The pref-
erential activity against Trypanosoma brucei gambiense rather than 
the related rhodesiense form may be due to reduced drug uptake or 
differences in polyamine metabolism in the  latter subspecies.70

Several of the drugs used in amebiasis, including the plant 
alkaloid emetine and diloxanide furoate appear to interfere 
with protein synthesis within amebic trophozoites or cysts.71

ANTHELmINTIC AGENTS

Just as the cell wall of bacteria is a prime target for selec-
tive agents and the cell membrane is peculiarly vulnerable in 
fungi,	so	the	neuromuscular	system	appears	to	be	the	Achilles’	
heel of parasitic worms. Several anthelmintic agents work by 
paralyzing the neuromusculature. The most important agents 
are those of the avermectin/milbemycin class of anthelmint-
ics including ivermectin, milbemycin oxime, moxidectin and 
selamectin.72 These drugs bind to, and activate, glutamate-
gated chloride channels in nerve cells, leading to inhibition 
of neuronal transmission and paralysis of somatic muscles in 
the parasite, particularly in the pharyngeal pump.72,73

The benzimidazole derivatives, including mebendazole 
and albendazole, act by a different mechanism. These broad-
 spectrum anthelmintic drugs seem to have at least two effects 
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on adult worms and larvae: inhibition of the uptake of the 
chief energy source, glucose; and binding to tubulin, the 
structural protein of microtubules.74,75

The basis of the activity of the antifilarial drug diethylcar-
bamazine has long been a puzzle, since the drug has no effect 
on microfilaria in vitro. Consequently it seems likely that the 
effect of the drug observed in vivo is due to alterations in the 
surface coat of the microfilariae, making them more respon-
sive to immunological processes from which they are nor-
mally protected.76,77 This may be mediated through inhibition 
of arachidonic acid synthesis, a polyunsaturated fatty acid, 
present in phospholipids.77

ANTIVIRAL AGENTS

The prospects for the development of selectively toxic anti-
viral agents were long thought to be poor, since the life cycle 
of the virus is so closely bound to normal cellular processes. 
However, closer scrutiny of the relationship of the virus to the 
cell reveals several points at which the viral cycle might be 
interrupted.78 These include:

•	 Adsorption	to	and	penetration	of	the	cell
•	 Uncoating	of	the	viral	nucleic	acid
•	 The	various	stages	of	nucleic	acid	replication
•	 Assembly	of	the	new	viral	particles
•	 Release	of	infectious	virions	(if	the	cell	is	not	destroyed).

NuCLEOSIdE ANALOGS

In the event, it is the process of viral replication (which is 
extremely rapid relative to most mammalian cells) that has 
proved to be the most vulnerable point of attack, and most clin-
ically useful antiviral agents are nucleoside analogs. Aciclovir 
(acycloguanosine) and penciclovir (the active product of the 
oral agent famciclovir), which are successful for the treatment 
of herpes simplex, achieve their antiviral effect by conversion 
within the cell to the triphosphate derivative. In the case of 
aciclovir and penciclovir, the initial phosphorylation, yielding 
aciclovir or penciclovir monophosphate, is accomplished by a 
thymidine kinase coded for by the virus itself. The correspond-
ing cellular thymidine kinase phosphorylates these compounds 
very inefficiently and thus only cells harboring the virus are 
affected. Moreover, the triphosphates of aciclovir and penci-
clovir inhibit viral DNA polymerase more efficiently than the 
cellular enzyme; this is another feature of their selective activity. 
As well as inhibiting viral DNA polymerase, aciclovir and pen-
ciclovir triphosphates are incorporated into the growing DNA 
chain and cause premature termination of DNA synthesis.79

Other nucleoside analogs – including the anti-HIV agents 
zidovudine, didanosine, zalcitabine, stavudine, lamivudine, 
 abacavir and emtricitabine, and the anti-cytomegalovirus 
agents  ganciclovir and valganciclovir are phosphorylated by 
cellular enzymes to form triphosphate derivatives.79,80 In their 
triphosphate forms the anti-HIV compounds are recognized by  

viral reverse transcriptase and are incorporated as monophos-
phates	at	the	3’	end	of	the	viral	DNA	chain,	causing	premature	
chain termination during the process of DNA transcription 
from the single-stranded RNA template.79,80 Consequently, the 
triphosphate derivatives of the anti-HIV compounds act both 
as  competitors of the normal deoxynucleoside  substrates 
and as alternative substrates being incorporated into the DNA 
chain a deoxynucleoside monophosphates. Similarly, ganciclo-
vir acts as a chain terminator during the synthesis of cytomeg-
alovirus DNA.79 Since these compounds lack a hydroxyl group 
on the deoxyribose ring, they are unable to form phospho-
diester linkages in the viral DNA chain.79-81 Ribavirin is also 
a nucleoside analog with activity against orthomyxoviruses 
(influenza A and B) and paramyxoviruses (measles, respira-
tory syncytial virus). In its 5′ monophosphate form ribavirin 
inhibits inosine monophosphate dehydrogenase, an enzyme 
required for the synthesis of GTP and dGTP, and in its 5′ 
triphosphate form it can prevent transcription of the influ-
enza RNA genome.79 In vitro, ribavirin antagonizes the action 
of zidovudine, probably by feedback inhibition of thymidine 
kinase, so that the zidovudine is not phosphorylated.82

NON-NuCLEOSIdE REVERSE 
TRANSCRIpTASE INHIBITORS

Although they are structurally unrelated, the non-nucleo-
side reverse transcriptase inhibitors nevirapine, delavirdine 
and efavirenz all bind to HIV-1 reverse transcriptase in a 
 non-competitive fashion.79,80

pROTEASE INHIBITORS

An alternative tactic to disable HIV is to inhibit the enzyme 
that cleaves the polypeptide precursor of several essential viral 
proteins. Such protease inhibitors in therapeutic use include 
saquinavir, ritonavir, indinavir, nelfinavir, amprenavir, lopina-
vir and atazanavir.79,80

NuCLEOTIdE ANALOGS

The nucleotide analog cidofovir is licensed for the treatment 
of cytomegalovirus disease in AIDS patients.79 It is phosphory-
lated by cellular kinases to the triphosphate derivative, which 
then becomes a competitive inhibitor of DNA polymerase.

pHOSpHONIC ACId dERIVATIVES

The simple phosphonoformate salt foscarnet and its close 
analog phosphonoacetic acid inhibit DNA polymerase activ-
ity of herpes viruses by preventing pyrophosphate exchange.79 
The action is selective in that the corresponding mammalian 
polymerase is much less susceptible to inhibition.
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AmANTAdINE ANd RImANTIdINE

The anti-influenza A compound amantadine and its close rel-
ative rimantadine act by blocking the M2 ion channel which is 
required for uptake of protons into the interior of the virus to 
permit acid-promoted viral uncoating (decapsidation).79,83

NEuRAmINIdASE INHIBITORS

Two drugs target the neuraminidase of influenza A and B 
viruses: zanamivir and oseltamivir. Both bind directly to the 
neuraminidase enzyme and prevent the formation of infec-
tious progeny virions.79,83

ANTISENSE dRuGS

Fomivirsen is the only licensed antisense oligonucleotide for 
the treatment of cytomegalovirus retinitis. The nucleotide 
sequence of fomivirsen is complementary to a sequence in 
the messenger RNA transcript of the major immediate early 
region 2 of cytomegalovirus, which is essential for production 
of infectious virus.79

CONCLuSION

The modes of action of the majority of antibacterial, anti-
fungal and antiviral drugs are well understood, reflecting our 
sophisticated knowledge of the life cycles of these organisms 
and the availability of numerous biochemical and molecular 
microbiological techniques for studying drug interactions in 
these microbial groups. In contrast, there are many gaps in our 
understanding of the mechanisms of action of antiprotozoal and 
anthelmintic agents, reflecting the more complex nature of these 
organisms and the technical difficulties of studying them.
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Chapter

3 The problem of resistance

Olivier Denis, hector rodriguez-Villalobos and Marc J. Struelens

DEFINITION OF RESISTANCE

Antibiotic resistance definitions are based on in-vitro quanti-
tative testing of bacterial susceptibility to antibacterial agents. 
This is typically achieved by determination of the minimal 
inhibitory concentration (MIC) of a drug; that is, the lowest 
concentration that inhibits visible growth of a standard inocu-
lum of bacteria in a defined medium within a defined period 
of incubation (usually 18–24 h) in a suitable atmosphere (see 
Ch. 9). There is no universal consensus definition of bac-
terial resistance to antibiotics. This is related to two issues: 
first, the resistance may be defined either from a biologi-
cal or from a clinical standpoint; secondly, different ‘critical 
breakpoint’ values for categorization of bacteria as resistant or 
susceptible were selected by national reference committees. 
In recent years, major advances toward international harmo-
nization of resistance breakpoints have been made thanks to 
the consensus achieved within the European Committee for 
Antimicrobial Susceptibility Testing (EUCAST).4

According to the Clinical Laboratory Standards Institute 
(CLSI), formerly known as the US National Committee for 
Clinical and Laboratory Standards (NCCLS), infecting bac-
teria are considered susceptible when they can be inhibited by 
achievable serum or tissue concentration using a dose of the 
antimicrobial agent recommended for that type of infection 
and pathogen.4 This ‘target concentration’ will not only depend 
on pharmacokinetic and pharmacodynamic  properties of the 

drug (see Ch. 4), but also on recommended dose, which may 
vary by country. EUCAST5 developed distinct definitions for 
microbiological and clinical resistance. The microbiological def-
inition of wild type (or naturally susceptible) bacteria includes 
those that belong to the most susceptible subpopulations and 
lack acquired or mutational mechanisms of resistance. The 
definition of clinically susceptible bacteria is those that are sus-
ceptible by a level of in-vitro antimicrobial activity associated 
with a high likelihood of success with a standard therapeu-
tic regimen of the drug. In the absence of this clinical infor-
mation, the definition is based on a consensus interpretation 
of the antibiotic’s pharmacodynamic and pharmacokinetic 
properties. The clinically susceptible category may include 
fully susceptible and borderline susceptible, or moderately 
susceptible, bacteria which may have acquired low-level resis-
tance mechanism(s) (Figure 3.1).

Clinical resistance is defined by EUCAST as a level of anti-
microbial activity associated with a high likelihood of ther-
apeutic failure even with high dosage of a given antibiotic. 
EUCAST defines as microbiologically resistant bacteria that 
possess any resistance mechanism demonstrated either phe-
notypically or genotypically. These may be defined statistically 
by an MIC higher than the ‘epidemiological cut-off value’ that 
separates the normal distribution of wild type versus non-wild 
type bacterial strains, irrespective of source or test method.4–6

The clinically intermediate (EUCAST) or intermediate 
(CLSI) category is used for bacteria with an MIC that lies 
between the breakpoints for clinically susceptible and clini-
cally resistant. These strains are inhibited by concentrations 
of the antimicrobial that are close to either the usually or the 
maximally achievable blood or tissue level and for which the 
therapeutic response rate is less predictable than for infection 
with susceptible strains.6 This category also provides a techni-
cal buffer zone that should limit the probability of misclassifi-
cation of bacteria in susceptible or resistant categories.

Some strains of species that are naturally susceptible to an 
antibiotic may acquire resistance to the drug. This phenom-
enon commonly arises when populations of bacteria have 
grown in the presence of the antibiotic which selects mutant 

Antibiotic resistance is increasing worldwide at an accelerating pace, 
reducing the efficacy of therapy for many infections, fuelling trans-
mission of pathogens and majoring health costs, morbidity and mor-
tality related to infectious diseases.1 This public-health threat has 
been recognized as a priority for intervention by health agencies at 
national and international level.2,3 In this chapter we will address the 
definition of resistance, its biochemical mechanisms, genetic basis, 
prevalence in major human pathogens, epidemiology and strategies 
for control.
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strains that have increased their MIC by various adaptive 
mechanisms (see below). It may also result from horizontal 
gene transmission and acquisition of a resistance determi-
nant, for example a β-lactamase, from a bacterial donor (see 
below). The range of MIC distribution of ‘clinically suscepti-
ble’ isolates of a given species may include ‘microbiologically 
resistant’ strains based on standard breakpoints, although 
revisions of breakpoints toward lower values have recently 
been made so as to minimize the probability of this occur-
ring.7 In such cases it is important to demonstrate that the 
isolates have an acquired resistance mechanism (see below) not 
present in  others. This is particularly crucial if clinical stud-
ies demonstrate that such ‘low-level resistant’ strains are asso-
ciated with an increased probability of treatment failure, as 
shown for bacteremia caused by Escherichia coli and Klebsiella 
pneumoniae strains producing extended-spectrum β-lactamase 
treated with cephalosporins.8

Unfortunately, definitions that relate clinical response to 
microbiological susceptibility are less useful than might be 
expected because of the many confounding factors that may 
be present in patients. These range from relative differences of 
drug susceptibility dependent on the inoculum size and physi-
ological state of bacteria grown in logarithmic phase in vitro 
versus those of biofilm-associated, stationary phase bacteria 
at the infecting site, limited distribution or reduced activity of 
the antibiotic in the infected site due to low pH or high protein 
binding, competence of phagocytic and immune response to 
the pathogen, presence of foreign body or undrained collec-
tions, to misidentification of the infective agent and straight-
forward sampling or testing error.

From an early stage in the development of antibacte-
rial agents it became clear that a knowledge of antibiotic 
pharmacokinetics and pharmacodynamics could be used 
to bolster the inadequate information gained from clinical 
use (see Ch. 4). It is assumed that if an antibiotic reaches a 

concentration at the site of infection higher than the MIC 
for the infecting agent, the infection is likely to respond. 
Depending on the antibiotic class, maximal antibacterial 
activity, including the killing rate, may be related either to 
the peak drug concentration over MIC ratio (as with the 
aminoglycosides) or to the proportion of the time interval 
between two doses when concentration is above the MIC 
(as with the β-lactams). Assays of antibiotics in sites of 
infection are complex and serum assays have been widely 
used as a proxy, even though there may be substantial intra- 
and interindividual variation depending on the patient’s 
pathophysiological conditions.

Different breakpoint committees have used different phar-
macokinetic parameters in their correlations with pharmaco-
dynamic characteristics. The approach of the CLSI has been 
based on wide consultation, and includes strong input from 
the antibiotic manufacturers. In Europe, EUCAST has har-
monized antimicrobial MIC breakpoints and set those for new 
agents by consensus of professional experts from national com-
mittees. EUCAST clinical breakpoints are published together 
with supporting scientific rationale documentation.4 Clearly, 
international consensus on susceptibility breakpoints is pro-
gressing, thereby reducing the confusion created by a given 
strain to be labeled antibiotic susceptible in some  countries 
and resistant in others.

MECHANISMS OF RESISTANCE

For an antimicrobial agent to be effective against a given 
micro-organism, two conditions must be met: a vital target 
susceptible to a low concentration of the antibiotic must 
exist in the micro-organism, and the antibiotic must pen-
etrate the bacterial envelope and reach the target in suffi-
cient quantity.

Clinical classification Susceptible

Susceptible

Number of isolates Fully Borderline

Intermediate Resistant

Resistant

Low High

low- level moderate high- level

MIC

Microbiological
classification

Fig. 3.1 Hypothetical distribution of MICs among clinical isolates of bacteria, classified clinically and microbiologically as susceptible 
or resistant. Adapted from European Committee for Antimicrobial Susceptibility Testing (EUCAST). Terminology relating to methods for the 
determination of susceptibility of bacteria to antimicrobial agents. Clin Microbiol Infect. 2000;6:503–508.6
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There are six main mechanisms by which bacteria may 
 circumvent the actions of antimicrobial agents:

•	 Specific	enzymes	may	inactivate	the	drug	before	or	after	it	
enters the bacterial cell.

•	 The	bacterial	cell	envelope	may	be	modified	so	that	it	
becomes less permeable to the antibiotic.

•	 The	drug	may	be	actively	expelled	from	the	cell	by	
transmembrane efflux systems.

•	 The	target	may	be	modified	so	that	it	binds	less	avidly	
with the antibiotic.

•	 The	target	may	be	bypassed	by	acquisition	of	a	novel	
metabolic pathway.

•	 The	target	may	be	protected	by	production	of	protein	
which prevents the antibiotic reaching it.

However, these resistance mechanisms do not exist in isola-
tion, and two or more distinct mechanisms may interact to 
determine the actual level of resistance of a micro-organism to 
an antibiotic. Likewise, multidrug resistance is increasingly com-
mon in bacterial pathogens. It may be defined as resistance to 
two or more drugs or drug classes that are of therapeutic rel-
evance. More recently, the terms extensive drug resistance and 
pan-drug resistance have been introduced to describe strains 
that have only very limited or no susceptibility to any approved 
and available antimicrobial agent.9 Classically, cross-resistance 
is the term used for resistance to multiple drugs sharing the 
same mechanism of action or, more strictly, belonging to the 
same chemical class, whereas co-resistance describes resistance 
to multiple antibiotics associated with multiple mechanisms.

DRUG-MODIFYING ENZYMES

 b-LACTAMASES

The most important mechanism of resistance to β-lactam anti-
biotics is the production of specific enzymes (β-lactamases).10 
These diverse enzymes bind to β-lactam antibiotics and the 
cyclic amide bonds of the β-lactam rings are hydrolyzed. 
The open ring forms of β-lactams cannot bind to their target 
sites and thus have no antimicrobial activity. The ester link-
age of the residual β-lactamase acylenzyme complex is readily 
hydrolyzed by water, regenerating the active enzyme. These 
enzymes have been classified based on functional and struc-
tural characteristics (see Table 15.1).11

Among Gram-positive cocci, the staphylococcal β-lactamases 
hydrolyze benzylpenicillin, ampicillin and related compounds, 
but are much less active against the antistaphylococcal peni-
cillins and cephalosporins. Among Gram-negative bacilli the 
situation is complex, as these organisms produce many differ-
ent β-lactamases with different spectra of activity. All β-lactam 
drugs, including the latest carbapenems, are degraded by 
some of these enzymes, many of which have recently evolved 
through stepwise mutations selected in patients treated with 
cephalosporins. Several of these β-lactamases are increasing 
in prevalence among Gram-negative pathogens in many parts 
of the world. The most widely dispersed are the group 2be 

extended-spectrum β-lactamases (ESBLs) that include those 
derived by mutational modifications from TEM and SHV 
enzymes as well as the CTX-M enzymes that originate from 
Kluyvera spp. ESBLs can hydrolyze most penicillins and all 
cephalosporins except the cephamycins. These enzymes are 
plasmid-mediated in Enterobacteriaceae, notably in Esch. coli  
isolates from both community and hospital settings, and  
K. pneumoniae strains from hospital epidemics in all  continents.12 
Another group of problematic β-lactamases is the group 1, 
which includes both the AmpC type, chromosomal, induc-
ible cephalosporinases in Enterobacter, Serratia, Citrobacter 
and Pseudomonas aeruginosa and similar plasmid-mediated 
enzymes that are now spreading among Enterobacteriaceae 
such as Esch. coli and K. pneumoniae.13 Both hyperproduc-
tion of the chromosomal enzyme and high-copy number plas-
mid encoded enzymes are causing an increasing prevalence of 
resistance to all β-lactam drugs except some carbapenems (see 
Chs 13 and 15). A third group of β-lactamases of emerging 
importance is the group 3 metalloenzymes that can hydrolyze 
all β-lactam drugs except monobactams.14 These β-lactamases, 
also called metallo-carbapenemases, include both diverse 
chromosomal enzymes found in aquatic bacteria such as 
Stenotrophomonas maltophilia and Aeromonas hydrophila and 
plasmid-mediated enzymes increasingly reported in clinical 
isolates of Ps. aeruginosa, Acinetobacter and Enterobacteriaceae 
in Asia, America and Europe.4,14 A group of β-lactamases that 
now constitute a major threat to available drug treatments is 
the class A, group 2f carbapenemases, of which KPC enzymes 
produced by K. pneumoniae have become widespread in parts 
of the USA and Europe.15 Likewise, many anaerobic bacteria 
also produce β-lactamases, and this is the major mechanism 
of β-lactam antibiotic resistance in this group. The classifica-
tion and properties of β-lactamases are described more fully 
in Chapter 15.

  AMINOGLYCOSIDE-MODIFYING 
ENZYMES

Much of the resistance to aminoglycoside antibiotics observed 
in clinical isolates of Gram-negative bacilli and Gram-positive 
cocci is due to transferable plasmid-mediated enzymes that 
modify the amino groups or hydroxyl groups of the aminogly-
coside molecule (see Ch. 12). The modified antibiotic mole-
cules are unable to bind to the target protein in the ribosome. 
The genes encoding these enzymes are often transposable 
to the chromosome. These enzymes include many different 
types of acetyltransferases, phosphotransferases and nucle-
otidyl transferases, which vary greatly in their spectrum of 
activity and in the degree to which they inactivate different 
aminoglycosides (see Ch. 12).16 Based on phylogenetic analy-
sis, their origin is believed to be aminoglycoside-producing 
Streptomyces species. In recent years, the amikacin-modifying 
6′-acetyltransferase tended to predominate and multidrug-
resistant pathogens acquired multiple modifying enzymes, 
often combined with mechanisms of resistance such as 
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decreased uptake and active efflux (see below), rendering them 
resistant to all of the available aminoglycosides.

  FLUOROqUINOLONE 
ACETYLTRANSFERASE

A plasmid-mediated mechanism of resistance to quinolo-
nes has been related to a unique allele of the aminoglycoside 
acetyltransferase gene designated as aac(6′)-Ib-cr. Two amino 
acid substitutions in the AAC(6′)-Ib-cr protein are associated 
with the capacity to N-acetylate ciprofloxacin at the amino 
nitrogen on its piperazinyl substituent, thereby increasing the 
MIC of ciprofloxacin and norfloxacin.17

  CHLORAMpHENICOL 
ACETYLTRANSFERASE

The major mechanism of resistance to chloramphenicol is the 
production of a chloramphenicol acetyltransferase which con-
verts the drug to either the monoacetate or the diacetate. These 
derivatives are unable to bind to the bacterial 50S ribosomal 
subunit and thus cannot inhibit peptidyl transferase activity. 
The chloramphenicol acetyltransferase (CAT) gene is usually 
encoded on a plasmid or transposon and may transpose to the 
chromosome. Surprisingly, in view of the very limited use of 
chloramphenicol, resistance is not uncommon, even in Esch. 
coli, although it is most frequently seen in  organisms that are 
multiresistant.

  LOCATION AND REGULATION 
OF ExpRESSION OF DRUG-
INACTIvATING ENZYMES

In Gram-positive bacteria β-lactam antibiotics enter the cell 
easily because of the permeable cell wall, and β-lactamase is 
released freely from the cell. In Staphylococcus aureus, resistance 
to benzylpenicillin is caused by the release of β-lactamase into 
the extracellular environment, where it reduces the concen-
tration of the drug. This is a population phenomenon: a large 
inoculum of organisms is much more resistant than a small 
one. Furthermore, staphylococcal penicillinase is an inducible 
enzyme unless deletions or mutations in the regulatory genes 
lead to its constitutive expression.

In Gram-negative bacteria the outer membrane retards entry 
of penicillins and cephalosporins into the cell. The β-lactamase 
needs only to inactivate molecules of drug that penetrate within 
the periplasmic space between the cytoplasmic membrane and 
the cell wall. Each cell is thus responsible for its own protec-
tion – a more efficient mechanism than the external excretion of 
β-lactamase seen in Gram-positive bacteria. Enzymes are often 
produced constitutively (i.e. even when the antibiotic is not pres-
ent) and a small inoculum of bacteria may be almost as resis-
tant as a large one. A similar functional organization is exhibited 

by the aminoglycoside-modifying enzymes. These enzymes are 
located at the surface of the cytoplasmic membrane and only 
those molecules of aminoglycoside that are in the process of 
being transported across the membrane are modified.

ALTERATIONS TO THE pERMEABILITY 
OF THE BACTERIAL CELL ENvELOpE

The bacterial cell envelope consists of a capsule, a cell wall 
and a cytoplasmic membrane. This structure allows the pas-
sage of bacterial nutrients and excreted products, while acting 
as a barrier to harmful substances such as antibiotics. The cap-
sule, composed mainly of polysaccharides, is not a major bar-
rier to the passage of antibiotics. The Gram-positive cell wall 
is relatively thick but simple in structure, being made up of a 
network of cross-linked peptidoglycan complexed with teichoic 
and lipoteichoic acids. It is readily permeable to most antibiot-
ics. The cell wall of Gram-negative bacteria is more complex, 
comprising an outer membrane of lipopolysaccharide, protein 
and phospholipid, attached to a thin layer of peptidoglycan. 
The lipopolysaccharide molecules cover the surface of the cell, 
with their hydrophilic portions pointing outwards. Their inner 
lipophilic regions interact with the fatty acid chains of the phos-
pholipid monolayer of the inner surface of the outer membrane 
and are stabilized by divalent cation bridges. The phospholipid 
and lipopolysaccharide of the outer membrane form a classic 
lipid bilayer, which acts as a barrier to both hydrophobic and 
hydrophilic drug molecules. Natural permeability varies among 
different Gram-negative species and generally correlates with 
innate resistance. For example, the cell walls of Neisseria spe-
cies and Haemophilus influenzae are more permeable than those 
of Esch. coli, while the walls of Pseudomonas aeruginosa and 
Stenotrophomonas maltophilia are markedly less permeable.

Hydrophobic antibiotics can enter the Gram-negative cell by 
direct solubilization through the lipid layer of the outer mem-
brane, but the dense lipopolysaccharide cover may physically 
block this pathway. Changes in surface lipopolysaccharides 
may increase or decrease permeability resistance. However, 
most antibiotics are hydrophilic and cross through the outer 
membrane of Gram-negative cells via water-filled channels 
created by membrane proteins called porins. The rate of dif-
fusion across these channels depends on size and physicochem-
ical structure, small hydrophilic molecules with a zwitterionic 
charge showing the faster penetration. Some antimicrobial resis-
tance in Gram-negative bacteria is due to reduced drug entry 
caused by decreased amounts of specific porin proteins, usually 
in combination with either overexpression of efflux pumps or 
β-lactamase production. This phenomenon is associated with 
significant β-lactam resistance, such as low-level resistance 
to imipenem in strains of Ps. aeruginosa and Enterobacter spp. 
that are hyperproducing chromosomal cephalosporinase and 
deficient in porins.18,19 Porin-deficient mutant strains emerge 
sporadically during therapy and were thought to be unfit to 
spread. However, multidrug-resistant, porin-deficient strains of 
Ps. aeruginosa have caused  nosocomial outbreaks.20
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The target molecules of antibiotics that inhibit cell wall 
synthesis, such as the β-lactam antibiotics and the glyco-
peptides, are located outside the cytoplasmic membrane, 
and it is not necessary for these drugs to pass through 
this membrane to exert their effect. Most other antibiotics 
must cross the membrane to reach their intracellular sites 
of action. The cytoplasmic membrane is freely permeable 
to lipophilic agents such as minocycline, chloramphenicol, 
trimethoprim, fluoroquinolones and rifampicin (rifampin), 
but poses a significant barrier to hydrophilic agents such 
as aminoglycosides, erythromycin, clindamycin and the sul-
fonamides. These drugs are actively transported across the 
membrane by carrier proteins, and some resistances have 
been associated with various changes in these  transporters. 
Resistance to aminoglycosides in both Gram-positive and 
Gram-negative bacteria may be mediated by defective 
uptake due to the mutational inactivation of proton motive 
force-driven cytoplasmic pump systems, a defect which is 
associated with slow growth rate and production of ‘small 
colony variants’.

RESISTANCE DUE TO DRUG EFFLUx

Single drug and multidrug efflux pumps have been recog-
nized to be ubiquitous systems in micro-organisms, and have 
been found in all bacterial genomes.21 These systems are 
involved in the natural resistance phenotype of many bacteria. 
Furthermore, they may produce clinically significant acquired 
resistance by mutational modification of the structural gene, 
overexpression due to mutation in regulatory genes or hor-
izontal transfer of genetic elements. Most of the bacterial 
efflux pumps belong to the class of secondary transporters 

that mediate the extrusion of toxic compounds from the cyto-
plasm in a coupled exchange with protons.

Multidrug pumps can be subdivided into several super-
families, including the major facilitator superfamily (MFS), 
small multidrug-resistance family (SMR), resistance-
 nodulation-cell division family (RND) and multidrug and 
toxic compound extrusion family (MATE) (Table 3.1). 
RND and MATE systems appear to function as detoxify-
ing systems and transport heavy metals, solvents, detergents 
and bile salts, whereas MFS pumps are closely related to 
specific efflux pumps and appear to function as major Na+/
H+ transporters. MFS and SMR pumps are mostly found 
in Gram-positive bacteria, whereas RND pumps are mostly 
found in Gram-negative bacteria, in which they function in 
association with special outer membrane channel proteins 
and periplasmic membrane fusion proteins, forming a tri-
partite transport system spanning both the inner and outer 
membranes (Table 3.1 and Figure 3.2). This allows the 
pumps to expel their substrates directly from the inner mem-
brane or cytoplasm into the extracellular space. Although 
these pumps confer resistance mostly to a range of lipo-
philic and amphiphilic drugs (including β-lactams, fluoro-
quinolones, tetracyclines, macrolides and chloramphenicol) 
some pumps, such as MexY of Ps. aeruginosa, also transport 
aminoglycosides.

Among the best studied systems are the AcrB system of 
Esch. coli and the MexB system of Ps. aeruginosa. The AcrB 
pump is controlled by the Mar regulon, which is widespread 
among enteric bacteria. The MarA global activator, which can 
be derepressed by tetracycline or chloramphenicol, simulta-
neously upregulates the AcrAB-TolC transport complex and 
downregulates the synthesis of the larger porin OmpF, thereby 
acting in a synergistic manner to block the drug penetration 

table 3.1 Selected multidrug efflux systems determining multiple antibiotic resistance in pathogenic and commensal bacteria

transporter associated proteins    

Class pump periplasmic OM Channel regulator(s) Organism antibiotic resistance profile

MFS NorA – – – Staphylococcus 
aureus

Fluoroquinolones, chloramphenicol 

MATE NorM – – – Vibrio 
parahaemolyticus

Fluoroquinolones, aminoglycosides 

RND AcrB AcrA TolC AcrR, MarA Escherichia coli β-Lactams, tetracyclines, macrolides, 
fluoroquinolones, chloramphenicol

RND MexB MexA OprM MexR Pseudomonas 
aeruginosa

β-Lactams, tetracyclines, macrolides, 
fluoroquinolones, chloramphenicol

RND MexD MexC OprJ MexS Ps. aeruginosa Group 6 cephalosporins, tetracyclines, 
fluoroquinolones, chloramphenicol

RND MexF MexE OprN MexT Ps. aeruginosa Fluoroquinolones, chloramphenicol

RND MexY MexX OprM MexZ Ps. aeruginosa Macrolides, tetracyclines, 
aminoglycosides

RND MtrD MtrC MtrE MtrR Neisseria  
gonorrhoeae

β-Lactams, macrolides, tetracyclines, 
chloramphenicol

MATE, multiple drug and toxic compound extrusion; MFS, major facilitator superfamily; OM, outer membrane; RND, resistance-nodulation-cell division.
Adapted from Nikaido & Zgwiskaya.21
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into the cell. Constitutive overexpression of AcrAB is pres-
ent in most ciprofloxacin-resistant Esch. coli clinical isolates.22 
In Ps. aeruginosa, overexpression of the MexAB-OprM trans-
port complex occurs commonly during β-lactam therapy by 
selection of mutants with altered specific repressor gene mexR. 
This increased efflux determines resistance to fluoroquino-
lones, penicillins, cephalosporins and meropenem. Another 
cause for concern is the selection of multidrug pumps by 
disinfectants such as triclosan, which is increasingly used in 
housekeeping products.

Active efflux of the drug from the bacterial cell is one of the 
major resistance mechanisms to tetracyclines, the second being 
30S ribosome protection by elongation factor G-like proteins.23 
Efflux can be mediated either by tetracycline-specific efflux 
pumps or by multidrug transporter systems. Specific pumps 
of the TetA-E and TetG-H families are widespread in Gram-
negative bacteria, whereas the specific pumps TetK and TetL 
are common in Gram-positive bacteria. These determinants are 
often encoded by genes located on plasmids or transposons. 
These specific pumps are single proteins located on the inner 
membrane that export the drug into the periplasm, in contrast 
with multidrug transporter systems that extrude  tetracyclines 
from the cytoplasm directly outside the cell.

Specific efflux proteins have been shown to play a major 
role in macrolide resistance, including the Mef(A) trans-
porters of the MFS that determine resistance to 14-C mac-
rolides in pneumococci, β-hemolytic and oral streptococci 
and enterococci, and the Msr(A) ATP-binding transporters 
that confer resistance to erythromycin and streptogramin B in 
staphylococci.24 The mef genes are located on conjugative ele-
ments that readily transfer across Gram-positive genera and 
species.

Finally, a plasmid-mediated QepA efflux pump belonging 
to the MFS transporters was recently shown to be capable of 
extruding hydrophilic fluoroquinolones and conferring low-
level resistance to these drugs.25

RESISTANCE DUE TO ALTERATIONS 
IN TARGET MOLECULES

  b-LACTAM RESISTANCE DUE TO 
ALTERATIONS TO pENICILLIN-
BINDING pROTEINS

These proteins are associated with the bacterial cell envelope 
and are the target sites for β-lactam antibiotics. Each  bacterial 
cell has several penicillin-binding proteins (PBPs), which vary 
with the species. PBPs are transpeptidases, carboxypeptidases 
and endopeptidases that are required for cell-wall synthesis 
and remodeling during growth and septation. Some, but not 
all, PBPs are essential for cell survival (see Ch. 2). PBPs are 
related to β-lactamases, which also bind β-lactam antibiotics. 
However, unlike β-lactamases, PBPs form stable complexes 
with β-lactams and are themselves inactivated. β-Lactam anti-
biotics thus inactivate PBPs, preventing proper cell growth 
and division, and producing cell-wall defects that lead to death 
by osmolysis. Alterations in PBPs, leading to decreased bind-
ing affinity with β-lactam antibiotics, are important causes of 
β-lactam resistance in a number of species, most commonly 
Gram-positive bacteria.

Penicillin-resistant strains of Streptococcus pneumoniae pro-
duce one or more altered PBPs that have reduced ability to 
bind penicillin. Stepwise acquisition of multiple changes in 
the genes encoding these PBPs produce various levels of pen-
icillin resistance.26 The genetic sequences encoding normal 
PBPs in sensitive strains of Str. pneumoniae are highly con-
served; the genes in resistant strains are said to be ‘mosaics’ 
since they consist of blocks of conserved sequences inter-
spersed with blocks of variant sequences. As more variant 
blocks are introduced into the mosaic, the more penicillin 
resistant the recipient strain tends to become. These gene 
sequences have probably been derived by transformation from 
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oral  streptococcal  species such as Str. mitis and Str. oralis.27 
Whereas high-level resistance to penicillin involves changes 
in at least PBP 1a, PBP 2x and PBP 2a that require multiple 
transformation events, resistance to group 4 cephalosporins 
(see Ch. 13) can result from a single transformation event 
through co-transformation of the closely linked genes encod-
ing PBP 1a and PBP 2x.

The relative penicillin resistance of enterococci is due to 
the normal production of PBPs with low binding affinity. 
The higher levels of penicillin and ampicillin resistance often 
seen in Enterococcus faecium are the result of overexpression of 
PBP 5 (which exhibits a lower affinity for penicillin than other 
PBPs), which can be further decreased by point mutations 
in the very high level resistant strains. Other species show-
ing β-lactam resistance due to altered PBPs include group 
B Streptococcus, Neisseria gonorrhoeae, N. meningitidis and 
Haemophilus influenzae. The genes encoding altered PBPs in 
both Neisseria species appear to be mosaics, and the variant 
blocks may have been derived from N. flavescens and other 
commensal Neisseria.

Methicillin resistance in Staph. aureus and in coagulase-
negative staphylococci is caused by an acquired chromo-
somal gene (mecA) which results in the synthesis of a fifth 
penicillin-binding protein (PBP 2a), with decreased affin-
ity for methicillin and other β-lactam agents, in addition to 
the intrinsic PBP 1 to 4.28 Many methicillin-resistant Staph. 
aureus (MRSA) strains exhibit heterogeneity in the expression 
of resistance, with only a small proportion of the total cell 
population expressing high-level resistance. The proportion 
of resistant cells is dependent on environmental conditions 
such as temperature and osmolality. This phenomenon is 
related to the presence of the regulatory loci mecI and mecR1 
upstream of mecA, which exhibit significant sequence and 
functional homology with the β-lactamase regulators blaI-
blaR1. Deletion of these elements produces homogeneous 
expression of methicillin resistance. The mecA gene is located 
on an antibiotic resistance island, called the staphylococcal 
cassette chromosome mec (SCCmec), a mobile element driven 
by site-specific recombinases.29

  GLYCOpEpTIDE RESISTANCE DUE 
TO METABOLIC BYpASS

Glycopeptides are large hexapeptides that inhibit bacterial 
peptidoglycan synthesis by binding the carboxy-terminal 
d-alanyl-d-alanine dipeptide residue of the muramyl penta-
peptide precursor, thereby blocking access to three key steps 
in the peptidoglycan polymerization: transglycosylation, 
transpeptidation and carboxypeptidation (see Ch. 2). Most 
clinically important Gram-positive bacteria build their pep-
tidoglycan from this conserved pentapeptide precursor and 
are naturally sensitive to the glycopeptides vancomycin and 
teicoplanin. Acquired glycopeptide resistance was described 
in enterococci in 1986 and in coagulase-negative staphylo-
cocci in 1987. Decreased susceptibility and resistance to 

 vancomycin were reported in Staph. aureus in 1997 and 2003, 
respectively.

In enterococci, seven different glycopeptide resistance 
 genotypes are now recognized:30

 1. VanA, inducible high-level transferable resistance 
to both vancomycin and teicoplanin; usually seen 
in E. faecium, sometimes in E. faecalis and rarely in 
E. avium, E. hirae, E. casseliflavus, E. mundtii and 
E. durans.

 2. VanB, inducible low-level transferable resistance,  
usually to vancomycin alone; found in E. faecium, 
sometimes in E. faecalis.

 3. VanC, constitutive low-level vancomycin resistance, seen 
in E. gallinarum, E. casseliflavus and E. flavescens.

 4. VanD, constitutive or inducible moderate-level  
resistance, usually to vancomycin alone; rarely 
acquired in E. faecium.

 5–7. VanE, VanG and VanL, low-level resistance to vanco-
mycin alone; rarely acquired in E. faecalis.

Enterococcal resistance to glycopeptides is due to multien-
zymatic metabolic bypass, mediated by replacement of the 
 normal d-alanyl-d-alanine termini of peptidoglycan  precursors 
by abnormal precursors with d-alanyl-d-lactate, or d-alanyl-
d-serine termini, none of which can bind glycopeptides. The 
vanA gene cluster is carried by a 10.8 kb transposon (Tn1546) 
that contains nine functionally related genes encoding mobi-
lization of the element (resolvase and transposase) and co- 
ordinated replacement of muramyl pentapeptides.30 The vanA 
gene encodes an abnormal d-alanine-d-alanine ligase that 
synthesizes the d-alanine-d-lactate dipeptide. The vanH gene 
codes for a dehydrogenase that generates d-lactate. The vanX 
and vanY genes encode two enzymes that hydrolyze normal 
precursors: VanX, a d, d-dipeptidase that hydrolyzes d- alanyl-
d-alanine dipeptides and VanY, a d, d- carboxypeptidase that 
cleaves terminal  alanine from normal precursors. The vanR 
and vanS genes regulate the expression of the vanHAX 
operon through a two-component sensor system for glyco-
peptides. The vanB gene cluster has a similar organization, 
albeit with more heterogeneity, and is located on a large con-
jugative transposon (Tn1547) that is usually integrated in the 
chromosome and occasionally plasmid borne.

Over the past decade, the prevalence of glycopeptide resis-
tance has increased markedly in clinical isolates of entero-
cocci, particularly E. faecium, as a result of nosocomial spread 
of transposons, plasmids and multiresistant clones. In the 
USA, the vanA and vanB genotypes are widespread in many 
hospitals and frequently cause nosocomial infection but are 
rarely found in the community. In Europe, the vanA geno-
type was initially predominant in the healthy population and 
in farm animals due to the widespread use of avoparcin (a 
glycopeptide related to vancomycin) as a growth promoter 
between 1970 and 1998. The vanA gene cluster has been 
transferred experimentally to other Gram-positive  bacteria 
where it is expressed.31 It has been found in clinical isolates 
of Staph. aureus, Bacillus circulans, Oerskovia turbata, and 
Arcanobacterium haemolyticum.
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Glycopeptide resistance in Staph. aureus could be classi-
fied into low-level and high-level resistance. Since their first 
description in 1997 from Japan,32 vancomycin- intermediate 
Staph. aureus (VISA) isolates have been reported world-
wide.30,33 These isolates were recovered in chronically ill 
patients failing prolonged glycopeptide therapy of infections 
with indwelling devices or undrained collections. In addi-
tion to VISA, other strains, named hetero-VISA, appear to be 
susceptible to vancomycin (MIC <4 mg/L) but exhibit low-
level subpopulations (10–6 cells) able to grow at concentra-
tions of 4–8 mg/L. Those strains could represent first-step 
mutants that develop into VISA strains under selective pres-
sure. Recently, the CLSI lowered vancomycin breakpoints for 
staphylococci and many of these hetero-VISA isolates would 
now be accordingly reclassified as VISA.

Low-level resistance to glycopeptides in VISA strains 
has been associated with stepwise mutations in several loci, 
including global regulator systems, such as agr, vra and 
gra, and genes encoding proteins of the cell wall and mem-
brane biosynthesis pathways.30 Phenotypic abnormalities 
reported in VISA strains include increased cell-wall thickness, 
reduced autolytic activity, increased production of glutamine 
non- amidated muropeptides and d-Ala-d-Ala residues, and 
reduced peptidoglycan cross-linking.33 These abnormalities 
suggest that the increased production of dipeptides acts as 
false targets which trap the antibiotic away from its lethal tar-
get site of cell-wall synthesis adjacent to the membrane. In 
addition, VISA strains show decreased susceptibility to dapto-
mycin, despite its different mechanisms of action.

The experimental transfer of the vanA operon from  E. fae-
calis to Staph. aureus by conjugation was reported in 1992. 
In 2002, the first clinical vancomycin-resistant Staph. aureus 
(VRSA) strain was isolated in the USA.34 Since then, eight 
other cases have been confirmed in the USA.34 All isolates 
carried the vanA gene on Tn1546-like elements integrated 
into staphylococcal plasmids and had an MIC to vancomy-
cin ranging from 32 to 1024 mg/L. All patients with VRSA 
had a history of MRSA and vancomycin-resistant enterococci 
(VRE) co-colonization or infection; underlying conditions 
included chronic skin ulcers, diabetes, chronic renal failure 
and obesity.35 Most had received vancomycin. No secondary 
transmission was observed after implementation of infection 
control measures.35

  AMINOGLYCOSIDE RESISTANCE 
DUE TO RIBOSOMAL 
MODIFICATION

Aminoglycoside resistance may be produced by alterations 
in specific ribosomal binding proteins or ribosomal RNA, 
although this is still uncommon in clinical isolates. Recently, 
plasmid-mediated 16S rRNA methylases that exert methyla-
tion of the G1405 residue of 16S rRNA have been reported 
to confer broad aminoglycoside co-resistance in Gram-
negative bacilli due to loss of affinity for these drugs.36 These 

 determinants, especially ArmA, are commonly found in asso-
ciation with CTX-M ESBL production.

  qUINOLONE RESISTANCE DUE 
TO ALTERED TOpOISOMERASES

The main targets for quinolones are the type II topoisomerase 
DNA gyrase and type IV topoisomerase, both of which are 
essential enzymes involved in chromosomal DNA replica-
tion and segregation (see Ch. 2). Fluoroquinolones exert their 
bactericidal action by trapping topoisomerase–DNA com-
plexes, thereby blocking the replication fork. Both of these 
structurally related target enzymes are tetrameric. DNA 
gyrase is composed of two pairs of GyrA and GyrB subunits 
while topoisomerase type IV is composed of two pairs of the 
 homologous ParC and ParE subunits.

Bacterial resistance to fluoroquinolones is generally medi-
ated by chromosomal mutations leading either to reduced 
affinity of DNA gyrase and/or topoisomerase IV, or to over-
expression of endogenous MDR efflux systems (see above).37 
Plasmid-mediated resistance was first reported in K. pneumo-
niae.38 The commonest target-resistance modifications arise 
from spontaneous mutations, occurring at a frequency of 1 
in 106 to 1 in 109 cells, that substitute amino acids in spe-
cific domains of GyrA and ParC subunits and less frequently 
in GyrB and ParE. These regions of the enzymes, called the 
quinolone resistance-determining regions, either contain 
the active site, a tyrosine that covalently binds to DNA, or 
 constitute parts of quinolone binding sites.

Fluoroquinolones have different potencies of antibacterial 
activity against different bacteria, a variance which is to a large 
part related to the different potency against their enzyme tar-
gets. The more sensitive of the two enzymes is the primary 
target. In general, DNA gyrase is the primary target in Gram-
negative bacteria and topoisomerase IV is the primary target 
in Gram-positive bacteria. Resistance develops progressively 
by stepwise mutations. The first step in increasing resistance 
level results from amino acid change in the primary target and 
is followed by second-step mutational modifications of amino 
acid in the secondary target. The higher the difference in drug 
potency against the two enzymes, the higher the MIC increase 
provided by first-step mutation. Fluoroquinolones with a low 
therapeutic index (defined as the drug concentration at the 
infected site divided by the MIC of that drug) are more likely 
to select first-step mutants. This explains why resistance to 
quinolones has emerged rapidly after the introduction of cip-
rofloxacin and ofloxacin for human therapeutics in two spe-
cies, Ps. aeruginosa and Staph. aureus, which develop significant 
resistance after only a single mutation in gyrA. In Staph. aureus, 
fluoroquinolone resistance quickly became associated with 
methicillin resistance. This was the consequence of two fac-
tors: increased likelihood of exposure of multiresistant strains 
to therapy with these drugs, leading to multiple  mutations and 
high-level resistance; and the further selective advantage for 
nosocomial spread conferred by this  resistance.39 In  organisms 
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in which multiple mutational changes are required to reach clin-
ical resistance to these drugs, such as Esch. coli, Campylobacter 
jejuni and N. gonorrhoeae, it appeared later and was accelerated 
by other epidemiological factors. For C. jejuni, this was related 
to the massive use of the cross-selecting fluoroquinolone enro-
floxacin in the poultry industry followed by food-borne trans-
mission to humans.40 For N. gonorrhoeae, the emergence of 
fluoroquinolone resistance was soon followed by outbreaks of 
person-to-person transmission.

  MLS AND LINEZOLID RESISTANCE 
DUE TO RIBOSOMAL MODIFICATION

Macrolides inhibit protein synthesis by dissociation of the 
peptidyl-tRNA molecule from the 50S ribosomal subunit. 
Macrolides bind to a ribosomal site that overlaps with the 
binding site of the structurally unrelated lincosamide and 
streptogramin B antibiotics. The most common type of 
acquired resistance to erythromycin and clindamycin (and 
other macrolides and lincosamides) is seen in streptococci, 
enterococci and staphylococci, and is called macrolide– 
lincosamide–streptogramin B (MLSB) resistance. This is due 
to the production of enzymes that methylate a specific ade-
nine residue in 23S rRNA, resulting in reduced ribosomal 
binding of the three antibiotic classes.24 Low concentrations 
of erythro mycin induce resistance to all the macrolides and 
lincosamides (so-called ‘dissociated’ resistance), but some 
strains may produce the methylase constitutively following 
mutations or deletions in the regulatory genes. More than 
20 erm genes encode MLSB resistance. Most are located on 
conjugative and non- conjugative transposons that predomi-
nantly insert in the chromosome and are occasionally plasmid 
borne. They are frequently associated with other resistance 
genes, particularly those encoding tetracycline resistance by 
ribosomal protection. Increased use of macrolides has been 
related to spread of MLSB resistance in group A β-hemolytic 
streptococci and pneumococci.41

Linezolid is an oxazolidinone which acts on Gram-
positive bacteria by ribosome inhibition following fixation on 
a 23S rRNA residue which is specific to the attachment of 
N-formylmethionyl transfer RNA (fMet-tRNA). In staphy-
lococci, linezolid resistance can be mediated by mutations 
of the target 23S rRNA gene or by horizontal acquisition 
of the cfr gene which encodes an rRNA methyltransferase. 
Mutations in the domain V region of 23S rDNA, particu-
larly G2447T, T2500A and G2576T, have been associated 
with resistance to linezolid.42 The level of linezolid resistance 
correlates with the number of 23S rRNA genes carrying the 
point mutations. The cfr gene encodes for a 23S rRNA methyl-
transferase which confers cross-resistance to oxazolidinones, 
lincosamides, streptogramin A, phenicols and pleuromutilins 
but not to macrolides. This enzyme involves methylation of 
23S rRNA at position A2503.43 The cfr gene is carried on 
plasmids in Staph. aureus and coagulase- negative staphylo-
cocci (CNS). In enterococci, linezolid resistance is conferred 

by mutation of the domain V region (mutation G2576T) of 
23S rRNA.

In bacteria with a low copy number of ribosomal oper-
ons, such as the mycobacteria and C. jejuni and Helicobacter 
pylori, macrolide resistance is commonly caused by muta-
tional modification of the 23S rRNA peptidyl transferase 
region at the same adenine that is modified by erm methy-
lases or adjacent nucleotides (A2057 to A2059). In most 
other bacteria, such mutations are recessive due to multi-
copy rRNA genes.

  RIFAMpICIN (RIFAMpIN) 
RESISTANCE DUE TO 
MODIFICATION OF RNA 
pOLYMERASE

Rifampicin resistance is commonly the result of a mutation 
that alters the β-subunit of RNA polymerase, reducing its 
binding affinity for rifampicin. Mutation usually produces 
high-level resistance in a single step, but intermediate resis-
tance is sometimes seen. Mutational resistance occurs rela-
tively frequently, and for this reason rifampicin is combined 
with other agents for the treatment of tuberculosis and staphy-
lococcal infection. Meningococcal carriers treated with rifam-
picin alone have readily shown the emergence of rifampicin 
resistance.

  MUpIROCIN RESISTANCE DUE 
TO METABOLIC BYpASS

Mupirocin (pseudomonic acid) is widely used for topical treat-
ment of Gram-positive skin infections and the clearance of 
nasal carriers of methicillin-sensitive and methicillin-resistant 
Staph. aureus. It acts by inhibiting bacterial isoleucyl-tRNA 
synthetase, and resistance is mediated by the production of 
modified enzymes. Isolates showing low-level resistance have 
a single chromosomally encoded synthetase modified by point 
mutation, while those with high-level resistance have a second 
enzyme that cannot bind the drug and is encoded on a trans-
ferable plasmid.44

  SULFONAMIDE AND TRIMETHOpRIM 
RESISTANCE DUE TO METABOLIC 
BYpASS

Acquired sulfonamide resistance is usually due to the produc-
tion of an altered dihydropteroate synthetase that has reduced 
affinity for sulfonamides. Resistance is encoded on transfer-
able plasmids and associated with transposons. Trimethoprim 
resistance occurs much less commonly. It is usually due to 
plasmid-mediated synthesis of new dihydrofolate reductases, 
which are much less susceptible to trimethoprim than the 
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natural ones. The resistance genes are again associated with 
transposons.

  FUSIDIC ACID RESISTANCE DUE TO 
MODIFICATION OF ELONGATION 
FACTOR G

Fusidic acid acts by inhibiting protein synthesis by inter-
fering with ribosome translation. Mutation alteration of 
the target molecule, the elongation factor G (EF-G), con-
fers resistance by decreasing the affinity of fusidic acid to 
its target.45 This occurs at high frequency in Staph. aureus 
in vitro, and therefore it is recommended that fusidic acid 
should not be used alone to treat staphylococcal infections. 
Resistance to fusidic acid can also result from the horizontal 
acquisition of the fusB gene which encodes an EF-G bind-
ing  protein that protects the translation from inhibition by 
fusidic acid.45

  FAILURE TO METABOLIZE THE 
DRUG TO THE ACTIvE FORM

Both metronidazole and nitrofurantoin must be converted to 
an active form within the bacterium before they can have 
any effect. Resistance arises if the pathogen cannot effect this 
conversion. Aerobic organisms cannot reduce metronida-
zole to its active form and are therefore inherently resistant, 
but resistance in anaerobic organisms is very uncommon. 
Resistant strains of Bacteroides fragilis that have been inves-
tigated have reduced levels of pyruvate dehydrogenase; the 
enzyme necessary for the reduction of metronidazole to the 
active intermediate. Nitrofurantoin must be reduced to an 
active intermediate by nicotinamide adenine dinucleotide 
(NADH) or nicotinamide adenine dinucleotide phosphate 
(NADPH) reductases. Resistance to nitrofurans is uncom-
mon, since such strains must lose more than one reductase 
to become resistant.

TARGET pROTECTION

In 1998, the plasmid-encoded Qnr protein was discovered in 
K. pneumoniae and shown to increase fluoroquinolone MICs 
eight-fold to 64-fold below the level of the clinical resistance 
breakpoint.38 Since then, four types of qnr gene have been 
described: qnrA (six variants), qnrB (19 variants), qnrC and 
qnrD (one variant each), and qnrS (three variants). Qnr proteins 
are capable of binding and protecting DNA gyrase and type IV 
topoisomerase from quinolone inhibition. They show a global 
distribution across a variety of plasmids and bacterial genera. 
Recent homology data suggest that they have originated from 
environmental bacteria.46 Their prevalence is unknown but 
can exceed 20% among ESBL-producing Enterobacteriaceae, 
mostly in association with CTX-M and CMY enzymes.17

GENETIC BASIS OF RESISTANCE

INTRINSIC RESISTANCE

Resistance of bacteria to antimicrobial agents may be intrin-
sic or acquired. Intrinsic resistance to some antibiotics is 
the natural resistance possessed by most strains of a bacte-
rial species and is part of their genetic make-up, encoded on 
the chromosome. Intrinsic multiresistance is characteristic 
of free- living organisms, which may have evolved because of 
metabolic polyvalence and exposure to natural antibiotics and 
other toxic compounds in the environment. Multiresistance is 
due mostly to decreased antibiotic uptake by highly selective 
outer membrane porins and multiple efflux systems. Although 
these organisms have low virulence, their multiresistance 
allows them to persist in hospital environments and cause 
nosocomial infections. An example of a free-living opportu-
nistic pathogen with a high degree of intrinsic  resistance is 
Ps. aeruginosa.

MUTATIONAL RESISTANCE

Acquired resistance may be due to mutations affecting genes 
on the bacterial chromosome, to acquisition of mobile foreign 
genes or to mutation in acquired mobile genes. Mutations 
usually involve deletion, substitution or addition of one or a 
few base pairs, causing substitution of one or a few amino 
acids in a crucial peptide. Mutational resistance can affect the 
structural gene coding for the antibiotic target. This usually 
results in a gene product with reduced affinity for the anti-
biotic. An example is fluoroquinolone resistance from altera-
tions in DNA topisomerases. Mutational resistance can also 
involve regulatory loci, leading to overproduction of detox-
ifying systems such as the multiple resistance expressed by 
the MexAB-OprD efflux pump overproducing mutants of Ps. 
aeruginosa.

Although the basal rate of mutation is low in bacterial 
genomes, it is not constant but varies by a factor of 10 000 
according to a number of intrinsic and external factors.5 
Among these factors are the sequence of the gene, with some 
hypermutable loci associated with short tandem repeats that 
are prone to deletions and duplications by slipped-strand 
mispairing; the mutator phenotype associated with a defec-
tive mismatch repair system; and stress-induced mutagene-
sis, including exposure to antibiotics and host defenses. Once 
a resistant mutant has been selected during exposure to the 
antibiotic, it usually shows a decreased fitness for compet-
ing with the wild-type ancestor, defined as the competitive 
efficiency of multiplication in the absence of the antibiotic. 
This deficiency is called the biological cost of resistance. It 
has been observed, however, that this reduction in fitness may 
be compensated by secondary mutations in other chromo-
somal loci, thereby ensuring the persistence of the mutant. 
The probability that antibiotic treatment will select a resistant 
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mutant depends on a complex network of factors including 
the drug, its concentration, the organism, its resistance muta-
tion rate, inoculum size, physiological state and structure of 
the bacterial population.47

TRANSFERABLE RESISTANCE

Horizontal spread of a resistance gene from organism to 
organism occurs by conjugation (intercellular passage of plas-
mid or transposon), transduction (DNA transfer via bacte-
riophage) or transformation (uptake of naked DNA). The 
acquisition of resistance by transduction is rare in nature 
(the most important example is the transfer of the penicil-
linase plasmid in Staph. aureus). Transformation of resistance 
 factors is an important mechanism in the few bacterial species 
that are readily transformable during part of their life cycle 
and are said to be naturally competent. These organisms, 
which include Str. pneumoniae, H. influenzae, Helicobacter, 
Acinetobacter, Neisseria and Moraxella spp., show extensive 
genetic variation resulting from natural transformation. They 
may also acquire chromosomally encoded antimicrobial resis-
tance. Examples, as discussed above, include penicillin- or 
ampicillin-resistant Str. pneumoniae and N. meningitidis that 
acquired mosaic genes for the production of altered PBPs by 
transformation and site-specific recombination from phyloge-
netically related, co-resident commensal bacteria.

 pLASMIDS

These are molecules of DNA that replicate independently 
from the bacterial chromosome. ‘R-plasmids’ carry one or 
more genetic determinants for drug resistance. This type of 
resistance is due to a dominant gene, usually one resulting in 
production of a drug-inactivating or drug-modifying enzyme.

Conjugation is the most common method of resistance 
transfer in clinically important bacteria.48 Conjugative plas-
mids, which are capable of self-transmission to other bacterial 
hosts, are common in Gram-negative enteric bacilli, whereas 
non-conjugative plasmids are common in Gram-positive 
cocci, H. influenzae, N. gonorrhoeae and Bacillus fragilis. Non-
conjugative plasmids can transfer to other bacteria if they are 
mobilized by conjugative plasmids present in the same cell, or 
by transduction or transformation. Large plasmids are usu-
ally present at one or two copies per cell, and their replication 
is closely linked to replication of the bacterial chromosome. 
Small plasmids may be present at more than 30 copies per 
cell, and their distribution to progeny during cell division is 
ensured by the large number present.

Plasmids tend to have a restricted host range: for example, 
those from Gram-negative bacteria cannot generally transfer 
to or maintain themselves in Gram-positive organisms, and 
vice versa. Conjugative transfer of plasmids has been observed, 
however, between these distant bacterial groups and even 
between bacteria and eukaryotic cells such as yeasts.

 TRANSpOSONS

These are discrete sequences of DNA, capable of transloca-
tion from one replicon (plasmid or chromosome) to another – 
hence the epithet ‘jumping gene’. They may encode genes for 
resistance to a wide variety of antibiotics, as well as many 
other metabolic properties. They are circular segments of 
double-stranded DNA, 4–25 kb in length, and usually con-
sist of a functional central region flanked by long terminal 
repeats, usually inverted repeats. Complex transposons also 
carry genes for the transposition enzymes transposase and 
resolvase and their repressors. They need not share extensive 
regions of homology with the replicon into which they insert, 
as is required in classic genetic recombination. Depending 
upon the transposon involved, they may transpose into a repl-
icon randomly or into favored sites, and they may insert at 
only a few or at many different places.

A special type of element, called a conjugative transposon, 
can transfer directly between the chromosome of one strain to 
the chromosome of another without a plasmid intermediate. 
Antibiotics can function as pheromones that are capable of 
inducing conjugation of conjugative transposons that in turn 
mobilize the transfer of co-resident R-plasmids. These trans-
posons are less restrictive than plasmids in the host range. 
A well-studied example is Tn416, which has spread the tetM 
gene from Gram-positive cocci to diverse bacteria such as 
Neisseria, Mycoplasma and Clostridium.49

Other important genetic elements by which transpo-
sons and plasmids acquire multiple antibiotic resistance 
 determinants are called integrons. These are site-specific 
recombination systems that recognize and capture antibi-
otic resistance gene cassettes in a high-efficiency expres-
sion site.48,50 The structure of class 1 integrons (Figure 
3.3) includes an integrase gene (int), an adjacent integra-
tion site (att1) that can contain one or more gene cassettes, 
and one or more promoters. Class 1 integrons, the most 
frequently observed type, also contain a 3′ conserved seg-
ment that includes the genes encoding resistance to qua-
ternary ammonium compounds (qacEΔ) and sulfonamides 
(sul1). The integrase is capable of excision and integra-
tion of up to five gene cassettes, each of which is associ-
ated with a related 59 bp palindromic element that acts as 
a recombination hotspot. Gene cassettes include determi-
nants of β-lactamases, aminoglycoside-modifying enzymes, 
chloramphenicol acetyltransferase and trimethoprim-
 resistant DFR enzymes. Integrons are widespread among 
antibiotic-resistant clinical isolates of diverse Gram-negative 
species and have also been reported in Gram-positive bac-
teria. The genetic linkage of resistance to sulfonamides and 
to newer antibiotics in these integrons may explain the per-
sistence of sulfonamide resistance in Esch. coli in spite of 
a huge decrease in sulfonamide use.51 Likewise, mercury 
released from dental amalgams has been suggest to select 
for antibiotic resistance in the oral and intestinal flora of 
humans because of the physical linkage between integron 
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and  mercury resistance in the ubiquitous Tn21-like trans-
posons.52 Clearly, transposons and integrons are responsible 
for much of the diversity observed among plasmids, and 
play a major role in the evolution and dissemination of anti-
biotic resistance among bacteria.49,52

STApHYLOCOCCAL CASSETTE 
CHROMOSOME

Staphylococcal cassette chromosome (SCC) elements are 
always inserted in one copy into a specific region of the 
Staph. aureus genome, the attBssc at the 3′ end of the orfX 
gene, near the origin of replication. They carry recombi-
nase (ccr) genes that catalyze excision and integration of 
the element. The mechanism of horizontal transfer of SCC 
elements between staphylococci is unknown. The SCC 
elements may encode antibiotic resistance genes such as 
the SCCmec and SCCfar for methicillin and fusidic acid 
 resistance, respectively.

The SCCmec elements have been grouped into types I–VIII, 
which range in size from 20.9 kb to 66.9 kb (Figure 3.2)53,54 
They are classified according to the combination of ccr genes 
and mec complex that they carry. Five major mec complexes 
(A–E) have been described but only three (A–C) have been 
identified in Staph. aureus. The mec complexes differ by inte-
gration of IS1272 and IS431 elements and by deletion of 
mecI and a part of mecR. The ccr genes are classified into 
five allotypes which have been designated ccrAB1, ccrAB2, 
ccrAB3, ccrAB4 and ccrC. The SCCmec type III prototype 
is a composite element that consists of the recombination of 
two SCC elements, i.e. SCCmec type III and SCCmercury. 
The SCCmec complexes often carry plasmids (e.g. pUB110, 
pI258 and pT181) and transposons (e.g. Tn554 and 
ΨTn554) integrated into them.

The SCCmec elements also comprise three junkyard (J) 
regions. The variations in the J regions within the same mec and 
ccr combination define the SCCmec subtypes within a type.

CURRENT THERApEUTIC pROBLEMS 
WITH RESISTANCE

STAPHYLOCOCCUS AUREUS

Approximately 85% of Staph. aureus are resistant to penicil-
lin by plasmid-mediated β-lactamase. During the 1950s, large 
epidemics of hospital infection were caused by ‘the hospital 
staphylococcus’, a virulent strain of Staph. aureus resistant to 
penicillin, tetracycline, erythromycin, chloramphenicol and 
other drugs. After the introduction of the penicillinase- stable 
penicillins, the incidence of hospital infection with multiresis-
tant staphylococci gradually declined during the 1960s and 
1970s. Although strains of methicillin-resistant Staph. aureus 
(MRSA) were seen as early as 1961, gentamicin-resistant 
MRSA emerged later as a major pathogen of hospital infec-
tion in the 1980s. Since then, MRSA has continued to increase 
in prevalence in several countries, including the USA, UK 
and countries in Southern and Eastern Europe, but was well 
contained in others such as Scandinavian countries and the 
Netherlands (Figure 3.4). Epidemic strains of MRSA have 
been associated with large nosocomial outbreaks spreading to 
whole regions by interhospital transfer of colonized patients or 
staff.55,56 Deep-seated MRSA infections have been  associated 
with increased mortality compared with oxacillin-susceptible 
Staph. aureus infection in some settings.57 After becoming 
endemic in many acute care hospitals in the 1980s and 1990s, 
MRSA strains have disseminated into long-term care facilities 
which have become a reservoir of carriers. In the 1990s, com-
munity-acquired (CA-) MRSA infections have been reported 
from Australia, the USA and Europe in populations lacking 
previous contact with healthcare facilities.58 CA-MRSA strains 
are unrelated to nosocomial strains and frequently produce 
the Panton–Valentine leukocidin (PVL) exotoxin. Recently, 
MRSA carriage has been reported with unexpected high prev-
alence among livestock animals, farmers and veterinarians in 
Europe and the USA.59 These MRSA strains appear clonal 
and unrelated to either nosocomial or CA-MRSA clones.
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Fig. 3.3 Integron structure and gene cassette movement. The int1 gene encodes the integrase that mediates site-specific integration 
of circular gene cassettes between the att1 and attC sites. P denotes the common promoter. Adapted from Ploy MC, Lambert T, Couty JP et al. 
Integrons: an antibiotic resistance gene capture and expression system. Clin Chem Lab Med. 2000;38:483–487.50
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MRSA strains have become multiresistant by a num-
ber of mechanisms. The chromosomal DNA region harbor-
ing the mecA gene, the staphylococcal cassette chromosome 
mec, contains a number of insertion sites. These permit the 
accumulation of multiple mobile genetic elements encoding 
resistance to other classes of antibiotics such as macrolides, 
lincosamides, streptogramins, sulfonamides and tetracyclines. 
In addition, MRSA may acquire other resistances encoded 
on plasmids and transposons, including β-lactamase produc-
tion and resistance to trimethoprim and the aminoglycosides. 
Aminoglycoside resistance is mediated by at least six amino-
glycoside-modifying enzymes. Following the rapid emergence 
of mutational resistance to quinolones and to other drugs such 
as rifampicin and mupirocin, fuelled by clonal spread,59 many 
strains of MRSA remain sensitive only to the glycopeptides 
vancomycin and teicoplanin. The recent recognition of MRSA 
strains with reduced susceptibility or high resistance to glyco-
peptides (see above) is likely to further complicate therapy of 
serious staphylococcal infection. Among the recently available 
antistaphylococcal antibiotics, such as linezolid, quinupristin–
dalfopristin, tigecycline and daptomycin, partial or full resis-
tance by mutational mechanisms has already been reported 
in clinical isolates.

COAGULASE-NEGATIvE 
STApHYLOCOCCI

These organisms are important causes of nosocomial infec-
tions associated with prosthetic and indwelling devices. In 
the community, people are normally colonized by relatively 
sensitive strains of Staph. epidermidis; after admission to hos-
pital and treatment with antibiotics, patients often become 
colonized with more resistant strains of Staph. epidermidis or 
Staph. haemolyticus. A majority of coagulase-negative staphylo-
cocci isolated in hospitals show multiple antibiotic resistance, 
including resistance to methicillin (and other β-lactams), gen-
tamicin and quinolones. Staph. haemolyticus frequently shows 
low-level, inducible, teicoplanin resistance.60 Multiresistant 
strains may act as a reservoir of resistance genes that can be 
transferred to Staph. aureus and enterococci.

ENTEROCOCCI

The enterococci are naturally sensitive to ampicillin, but are 
intrinsically relatively resistant to other β-lactams such as 
cloxacillin, the cephalosporins and the carbapenems. They 
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Fig. 3.4 Proportion of methicillin-resistant Staph. aureus isolates from bloodstream infections, EARSS participating countries, 2008. 
Available at http://www.earss.rivm.nl.
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are also usually resistant to trimethoprim and the sulfon-
amides, quinolones and aminoglycosides. These organisms 
have a remarkable ability to acquire new resistances to ampi-
cillin, vancomycin and teicoplanin, chloramphenicol, eryth-
romycin, tetracyclines, high levels of aminoglycosides and 
clindamycin.61

E. faecalis is the most common enterococcal species to be 
isolated from clinical specimens, but E. faecium is increasing 
in frequency. E. faecium is inherently more resistant to peni-
cillin and ampicillin than E. faecalis, and hospital isolates tend 
to show increasing high-level resistance due to altered PBPs 
(see above). The production of β-lactamase and the overpro-
duction or alteration of penicillin-binding proteins has been 
reported in ampicillin-resistant E. faecalis strains that have 
caused large hospital outbreaks in the USA.62

In the USA, acquired vancomycin resistance increased 
more than 40-fold among nosocomial isolates of enterococci, 
from 0.3% in 1989 to over 70% in 2007.63 This rise followed 
an increase by more than 100-fold in the use of vancomy-
cin in hospitals in the last 20 years. Initially, clonal epidem-
ics of vancomycin-resistant enterococci broke out in intensive 
care units and later in whole hospitals. This was followed by 
spread of resistance plasmids and transposons among mul-
tiple strains of E. faecium and E. faecalis.61 In Europe, the inci-
dence of nosocomial infection caused by VRE varies widely 
from <1% to >40%.30 Outbreaks have also been reported in 
Europe, especially in hematological, transplant and inten-
sive care units. Transmission occurs by cross-contamination 
via the hands of healthcare personnel and the environment, 
and is enhanced by exposure to therapy with glycopeptides, 
cephalosporins and drugs with anti-anaerobic activity.64 The 
phylogenic analysis of a large collection of E. faecium isolates 
from humans and animals showed the worldwide expansion of 
complex-17 lineage causing hospital outbreaks and character-
ized by ampicillin resistance and specific virulence factors.65

In the USA, most of the vancomycin-resistant strains are 
resistant to all other available antimicrobials, making therapy 
extremely difficult and requiring combinations of drugs or the 
use of new drugs such as quinupristin–dalfopristin, daptomy-
cin and linezolid.63 Resistance to these new antimicrobials has 
already been reported in clinical isolates. As the consump-
tion of linezolid increased, several outbreaks of linezolid- and 
vancomycin-resistant E. faecium have been reported in hema-
tological and transplant wards in Europe and the USA.66 In a 
meta-analysis of enterococcal bloodstream infection, the mor-
tality attributable to the infection was independently associ-
ated with vancomycin resistance, although the specific impact 
of antibiotic therapy is difficult to ascertain because of the 
severity of the underlying disease.67

STREPTOCOCCUS PNEUMONIAE

Acquired multidrug resistance in Str. pneumoniae has become a 
worldwide health problem, with increasing incidence of resis-
tance to β-lactams, macrolides, lincosamides and  tetracyclines 

in most parts of the world in the last three decades.68–71 The 
MIC of penicillin for sensitive strains of pneumococci is 
<0.01 mg/L; the first penicillin-resistant isolates, reported in 
1967 from Papua New Guinea, showed ‘low-level’ resistance 
with MICs of up to 1 mg/L, but in 1977 pneumococci were 
isolated in South Africa showing ‘high-level’ resistance with 
penicillin MICs of >1 mg/L. High-level penicillin resistance 
has so far been confined to a few serotypes, whereas low-level 
resistance is now found in nearly all the common serotypes. 
There is a wide geographical variation in the prevalence of 
penicillin-resistant pneumococci, even between regions of a 
particular country.

There is conclusive evidence of international spread of mul-
tiresistant clones, such as the Spanish serotype 23F clone that 
was apparently ‘exported’ from Spain to the USA.72 Several 
serotypes, showing multiresistance, significantly decreased 
in incidence after the introduction of the 7-valent conjugate 
vaccine in both the USA and Europe.69 These strains were 
replaced by non-vaccine serotypes such as the multidrug-
resistant serotype 19A in the USA and Europe.70 According 
to two recent worldwide surveys and Europe-wide surveil-
lance data (http://www.earss.rivm.nl), in some countries, such 
as in Northern Europe, only a few percent of pneumococ-
cal isolates show low-level penicillin resistance and high-level 
resistance is rare; however, in other countries such as France, 
Poland, Turkey, Israel and the USA, 25% or more of isolates 
are penicillin resistant, of which up to 15% of isolates are 
high-level resistant.71 In recent surveys, resistance to third-
generation cephalosporins varied between <1% and 15%.70,71

A high prevalence (from 10% to >50%) of macrolide 
resistance among Str. pneumoniae strains is reported from all 
continents. The predominant mechanisms of resistance to 
macrolides are ribosomal methylation conferred by the ermB 
gene, followed by drug efflux pump encoded by the mefA 
gene.73 In North America, macrolide resistance is more fre-
quently caused by MefA, which does not affect lincosamides. 
However, the proportion of isolates positive for both ErmB 
and MefA is increasing. In Europe and the Asia–Pacific 
regions the predominant mechanism of resistance is ErmB 
conferring the MLSB phenotype. There is a strong associa-
tion of co-resistance to penicillin, macrolides, lincosamides, 
chloramphenicol, tetracycline and co-trimoxazole.

The resistance of Str. pneumoniae to fluoroquinolones is 
due to chromosomal mutations in the DNA gyrase (gyrA and 
gyrB) and topoisomerase IV (parC and parE) and/or active 
efflux. Both mechanisms have so far been reported at low 
prevalence (<1%) in a majority of countries but with higher 
frequency in China (4–14%), Japan (0.5–6%) and Italy 
(6%).74 This is a cause for concern, given the usefulness of 
newer generation fluoroquinolones for the treatment of lower 
respiratory tract infections.

Respiratory and bloodstream infections with strains of 
pneumococci showing low- to moderate-level penicillin resis-
tance (MIC <4.0 mg/L) can be treated with high doses of 
penicillin, amoxicillin or cephalosporins as there is no firm 
evidence that this level of penicillin resistance is  associated 
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with increased risk of treatment failure. On the other hand, 
meningitis treatment failures have been documented in 
infections with even low-level penicillin-resistant strains. 
Therefore, initial treatment of meningitis in areas with high 
levels of penicillin and cephalosporin resistance includes 
high-dose cefotaxime or ceftriaxone in association with van-
comycin. Both drugs should be continued in case of infection 
with cefotaxime-intermediate resistant pneumococci (MIC of 
1.0 mg/L), and rifampicin should be added if the cefotaxime 
MIC is ≥2 mg/L (see Ch. 50).

HAEMOPHILUS INFLUENZAE

Ampicillin resistance due to plasmid-mediated TEM-1 
β-lactamase production was first noted in 1972, and is now 
widespread, ranging from 3% in Germany to 65% in South 
Korea in lower respiratory and blood specimens. The prev-
alence of β-lactamase-producing strains rose in the 1990s, 
followed by a subsequent decline in the 2000s in the USA, 
Canada, Japan and Spain.75 In 1981, Rubin et al. reported a 
novel β-lactamase in H. influenzae, later called ROB-1.76 The 
recent prevalence of this enzyme varies greatly (from 4% to 
30%) and was found with the highest frequency in Mexico 
and USA.73

β-Lactamase-negative, ampicillin-resistant (BLNAR) strains 
are associated with changes in penicillin-binding proteins, 
 especially PBP 3. This form of ampicillin resistance appears to 
be globally rare (<0.5%) but was reported locally at much higher 
rates (10–40%) in recent surveys from Europe and Japan, pos-
sibly due to differences in the methods and definitions used.75 
Cephalosporins and amoxicillin–clavulanate remain very active 
(>99% sensitivity), as are fluoroquinolones, tetracyclines, 
rifampicin and chloramphenicol. Rates of chloramphenicol 
resistance in excess of 10% were occasionally found in some 
Latin American and Asian countries. Co-trimoxazole resistance 
rates vary markedly by region, with the highest rates reported 
from Latin America, the Middle East and Spain (about 30%), 
followed by Eastern Europe and North America (10–20%).

NEISSERIA MENINGITIDIS

The emergence of sulfonamide resistance in N. meningitidis, 
due to mutational or recombinational modification of the tar-
get dihydropteroate synthase, emerged in the early 1960s and 
is now widespread. Of greater concern today is the emergence 
of penicillin resistance. The MIC of penicillin for meningo-
cocci is usually <0.08 mg/L, but this may be increased in mod-
erately susceptible isolates up to 0.5 mg/L. These strains were 
first reported in the 1960s but have increased in frequency 
in some countries, especially in Spain. This low-level peni-
cillin resistance is due to alterations in PBP 2, with a mosaic 
gene structure arising as a result of transformation from com-
mensal Neisseria species. In the 1990s, Spain suffered a clonal 

epidemic associated with a moderately susceptible penicil-
lin strain that accounted for more than 60% of invasive sero-
group C isolates. There are only scant clinical data indicating 
that meningitis with the moderately susceptible meningococ-
cal strains may be associated with penicillin treatment failures. 
Third-generation cephalosporins remain very active on these 
strains. In addition, β-lactamase production by meningococci 
has been reported in four cases and appears to be encoded on 
a gonococcal plasmid. Chloramphenicol resistance has been 
reported recently from Vietnam and was determined by a catP 
gene located on a defective transposon from Clostridium per-
fringens. Although up to 10% of carriers treated with rifam-
picin are subsequently found to harbor rifampicin-resistant 
meningococci, caused by a point mutation in the rpoB gene, 
such strains remain extremely rare in invasive disease. Four 
cases of meningococcal disease caused by ciprofloxacin-
 resistant N. meningitidis serogroup B have been reported in the 
USA.77 They were caused by the same strain which revealed a 
gyrA mutation that was possibly acquired by horizontal gene 
transfer from the commensal N. lactamica.77

NEISSERIA GONORRHOEAE

Low-level resistance to benzylpenicillin (MIC 0.1–2 mg/L) 
has been increasing in strains of N. gonorrhoeae for several 
decades, and is now very common. This type of resistance is 
due to mutational alterations in the penicillin-binding pro-
teins PBP 1 and PBP 2 and to impermeability associated 
with alteration of PI porin. Alterations in penA genes confer-
ring decreased susceptibility to third-generation oral cepha-
losporins has been documented in Japan, Hong Kong and the 
Western Pacific Region.78 Since 1976, a high-level plasmid-
mediated type of resistance to penicillin, caused by produc-
tion of TEM-1 β-lactamase, appeared in South East Asia and 
West Africa and spread to Western countries.79 These peni-
cillinase-producing strains of N. gonorrhoeae remain common 
(30–65%) in many developing countries, but account for only 
5–10% of gonococcal isolates in the West. Low-level resis-
tance to tetracyclines is often associated with multiple resis-
tance to penicillin, erythromycin and fusidic acid. It is caused 
by mutational derepression of the MtrRCDE efflux system.21 
Plasmid-mediated high-level resistance to all tetracyclines, 
including doxycycline, determined by the ribosomal protec-
tion protein TetM carried on a transposon, emerged in 1985. 
It has reached a high prevalence, which unfortunately reduces 
the clinical utility of this group of drugs for the treatment of 
dual infection with gonococci and chlamydia.80 Spectinomycin 
resistance, due to mutational alteration of the 30S ribosomal 
subunit, remains rare. Resistance to fluoroquinolones, due to 
GyrA and/or ParC mutational alteration, emerged in several 
countries during the 1990s and increased globally by clonal 
spread to reach prevalence rates up to 94% in South East Asia 
and more than 50% in some European countries.80 This dra-
matic increase in resistance has markedly reduced the value of 
fluoroquinolones for empirical treatment of uretritis.
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ESCHERICHIA COLI

Acquired resistance to ampicillin is conferred to Esch. 
coli by a plasmid-encoded, Tn3-associated TEM-1 
β-lactamase. First described in 1965, this mobile gene has 
spread so extensively throughout the world that 40–60% 
of both hospital and community strains are now resistant 
by this mechanism. Up to 50% of these ampicillin-resis-
tant organisms are also resistant to the combination of 
amoxicillin with clavulanic acid, either because of hyper-
production of TEM-1 β-lactamase or by production of a 
mutant, inhibitor- resistant TEM enzyme. Other plasmid-
encoded β-lactamases are seen in Esch. coli with increas-
ing frequency, including extended-spectrum β-lactamases 
of the TEM, SHV and AmpC families. Fluoroquinolone 
resistance in Esch. coli is an increasingly common prob-
lem in Europe and has reached prevalence rates as high 
as 50% in Turkey, and 40% in Hong Kong. Intestinal car-
riage was found in 25% of healthy individuals in Spain.81 
Fluoroquinolone-resistant Esch. coli is particularly com-
mon in patients with complicated urinary tract  infections 
and in neutropenic patients developing bacteremia during 
 fluoroquinolone prophylaxis.

Esch. coli has been recognized as the major source of 
ESBLs with a higher increase in prevalence in the com-
munity than in the hospital setting.12 This increase was 
initially due to the spread of multiple clones harbor-
ing different CTX-M enzymes into diverse genetics ele-
ments (integrons and transposons). These enzymes show 
higher hydrolyzing activity against cefotaxime than cef-
tazidime. They display high homology with chromo-
somal β-lactamases from Kluyvera species. The insertion 
sequences ISEcp1 and Orf513 contribute to their mobili-
zation. Among the CTX-M, CTX-M-15 is the predomi-
nant enzyme found in the community and in long-term 
care facilities. This enzyme harbors the Asp240Gly sub-
stitution that confers an eight-fold higher level of resis-
tance to ceftazidime than its parental CTX-M-3 enzyme. 
CTX-M-15 Esch. coli has emerged globally by acquisition 
of epidemic plasmids into highly virulent strains of the 
B2 phylogenetic subgroup, sequence type ST131, sero-
group O25:H4.82 Co-resistance to fluoroquinolones is fre-
quently mediated by qnr genes and aac (6′)-Ib-cr in these 
ESBL-producing strains.

In addition to ESBL, new variants of cephalosporinases 
called extended-spectrum AmpC (ESAC) β-lactamases, 
which confer resistance against oxyimino-cephalosporins 
including cefepime and cefpirome, have been described 
since 1995 in Ent. cloacae, Serratia marcescens and Esch. 
coli.83 Plasmid-encoded AmpC enzymes conferring resis-
tance to third-generation cephalosporins (such as CMY-
2) have become frequent in the USA but remain rare 
in Europe. Resistance to carbapenems by metallo-β-
lactamase production (VIM-1) has been reported spo-
radically in clinical Esch. coli isolates from Spain and 
Greece.

KLEBSIELLA, ENTEROBACTER AND 
SERRATIA Spp

These organisms are intrinsically resistant to ampicillin, and 
Enterobacter and Serratia spp. are resistant to older cepha-
losporins. They all have the ability to cause hospital outbreaks 
of opportunistic infection, and they often exchange plasmid-
borne resistances. K. pneumoniae is the most common noso-
comial pathogen of the three, and appears to have the greatest 
ability to receive and disseminate multiresistance plasmids. 
The ampicillin resistance of K. pneumoniae is mediated by 
chromosomal SHV-1 β-lactamase. In the 1970s, organisms 
carrying plasmid-borne aminoglycoside resistance often 
caused large outbreaks of hospital infection and sometimes 
disseminated their resistances to Enterobacter, Serratia and 
other enterobacterial species. These outbreaks diminished 
when the newer cephalosporins and aminoglycosides became 
available.

Starting in the mid-1980s in Europe and Latin America 
and in the 1990s in the USA, hospital outbreaks due to 
K. pneumoniae with resistance to third-generation cepha-
losporins by plasmid-borne production of extended-
 spectrum β-lactamases (ESBL) were reported, particularly 
in intensive care units (ICUs). ESBL-encoding plasmids 
were also transferred to K. oxytoca, Citrobacter spp., Esch. coli, 
Proteus mirabilis and Enterobacter spp. Pan-European surveys 
in ICUs showed that the proportion of ESBL-producing 
klebsiellae varies markedly by hospital and by country, from 
3% in Sweden to 60% in Turkey.84 Co-resistance to amino-
glycosides, co-trimoxazole, tetracyclines and fluoroquinolo-
nes is common.

Resistance to carbapenems has been reported increas-
ingly in K. pneumoniae (Figure 3.5). In the majority of cases, 
this was related to the spread of plasmid-encoded class A 
carbapenemases (KPC) and class B carbapenemases (VIM), 
especially in K. pneumoniae.15 Less commonly, carbap-
enem-resistant Enterobacteriaceae were due to high-level 
production of cephalosporinase- or oxacillinase-mediated 
resistance combined with other β-lactamases and porin 
mutation.85 The K. pneumoniae carbapenemase (KPC) was 
initially reported in North Carolina in 1996 and subse-
quently worldwide.15 Six variants of the blaKPC1/2 gene have 
been reported. Although these enzymes confer decreased 
susceptibility to all β-lactams, impaired outer membrane 
permeability is often required to achieve full resistance 
to carbapenems. The blaKPC genes have been identified 
within a Tn3-type transposon (Tn4001) in large transfer-
able plasmids. These plasmids frequently carry aminogly-
coside determinants and have been associated with ESBL 
(CTX-M-15) and the quinolone-resistance proteins QnrA 
and QnrB. Co-resistance to other non-β-lactam antibiotics 
limits therapeutic options for these strains. The blaKPC genes 
have been reported in other Enterobacteriaceae (Enterobacter 
spp., Esch. coli, K. oxytoca, C. freundii, P. mirabilis, Salmonella 
spp. and S. marcescens) and at chromosomal and plasmid 
locations in Ps. aeruginosa.
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The KPC-producing bacteria are widespread in the USA, 
Israel, China, Latin America and Greece, but remain rare 
in western and northern Europe.15 Since 2001 sporadic iso-
lates and small outbreaks of multiresistant VIM-producing 
K. pneumoniae have been reported in some European coun-
tries (France, Spain, Italy, Greece, Turkey and Belgium). In 
several cases these strains were traced back to patient transfer 
from hospitals in Greece, where the proportion of resistance 
to imipenem increased from <1% in 2001 to >70% in iso-
lates from ICUs and to >20% in isolates from hospital wards 
from 2001 to 2007 (http://www.earss.rivm.nl). Co-resistance 
to colistin has been reported in some of these strains, leaving 
very few active therapeutic options.

About 30% of hospital isolates of Enterobacter spp. show 
cephalosporinase hyperproduction.84 In the 1990s, ESBL-
producing (mostly TEM-24), multiresistant Ent. aerogenes 
strains emerged as a common cause of nosocomial infection 
in France, Spain and Belgium. Epidemic strains were first 
reported in ICUs and have since disseminated hospital-wide 
to cause large regional epidemics.86 Many of these ESBL-
producing strains remain susceptible only to carbapenems, 
which are the drugs of choice for treatment of serious infec-
tion with these organisms. In Enterobacter strains with high-
level cephalosporinase combined with ESBL  production, 

however, emergence of porin-resistant mutants during imi-
penem therapy may lead to treatment failure, requiring the 
use of colistin or doxycycline for  infections with strains 
resistant to all β-lactams and fluoroquinolones.87 The resis-
tance to carbapenems by enzymes of class A (SME, IMI, 
NMC, GES) and Class B (IMP, VIM, SPM) in species 
such as Ent. cloacae, K. oxytoca, Citrobacter spp., P. mirabilis, 
Providencia stuartii and S. marcescens is a growing  problem 
worldwide.14

SHIGELLA

Shigellae were among the first organisms to be shown in the 
1950s to harbor transferable antibiotic resistance determi-
nants on conjugative plasmids. In developing countries, rates 
of multiple resistance are high, with >50% of isolates resistant 
to ampicillin, chloramphenicol, tetracycline, co-trimoxazole 
or nalidixic acid. In the last few years, fluoroquinolone resis-
tance in Shigella spp. increased in the Indian subcontinent as 
a result of both gyrA and parC mutations,88 compromising 
the use of fluoroquinolones as the first line of treatment for 
dysentery in that region. Multiresistance is most common in 
Shigella dysenteriae, followed by Shigella flexneri and Shigella 

Proportion of carbapenems-resistant K. pneumoniae isolates in participating countries in 2008
(c) EARSS

No data
< 1
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5–10%
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> 50%

Fig. 3.5 Proportion of carbapenem-resistant K. pneumoniae isolates from bloodstream infections, EARSS participating countries, 2008. 
Available at http://www.earss.rivm.nl.
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sonnei. In developed countries rates of resistance are higher in 
shigellosis patients with a history of travel abroad.

SALMONELLA

Salmonella enterica serotype Typhi has developed multiple 
resistance to first-line antibiotics in many developing coun-
tries. In the 1970s, strains with plasmid-mediated resistance 
to ampicillin and chloramphenicol caused epidemics in Latin 
America. In the 1980s, strains with plasmid-mediated resis-
tance to ampicillin, chloramphenicol and co-trimoxazole 
emerged in South East Asia and have since become wide-
spread in Asia and Latin America, where rates of 30–70% 
multiresistant Salmonella Typhi were reported in the 1990s. 
Fluoroquinolone resistance is now emerging in MDR strains 
and has been associated with recent outbreaks of typhoid fever 
in Tajikistan, Vietnam and the Indian subcontinent. The pro-
portion of Salmonella Typhi with low-level resistance to cipro-
floxacin showed a rapid increase to more than 20% in 1999 in 
the UK, and was mostly seen in travelers returning from the 
Indian subcontinent.89

In the 1990s, multiple resistance also rose rapidly in non-
typhoidal salmonellae in Europe and in the USA. There is 
conclusive evidence that antibiotics used in animal husbandry 
have contributed to antibiotic resistance in human isolates. In 
the UK and other European countries, the incidence of human 
infections with multiresistant Salmonella ser. Typhimurium 
DT104 resistant to ampicillin, chloramphenicol, streptomycin, 
co-trimoxazole and tetracycline increased markedly during the 
period 1990–1996, at a time when penicillin and tetracycline 
were commonly used in cattle feed. In Denmark, an outbreak 
of food-borne salmonellosis caused by a multidrug and low-
level fluoroquinolone-resistant Salmonella ser. Typhimurium 
was traced to an infected swine herd. This strain was nalidixic 
acid resistant and showed increased ciprofloxacin MIC (0.06–
0.12 mg/L). Although this level of susceptibility is  categorized 
as sensitive by current breakpoints, patients treated with 
 fluoroquinolones showed poor clinical response.90

Soon after the introduction of enrofloxacin for veteri-
nary use in the UK in 1993, human Salmonella isolates with 
decreased susceptibility to ciprofloxacin increased 10-fold 
from 1994 to 1997. In 1999, soon after the introduction of 
codes of good practice for the prophylactic use of fluoroquino-
lones in animal husbandry in the UK, there was a 75% decline 
in isolations of multiresistant Salmonella ser. Typhimurium 
DT104 from clinical specimens, which may indicate a favor-
able impact of more prudent antibiotic use.91 The extended-
 spectrum β-lactamases have appeared in some Salmonella 
strains, possibly as a result of plasmid transfer from com-
mensal enterobacteria in the human gut. ESBL-producing 
salmonellae caused epidemics in Greece and spread to other 
European countries in the 1990s.92 The first case of infec-
tion by ceftriaxone-resistant Salmonella reported in the USA 
was linked to contact with infected cattle treated with cepha-
losporins on a Nebraska farm.93

CAMPYLOBACTER

Campylobacter spp. have also shown increasing antimicrobial 
resistance in the past decade, and again much of this resistance 
appears related to the veterinary use of antibiotics. Although 
there is considerable geographic variation, macrolide resis-
tance in C. jejuni, which is mainly due to mutational alteration 
of domain V of 23S rRNA, is increasing worldwide, includ-
ing in Europe and the USA.94 C. coli shows higher erythro-
mycin resistance rates (4–50%) than C. jejuni (0–20%). The 
proportion of isolates resistant to fluoroquinolones, which is 
caused by stepwise mutations in gyrA and/or parC genes, has 
increased dramatically around the world over the last 20 years 
(from 0% to over 80% in some areas). There is consistent 
evidence that this is a result of the addition of quinolones to 
chicken feed.40,95 In every country where this has been inves-
tigated, quinolone resistance in human Campylobacter isolates 
increased in frequency soon after the introduction of these 
drugs in animal husbandry, but long after their licensing in 
human medicine. In the USA, domestic chickens were deter-
mined by epidemiological and molecular investigations as the 
predominant source of quinolone-resistant C. jejuni infection 
in the years after these drugs were licensed for use in poultry 
in 1995.95 In South Africa, Thailand and Taiwan, very high 
rates of multiple resistance to quinolones, macrolides, tetra-
cyclines and ampicillin often leave no effective antimicrobial 
treatment for Campylobacter enteritis.96

HELICOBACTER PYLORI

Peptic ulcer disease caused by H. pylori infection is treated 
by associations of antibiotics, which may include amoxicillin, 
tetracyclines, clarithromycin and metronidazole. Eradication 
fails, however, in 10–30% of cases. This is in part due to pri-
mary or secondary resistance to one or more of these drugs, 
most commonly to metronidazole or clarithromycin.97 
Development of secondary resistance may occur in over 50% 
of cases with suboptimal regimens. Nitroimidazole resistance 
is mostly related to mutational inactivation of the rdxA gene 
encoding an oxygen-sensitive NADPH nitroreductase. The 
cure rate with most combination regimens drops by about 
50% in case of nitroimidazole resistance. The prevalence of 
this resistance is rising and currently ranges from 10% to 40% 
of isolates in the West and from 50% to 80% in developing 
countries. Resistance to clarithromycin is caused by a muta-
tion at position 2142 or 2143 in 23S rRNA. Its impact on 
cure rate appears similar to that of nitroimidazole resistance 
for most treatment regimens. The prevalence of primary mac-
rolide resistance varies by region between 3% and 25% and 
is increasing. Standardization of resistance detection meth-
ods for this pathogen is much needed to assess the efficacy of 
treatment regimens based on primary resistance patterns and 
to guide local recommendations based on surveillance data.98 
The prevalence of resistance to amoxicillin and to tetracy-
cline is very low (<1%) in H. pylori except in a few countries 
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like South Korea. In contrast, resistance to fluoroquinolones, 
mainly caused by mutation in the gyrA gene, shows a higher 
prevalence (9–20%).

PSEUDOMONAS AERUGINOSA

Ps. aeruginosa is a leading cause of nosocomial infection in 
critically ill patients and is associated with the highest attrib-
utable mortality among opportunistic Gram-negative bacte-
ria. It is intrinsically resistant to most β-lactam antibiotics, 
tetracyclines, chloramphenicol, sulfonamides and nalidixic 
acid, due to the interplay of impermeability with multidrug 
efflux, principally mediated by MexAB-OprM.99 Acquired 
resistance to anti-pseudomonal antibiotics develops rapidly 
in more than 10% of patients during treatment. This occurs 
most commonly with imipenem and ciprofloxacin.100 Multiple 
types of acquired β-lactam resistance are expressed by this 
adaptable organism, often in combination: hyperproduction 
of AmpC cephalosporinase, acquisition of transposon and 
plasmid-mediated ESBLs, oxacillinases or carbapenemases; 
mutational loss of porins or upregulation of efflux pumps.18

Three types of aminoglycoside resistance are seen: high-
level, plasmid-mediated resistance to one or two aminogly-
cosides, due to the production of aminoglycoside-modifying 
enzymes, and broad-spectrum resistance to all the amino-
glycosides, due to a reduction in the permeability of the 
cell envelope and/or overexpression of an efflux pump. 
Fluoroquinolone resistance is mediated by topoisomerase 
gene mutations, decreased permeability and efflux overex-
pression. Surveys of clinical isolates of Ps. aeruginosa from 
ICUs have indicated resistance rates >10% to all drugs in 
European countries.84 Resistance rates varied by region, with 
Latin America showing the highest prevalence, followed by 
Europe with high β-lactam resistance (>25% to ceftazidime) 
and fluoroquinolone resistance rates (>30% to ciprofloxacin), 
particularly in Southern Europe. Multidrug-resistant strains 
were found in 1% of isolates from the USA, 5% from Europe 
and 8% from Latin America, and their distribution by partici-
pating center suggested local outbreaks.

Only 10 years after the first description of VIM-1 in a Ps. 
aeruginosa isolate in 1997, the VIM-2 variant has become 
the most widespread metallo-β-lactamase (MBL) among 
Ps. aeruginosa strains.101 VIM-producing strains have caused 
hospital outbreaks worldwide. IMP enzymes have also been 
reported in this organism. The blaIMP and blaVIM genes are 
inserted into class 1 integrons. Other mobile genes encoding 
MBL enzymes were reported in Ps. aeruginosa, including the 
SMP (endemic in Brazil) and GIM (reported in Germany) 
enzymes.101 These carbapenemase-producing Ps. aeruginosa 
strains are multiresistant and on many occasions susceptible 
to colistin only. Class A β-lactamases such as VEB have been 
described with increasing frequency in this organism, whereas 
the GES and KPC enzymes were found in Latin America.101 
Multiresistant Ps. aeruginosa is becoming one of the most 
problematic nosocomial pathogens, particularly in view of the 

lack of new antimicrobial classes in clinical development that 
are active on this organism.

ACINETOBACTER Spp

Acinetobacters are free-living, non-fermenting organisms that 
often colonize human skin and cause opportunistic infections. 
Furthermore, these organisms are able to survive for prolonged 
periods in inanimate environments. The most frequently iso-
lated species, and one most likely to acquire multiple antibi-
otic resistance, is Acinetobacter baumannii. In the early 1970s, 
acinetobacters were usually sensitive to many common anti-
microbial agents but many hospital strains are now resistant 
to most available agents, including  co-trimoxazole, aminogly-
cosides, cephalosporins, quinolones and, to a lesser extent, 
carbapenems. The mechanisms and genetics of resistance in 
this species are complex, but they involve several plasmid-
borne β-lactamases and aminoglycoside-modifying enzymes, 
as well as alterations in membrane permeability and penicil-
lin-binding proteins. The acquisition of these multiple mecha-
nisms may be due to the fact that this group of organisms is 
physiologically competent and can acquire DNA by transfor-
mation in vivo.

Multiresistant A. baumannii strains have caused epidem-
ics in several countries and nosocomial infections with these 
strains have been associated with excess mortality. Although 
not exclusively, many MDR A. baumannii strains are associ-
ated with epidemic lineages (EU clones I, II and III) that were 
found to spread in many European countries.

A. baumannii naturally harbor a carbapenem-hydrolyz-
ing oxacillinase (OXA-51/69 variants) which, when overex-
pressed, confers a decreased susceptibility to carbapenem. 
Class D (OXA-type) β-lactamases conferring resistance to 
carbapenems have been widely reported in A.  baumannii. 
These enzymes belong to three unrelated groups (repre-
sented by OXA-23, OXA-24 and OXA-58) that can be 
either plasmid (OXA-23 and OXA-58) or chromosomally 
encoded. OXA-23- and OXA-58-producing Acinetobacter 
have been associated with outbreaks in several countries such 
as the UK, China, Brazil and France.101 Class B metallo-β-
lactamases (VIM, IMP, SIM) that confer resistance to all 
β-lactams except aztreonam have been reported worldwide in 
Acinetobacter strains, especially in Asia and Western Europe. 
Other mechanisms of carbapenem resistance in this organism 
include the reduced expression of several outer membrane 
proteins (porins) such as CarO.102 Active efflux of carbapen-
ems may be associated.

Colistin, sulbactam and tigecycline may be the only active 
drugs available to treat infections caused by multiresis-
tant strains. The activity of sulbactam against carbapenem-
 resistant isolates is decreasing. Clinical reports support the 
effectiveness of colistin for treating infection with multire-
sistant acinetobacters whereas clinical evidence with tigecy-
cline is still scarce in spite of its good antimicrobial activity. 
High-level resistance to tigecycline mediated by upregulation 
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of chromosomally encoded efflux pumps has been reported 
among MDR strains. Strains resistant to all available antimi-
crobial agents have been reported.103

OTHER NON-FERMENTING ORGANISMS

Sten. maltophilia and Burkholderia cepacia are intrinsically resis-
tant to many of the antimicrobial agents used for infection 
with Gram-negative organisms, including the aminoglyco-
sides and cephalosporins, and often acquire further resistance 
to co-trimoxazole and fluoroquinolones. Because of this, 
and despite their relatively low virulence, they are seen with 
increasing frequency in areas of high antibiotic usage such as 
ICUs. Sten. maltophilia is intrinsically resistant to all the amin-
oglycosides, to imipenem and most β-lactams, and up to 30% 
of isolates have acquired resistance to co- trimoxazole and tet-
racyclines. It has considerable ability to develop further mul-
tiple resistances by several mechanisms, including decrease 
in outer membrane permeability, active efflux and the pro-
duction of inducible broad-spectrum β-lactamases. Bacteria 
of the B. cepacia complex are also generally resistant to the 
aminoglycosides and most β-lactam antibiotics, but sensi-
tive to ciprofloxacin, temocillin and meropenem. However, 
acquired multiple resistance was found in epidemic strains 
that are associated with rapid deterioration in infected cystic 
fibrosis patients.

MYCOBACTERIUM TUBERCULOSIS

M. tuberculosis has limited susceptibility to standard antimi-
crobial agents, but can be treated by combinations of anti-
tuberculosis drugs, of which the common first-line agents are 
rifampicin, isoniazid, ethambutol and pyrazinamide (see Chs 
33 and 58). Resistance is the result of spontaneous chromo-
somal mutations at various loci. Mutational resistance occurs 
at the rate of about 1 in 108 for rifampicin, 1 in 108 to 1 in 
109 for isoniazid, 1 in 106 for ethambutol and 1 in 105 for 
streptomycin. Since a cavitating lung lesion contains up to 
109 organisms, mutational resistance appears quite frequently 
when these drugs are used singly for treatment, but is uncom-
mon if three or more are used simultaneously.

The action of isoniazid against M. tuberculosis may involve 
multiple mechanisms, including transport and activation of the 
drug by mechanisms involving catalase-peroxidase, pigment 
precursors, nicotinamide adenine dinucleotide (NAD) and 
peroxide; generation of reactive oxygen radicals; and inhibition 
of mycolic acid biosynthesis. Mutations at several loci might 
be involved in decreased susceptibility to isoniazid, including 
the katG gene that encodes catalase-peroxidase activity, the 
inhA gene which is involved in mycolic acid synthesis, and the 
aphC gene which encodes alkylhydroxyperoxide reductase.104 
Likewise, resistance to ethambutol may result from diverse 
mutations in the embCAB operon, which is involved in the 
 biosynthesis of cell-wall arabinan, or in other genes.

Resistance to rifampicin, fluoroquinolones and strepto-
mycin appears to be caused in M. tuberculosis by mechanisms 
similar to those seen in other species, as the result of muta-
tions in the rpoB gene that encodes the β-subunit of RNA 
polymerase, the gyrA gene encoding the A subunit of DNA 
gyrase and either the rrs gene encoding 16S rRNA or the 
rpsL gene encoding the S12 ribosomal protein, respectively. 
Resistance to pyrazinamide, however, does not appear to 
be due to altered target but to inactivation of the pncA gene 
encoding pyrazinamidase, an enzyme which is necessary for 
transformation of the prodrug into active pyrazinic acid.104 An 
open access database of putative and well-established tuber-
culosis resistance mutations is available.104

In 2007, M. tuberculosis caused 9.27 million new cases 
of tuberculosis and 1.78 million deaths according to the 
World Health Organization (WHO). The main factors for 
the appearance of tuberculosis drug resistance are the emer-
gence of drug-resistant mutants from wild-type susceptible 
strains during treatment (acquired resistance), increasing 
development of resistance in drug-resistant strains because 
of inappropriate treatment (amplified resistance) and direct 
transmission of drug-resistant strains (transmitted resis-
tance). Multidrug-resistant tuberculosis (MDR-TB) implies 
resistance to at least two of the first-line antituberculosis 
drugs: rifampicin and isoniazid. These two drugs are essen-
tial for initial or short-course treatment regimens, and strains 
of M. tuberculosis resistant to them soon develop resistance 
to other drugs. Patients with MDR-TB thus fail to respond 
to standard therapy and disseminate resistant strains to their 
contacts (including healthcare workers), both before and after 
the resistance is discovered. MDR-TB emerged in the 1990s 
and today represents a major problem in several parts of the 
world, such as some countries from the former Soviet Union 
and in China.105,106 Although the median worldwide preva-
lence of MDR-TB among new cases of tuberculosis is 1%, 
these rates can reach 22% in some areas of Eastern Europe, 
Russia, Iran and China.106 A higher prevalence of drug resis-
tance is also seen in immigrants to Western countries.

Extensively drug-resistant M. tuberculosis (XDR-TB), which 
is defined as bacteria resistant to at least isoniazid and rifam-
picin, any fluoroquinolone, and at least one of three injectable 
second-line drugs (amikacin, capreomycin or kanamycin), has 
recently emerged as a major public health threat.106 By the end 
of 2008, 55 countries reported at least one case of XDR-TB. 
Five countries from the former Soviet Union documented 25 
cases or more with a prevalence of XDR-TB ranging from 7% 
to 24% among MDR-TB.106

MDR-TB is difficult and expensive to treat and is asso-
ciated with high mortality rates in immunocompromised 
patients, especially in people infected with HIV, which is a 
common association. Large nosocomial and community out-
breaks of MDR-TB were seen in some American cities in the 
early 1990s, and later reported in Europe, Asia and Brazil.107 
The clinical outcome of patients infected with XDR-TB 
is even poorer than with MDR-TB. The mortality rate of 
XDR-TB is particularly high in patients co-infected with 
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HIV.106 Epidemic and clinically highly virulent MDR- and 
XDR-TB strains are associated with successful clones such as 
Beijing/W and KwaZulu-Natal genotypes which have accu-
mulated resistance to second-line drugs. Factors that contrib-
ute to this situation include insufficient public health services 
directed towards control of tuberculosis; inadequate training 
of healthcare workers in the diagnosis, treatment and control 
of tuberculosis; laboratory delays in the detection and sensitiv-
ity testing of M. tuberculosis; admission to hospitals unprepared 
for control of airborne transmission of pathogens; addition of 
single drugs to failing treatment regimens; an increase in the 
number and promiscuity of individuals at high-risk of acquir-
ing and disseminating tuberculosis, including those infected 
with HIV, the poor and the homeless; and increasing migra-
tion of people from areas where tuberculosis is common.107 
The single most important factor in the prevention and suc-
cessful control of further emergence of MDR/XDR-TB is 
probably the re-introduction of supervised observed therapy. 
In addition, substantial commitment of resources, healthcare 
planning, surveillance of drug resistance and the use of appro-
priate hospital isolation facilities have brought nosocomial 
MDR-TB under control.107

EpIDEMIOLOGY OF ANTIBIOTIC 
RESISTANCE

Epidemiological and biological studies have shown that the 
rise of antibiotic resistance among human pathogenic bacteria 
is a global phenomenon which is related to the interplay of sev-
eral factors in different ecosystems (Figure 3.6).1 These factors 
include the development of environmental and human reser-
voirs of antibiotic resistance genes and resistant bacteria, pat-
terns of antibiotic use in medicine and agriculture that select 
for and amplify these reservoirs, and socioeconomic changes 
that influence the transmission of pathogens. The genetic 

mechanisms that confer antibiotic resistance on bacteria must 
have existed long before the antibiotic era. Conjugative plas-
mids devoid of resistant genes were detected in clinical iso-
lates of bacteria collected before the 1940s. Many resistance 
genes have presumably evolved from detoxifying mechanisms 
in antibiotic-producing fungi and streptomycetes living in 
soil and water and were later mobilized by genetic transfer to 
commensal and pathogenic bacteria.48 Whatever the origins 
of resistance genes, there has clearly been a major increase in 
their prevalence during the past 60 years. This can be closely 
correlated with the use of antibiotics in humans and animals, 
and it is clear that resistance has eventually emerged to each 
new agent.

Antibiotic use is the driving force that promotes the selec-
tion, persistence and spread of resistant organisms. The 
phenomenon is common to hospitals, which have seen the 
emergence of a range of multidrug-resistant pathogens,108 
to the community at large, where respiratory and gut patho-
gens have become resistant to often freely available antibiot-
ics,109 and to animal husbandry, where the use of antibiotics 
for growth promotion and for mass therapy has promoted 
resistance in Salmonella and Campylobacter,94 and created a 
reservoir of glycopeptide-resistant enterococci that can be 
transmitted to humans.30

In the community, where about 80–90% of human anti-
biotic consumption takes place, a large proportion of anti-
biotics is inappropriately prescribed for upper respiratory 
infections. Patients’ misperceptions about the utility of antibi-
otics in self-resolving viral infections, commercial promotion, 
poor compliance with prescriptions and over-the-counter 
sales of antibiotics in some countries are contributing to this 
misuse of antimicrobials.109 The factors relating prescription 
patterns to increasing resistance are only incompletely under-
stood. Low dosage and prolonged administration have been 
associated with increased risk of development of β-lactam 
resistance in pneumococci.110 Finnish surveillance data show 
that macrolide resistance in Str. pyogenes has increased as the 
national use has increased – and, conversely, has declined as 
a result of the much diminished use of erythromycin.41 There 
are wide variations in per capita antibiotic consumption in 
Europe, with lowest levels of consumption in the Nordic 
countries correlating with a much lower prevalence of resis-
tance in most bacterial pathogens than in the other parts of 
Europe (see Figure 3.4). Socioeconomic changes are also 
powerful drivers of the resurgence of infectious diseases and 
drug resistance.1,3 The impoverishment of large sections of the 
population and disruption of the healthcare system in the for-
mer Soviet Union has had a clear impact on the spread of 
MDR-TB. Globalization is stimulating international circula-
tion of goods and people, and plays a role in accelerating the 
dissemination of pathogens, including resistant strains.

The hospital, particularly the intensive care unit, is a major 
breeding ground for antibiotic-resistant bacteria. Here, a 
high-density population of patients with compromised host 
defenses is exposed to a usage of antibiotics that is about 
100 times more concentrated than in the community, and 

Antibiotic use
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Emergence of resistance
Mutation
Gene transfer
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Transmission of resistant
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Inter-human contact
Food and animal contact
Stay in healthcare institution

Fig. 3.6 Factors contributing to the emergence and spread of 
antibiotic resistance in interconnected ecosystems.
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frequent contact with healthcare personnel creates cease-
less opportunities for cross-infection.108 Most new drugs and 
injectable agents are first administered to hospital patients. 
Topical antibiotics are particularly likely to select for resis-
tance, as illustrated by the emergence of gentamicin-resistant 
Ps. aeruginosa and fusidic acid- or mupirocin-resistant Staph. 
aureus that has often followed heavy topical use of gentami-
cin in burns and fusidic acid or mupirocin in dermatological 
patients. Multiple drug resistance can be encouraged by the 
use of a single agent, since this may select for plasmids confer-
ring resistance to multiple antibiotics.

Selection of resistance during antibiotic therapy in infect-
ing or colonizing bacteria is enhanced by factors related to 
the patient: immune suppression, presence of a large bacte-
rial inoculum, and biofilm-associated infection of foreign 
bodies which impede local host defenses.47 Other resistance-
 predisposing factors relate to the modalities of treatment: drug 
underdosing or inappropriate route of administration which 
causes failure to achieve bactericidal drug levels at the site of 
infection.111 Alteration of the endogenous microflora during 
antibiotic therapy also enhances replacement of susceptible 
organisms by resistant strains from the hospital microflora.

Nosocomial transmission of MDR bacteria occurs most 
commonly by indirect contact between patients (via the con-
taminated hands of healthcare personnel) and, less com-
monly, by contaminated fomites. Patient factors predisposing 
to this transmission include the severity of underlying illness, 
length of stay in hospital, intensity and duration of exposure to 
broad-spectrum antibiotics, and use of invasive devices (such 
as intravenous catheters) or procedures.108 Hospital patients 
and staff colonized with resistant bacteria, especially in the 
feces or on the skin, further disseminate these organisms both 
within the hospital and into the community. Cost containment 
in hospitals has resulted in chronic understaffing, increased 
patient turnover and inter-institutional transfer, factors which 
have been well documented to enhance nosocomial transmis-
sion of MDR bacteria such as MRSA and ESBL-producing 
Gram-negative bacteria.108

About 30% of the patients in acute care hospitals receive 
antibiotics for therapy or prophylaxis. Although antibiotics are 
essential for modern hospital care, many studies have shown 
that up to 50% of these prescriptions may be unnecessary or 
inappropriate. Insufficient training in antibiotic therapy, diffi-
culty of selecting the appropriate anti-infective drugs empiri-
cally, underuse of microbiological testing, drug promotion by 
pharmaceutical companies and fear of litigation are some of the 
factors that are stimulating the use of broad-spectrum drugs.

pUBLIC HEALTH AND ECONOMIC 
IMpACT

Antibiotic resistance places an increasing burden on society 
in terms of increased morbidity, mortality and costs. In spite 
of the methodological complexities in studying the impact 
of antibiotic resistance on clinical outcomes, it is recognized 

that, for many diseases, individuals infected with resistant 
pathogens are more likely to receive ineffective therapy, to 
more frequently require hospital care, to stay in for longer, 
to develop complications and to die of the disease.1,2 The cost 
of care is also increased for such patients, due to the need 
for more costly second-line drugs, longer duration of hospital 
stay, increased need for intensive care and diagnostic testing, 
higher incidence of complications, and expenses incurred by 
use of isolation precautions. There are also longer-term costs 
for society related to patient disability from the increased inci-
dence of acute infectious diseases and their sequelae.

CONTROL AND pREvENTION

Learned societies and expert panels have published guidelines 
for optimizing antibiotic use and curtailing antibiotic resis-
tance in hospitals.112–118 Key components of these guidelines 
include:

•	 better	undergraduate	and	postgraduate	training	in	
healthcare;

•	 establishment	of	hospital	antimicrobial	stewardship	
programs, involving multidisciplinary cooperation 
between hospital administrators, clinicians, infectious 
disease specialists, infection control team, microbiologists 
and hospital pharmacists;

•	 formulary-based	local	guidelines	on	anti-infective	therapy	
and prophylaxis, education and regulation of prescriptions 
by consultant specialists, monitoring and auditing drug 
use, surveillance and reporting of resistance patterns of 
the hospital flora;

•	 surveillance	and	early	detection	of	outbreaks	by	molecular	
typing, detection and notification of patients colonized 
with communicable resistant bacteria to the infection 
control team when useful for patient isolation and/or 
decolonization;

•	 promotion	and	monitoring	of	basic	hospital	infection	
control practices such as hand hygiene.

These guidelines are mostly based on local experience and 
on the results of before–after and analytic studies.112–117 Few 
strategies have been formally tested for cost-effectiveness 
in controlled intervention studies. Mathematical modeling 
provides interesting insights into the prediction of epidemi-
ological factors that are the most vulnerable to effective inter-
ventions.55,64 Because each hospital has its own ecosystem and 
micro- society where determinants of antibiotic resistance are 
quite specific and evolve rapidly, effective solutions should be 
tailored to local circumstances and resources. On the other 
hand, early coordination of policies at regional or national 
level has been successful in controlling the transmission of 
emerging MDR nosocomial pathogens.115

In the past few years, antibiotic resistance has been 
 universally identified as a public health priority and action 
plans to combat resistance have been developed by several 
national health agencies and international organizations such 
as the US Centers for Disease Control and Prevention (CDC), 
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the WHO and the European Union (EU).2,3,118 These strategic 
plans call for:

•	 public	and	professional	education	toward	rational	use	of	
antimicrobials;

•	 coordination	of	surveillance	of	antibiotic	resistance	and	
antibiotic use in human and animal health sectors;

•	 refined	regulation	of	antibiotic	registration	for	use	in	both	
sectors;

•	 development	and	evaluation	of	improved	diagnostic	
methods;

•	 promotion	and	evaluation	of	medical	and	veterinary	
practice guidelines;

•	 restriction	of	antibiotic	use	as	growth	promoters	in	food	
animals;

•	 promotion	of	infection	control	practice	in	healthcare	
institutions;

•	 development	of	novel	antimicrobial	drugs	and	vaccines;
•	 closer	international	cooperation.

A number of national action plans and international surveil-
lance systems are now in development to implement these 
strategies and provide early warning of the emergence of 
threatening antibiotic-resistant bacteria to guide timely 
interventions.

Physicians can no longer avoid their responsibilities as anti-
biotic prescribers and their impact on the global ecosystem of 
microbial pathogens. If we want to prove wrong the prediction 
of an impending post-antibiotic era, we must strive to continu-
ously improve our antibiotic prescribing and  infection control 
practices and develop new strategies for controlling resistance.
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Chapter

4 Pharmacodynamics  
of anti-infective agents:

Johan W. Mouton

PHARMACODYNAMIC TARGETS 
AND TARGET DELINEATION

  ExPOSuRE–RESPONSE 
RELATIONSHIPS IN vIvO

Figure 4.1A shows a diagram of the concentration–time 
curve of an anti-infective agent. Two major pharmacoki-
netic parameters describe this profile: the peak concentra-
tion (Cmax) and the area under the concentration–time curve 
(AUC). These in turn are the result of the pharmacokinetic 
properties of the drug, clearance and volume of distribution.  
However, a pharmacokinetic description as such does not 
convey any information with respect to the activity of the 
drug in vivo. One way to do this is to use the relationship 
between the exposure of the anti-infective and the activ-
ity (or potency) of the drug as determined in an in-vitro 
system such as minimum inhibitory concentration (MIC) 
testing. Other measures of potency include the half maxi-
mal effective concentration (EC

50) in vitro for antivirals and 
some antifungals. Figure 4.1B shows the same diagram as 
in Figure 4.1A but includes the MIC of a micro-organism. 
Instead of two pharmacokinetic parameters there are now 
three pharmacodynamic indices (PIs) that can be recog-
nized: the AUC and the Cmax, both relative to the MIC, and 
in addition the time the concentration of the drug remains 
above the MIC (T>MIC). The latter is usually expressed as 
the %T>MIC of the dosing interval. These three PI values 
– AUC/MIC, Cmax/MIC and %T>MIC – thus describe the 
relationship between exposure of the anti-infective over a 

The goal of anti-infective chemotherapy is to administer the drug 
in such a way that it will generate the highest probability of a good 
therapeutic outcome while at the same time having the lowest 
probability of a drug-related toxicity event that is related to the 
time–concentration profile of the drug. In order to reach that goal, 
it is therefore necessary to determine the concentration–effect rela-
tionship of the drug over time, determine which concentration pro-
file ensures this to become true and design dosing regimens that 
bring about this concentration profile. This approach applies to all 
anti-infectives, whether they are antibacterials, antivirals, antifun-
gals or antiparasitic agents. In this chapter the discussion and exam-
ples are mainly taken from the antibacterial scene, but it should be 
emphasized that the concepts can be applied to all anti-infective 
agents.

One of the unique features of anti-infectives is that the target of 
the drug – the receptor of the molecule – is located on the micro-
organism rather than in humans. This stands out against virtually all 
other drugs where the receptor of the drug is located in humans 
themselves. Unfortunately, for some anti-infectives there are also 
receptors in humans, resulting in toxicity, and for some drug classes 
this is a major limitation to their use. Since the receptor of the anti-
infective is on the microbe, it is relatively easy to study the effect 
of antimicrobials in model systems, both in in-vitro systems as 
well as in in-vivo infection models. The downside is that, because 
there are as many different receptors as there are different species, 

 exposure–response relationships cannot always be generalized 
and need to be studied in detail for various drug–micro-organism 
combinations. The primary focus of this chapter is to describe the 
approach to determine exposure–response relationships of anti-
infectives and to translate these to optimal dosing regimens and the 
choice of anti-infective.

target delineation and 
susceptibility breakpoint selection
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defined time interval in relation to the potency of the anti-
microbial as defined by the MIC. For the AUC/MIC and 
the Cmax/MIC, it follows that the value of the PI is pro-
portional to the AUC and Cmax. Since the pharmacokinetic 
profile for most antimicrobials is proportional to dose in a 
linear fashion, it follows that: (1) doubling the dose usu-
ally results in a doubling of AUC/MIC and Cmax/MIC, and 
(2) administration of the dose twice will  double the AUC/
MIC while the Cmax will not change. For the %T>MIC, divid-
ing the same dose over multiple smaller doses will result in 
an increased %T>MIC while retaining the same AUC/MIC 
(Figure 4.1C).

Using different dosing regimens in animal models of 
infection by varying both the frequency and the dose of 
the drug, and thereby different exposures and correspond-
ing PIs, it has been shown that there is a clear  relationship 
between a pharmacokinetic/pharmacodynamic (PK/PD) 
index and efficacy.1 Figure 4.2 shows the relationship for 
two drugs belonging to different classes of antimicrobials, 
the quinolones and the β-lactams. In general, for concentra-
tion-dependent drugs there is a clear relationship between 
AUC:MIC ratio and/or Cmax:MIC ratio and efficacy, while 
for time-dependent drugs it is the %T>MIC that is best 
 correlated with effect.

  CuRvE–EffECT DESCRIPTION 
AND PHARMACODYNAMIC TARGETS 
IN ANIMAL MODELS

In most cases, the relationship between exposure and effect 
can be described by a sigmoid curve. The Emax model with 
varying slope, or Hill equation, is most commonly used to 
describe this sigmoid relationship. An example is shown in 
Figure 4.3, displaying the relationship between AUC/MIC 
ratio and effect. The effect here is the number of colony form-
ing units (CFU) after 24 h of treatment with different dosing 
regimens of levofloxacin. Apart from the parameter estimates 
that describe the curve, such as the EC50 and the Emax, there 
are other para meters related to the curve, the most important 
of which is the net static effect. This is the dose or exposure 
resulting in the measure of effect being unchanged from base-
line to the time of evaluation (e.g. the number of CFU at t = 
0 h [baseline, start of treatment] and t = 24 h [time of sam-
pling]). The use of the term ‘static’ does not imply that no 
changes have occurred during the period of reference; indeed 
kill and regrowth may have occurred (repeatedly) during this 
period.4 Other characteristics include exposures that result in 
the Emax, 90% of the Emax, or a 2 log drop. The PI value that 

Fig. 4.1 (A) Diagram of a concentration–time curve showing the pharmacokinetic parameters Peak (or C
max

) and AUC. (B) The PK/PD indices 
are derived by relating the pharmacokinetic parameter to the MIC: AUC/MIC, C

max
/MIC and T

>MIC
. (C) Diagram showing that the T

>MIC
 increases 

if daily doses are divided. The length of the bars beneath Figure 4.1C correspond to the T
>MIC

.
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will result in one of the effects described and is desired is also 
called the pharmacodynamic target (PT). Pharmacodynamic 
targets have been described for many micro-organism–anti-
infective combinations and in general show a good concor-
dance with survival and clinical cure (see below), in particular 
for the free, non-protein bound fraction of the drug. In the 
following, the prefix f indicates that the parameters or indices 
apply to the fraction unbound (see also ‘Exposure in first com-
partment’, below).

  TARGETS AND TARGET  
DELINEATION IN HuMAN 
INfECTIONS

The relationship between PI and effect is increasingly being 
studied in humans. There are two major differences with 
animal models that need consideration and have, or may 
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have, a significant effect on conclusions. The first is that the 
 outcome parameter is usually binomial instead of (semi) con-
tinuous. That is, instead of colony forming units, outcome is 
 determined as cure versus no cure, persistence of colonization 
versus elimination, or mortality versus survival, and therefore 
the statistical and/or mathematical models that describe the 
 relationship between PI and effect differ as well.

Binomial outcome

If outcome is measured at a single point in time, for instance 
clinical cure 28 days after the start of antimicrobial treatment, 
univariate or multivariate logistic regression is the analysis 
tool primarily used. Alternatively, if outcome is determined 
over time, such as time to defervescence or time to pathogen 
clearance, a Kaplan–Meier analysis can be applied and/or Cox 
regression. The advantage of determining outcome over time 
is that in general it is much more powerful to show differences 
between groups – if present – and therefore fewer patients are 
needed to determine differences in effects. This was shown in 
a study by Ambrose and colleagues, studying the effect of levo-
floxacin in maxillary sinusitis and taking serial sinus aspirates.5

While these methods do indicate differences between 
groups if present, and the models can also be used to esti-
mate the parameters that determine outcome, they do not 
answer the question as to which value of the PI makes the 
difference between a high probability of cure and a low prob-
ability of cure. To that purpose, classification and regression 
tree analysis (CART) has been used increasingly. This tool 
uses exploratory non-parametric statistical algorithms that 
can accommodate continuous numerical data, as well as cat-
egorical data, as either independent or dependent variables. 
For a dependent variable that is categorical such as clinical 
response, it can be used to identify threshold values in an 
independent continuous variable such as an AUC:MIC ratio 
that separates groups with a high probability of cure from 
those with a low probability of cure. The results can subse-
quently be used to test for significance in univariate or multi-
variate logistic regression analyses.

One of the first exposure–response analyses of clinical data 
that utilized this approach was by Forrest et al.6 Intravenous 
ciprofloxacin was studied in critically ill patients with pneu-
monia involving predominantly Enterobacteriaceae and 
Pseudomonas aeruginosa. Multivariate logistic regression anal-
yses identified the AUC0–24:MIC ratio as being predictive of 
clinical and microbiological response (p <0.003). Recursive 
partitioning identified a threshold AUC0–24:MIC ratio value of 
125. Patients who had an AUC0–24:MIC ratio of 125 or greater 
had a significantly higher probability of a positive therapeutic 
response than those patients in whom lesser exposures were 
attained. Another example is provided in Figure 4.4 show-
ing a jitter plot of the relationship between the fAUC0–24:MIC 
ratio of five quinolones and microbiological response. CART 
analysis indicates that patients with an AUC:MIC ratio above 
34 (cure rate 92.6%) had a significantly ( p = 0.01) increased 
probability of cure compared to those that had not (cure rate 
66.7%).7

(Semi)-continuous outcome

There are an increasing number of studies that have strived to 
look for outcome data that are continuous or semi- continuous. 
These have the advantage that they are much more informa-
tive, and therefore fewer subjects are needed to show an expo-
sure–response relationship. In addition, Emax models can be fit 
to the data to show exposure–response relationships in a more 
meaningful manner than binomial data.

An approach for a semi-continuous outcome was the expo-
sure–response relationship of fluconazole for the treatment of 
oropharyngeal candidiasis (Figure 4.5). Patients were treated 
with various doses of fluconazole and outcome recorded, 
while MICs were determined from cultures taken before and 
after treatment. Because of the variation in doses and MICs, 
a large number of groups could be distinguished, with each 
group designated by a specific dose:MIC ratio or AUC:MIC 
ratio. The percentage cure per group was plotted, and the E

max 
model fitted to the data. This resulted in a clear exposure–
response relationship. The authors concluded that the phar-
macodynamic target would be an AUC:MIC ratio of near 
100, corresponding to the near maximum effect in this study.

It is, however, not easy to find an outcome variable that is 
continuous in humans that is meaningful. One example is the 
use of the relative increase in FEV1 (the forced volume of expira-
tion during the first second) after a specified period of treatment 
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gatifloxacin, grepafloxacin and levofloxacin) and microbiological 
response in 121 patients with respiratory tract infection pneumonia, 
acute exacerbation of chronic bronchitis or acute maxillary 
sinusitis associated with Streptococcus pneumoniae. Reproduced 
from Rodriguez-Tudela JL, Almirante B, Rodriguez-Pardo D, et al. 
Correlation of the MIC and Dose/MIC ratio of fluconazole to the 
therapeutic response of patients with mucosal candidiasis and 
candidaemia. Antimicrob Agents Chemother. 2007;51(10):3599–
3604. Copyright © 2007, American Society for Microbiology.7



with antipseudomonal therapy in patients with cystic fibrosis as 
shown in Figure 4.6. An Emax model fitted the data well, and by 
using a continuous variable instead of a dichotomous one, the 
authors could show an exposure–response relationship in a lim-
ited number of patients, indicating the significant increase in 
power if a continuous outcome variable is used.

Variance in exposure

The second major difference between human studies and 
 animal models, or in-vitro pharmacokinetic models, is the 
variance in exposure. With some exceptions, such as the rela-
tionship between fluconazole exposure and effect (see Figure 
4.5), only one or two different dosing regimens can be ana-
lyzed, resulting in a significant correlation between the various 

PIs. While this does not affect the estimate of the pharmaco-
dynamic target if the PI that drives the effect is known, this 
 co-linearity makes it almost impossible to determine the PI 
that drives outcome. This information thus needs to be derived 
from other sources. Alternatively, if different drugs from the 
same class with the same mechanism of action are analyzed 
simultaneously, this will result in the variety of exposures 
being sought. A clear example is the study of Ambrose and 
colleagues who looked at the exposure–response relationship 
of various  quinolones as discussed above (see Figure 4.4).

  CONCORDANCE bETwEEN 
TARGETS IN ANIMAL MODELS 
AND HuMAN INfECTIONS

In general, there is a rather good concordance between PK/
PD animal studies and data from infected patients, as shown 
by Ambrose and collegues10 in Table 4.1. With the exception of 
telithromycin, the magnitudes of the PK/PD measure  necessary 
for clinical effectiveness were similar to those identified from 
animal data across drug classes and across multiple clinical indi-
cations. As illustrated in Table 4.1, the magnitude of exposure 
identified for a 2 log unit reduction in bacterial burden in immu-
nocompromised animals was similar to the exposure thresh-
old associated with good clinical outcomes for patients with 
hospital-acquired pneumonia associated with Gram-negative 
bacilli treated with ciprofloxacin or levofloxacin. For instance, 
Drusano and colleagues (Jumbe et al.11) demonstrated that 
for levofloxacin and Ps. aeruginosa, a total drug AUC0–24:MIC 
ratio of 88 in immunosuppressed mice was associated with a 
99% reduction in bacterial burden, while Craig.12 showed that 
for fluoroquinolones and primarily Gram-negative bacilli in 
immunosuppressed animals, the AUC0–24:MIC ratio was pre-
dictive of survival. Thus, it can be inferred that the exposure tar-
get in immunocompromised animals predictive of an adequate 
response in humans with such pneumonias is a minimum 2 log 
unit reduction in bacterial burden. This means that, in the cir-
cumstance where human exposure–response data are unavail-
able, as is the case in newly developed anti-infectives, we can use 
the PT in  animals to predict clinical effectiveness in humans.

OPTIMIZING DOSING REGIMENS: 
TRANSLATING PHARMACODYNAMIC 
TARGETS TO OPTIMIZING THERAPY

In the first part of the chapter the relationship between expo-
sure and response was discussed, both in models of infection 
as well as in the treatment of human infections. Using those 
relationships, PI values were derived that could differentiate 
between the probability of a good outcome versus a worse 
outcome, and these are pharmacodynamic targets one aims to 
attain in patients. Once this PT is known, a dosing regimen to 
optimally treat infections can be determined by optimizing 
the exposure of the drug to the micro-organism in the 
patient. Since the value of the PT is dependent on both the  
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exposure as such, as well as the MIC of the micro-organism, 
it follows that the pharmacokinetic profile has to be optimized 
accordingly.

 TARGET ATTAINMENT

The simplest method to determine the dosing regimen 
required to obtain a certain exposure or PT is to tabulate or 
plot the PI as a function of MIC for a number of dosing regi-
mens. Pharmacokinetic parameters are used to calculate the 
pharmacokinetic profiles using standard equations and the 
PI calculated for a range of MICs. An example is provided 
in Figure 4.7, showing the T>MIC for amoxicillin–clavulanic 
acid.13 If the MICs that need to be covered are known, MICs 
that can supposedly be covered with a certain dosing regimen 
can be read directly from the figure for a certain PT. Although 
there are other factors that need to be considered to optimize 
dosing regimens, this approach yields a straightforward com-
parison of exposures of various dosing regimens (or drugs 
within the same class; see for instance Mouton et al.14).

  PRObAbILITY Of TARGET 
ATTAINMENT

When a specific pharmacodynamic index value is used 
as a pharmacodynamic target to predict the probability of 
successful treatment, this should be true not only for the 
population mean, but also for each individual within the pop-
ulation. Since the pharmacokinetic behavior differs for each  
 individual, the PK part of the PI differs as well. An example 
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Fig. 4.7 Diagram showing the relationship between T
>MIC

 and 
MIC of amoxicillin for four different dosing regimens of amoxicillin–
clavulanic acid to demonstrate that the clinical breakpoint is 
dependent on the dosing regimen. Assuming that 40% T

>MIC
 is the 

time of the dosing regimen needed for effect, the breakpoint for the 
875 mg every 12 h is 2 mg/L while for the dosing regimen of 500 mg 
every 6 h it is 8 mg/L. Based on Mouton JW, Punt N. Use of the T> 
MIC to choose between different dosing regimens of beta-lactam 
antibiotics. J Antimicrob Chemother. 2001;47(4):500–501. © 2001 
The British Society for Antimicrobial Chemotherapy.13

table 4.1 Pharmacodynamic targets derived from animal infection models and clinical data

Disease state Drug Clinically derived  
pK/pD target

animal infection model;  
organism studied

animal-derived pK/pD target

Hospital-acquired 
pneumonia

Quinolones fAUC
0–24

:MIC ratio: 62–75 Neutropenic mouse thigh;
Gram-negative bacilli

fAUC
0–24

:MIC ratio: 70–90 for 90%  
animal survival or 2 log-unit kill

Community-acquired 
respiratory tract  
infections 
 
 
 
 

Quinolones fAUC
0–24

:MIC ratio: 34 Immunocompetent mouse thigh;
Streptococcus pneumoniae

fAUC
0–24

:MIC ratio: 25–34 for 90%  
animal survival or 2 log-unit kill

β-Lactams T
>MIC

: 40% of the dosing  
interval

Immunocompetent mouse thigh;
Str. pneumoniae

T
>MIC

: 30–40% of the dosing interval  
for 90% animal survival

Telithromycin AUC
0–24

:MIC ratio: 3.375 Neutropenic mouse thigh;
Str. pneumoniae

AUC
0–24

:MIC ratio: 1000 for stasis 

Bacteremia 
 
 
 
 

Oritavancin 
 

f T
>MIC

: 22% of the dosing  
interval for Staphylococcus  
aureus

Neutropenic mouse thigh;
Staph. aureus 

f T
>MIC

: 20% of the dosing interval for a 
0.5 log-unit kill 

Linezolid AUC
0–24

:MIC ratio: 85 for Staph. 
aureus or Enterrococcus faecium

Neutropenic mouse thigh;
Staph. aureus

AUC
0–24

:MIC ratio: 83 for stasis 

Complicated skin  
and skin structure 
infections 
 

Tigecycline AUC
0–24

:MIC ratio: 17.9 Neutropenic mouse thigh;
Staph. aureus

AUC
0–24

:MIC ratio: 20 for stasis 

Linezolid AUC
0–24

:MIC ratio: 110 Neutropenic mouse thigh;
Staph. aureus

AUC
0–24

:MIC ratio: 83 for stasis 

From Ambrose et al.10
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is given in Figure 4.8. The figure shows the proportion of the 
population reaching a certain concentration of ceftazidime 
after a 1 g dose. It is apparent from Figure 4.8 that there 
are individuals with a T>MIC of 50%, while others have, with 
the same dosing regimen, a T>MIC of more than 80%. Thus, 
when designing the dosing regimen that should result in a 
certain pharmacodynamic target, this interindividual varia-
tion should be taken into consideration.

The most popular method to do this is to use Monte Carlo 
simulations (MCS). This approach was first used by Drusano 
et al. who presented an integrated approach of population 
pharmacokinetics and microbiological susceptibility informa-
tion to the US Food and Drug Administration (FDA) Anti-
infectives Product Advisory Committee.16,17 The first step 
in that approach is to obtain estimates of the pharmacoki-
netic parameters of the population, using population phar-
macokinetic analysis. Importantly, not only the estimates of 
the parameters are obtained, but also estimates of dispersion. 
These are then applied to simulate multiple concentration–
time curves by performing Monte Carlo simulation. This is a 
method which takes the variability in the input variables into 
consideration in the simulations.18 For each of the pharma-
cokinetic curves generated, all of which are slightly different 
because the input parameters vary to a degree in relation to 
the variance of the parameters, the value of the PK/PD index 
is determined for a range of MICs. For each MIC value, the 
proportion of the population that will reach a specific phar-
macodynamic target is displayed in tabular or graphical form. 
As an example, Table 4.2 displays the probability of target 
attainment (PTA) for various targets for a 1 g dose of ceftazi-
dime. The optimal dosing regimen follows from the PT that 
one considers necessary and the MIC range that needs to be 

covered. Vice versa, existing dosing regimens can be evaluated 
bearing this in mind.

Another approach was presented at the Clinical and 
Laboratory Standards Institute (CLSI) in 2004 by the 
European Committee on Antimicrobial Susceptibility Testing 
(EUCAST)20 as part of the method being used to evaluate 
susceptibility breakpoints. It has the advantage that it shows 
the total probability function irrespective of the target and 
therefore provides a more complete picture of the data.19 
An example is shown in Figure 4.9. In the figure, the fT>MIC 
of ceftazidime is displayed as a function of MIC for a 1 g dose. 
The middle line represents the values for the mean of the  
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Fig. 4.8 Simulation of ceftazidime after a 1 g dose. The grayscale indicates the probability of presence of a certain concentration. Due to 
interindividual variability, some individuals in the population will have a T

>MIC
 of 50%, while others will have a value of 80%. The population 

mean is in the middle of the black area. Reproduced from Mouton JW. Impact of pharmacodynamics on breakpoint selection for susceptibility 
testing. Infect Dis Clin North Am. 2003;17(3):579–598, with permission of Elsevier.15

table 4.2 Probability of target attainment for various 
pharmacodynamic targets for ceftazidime given three times daily

 % time > MIC

MIC (mg/L) 30 40 50 60

0.5 100 100 100 100

1 100 100 100 100

2 100 100 100 100

4 100 100 100 100

8 100  99  84  42

16  54  10   1   0

32   0   0   0   0

From Mouton JW, Punt N, Vinks AA. A retrospective analysis using Monte Carlo 
simulation to evaluate recommended ceftazidime dosing regimens in healthy 
volunteers, patients with cystic fibrosis, and patients in the intensive care unit. Clin 
Ther. 2005;27(6):762–772, with permission of Elsevier.19
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population, similar to Figure 4.7. The lines on both sides 
represent the confidence interval estimations of the mean 
values. MICs that can supposedly be covered with the dos-
ing regimen can be read directly from the figure at the 
intersection of the horizontal line concurring with the phar-
macodynamic target and the lower confidence interval. 
Alternatively, the effect of choosing a different PT can be 
observed directly.

  SELECTING DOSING REGIMENS 
OR DRuGS bASED ON PRObAbILITY 
Of TARGET ATTAINMENT

With the information obtained by MCS, dosing regimens 
or drugs can be compared and selected (see above), but 
now  taking the population variability into account. In drug 
development, this information can be used to select dosing 
regimens. An example is shown in Table 4.3 for two dos-
ing regimens of ceftobiprole (BAL9141), a cephalosporin 
with anti- methicillin-resistant Staphylococcus aureus (MRSA) 
 activity recently under clinical investigation. The PTA for two 
simulated dosing regimens, 250 mg every 12 h and 750 mg 
every 12 h, is displayed for several values of T>MIC. Since the 
frequency distributions of the target pathogens indicate that 
the highest MIC is 2 mg/L for most species and only rare iso-
lates of 4 mg/L, the dosing regimen of 250 mg every 12 h is 
clearly insufficient to obtain target attainment ratios nearing 
100% for %T

>MIC as low as 30%. Of the two regimens com-
pared here, it is recommended that the 750 mg every 12 h 
course of therapy is followed up in clinical trials.

Similar comparisons can be made for drugs within the 
same class to determine the optimal drug choice. The choice 
will also depend on the MIC distribution of the species to 
be covered. For instance, the PTA for ciprofloxacin is infe-
rior to other quinolones for the treatment of pneumococci but 
 superior for Ps. aeruginosa infections.

  PREDICTED fRACTION Of 
RESPONSE: INTEGRATION 
Of MIC DISTRIbuTIONS AND 
PHARMACODYNAMIC DATA

The approach can be taken one step further by incorporat-
ing the frequency distribution of MIC values of the target 
pathogen. By multiplying the PTA and the relative fre-
quency of the target pathogen, the fraction of target attain-
ment is obtained at each MIC; by cumulating these, the 
cumulative fraction of target attainment is obtained. In this 
fashion, not only the variability in pharmacokinetic param-
eters is considered, but also the variance in susceptibility 
in the target pathogen population. The major drawback of 
this approach is that the MIC frequency distribution of the 
target micro-organism population has to be unbiased and 
this is almost never the case. The cumulative frequency of 
target attainment can be very useful, however, in the devel-
opment phase of a drug to determine whether the response 
is sufficiently adequate for further  follow-up. For instance, 
Drusano and colleagues showed that the cumulative frac-
tion of target attainment for a 6 mg/kg dose of everninomi-
cin would be 34% given the priors in the simulations and 
thereby concluded that further development of the drug 
was not justified.17
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Fig. 4.9 Means and 99% confidence interval estimates using 
Monte Carlo simulation for %f T

>MIC
 of ceftazidime, based on the 

population pharmacokinetic parameter estimates. Reproduced from 
Mouton JW, Punt N, Vinks AA. A retrospective analysis using Monte 
Carlo simulation to evaluate recommended ceftazidime dosing 
regimens in healthy volunteers, patients with cystic fibrosis, and 
patients in the intensive care unit. Clin Ther. 2005;27(6):762-772, 
with permission of Elsevier.19

table 4.3 Probability of target attainment (%) for two dosing 
regimens of ceftobiprole using data from human volunteers. 
PTAs are displayed for 30, 40, 50 and 60% f T

>miC

Dosing 
regimen MIC 
(mg/L) 

250 mg every 12 h (%) 750 mg every 12 h (%)

30 40 50 60 30 40 50 60

0.5   100 100     

1  100 99 71    100

2 100 59 3 0   100 99

4 0 0 0  100 100 78 15

8     69 3 0 0

16     0 0   

32         

PTA 100% 2 1 0.5 0.5 4 4 2 1

Modified from Mouton JW, Schmitt-Hoffmann A, Shapiro S, Nashed N, Punt NC. Use 
of Monte Carlo Simulations To Select Therapeutic Doses and Provisional Breakpoints 
of BAL9141. Antimicrob Agents Chemother. 2004;48(5):1713–1718. Copyright © 
2004, American Society for Microbiology.21
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bREAKPOINTS

In choosing an antibiotic, the clinician is guided by reports 
from the microbiology laboratory. In the report, classifica-
tions of ‘susceptible’ (S) and ‘resistant’ (R) are used to indi-
cate whether the use of an antimicrobial will have a reason-
able probability of success or failure, respectively.20,22

Ideally, when an anti-infective drug is developed, the 
 pharmacodynamic target is determined in various models of 
infection. This provides the estimates of exposure required to 
treat infectious micro-organisms. Phase I trials provide infor-
mation on pharmacokinetic parameters of the drug in humans. 
Using the derived population pharmacokinetic parameters and 
measures of dispersion, Monte Carlo simulations can subse-
quently be used to determine the dosing regimens needed to 
obtain the exposures required at a range of MICs. Then, the 
MICs that need to be covered – based on the indications of 
the antimicrobial and micro-organisms causing the infection – 
need to be established. Finally, the dosing regimen resulting 
in an exposure in a significant part of the patient population –  
using a diagram such as Figure 4.9 or Table 4.3 – can be 
derived that will cover the relevant wild-type (WT) distribu-
tion. This dosing regimen is then validated in phase II and 
phase III trials. It follows, therefore, that the clinical break-
point of the species to be covered is at the right-end of the WT 
distribution. In other words, the breakpoint is the MIC for 
which the PTA was considered to choose the adequate dose.

Unfortunately, most of the anti-infective drugs that are avail-
able today were developed before this whole approach became 
feasible because the knowledge was not available at the time. 
Breakpoints derived in the past are therefore more the result of 
practical use, appropriate or less appropriate comparative trials, 
assumptions of efficacy in vivo and local history. A full discus-
sion regarding this subject can be found in Mouton et al.23 The 
essential difference with the procedure described above is that 
dosing regimens have been established for years and sometimes 
decennia ago without the pharmacokinetic/pharmacodynamic 
information that is presently available. Two clear examples are 
the evaluation of piperacillin breakpoints24 and cefepime break-
points.25 In a retrospective analysis looking at mortality after 30 
and 28 days, respectively, it was shown that current CLSI break-
points are too high with respect to the dosing regimens commonly 
applied, and those breakpoints do not distinguish between a high 
and a lower probability of cure. This clearly indicates that periodic 
re- evaluation of breakpoints is necessary as science evolves.

SOME OTHER fACTORS TO bE 
CONSIDERED wHEN DEfINING 
OPTIMAL ExPOSuRES

 TARGET DELINEATION

The pharmacodynamic target to select a dosing regimen 
and a susceptibility breakpoint is based on the information 
that we have (see above), but the true value is unknown. For 

instance, the target value for the AUC is usually taken as 100–
125 for Gram-negatives, because that value has been found 
to be discriminative between groups of patients responding 
to therapy and those who did not. However, there are sev-
eral reports that in some cases higher values are clearly nec-
essary, while lower values have also been described. In the 
study published by Forrest et al.,4 125 (notably, total drug) 
was the cut-off value below which the probability of cure 
was distinctly lower, but values above 250 resulted in a faster 
cure rate. Thus, although the final effect was more or less 
equal for patients with AUC/MIC values of 125 and above, 
the rate at which the effect was achieved differed. Similarly, 
although the current assumption is that the PK/PD index 
value necessary for (bacteriological) cure is similar for most 
infections, this is not necessarily the case. For instance, it 
has been shown that PK/PD index values needed to reach a 
maximum effect in sustained abscesses is higher.26 Thus, the 
target value may be different by micro-organism as well as 
by clinical indication.

 EMERGENCE Of RESISTANCE

While the above discussion was focused on efficacy, and 
pharmacodynamic targets based on cure (either clinical or 
microbiological), other factors should also be considered. 
One of the most important factors is emergence of resistance. 
While hardly any data existed before the millennium change, 
it becomes increasingly clear that emergence of resistance 
is also dependent on exposure. Although space prohibits a 
full discussion, it must be noted that several authors have 
shown that the PT to prevent emergence of resistance has 
a different value from the one for efficacy. Most often it is 
higher and it may even be different from the PI best predict-
ing efficacy.27

 POPuLATION TO bE TREATED

The output of MCS is directly dependent on the pharma-
cokinetic parameter values and their measures of dispersion 
used for input. Thus, if pharmacokinetic parameter estimates 
are used from a small group of healthy young male volunteers 
obtained in phase I or phase II studies, the simulations will be 
biased towards relatively low PTAs, because the elimination 
rate of most drugs is higher in volunteers than in the aver-
age patient. On the other hand, there are patient groups such 
as patients with cystic fibrosis known to have higher clear-
ances for most drugs, and specific analyses have been made 
for such specific patient groups.19 Comparing the results of 
Monte Carlo simulations of ceftazidime for three different 
populations – healthy volunteers, patients with cystic fibro-
sis and intensive care unit patients – significant differences 
in PTA were shown, in particular at the extremes of the 
distribution.19
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  ExPOSuRE IN fIRST 
COMPARTMENT (SERuM) 
AS OPPOSED TO CONCENTRATIONS 
AT THE SITE Of INfECTION

While most of the exposure–response relationships have been 
drawn from concentrations in serum, these are – except for 
bacteremias – used as a surrogate for concentrations at the 
actual receptor site. While these relationships show a marked 
consistency, it has to be borne in mind that the actual concen-
tration–effect relationships at the site of infection are usually 
unknown. However, most bacterial infections are located in 
the extracellular compartment and it is those concentrations 
that are of primary interest. Most antibiotics have been shown 
to reach the extracellular fluid rapidly, with concentrations 
in extracellular fluid comparable to the non-protein-bound 
concentration in serum or plasma,28 although there seem to 
be some exceptions such as cerebrospinal fluid (CSF) and 
epithelial lining fluid (ELF) concentrations.29 Nowadays, 
microdialysis techniques which only measure unbound drug 
concentrations are increasingly being used to obtain concen-
tration–time profiles in interstitial fluid.30 Thus, the strong 
relationship between unbound drug concentrations in serum 
or plasma with those in extracellular fluid explains the good 
correlation found between unbound serum concentrations 
and in-vivo effects. Using data obtained from in-vitro time kill 
curves, we have shown that the predicted f T>MIC for a static 

effect in an animal model of infection was between 35% and 
40%, substantiating the paradigm that effects in vivo can be 
predicted by exposures in serum.31

There are, however, differences that should be considered. 
The equilibrium and the type of infection do matter. There are 
several papers which clearly show that the exposure–response 
relationship differs by type and site of infection, in particular 
pulmonary infections.32,33 An example is shown in Figure 4.10.

 TOxICITY

The approach to pharmacodynamic targets for toxicity is 
essentially similar to that for efficacy as described above, in 
that the exposure–response description is sought for, and 
PTAs are determined. The conclusions from this relation-
ship, however, are fundamentally different in that the PT is at 
the minimum part of the curve instead of the maximum. For 
some drugs, optimizing the PT for efficacy and toxicity results 
are clearly at odds with each other and a compromise then 
needs to be sought in a conflict. An excellent paper discussing 
this issue is focused on optimizing aminoglycoside therapy.34

CONCLuSION

As our understanding of the processes underlying antimicro-
bial activity evolves and more information becomes available 
it allows for improved antimicrobial treatment. The major 
advances over the last two decades have been to describe expo-
sure–response relationships for anti-infectives in a meaning-
ful manner. This has resulted in a more rational approach to 
the design of dosing regimens and it applies, as indicated at 
the start of the chapter, to all anti-infective agents. It has also 
changed the way we look at antimicrobial breakpoints and how 
antimicrobials can be developed. While the main focus of target 
delineation has been on efficacy of antimicrobials, the primary 
challenge during the present era is to uncover pharmacody-
namic targets that prevent emergence of resistance. This is a 
fast developing field that needs continuous attention.
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Chapter

5 Antimicrobial agents 
and the kidneys

S. ragnar Norrby

RENAL FUNCTION AND AGE

The prematurely born child has reduced renal function. 
Thereafter the glomerular filtration rate (GFR) is higher than 
in the adult. The young, healthy adult has a GFR of about 
120 mL/min. Creatinine clearance overestimates GFR by 
8–10%. With increasing age GFR becomes markedly reduced 
and in the very old (>85 years) is often lower than 30 mL/
min, even if there are no signs of renal disease. For drugs 
that are excreted only by glomerular filtration, which are not 
metabolized and which have low protein binding (e.g. the 
aminoglycosides and many of the cephalosporins), the renal 
clearances are normally directly proportional to the GFR. As 
shown in Figure 5.1,1 the elimination time (the plasma half-
life) of the drug increases slowly in the range from normal 

GFR to  markedly reduced GFR but then increases drastically. 
Clinically this means that the drug will not accumulate mark-
edly until renal function is profoundly decreased. However, 
when that is the case, only very slight further reductions of 
renal function will result in a marked increase in the elimina-
tion time and an obvious risk of accumulation to toxic levels.

Measurement of GFR is difficult because it requires pre-
cise collection and volume measurement of urine over time 
for determination of creatinine clearance or repeated plasma 
samples when 51Cr clearance or inulin clearance are stud-
ied. For 51Cr clearance there is also a need to administer and 
handle an isotope, and none of these methods is suitable for 
routine clinical use. The most frequently used way to mea-
sure renal function is by serum creatinine assay, which in 
the last decades has replaced blood urea nitrogen. However, 
serum creatinine depends on renal function and muscle mass. 
Therefore, in a very old person with reduced muscle mass, 
serum creatinine may be within normal values despite the fact 
that GFR is <25 mL/min. As a consequence, serum creati-
nine must be related to age, sex and weight (or preferably lean 
body mass). Two widely used routine methods are available: 
the Cockroft and Gault formula (Figure 5.2)2 and a nomo-
gram (Figure 5.3).3

ELIMINATION OF ANTIMICROBIAL 
DRUGS IN RENAL FAILURE

GENERAL ASPECTS

Only water-soluble drugs are eliminated via the kidneys: liver 
metabolism normally aims at producing water-soluble metab-
olites that can be excreted renally. In the kidneys water- soluble 
compounds that are not bound to protein are eliminated by 
glomerular filtration, tubular secretion or both of these mech-
anisms. For protein-bound drugs, only the free fraction is 
available for glomerular filtration. Following glomerular fil-
tration some drugs (e.g. the aminoglycosides) are reabsorbed 
into, and sometimes accumulate in, proximal tubular cells.

Antimicrobial drugs may interact with the kidneys in several ways. 
Decreased renal function often results in slower excretion of drugs 
or their metabolites. In the extreme situation the patient lacks renal 
function and is treated with hemodialysis, peritoneal dialysis or 
hemofiltration; since most antimicrobial drugs are low-molecular-
weight compounds they are often readily eliminated from blood by 
such treatments. However, more and more drugs (e.g. the fluoroqui-
nolones and many of the macrolides) are so widely distributed in tis-
sue compartments and/or so highly protein bound that only a small 
fraction is available for elimination from the blood. Moreover, many 
antimicrobials are eliminated by liver metabolism and can be admin-
istered at full doses, irrespective of renal function, provided their 
metabolites are not toxic.

Another type of interaction between drugs and the kidneys is 
nephrotoxicity. Some of the most commonly used antimicrobial 
drugs (e.g. the aminoglycosides and amphotericin B) are also neph-
rotoxic when used in normal doses relative to the patient’s renal 
function.

This chapter deals with general aspects on interactions between 
antimicrobial drugs and the kidneys. The readers are referred to 
section 2 for details about dosing in patients with reduced renal 
function.
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In renal failure glomerular filtration is reduced while 
tubular secretion is often maintained. The effect of renal 
failure depends to a large degree on whether the drug is 
also metabolized or eliminated through the bile. For exam-
ple, among the cephalosporins, cefuroxime has low protein 
binding and is not metabolized; its plasma clearance will be 
virtually identical to creatinine clearance. Ceftriaxone, on 
the other hand, has a relatively high protein binding and is 
eliminated via the bile; in patients with renal failure the elim-
ination half-life of ceftriaxone will not increase markedly 
because the proportion of drug eliminated by biliary excre-
tion will increase. Another example is imipenem, which is 
excreted by glomerular filtration but which also has a (non-
hepatic) metabolism that is constant over time. In renal fail-
ure the plasma half-life of imipenem will increase, but only 
to about 3 h in the anuric patient (compared with 1 h in an 
individual with normal renal function). In contrast, cilasta-
tin, the enzyme inhibitor administered with imipenem, has 
relatively little metabolism and low protein binding, and its 
half-life will increase from about 1 h to more than 10 h in 
severe renal failure.

It is essential to know the mode of elimination of all anti-
microbial drugs used as well as the effects on elimination time 
of renal failure. Many compounds are toxic if given in over-
dose, and failure to correct dosages in patients with markedly 
reduced renal function may result in serious adverse effects.

ANTIMICROBIAL DRUGS THAT ARE 
INDEPENDENT OF RENAL FUNCTION 
FOR THEIR ELIMINATION

Some antimicrobial drugs can be given at full doses even to 
patients with severe renal failure (Table 5.1). However, also in 
such patients elimination by hemodialysis or hemofiltration 
should be considered. A relatively simple rule of thumb is that 
drugs that are highly protein bound (≥90%) and drugs that 
have a large volume of distribution tend not to be eliminated. 
Alternatively, for most drugs with low protein binding and/or 
low volume of distribution, a further dose should be consid-
ered after peritoneal dialysis, hemodialysis or hemofiltration.

ANTIMICROBIAL DRUGS THAT SHOULD 
BE AVOIDED IN SEVERE RENAL FAILURE

Nephrotoxic drugs should not be used in patients with renal 
failure unless they are anephric. When using formulations 
that are combinations of two drugs, it should be noted that 
the pharmacokinetics of the two components in renal failure 
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Creatinine clearance (mL/min) = 
f × (140 – age (years) × Body weight (kg)

f = 1.23 for men and 1.04 for women
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Fig. 5.2 Cockroft and Gault2 formula for estimation of creatinine 
clearance.
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may differ from those in patients with normal kidney func-
tion. Examples are imipenem–cilastatin and piperacillin– 
tazobactam: the elimination times of cilastatin and tazobactam 
increase far more drastically than those of imipenem and 
 piperacillin, which both undergo substantial metabolism.

PERITONEAL DIALYSIS

Modern medicine offers several replacement treatments of 
severe renal failure: hemodialysis, continuous ambulatory perito-
neal dialysis (CAPD), continuous arteriovenous hemofiltration 
(CAVHF), continuous venovenous hemofiltration (CVVHF) 
and continuous venovenous hemodiafiltration (CVVHDF). 
The degrees of elimination of individual antimicrobial drugs by 
these methods vary and are sometimes incompletely studied.

In terms of reproducibility of the elimination rate, CAPD is 
likely to be the least reproducible, both with the same patient 

and between patients. The main reason for this is that, with 
time, a person undergoing CAPD is likely to develop fibrin 
adherence, which limits the peritoneal surface area available 
for dialysis. The efficacy of the dialysis may also vary with the 
position of the patient and the amount of dialysis fluid admin-
istered during a specified time. Other factors limiting elimina-
tion of drugs with CAPD are protein binding and molecular 
size. There is often limited information about rate of elim-
ination of an antimicrobial agent in patients using CAPD. 
For renally eliminated antibiotics, the most common rec-
ommendation is to give the dose normally administered to a 
patient with a GFR <10 mL/min. When aminoglycosides are 
given to patients on CAPD, about 50% of the dose given is 
found in the dialysate fluid but regular serum concentration 
assays are recommended (see below).

In patients undergoing CAPD, antibiotics are also fre-
quently used as additives to peritoneal dialysate fluid to treat 
peritonitis, a common complication in these patients. Since 
the most common agent causing these infections is coagulase-
negative staphylococci that are often methicillin resistant, van-
comycin is most frequently used. In such treatment varying 
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table 5.1 Antimicrobial drugs that can be given at full 
doses to patients with severe renal failure

Drug Comments

Anidulafungin
Atazanavir
Azithromycin
Caspofungin
Ceftriaxone The manufacturer recommends a maximum daily 

dose of 2 g if glomerular filtration rate is <10 mL/
min

Chloramphenicol
Clarithromycin
Clindamycin
Darunavir
Doxycycline Other tetracyclines should not be used in renal failure
Efavirenz
Erythromycin It has been proposed that the risk of toxicity should 

increase in patients with renal failure
Ethambutol
Fosamprenavir Limited data
Indinavir No data but minimal renal excretion
Itraconazole
Ketoconazole
Linezolid Exposure to two main metabolites increases 10 times 

at a glomerular filtration rate of <30 mL/min
Lopinavir Limited data for anuric patients
Mebendazole
Mefloquine
Metronidazole
Mezlocillin Liver metabolism
Posaconazole
Praziquantel
Primaquine
Pyrazinamide
Quinine
Rifampicin
Ritonavir No data but minimal renal excretion
Saquinavir No data but minimal renal excretion
Sulfonamides
Tigecycline
Tinidazole
Tipranavir
Voriconazole
Zanamivir  
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but generally quite high plasma concentrations are achieved 
as a result of passage of the antibiotic from the dialysate fluid 
to plasma. This is especially important to note if the patient is 
also on systemic antibiotic treatment.

HEMODIALYSIS

In hemodialysis toxic substances are cleared from blood 
through passive diffusion across a membrane. Drug elimina-
tion via hemodialysis depends on molecular size of the drug, 
protein binding and volume of distribution (drugs with a 
molecular weight <500 Da normally pass through the dialy-
sis filter easily if they are not protein bound). Factors of the 
dialysis technique that influence drug elimination are dialysis 
time, blood and dialysate flow rates, and dialysis membrane 
permeability, pore size and surface area. Elimination of mol-
ecules of 500–5000 Da will depend largely on the type of filter 
used; some of the modern filters also allow passage of rela-
tively large molecules.

For most antibiotics, the effect of hemodialysis on elimination 
is known, although information is more limited on antifungal, 
antiparasitic and antiviral drugs (Tables 5.2 and 5.3). With drugs 
that are readily eliminated during hemodialysis it is necessary to 
give a new dose directly after hemodialysis; no dose corrections 
are needed for those that are not significantly eliminated.

No information has been found on elimination of the fol-
lowing in patients on hemodialysis: abacavir, artemether plus 
lumefantrine, daptomycin, doripenem, ertapenem, foscarnet, 
indinavir, itraconazole, ketoconazole, mefloquine, moxifloxa-
cin, polymyxin B (colistin), ritonavir, saquinavir, sparfloxacin, 
trovafloxacin, zalcitabine and zidovudine. The manufacturer 
of isoniazid states that it is eliminated during hemodialysis 
but gives no dosage recommendations. The combination of 
atovaquone and proguanil (Malarone) for malaria prophylaxis 
should not be used in patients with severe renal dysfunction.

HEMOFILTRATION AND 
HEMODIAFILTRATION

There is far less information on elimination of drugs in patients 
on hemofiltration than there is for those on hemodialysis. 
The principle of removal of compounds by hemofiltration is 
 convection of the compound in solution in plasma water over 
a filter, while hemodialysis involves diffusion against a dialysis 
fluid. In hemofiltration the drug is removed by drag of plasma 

table 5.2 Antimicrobial drugs which are removed during 
hemodialysis

Drug Dose recommendation

Abacavir The manufacturer does not recommend the use of 
abacavir in patients with severe renal insufficiency

Aciclovir Maximal oral dose 800 mg every 12 h. New parenteral 
dose after dialysis and then half normal dose every 
24 h

Adefovir dipivoxil One dose weekly
Amikacin Two-thirds of normal dose after dialysis. Monitor 

serum concentrations
Amoxicillin New dose after dialysis
Amoxicillin–

clavulanic acid
New dose after dialysis

Ampicillin New dose after dialysis
Aztreonam Half normal dose after dialysis and one-quarter of 

normal dose between dialyses
Cefaclor New dose after dialysis
Cefadroxil New dose after dialysis
Cefalexin New dose after dialysis
Cefamandole New dose after dialysis
Cefapirin New dose after dialysis
Cefazolin New dose (maximum 1 g) after dialysis
Cefdinir New dose after dialysis
Cefepime 0.5 g per day. New dose (maximum 1 g) after dialysis
Cefixime New dose after dialysis
Cefoperazone New dose after dialysis
Cefotaxime New dose (maximum 1 g) after dialysis
Cefotetan New dose (maximum 1 g) after dialysis
Cefpodoxime New dose after dialysis
Cefprozil 250 mg after dialysis
Cefradine New dose after dialysis
Ceftazidime New dose (maximum 1 g) after dialysis
Cefuroxime New dose after dialysis
Clarithromycin New dose after dialysis
Daptomycin Insufficient data to allow dosage recommendations

Didanosine New dose after dialysis and then once daily
Doripenem Insufficient data to allow dosage recommendations
Emtricitabine New dose every 96 h
Entecavir 0.1 mg every 24 h or 0.5 mg every 72 h
Ertapenem Insufficient data to allow dosage recommendations
Famciclovir New dose after dialysis and then every 48 h
Fluconazole New dose after dialysis
Flucytosine New dose after dialysis. Monitor serum concentrations
Ganciclovir Half dose after dialysis and then 0.625 mg/kg three 

times/week
Gentamicin Two-thirds normal dose after dialysis. Monitor serum 

concentrations
Imipenem– 

cilastatin
New dose after dialysis and then 0.5 g every 12 h

Lamivudine 25 mg once daily
Levofloxacin 125 mg per day
Mecillinam New dose after dialysis
Meropenem New dose after dialysis
Metronidazole New dose after dialysis
Netilmicin Two-thirds normal dose after dialysis. Monitor serum 

concentrations
Ofloxacin 100 mg every 12 h
Paludrine 50 mg every week
Penicillin V and G New dose after dialysis
Piperacillin 1 g after dialysis and then 2 g every 8 h
Piperacillin–

tazobactam
2 g (of piperacillin) after dialysis and then 4 g  

(of piperacillin) every 12 h
Stavudine New dose after dialysis and then once daily
Sulfamethoxazole New dose after dialysis
Sulfisoxazole New dose after dialysis
Teicoplanin Dose for GFR <10 mL/min. Monitor serum 

concentrations
Telbivudine New dose every 96 h
Tenofovir  

disoproxil
New dose once weekly

Ticarcillin New dose after dialysis
Tobramycin Two-thirds normal dose after dialysis. Monitor serum 

concentrations
Trimethoprim New dose after dialysis
Valaciclovir Maximal dose 1 g once daily
Valganciclovir Insufficient data to allow dosage recommendations
Vancomycin Dose for GFR <10 mL/min. Monitor serum 

concentrations

Doses, when specified, are for adults. GFR, glomerular filtration rate.
Data are partly taken from Livornese et al.4
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water. Only free drug can be removed by this process and pro-
tein binding is a major factor restricting elimination. Large 
molecular size is also a restrictive factor. The efficiency with 
which a drug is removed is measured as the sieving coefficient; 
a drug with a sieving coefficient of 1 will cross the filter freely; 
one with a coefficient of 0 is unable to cross. Amikacin has a 
sieving coefficient of 0.9, amphotericin B (which has a high 
molecular weight) 0.3 and oxacillin (which has a very high 
protein binding) 0.02.

Hemofiltration is generally less efficient than hemodialysis 
in eliminating drugs from plasma. The most common recom-
mendation for drugs which are normally given in a full dose 
after each intermittent hemodialysis is to give the dose used 
in patients with moderate renal failure (GFR 10–50 mL/min) 
during CVVHF or CAVHF. In patients treated with amino-
glycosides or glycopeptides, serum concentrations should be 
monitored to avoid toxic reactions.

Another way of treating patients with acute renal failure is 
to use continuous venovenous hemodiafiltration (CVVHDF), 
which combines hemofiltration and hemodialysis. This tech-
nique is more efficient in eliminating filterable and dialyzable 
drugs. Table 5.4 gives a comparison of CVVHF and CVVHDF 
when used in patients treated with meropenem.

NEPHROTOXICITY OF ANTIMICROBIAL 
DRUGS

Some antimicrobial drugs – such as the aminoglycosides, 
vancomycin and amphotericin B – are also nephrotoxic when 
dosed correctly in relation to the renal function of the patients. 
Others (e.g. cefaloridine; no longer available) are nephrotoxic 

if overdosed while a large number of drugs, especially the 
penicillins and rifampicin (rifampin), have been reported to 
cause interstitial nephritis in a very low frequency of patients 
treated. Some antimicrobial agents (e.g. older sulfonamides, 
quinolones and indinavir) may cause urolithiasis as a conse-
quence of precipitation in the renal pelvis.

AMINOGLYCOSIDE NEPHROTOXICITY

This subject has been excellently reviewed by Mingeot-Leclercq 
and Tulkens.6 Following glomerular filtration, approximately 
5% of an aminoglycoside dose is reabsorbed in the proximal 
tubular cells of the kidneys. This process is assumed to be, at 
least partially, the result of adsorptive endocytosis and most 
of the reabsorbed aminoglycoside is found in endosomal and 
lysosomal vacuoles. However, part of the reabsorbed drug 
is found in the Golgi complex. The tubular reabsorption of 
aminoglycosides results in accumulation of drug in the proxi-
mal tubular cells since the release from the cells is far slower 
than the rate of uptake. Important for the discussion below of 
optimal dosing of aminoglycosides is the fact that the uptake 
into the tubular cells seems to be saturable.

At normal aminoglycoside doses, signs of nephrotoxicity can 
be observed after a few days, manifest as release of brush bor-
der and lysosomal enzymes and increased excretion of potassium, 
magnesium, calcium, glucose and phospholipids. After prolonged 
treatment (>7 days) serum creatinine increases as a consequence 
of reduced GFR. At the subcellular level, accumulation of polar 
lipids into so-called ‘myeloid bodies’ is seen. There is some evi-
dence that generation of toxic oxygen metabolites (hydrogen per-
oxide) plays an important role in this pathological process.7 If 
these early changes are overlooked and if the patient is overdosed, 
the end result will be tubular necrosis and renal failure.

The best way to reduce the effects of aminoglycoside neph-
rotoxicity is to adjust doses in order to avoid overdosing and 
subsequent risks for serious nephrotoxicity and for ototox-
icity. This can be achieved by regular monitoring of serum 
 concentrations of the aminoglycoside used (see later).

The pharmacodynamics of aminoglycosides are character-
ized by a direct correlation between antibacterial efficacy and 
the area under the serum concentration curve, i.e. the higher 

table 5.3 Antimicrobial drugs that are not removed 
by hemodialysis

Drug Comments

Amphotericin B Large molecular weight
Azithromycin Large molecule; very large volume 

of distribution
Ceftriaxone High protein binding; alternative biliary 

excretion
Chloramphenicol Large volume of distribution
Chloroquine Large volume of distribution
Ciprofloxacin Large volume of distribution
Clindamycin Large volume of distribution; high protein binding
Cloxacillin High protein binding
Dicloxacillin High protein binding
Doxycycline High protein binding; large volume of distribution
Erythromycin Large molecule; large volume of distribution
Fusidic acid High protein binding
Mefloquine High protein binding
Minocycline High protein binding; large volume 

of distribution
Nafcillin High protein binding
Quinine Large volume of distribution
Quinupristin–dalfopristin Large volumes of distribution; large molecules
Rifabutin Large volume of distribution; high protein 

binding
Rifampicin Large volume of distribution
Spectinomycin Always single dose
Tetracycline High protein binding; large volume 

of distribution

table 5.4 comparison of meropenem pharmacokinetics  
in patients treated with continuous venovenous hemofiltration 
(cVVHf) or hemodiafiltration (cVVHdf)

parameter  
(mean ± pL SD)

CVVhF CVVhDF (1 L/h) CVVhDF  
(2 L/h)

Meropenem  
half-life (h)

7.5 ± pL 2.0 5.6 ± pL 1.4a 4.8 ± pL 1.2a,b 

Meropenem 
clearance (L/h)

3.3 ± pL 2.3 4.7 ± pL 2.7a 5.7 ± pL 3.6a 

a Significantly (p <0.05) different from the CVVHF.
b Significantly (p <0.05) different from the CVVHDF (1 L/h) phase.
Data from Valtonen et al.5
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the individual dose the more bactericidal the aminoglyco-
side. This speaks in favor of using few doses per time unit. 
Fortunately, several studies show there to be no increase in 
toxicity of aminoglycosides when once-a-day regimens have 
been used rather than regimens with two or three daily doses. 
Table 5.5 shows the results of a meta-analysis of studies com-
paring single and multiple daily dosing of aminoglycosides. 
From the results of that study (and others) it seems clear 
that aminoglycosides should be administered once daily. This 
has been questioned for neutropenic patients in whom there 
may be a reduced post-antibiotic effect of the aminoglyco-
side. However, studies have indicated no reduction in efficacy 
or safety of aminoglycosides when single and multiple daily 
 dosing have been compared in neutropenic patients.

GLYCOPEPTIDE NEPHROTOXICITY

Both vancomycin and teicoplanin are nephrotoxic but the 
 latter appears to be less so.9 The mechanism by which these 
antibiotics are nephrotoxic is not completely known. It has 
been postulated that glycopeptides accumulate in proximal 
tubular cells as a result of passage from the blood rather than 
by tubular reabsorption.

The risk of developing nephrotoxicity seems to vary with 
certain risk factors. In one study cisplatin administration, 
high APACHE scores and administration of carboplatin, 
cyclophosphamide or non-steroidal anti-inflammatory drugs 
correlated to increased nephrotoxicity of vancomycin in can-
cer patients.10 High individual doses (high area under the 
serum concentration curve) and prolonged treatment seem to 
increase the risk of nephrotoxicity.11

Nephrotoxicity of glycopeptides seems to be reversible in 
most cases. However, vancomycin therapy should be moni-
tored with serum concentration assays (see below). Teicoplanin 
concentrations should also be monitored but this is more to 
achieve therapeutic levels (e.g. in a patient with endocarditis) 
than to prevent nephrotoxicity.

NEPHROTOXICITY OF b-LACTAM 
ANTIBIOTICS

Cefaloridine (no longer available for therapeutic use) was 
the first cephalosporin with marked dose-related nephro-
toxicity. Cefaloridine accumulates in proximal renal tubular 
cell, probably by active anionic transport. Thus, probenecid, 
which blocks such transport, eliminates the nephrotoxicity of 
cephaloridine.

Nephrotoxicity of the cefaloridine type has been seen with 
imipenem given intravenously to rabbits. That toxicity is com-
pletely blocked if imipenem is administered as a 1:1 combi-
nation with cilastatin, an inhibitor of the brush border renal 
enzyme (dehydropeptidase-I) which metabolizes imipenem 
and which also has a probenecid-like effect.

Ceftazidime, which has a mode of elimination and renal 
handling very similar to that of cefaloridine, has shown slight 
nephrotoxicity in overdose.

Dicloxacillin, when used as prophylaxis in orthopedic sur-
gery, increases serum creatinine. So far no explanation has 
been offered as to why single doses of dicloxacillin (with or 
without single dose of gentamicin) should result in increased 
serum creatinine.

NEPHROTOXICITY OF POLYMYXIN B 
(COLISTIN)

Colistin is an antibiotic which is being used more com-
monly now than when it was introduced because of its activ-
ity against multiresistant Gram-negative bacteria, especially 
Acinetobacter baumanii and Enterobacteriaceae producing 
extended spectrum β-lactamases. It had a bad reputation due 
to reports of neurotoxicity and nephrotoxicity. Recent stud-
ies have shown lower rates of nephrotoxicity than previously 
reported.12,13 However, in one of these reports,12 7/42 patients 
with high serum creatinine values prior to colistin treatment 
developed renal failure.

AMPHOTERICIN B NEPHROTOXICITY

Amphotericin B acts by binding to ergosterol in the cyto-
plasmic membrane of the fungal cell. It is fungicidal and, 
for systemic treatment of several clinically important myco-
ses, is often the only therapeutic choice. Unfortunately, 
amphotericin B also binds to ergosterol in the human cell 
and in particular the proximal tubular cells of the kidney. 
Thus, treatment of mycoses such as aspergillosis and dis-
seminated candidiasis with normal doses of amphotericin 
B results in reduced renal function manifested by loss of 
potassium, loss of magnesium, signs of tubular necrosis and 
decreased GFR. Factors of importance for how long treat-
ment can continue are total dose given and renal function at 
the start of treatment.

table 5.5 results of a meta-analysis of single versus multiple 
daily dosing of aminoglycosides

parameter Mean differencea 95% confidence  
interval

Overall clinical  
response

3.06% (p = 0.04) 0.17–5.95% 

Overall microbiological 
response

1.25% (not significant) –0.40 to 2.89% 

Nephrotoxicity –0.18% (not significant) –2.17 to 1.81%

Ototoxicity 1.38% (not significant) –0.99 to 3.75%

Vestibular toxicity –3.05% (not significant) –10.7 to 4.59%

aA positive result for response or a negative result for toxicity favors single daily dose 
regimens.
Data modified from Ali & Goetz.8
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The nephrotoxicity of amphotericin B can be reduced 
considerably, but not eliminated, by administration of 
the drug as a lipid formulation. Several variants of such 
 formulations (e.g. incorporation of amphotericin B in lipo-
somes and complex binding to phospholipids) have been 
developed (see Ch. 32).

ACUTE INTERSTITIAL NEPHRITIS 
AND ANTIMICROBIAL DRUGS

The following antimicrobial drugs have been reported to cause 
acute nephritis: aciclovir, cephalosporins,  chloram phenicol, 
erythromycin, ethambutol, fluoroquinolones (ciprofloxa-
cin and norfloxacin), gentamicin, minocycline, penicillins, 
rifampicin, sulfonamides, trimethoprim and vancomycin.14 
Typically, the patient develops hematuria and proteinu-
ria after more than 10 days of treatment. Other common 
symptoms are fever and rash, often with eosinophilia. These 
conditions are normally rapidly reversible if treatment is 
stopped.

UROLITHIASIS CAUSED BY 
ANTIMICROBIAL DRUGS

Sometimes a drug may precipitate in the kidney as a result 
of poor solubility in urine. Important factors in the risk of 
formation of precipitates are urine volume, urine pH and 
drug solubility. Drugs with a high tendency to precipitate and 
cause symptoms of urolithiasis include the older sulfonamides 
and indinavir, an HIV protease inhibitor. For ciprofloxacin 
and some other fluoroquinolones, the solubility is very poor 
at alkaline pH. Thus, a patient with a renal infection caused 
by Proteus spp. may be at risk of clinically significant precipita-
tion of the quinolone.

MONITORING OF SERUM 
CONCENTRATIONS OF 
ANTIMICROBIAL DRUGS

Serum concentration assays have two purposes: to avoid 
exceeding drug levels known to increase the risk of toxicity 
and to ensure that the dose given is sufficient to achieve thera-
peutic activity. For most antimicrobial drugs, serum concen-
tration assays are not meaningful because there are no defined 
limits for toxicity or therapeutic efficacy. With some antibiot-
ics (e.g. imipenem) concentration assays should be avoided 
because the drug is very unstable and transportation of the 
sample may lead to degradation of imipenem and falsely low 
concentrations in the assay. However, for some antimicrobial 
agents serum concentration assays are clinically indicated 
(Table 5.6).
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Chapter

The medical treatment of common causes of infectious diseases (e.g. 
HIV, fungi, tuberculosis, and resistant Gram-negative or Gram-positive 
bacteria) has continued to evolve. The standard of care for these infec-
tions often requires patients to receive combinations of anti-infective 
agents as well as other medications to treat other diseases or clini-
cal conditions. The medication profiles of individual patients in the 
infectious diseases clinic or hospital services have become increas-
ingly more complex and are associated with higher probabilities of 
drug–drug interactions and adverse drug reactions.

Recent regulatory actions by the US Food and Drug Administration 
(FDA) remind us that important drug–drug interactions with anti-
infective agents can result in withdrawal of drugs from the market-
place, termination of clinical development and restrictive dosage 
recommendations. Examples of these consequences include the 
withdrawal of terfenadine, astemizole and cisapride in the 1990s after 
patients experienced serious cardiac toxicity when taking these anti-
histamine or prokinetic drugs in combination with macrolide anti-
biotics or azole antifungals.1 The antiviral agent, pleconaril, was not 
recommended for FDA approval for the treatment of the common 
cold in 2002 because of the potential for drug–drug interactions.2 
Pleconaril, a known cytochrome P

450
 (CYP) inducer, can potentially 

lower the plasma drug concentrations of CYP3A substrates and 
reduce their effectiveness, including oral contraceptive steroids such 
as ethinyl estradiol. Finally, the product package insert of the CCR5 
co-receptor antagonist, maraviroc, is an example of the FDA restrict-
ing the dosing recommendations (Table 6.1) because of potential 
drug–drug interactions with potent CYP3A inhibitors or inducers dur-
ing combination therapy.3 Both the pharmaceutical industry and reg-
ulatory agencies have issued guidance papers on the methodologies 
of in-vitro and in-vivo pharmacokinetic drug–drug interaction stud-
ies because of the increasing concern about drug–drug interactions.4 
In addition, labeling of product package inserts has recently been 
revised and various sections describe relevant information about 
metabolic enzymes, drug transporters and drug–drug interactions.

Drug–drug interactions in the field of infectious diseases continue 
to expand as old and new agents requiring metabolic enzymes and 
transporters are commonly used, treatment recommendations for 
co-infections are revised, and the use of multiple medications (e.g. poly-
pharmacy) proliferates in an aging population.5–7 In addition,  commonly 

prescribed medications with known drug–drug interactions are more 
likely to cause serious adverse health outcomes in elderly patients 
admitted to the hospital. Juurlink et al. recently performed a case-
 control study to determine the odds ratio (OR) for association between 
hospital admission of elderly patients with digoxin toxicity and use 
of clarithromycin within the previous week.6 A total of 1051 patients 
admitted to the hospital for digoxin toxicity were compared to a con-
trol group (n = 51 896) without toxicity. The patients with digoxin tox-
icity were 13 times more likely to have received prior clarithromycin 
therapy (OR, 13.6; confidence interval [CI] 8.8–20.8). In comparison, no 
significant association (OR, 2.0; CI, 0.6–6.4) was found between patients 
with digoxin toxicity and prior use of cefuroxime within 1 week of hos-
pital admission. This evidence is further supported by a large retro-
spective study that demonstrated a five-fold increased in the rate of 
cardiac-related sudden death in patients who were co-administered 
CYP3A inhibitors and erythromycin compared to patients who did not 
receive a CYP3A inhibitor or anti-infective agent.7 These studies illustrate 
that many of the known drug–drug interactions are avoidable and that 
 clinicians must consider alternative therapy when appropriate.

This chapter provides an overview of the principles and mecha-
nisms of drug–drug interactions and uses extensive tables to sum-
marize pharmacokinetic–pharmacodynamic interactions commonly 
associated with each anti-infective class. Physicochemical and in-vitro 
antimicrobial activity (e.g. additive, synergistic or antagonistic) inter-
actions will not be discussed. This review was based on information 
available in the product package inserts, primary literature retrieval 
from PubMed, computer databases of Micromedex Drugdex® 
System, and current issues of the following textbooks: Piscitelli and 
Rodvold’s Drug Interactions in Infectious Diseases,8 Hansten and Horn’s 
Drug Interactions Analysis and Management,9 Tatro’s Drug Interaction 
Facts10 and Stockley’s Drug Interactions.11 In addition, Stockley’s Herbal 
Medicine Interactions12 is a recently published textbook that provides 
a comprehensive review of drug interactions with herbal medicines, 
dietary supplements and nutraceuticals. The reader is referred to 
these resources as well as to the primary literature and online web-
sites for detailed information and reference lists about drug–drug 
interactions associated with a specific anti-infective agent. The ref-
erence list at the end of this chapter is mainly limited to secondary 
 literature because of the publication space restrictions.

Keith a. rodvold and Donna M. Kraus

Drug interactions involving 
anti-infective agents6
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PHARMACOKINETIC AND 
PHARMACODYNAMIC DRUG–DRUG 
INTERACTIONS

A drug–drug interaction is defined as the change in efficacy 
or toxicity of one drug by prior or concomitant administration 
of a second drug. In general, drug–drug interactions involve 
two drugs: the interacting drug (e.g. precipitant, perpetrator) 
is the agent that causes a change to occur upon another drug 
(e.g. substrate, object, victim). Alterations in the pharmacoki-
netic or pharmacodynamic characteristics of the object drug 
are the two commonly used mechanisms for categorizing 
drug–drug interactions.13

Pharmacokinetic interactions are those associated with alter-
ations in the processes of absorption, distribution, metabolism 
or elimination of a medication. The consequences of this type of 
drug–drug interaction include increased or decreased concen-
trations of a drug in the blood, body fluids and/or tissues, which 
may in turn alter the efficacy or toxicity of the object drug. The 
most commonly measured pharmacokinetic parameters used 
to describe and assess these changes include maximum drug 
concentration (Cmax), area under the  concentration–time curve 
(AUC), apparent drug clearance (CL), half-life (t½) or total 
amount of drug excreted in the urine (Ae).

Absorption interactions generally involve orally admin-
istered drugs and occur in the mucous membranes of the 
gastrointestinal (GI) tract. Common causes for drug–drug 
interactions involving absorption include: (1) alterations in 
GI pH; (2) adsorption, chelation or other complexing mecha-
nisms; (3) changes in GI motility; (4) induction or inhibition 
of drug transporter proteins or intestinal CYP isoenzymes; 
(5) malabsorption caused by drugs; and (6) alteration to the 
 normal GI flora.11 Oral anti-infective agents such  cefpodoxime 

proxetil, ketoconazole, itraconazole, delavirdine and  atazanavir 
have dissolution and absorption that is pH dependent and 
can be affected by antacids, proton pump inhibitors and his-
tamine2 (H2) antagonists.11,14 Antacids, vitamin/mineral sup-
plements or other therapeutic agents containing divalent and 
trivalent cations, such as aluminum, magnesium, calcium or 
iron, chelate tetracycline and fluoroquinolones, resulting in 
markedly reduced oral GI absorption, lower systemic drug 
concentrations and lower anti-infective efficacy.15

The oral bioavailability of digoxin can be increased or 
decreased by agents such as clarithromycin and rifampicin 
(rifampin), respectively. These effects are most likely explained 
by alterations to P-glycoprotein (P-gp).16 This efflux trans-
porter can reduce drug absorption from the GI tract, as well 
as promote drug removal or decrease drug entry at various 
sites of distribution and elimination. Rifampicin is an inducer 
of P-gp which leads to decreased oral absorption of medica-
tions while macrolides such as erythromycin and clarithro-
mycin are inhibitors of intestinal and renal P-gp of digoxin. 
Oral neomycin can impair the absorption of digoxin by caus-
ing a malabsorption syndrome similar to non-tropical sprue.11 
Antibiotics can also alter the normal GI flora and thus affect 
the metabolism and absorption of medications such as war-
farin and estrogen-containing products (e.g. oral contracep-
tive agents).

Pharmacokinetic drug–drug interactions can be related to 
protein binding and distribution characteristics of medica-
tions. Drug–drug interactions associated with protein bind-
ing could be clinically significant if the drug being displaced 
has a narrow therapeutic index, small volume of distribution, 
high extraction ratio, and is highly protein bound (>90%) 
at therapeutic concentrations. Displacement interactions 
have often been associated with drugs that are highly pro-
tein bound (e.g. warfarin, phenytoin). However, these agents 
have a low extraction ratio and drug concentrations are inde-
pendent of protein binding changes since they can effectively 
clear any increase in the unbound fraction of the drug. The 
significance of drug–drug interactions involving protein bind-
ing and drug displacement is less than what was once thought 
since steady-state unbound (free) drug concentrations often 
redistribute and remain unaltered.17 In addition, some drug–
drug interactions once thought to be associated with pro-
tein binding and drug displacement have been shown to be 
associated with other interaction mechanisms. For example, 
the increased anticoagulant activity associated with warfarin 
when administered with trimethoprim–sulfamethoxazole is 
more likely caused by the inhibition of S-warfarin metabolism 
(e.g. CYP2C9) than from warfarin being displaced from its 
protein-binding sites.15

There are several transport proteins which play a role in 
mediating tissue-specific distribution as well as absorption 
and excretion of drugs.18–21 The two major gene superfamilies 
responsible for the transport of drugs are ABC (ATP binding 
cassette) and SLC (solute carrier). P-glycoprotein (P-gp, also 
termed MDR1) is one of the most studied transporters from 
the ABC superfamily. P-gp and other transport proteins are 

table 6.1 Dosing recommendations for maraviroc associated 
with drug–drug interactions

Maraviroc dosage Dosing recommendation for interacting  
drugs

300 mg every 12 h 
 
 
 

Standard dose of maraviroc with no concomitant 
administration of cytochrome P

450
 (CYP) 3A 

inhibitors or inducers; recommended dosage of 
maraviroc with concomitant administration of 
tipranavir–ritonavir or nevirapine

150 mg every 12 h 
 
 
 
 
 
 
 
 
 

Reduced dose of maraviroc with concomitant 
administration of CYP3A4 inhibitors (with or 
without a CYP3A inducer) including protease 
inhibitors (exception: tipranavir–ritonavir [see 
above dosage recommendation]), delavirdine, 
ketoconazole, itraconazole, clarithromycin 
(including with etravirine plus ritonavir-boosted 
protease inhibitors or with efavirenz plus either 
lopinavir–ritonavir or saquinavir–ritonavir), and 
other strong CYP3A inhibitors (e.g. nefazadone, 
telithromycin)

600 mg every 12 h 
 
 

Increased dose of maraviroc with CYP3A inducers 
(without a CYP3A inhibitor) including rifampicin, 
carbamazepine, phenytoin, phenobarbital, 
efavirenz and etravirine
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located throughout the body in tissues and can control expo-
sure of drugs at target organs. It has also been shown P-gp and 
organic anion transporting polypeptide (OATP) and organic 
anion transporter (OAT) families are involved with efflux 
transport in the blood–brain barrier and blood– cerebrospinal 
fluid (CSF) barrier. The organic transport systems are par-
ticularly important in the distribution of β-lactam agents. 
Membrane transporters and drug response is a growing field 
of research and should further clarify drug–drug interactions 
associated with the distribution of anti-infective agents.

Drug metabolism serves as the major mechanism of many 
pharmacokinetic drug–drug interactions.13,22 Drugs are 
mainly metabolized by enzymes in the liver, GI tract, skin, 
lungs and blood. Drug-metabolizing enzymes are found in 
the endoplasmic reticulum of these sites and are classified 
as microsomal enzymes. There are two major types of drug 
metabolizing reaction: phase I, which increases the polarity of 
drugs predominantly through oxidation, reduction or hydro-
lysis; and phase II, which catalyzes drugs and/or metabolites 
to inactive products by glucuronidation, sulfation or acety-
lation. Phase II reactions are most commonly mediated by 
sulfotransferase (SULT), uridine diphosphate glucurono-
syltransferase (UGT), glutathione-S-transferase (GST), 
N-acetyltransferase (NAT) and thiopurine methyltransferase 
(TPMT) (Figure 6.1). Many of the enzymes involved in phase 
II are still being further defined, and drug–drug interactions 
are being further investigated.

The majority of phase I reactions are catalyzed by cyto-
chrome P450 enzymes in the liver and small intestine, which are 
heme-containing, membrane-bound proteins. Cytochrome 
P450 is a superfamily of enzymes divided into families (desig-
nated by CYP followed by a number, e.g. CYP2), subfamilies 
(designated by a capital letter, e.g. CYP2C), and individual 
members (designated by a number, e.g. CYP2C19) based on 
amino acid sequence homology. The most common individ-
ual members of enzyme subfamilies responsible for the major-
ity of phase I metabolic reactions are CYP3A4, CYP2D6, 
CYP1A2, CYP2C9 and CYP2C19 (Figure 6.2).13,22

More than 50% of all drugs on the market are metabolized 
by CYP3A4.13,22 CYP3A4 is the major CYP isoform found 
in the adult liver and accounts for 28% of total hepatic CYP 
enzymes. In addition, CYP3A4 is also found in the GI tract 
and has effects on bioavailability. There is significant overlap-
ping activity between P-gp and CYP3A4 at both of these sites, 
and a drug causing an effect on P-gp will also have the same 
effect on CYP3A4. Many drug–drug interactions previously 
thought to be due to only CYP3A4 may actually involve the 
additive effects of both P-gp and CYP3A4. Phase I reactions 
can also involve other CYP-independent enzymes such as 
monoamine oxidases and epoxide hydrolases.

Drug–drug interactions involving CYP isoenzymes are 
often the result of either enzyme inhibition or induction.13 
A drug that is an inhibitor of a specific drug-metabolizing 
enzyme will decrease the rate of metabolism and increase 
plasma concentrations of an object drug. Increased drug accu-
mulation can result in enhanced therapeutic effects or adverse 
effects, especially if the object drug has a narrow therapeutic 
range or index. A greater increase in the AUC or Cmax of the 
object drug would be predicted to occur when the specific 
drug-metabolizing enzyme is the primary elimination path-
way compared to substrates with multiple elimination path-
ways of which the enzyme plays only a minor role. Inhibition 
of metabolic pathways can also lead to decreased formation of 
an active metabolite of the object drug and this may result in 
decreased therapeutic efficacy of the drug.

Inhibition of CYP3A4 is a common cause of drug–drug 
interactions with anti-infective agents. Table 6.2 provides 
examples of some of the serious and/or life-threatening drug–
drug interactions known to occur between substrates of 
CYP3A4 and anti-infective agents known to be potent inhibi-
tors of CYP3A4. The co-administration any CYP3A4 inhib-
itors should be avoided or only undertaken with extreme 
precautions (e.g. dosage adjustments or use of less potent 
inhibitors) with the listed substrates due to the serious clini-
cal consequences. Anti-infective agents that are moderate to 
strong inhibitors of CYP3A4 include protease inhibitors, dela-
virdine, azole antifungal agents, clarithromycin, erythromycin 
and telithromycin.

CYP3A4

CYP2D6

CYP2C8/9

CYP1A1/2

CYP2B6

CYP2A6
CYP2E1

CYP2C19

Fig. 6.2 The relative proportions of clinically used drugs 
metabolized by phase I (cytochrome P

450
 [CYP]) enzymes.

Others

TPMT

NATs

GSTs

UGTs

SULTs

Fig. 6.1 The relative proportions of clinically used drugs 
metabolized by phase II enzymes. GST, glutathione-S-transferase; 
NAT, N-acetyltransferase; TPMT, thiopurine methyltransferase; SULT, 
sulfotransferase; UGT, uridine diphosphate glucuronosyltransferase.
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Inhibition of a specific drug-metabolizing enzyme can be 
either competitive or non-competitive. Competitive inhibi-
tion occurs when two drugs are substrates for the same drug-
metabolizing enzyme. Binding of one agent to the enzyme 
prevents binding by the other, thereby decreasing the rate of 
metabolism and increasing systemic exposure and/or pharma-
cological effects of the drug with lower enzyme-binding affin-
ity. In contrast, non-competitive inhibition occurs when one 
drug is an inhibitor of a specific drug-metabolizing enzyme 
(e.g. CYP3A4) and can substantially reduce the metabo-
lism of an object drug of that enzyme. However, the inhibi-
tor is metabolized by a different drug-metabolizing enzyme 
(e.g. CYP2D6) than the object drug being inhibited. The 
onset and dissipation of drug–drug interactions involving 
inhibition is rapid and occurs within the first few days after 
co-administration.

Phase I and II reactions can also be induced. Enzyme 
induction occurs when the precipitant drug induces the syn-
thesis of the drug-metabolizing enzyme. Drugs that induce 
cytochrome P

450 isoenzymes cause increased drug clear-
ance and decreased plasma concentrations of substrate 
drugs. Rifampicin is one of the most potent inducers and 
has effects on both CYP enzymes and P-gp.22–24 Rifampicin 
can also induce phase II enzymes such as UGT as well as 
other  relevant transporter proteins. Because of this broad 
and potent range of induction activity, numerous drug–drug 
interactions have been reported between rifampicin and var-
ious therapeutic classes of drugs, including anti-infective 
agents (Table 6.3).23 Because induction requires creation of 
new enzymes, the time course of the onset and dissipation of 
induction is slow and can take weeks to occur. When rifam-
picin induces the metabolism of an object drug, serum drug 
concentrations are gradually decreased and the full effect 
may not be seen for 2 weeks.

Many of the commonly used anti-infective agents are 
substrates, inhibitors and/or inducers of the clinically sig-
nificant CYP isoenzymes, P-gp and UGT (Table 6.4). 
In addition, an updated list of drugs from various thera-
peutic classes and their designation as substrates, inhibi-
tors or inducers of specific CYP isoenzymes can be found 
on the website http://medicine.iupui.edu/clinpharm/ddis. 
These tables can assist in the semi-quantitative prediction 
of potential drug–drug interactions, particularly when no 
published studies are available. It is important to appreci-
ate that a drug can be a substrate of more than one CYP 
isoenzyme and that the same drug may serve as an inhibitor 
or inducer of a different CYP isoenzyme than the one being 
metabolized by it.

Factors that play an important role in determining the 
magnitude of changes in substrate metabolism include  single 
or multiple substrate elimination pathways, existence of 
dominant elimination isoforms and the inhibitory-induction 
potency. Simultaneous therapy with both inducers and inhibi-
tors of CYP isoforms may have unpredictable effects. There 
are no dosage guidelines that address these competing effects. 
It is suggested that close monitoring for toxicity or alternative 
agents that do not interact be used.

The clinical significance of the potential pharmacoki-
netic drug–drug interaction is supratherapeutic drug con-
centrations resulting in an exaggerated clinical response, 
toxicity, or both, or subtherapeutic drug concentrations 
resulting in loss of efficacy, the development of resistance, 
or both. For inhibition, the clinical consequences may be 
amplification of known adverse effects or the occurrence of a 
 concentration-related toxicity. The therapeutic index, type 
of  concentration-dependent toxicity and the dosage that 
the patient is receiving when the enzyme inhibitor is added 
to the treatment regimen are all important considerations. 

table 6.2 Substrates of CYP3A4 with major or life-threatening interactions when co-administered with a CYP3A inhibitor1

CYp3a4 substrate pharmacological effect Management recommendation

Astemizole,2 terfenadine,2 cisapride,2  
bepridil,2 pimozide

QTc interval prolongation, arrhythmias,  
sudden death, torsade de pointes

Contraindicated 

Ciclosporin, sirolimus, tacrolimus Increased serum concentrations and 
immunosuppression

Monitor immunosuppressive agent serum concentrations; 
adjust dose as needed

Ergot alkaloids Ergotism, peripheral ischemia Contraindicated

Lovastatin, simvastatin Risk of rhabdomyolysis Use other HMG-CoA reductase inhibitors such as pravastatin 
or fluvastatin

Midazolam, triazolam Excessive sedation Use other benzodiazepines such as lorazepam, oxazepam 
or temazepam

Rifabutin Uveitis, neutropenia, flu-like syndrome Reduce dose of rifabutin

Sildenafil, tadalafil, vardenafil Hypotension, priapism Reduce dose or avoid use entirely

Vincristine, vinblastine Neurotoxicity Reduce dose and monitor for vinca toxicity

1Examples of anti-infective agents that are potent cytochrome P
450

 (CYP) 3A4 inhibitors include clarithromycin, erythromycin, telithromycin, protease inhibitors, delavirdine, 
ketoconazole, itraconazole and voriconazole.
2Drugs not longer commercially available in the USA.
HMG-CoA, hydroxymethylglutaryl-coenzyme A.
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table 6.3 Drug–drug interactions of rifampicin (rifampin)

Interacting drug Comments and management strategy

Anti-infective agents

Atovaquone Monitor clinical response; increase dose 
if needed; consider alternative agent

Caspofungin Monitor clinical response; increase dose to 70 mg 
per day

Chloramphenicol Monitor chloramphenicol serum concentrations; 
increase dose if needed

Clarithromycin Monitor clinical and microbiological response; 
increase dose if needed

Dapsone Monitor clinical response and hematological 
toxic effects

Delavirdine Avoid rifampicin; use rifabutin or alternative 
agent and monitor viral response

Doxycycline Monitor clinical and microbiological response; 
increase dose if needed

Efavirenz Monitor viral response; increase dose if needed 
(e.g. 800 mg if >60 kg)

Etravirine Avoid rifampicin; use rifabutin or alternative 
agent and monitor viral response

Fluconazole Monitor clinical and microbiological response; 
increase dose if needed

Itraconazole, 
voriconazole

Avoid rifampicin; if used, increase dose of azole 
and monitor response

Maraviroc Monitor viral response; appropriate dosing with 
inducers and inhibitors (see Table 6.1)

Mefloquine Consider avoiding combination; larger study needed

Metronidazole Monitor clinical and microbiological response; 
increase dose if needed

Nevirapine Avoid rifampicin; use rifabutin or alternative 
agent and monitor viral response

Praziquantel Consider alternative agent if possible; monitor 
clinical response

Protease inhibitors Avoid rifampicin; use rifabutin or alternative 
agent and monitor viral response

Quinine Monitor clinical response; consider alternative 
agent if possible

Raltegravir Consider using rifabutin; if rifampicin is used, 
monitor viral response

TMP–SMX Monitor clinical and microbiological response; 
increase dose if needed

Analgesics

Codeine Monitor pain control and clinical response

COX-2 inhibitors1 Monitor clinical response; increase dose 
if needed

Fentanyl Monitor pain control; increase dose if needed

Methadone Increase methadone dose; monitor and control 
withdrawal symptoms

Morphine Monitor pain control and clinical response

Anticonvulsants

Phenytoin Monitor phenytoin serum concentrations and 
seizure activity; increase dose if needed

Antidiabetic agents

Sulfonylureas2 Monitor blood glucose levels; adjust dose based 
on blood glucose control

Meglitidinides3 Monitor blood glucose levels; adjust dose based 
on blood glucose control

Thiazolidinediones4 Monitor blood glucose levels; adjust dose based 
on blood glucose control

Anticoagulants (oral) Monitor INR; increase anticoagulant dose as needed

Cardiovascular drugs

Beta-blocking agents Monitor clinical response; increase propranolol or 
metoprolol dose if needed

Digitoxin Monitor clinical response and/or arrhythmia 
control, monitor digitoxin serum concentrations

Digoxin (oral) Monitor clinical response and/or arrhythmia control, 
monitor digitoxin serum concentrations

Diltiazem Use alternative agent; monitor patient for clinical 
response

Disopyramide Monitor arrhythmia control; increase dose if 
needed

Losartan Monitor clinical response; increase dose 
if needed

Nifedipine Consider alternative agents; if used, monitor 
clinical response; increase dose if needed

Nilvadipine Monitor clinical response; increase dose 
if needed

Propafenone Monitor clinical response; increase dose 
if needed; consider alternative agent

Quinidine Monitor quinidine serum concentrations and 
arrhythmia control; increase dose if needed

Tocainide Monitor arrhythmia control; increase dose if 
needed

Verapamil Use alternative agent; monitor patient for clinical 
response

Contraceptives (oral) Use alternative form(s) of birth control; counsel 
patient and document

Glucocorticoids Increase dose of glucocorticoid two- to three-fold

HMG-CoA reductase 
inhibitors5

Monitor lipid panel; increase dose if needed 
(likely for simvastatin)

Immunosuppressants  

Ciclosporin Monitor ciclosporin serum concentrations; 
increased dose if needed

Tacrolimus Monitor tacrolimus serum concentrations; 
increase dose if needed

Everolimus Monitor everolimus serum concentrations; 
increase dose if needed

Psychotropic agents

Buspirone Monitor clinical response; increased dose likely 
needed; use alternative agent if possible

(Continued)
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With this knowledge, one can decide whether the drug–
drug interaction makes co-administration potentially haz-
ardous. For induction, a hypothetical clinical consequence 
may be loss of anti-infective activity or possible development 
of resistance. In both of these examples, co-administration 
would not be advisable. Alternatively, these interactions 
may be overcome with higher doses. However, higher doses 
have often not been studied in most cases and unless rec-
ommended in the product monograph this is not advisable. 
Suggested dosage adjustment recommendations are based 
on mean changes in substrate clearance, and in most in-vivo 
dosage interaction trials, doses used were less than currently 

recommended. It is often unknown whether product mono-
graph dosage adjustment recommendations will result in 
safe and therapeutic substrate concentrations.

Regulatory agencies such as the FDA have placed greater 
emphasis on in-vitro and in-vivo drug–drug interaction assess-
ment.1,21 Information on the likely potential of drug–drug 
interactions involving CYP enzymes and drug transporter 
proteins is included in the product package inserts of recently 
approved medications. For example, the product insert for 
daptomycin states that metabolic drug–drug interactions are 
unlikely since in-vitro studies have shown that daptomycin 
neither induces nor inhibits CYP isoforms 1A2, 2A6, 2C9, 
2C19, 2D6, 2E1 and 3A4.25 Similar to CYP isoforms, fur-
ther information about metabolism and potential drug–drug 
interactions of phase II reactions are being included in prod-
uct package information. The product insert for raltegravir 
states that this agent is mainly eliminated by metabolism via 
a UGT1A1-mediated glucuronidation pathway and is not a 
substrate of CYP enzymes.26 Drugs known to inhibit (e.g. 
atazanavir) and induce (e.g. rifampicin) UGT1A1 have been 
shown in vivo to increase and decrease plasma concentrations 
of raltegravir, respectively.

There is significant interindividual variability in the out-
comes of drug–drug interactions. This variability is often asso-
ciated with patient-specific factors such as disease states, other 
concomitant medications and genetics. Genetic polymorphism 
has been identified with CYP2D6, CYP2C9 and CYP2C19, 
as well as many of the phase II enzymes. Clinically significant 
polymorphisms can contribute to ethnic differences in metab-
olism as well as drug safety and efficacy.27 For CYP2D6, the 
prevalence of poor metabolizers is 5–8% in Caucasians and 
<1% in Asians. In comparison, the incidence of CYP2C19 
poor metabolizers is 2–6% of Caucasians and 18–20% of 
Asians. The magnitude that drug–drug  interactions will have 
is dependent in part on whether the initial enzyme activity 
is at a high or a low level. Inhibition of a drug- metabolizing 
enzyme in extensive or rapid metabolizers may result in more 
significant effects than in slow metabolizers. Thus, drug–drug 
interactions involving polymorphisms must be assessed for 
clinical relevance to an individual patient.

Pharmacokinetic drug–drug interactions can also occur 
during renal excretion. These interactions are rapid and occur 
competitively. The mechanisms for drug–drug interactions of 
renal elimination involve glomerular filtration, tubular secre-
tion, tubular reabsorption, and drug transporter proteins 
(e.g. P-gp and OATs).13,18,19 Tubular secretion is the most 
common site of renal interactions since drugs often compete 
with each other for the same active transport system in the 
renal tubules. The classic anti-infective example is probenecid 
reducing the renal excretion of penicillin to increase anti-
infective serum concentrations for therapeutic benefit. It has 
more recently been appreciated that organic anion transport 
(OAT) proteins are primarily located in the kidneys and facil-
itate the active renal secretion of several  anti-infective agents 
including  cidofovir, adefovir, aciclovir (acyclovir), ganciclo-
vir,  zidovudine and β-lactam antibiotics.18,19 Probenecid, 

Clozapine Monitor clinical response; increase dose 
if needed or use alternative agent if possible

Haloperidol Monitor clinical response; increase dose 
if needed

Nortriptyline Monitor clinical response and nortriptyline serum 
concentrations

Sertraline Monitor clinical response; increase dose 
if needed

Others

5-HT
3
 antiemetics6 Monitor clinical response; increase dose 

if needed; use alternative agent if needed

Diazepam Monitor clinical response; increase dose 
if needed

Gefitinib Avoid combination; if must use, increase dose

Imatinib Avoid combination; if must use, increase dose

Levothyroxine Monitor thyroid stimulating hormone; increased 
dose likely needed

Lorazepam Monitor clinical response; increase dose 
if needed

Midazolam Avoid combination; use alternative agent 
if possible

Tamoxifen, toremifene Monitor clinical response; increased dose likely 
needed

Theophylline Monitor theophylline serum concentrations; 
increase dose if needed

Triazolam Avoid combination; use alternative agent 
if possible

Zolpidem Monitor clinical response; increase dose 
if needed or use alternative agent if possible

1Examples include celecoxib and rofecoxib (no longer available).
2Examples include tolbutamide, chlorpropamide, gliclazide and glimepiride.
3Examples include repaglinide and nateglinide.
4Examples include rosiglitazone and pioglitazone.
5Examples include simvastatin, atorvastatin and pravastatin.
6Examples include ondansetron and dolasetron.

table 6.3 Drug–drug interactions of rifampicin 
(rifampin)—cont’d

Interacting drug Comments and management strategy

5-HT
3
, 5-hydroxytryptamine 3; HMG-CoA, hydroxymethylglutaryl-coenzyme A;  

TMP–SMX, trimethoprim–sulfamethoxazole.
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a known OAT1 inhibitor, blocks the tubular transport of the 
nucleotide cidofovir and reduces its renal clearance to the 
rate of glomerular filtration. Concomitant use of probenecid 
decreases the risk of nephrotoxicity associated with cido-
fovir and is considered a beneficial drug–drug interaction. 
Although cidofovir does not affect the disposition of other 
agents, the concurrent administration of probenecid can 
inhibit renal tubular secretion of other commonly admin-
istered agents such as reverse transcriptase inhibitors (e.g. 
zidovudine, zalcitabine), β-lactams, methotrexate and non-
steroidal anti-inflammatory drugs (NSAIDs). Various anti-
infective agents (e.g. clarithromycin, itraconazole), as well as 
probenecid, have been shown to inhibit P-gp in the kidney. As 
with liver metabolism, significant overlapping activity exists 
between P-gp and other transport mechanisms involved with 
renal excretion.

In addition to pharmacokinetic drug–drug  interactions, 
pharmacodynamic interactions can also occur.13,15 Pharmaco-
dynamic drug–drug interactions are associated with a change 
in the pharmacological response (e.g. efficacy or toxicity) of 
the object drug, with or without changes in pharmacokinetics. 
Pharmacodynamic interactions can be categorized as: 

•	 additive: two agents leads to enhanced pharmacological 
effect (e.g. increased bone marrow suppression with 
concurrent use of zidovudine and ganciclovir);

•	 synergistic: use of two or more agents results in drug effect 
greater than (e.g. exponential vs additive) the addition 
of all of the drugs together (e.g. combined effect with 

concurrent use of indinavir, lamivudine, and zidovudine 
than the sum of their individual effects); or

•	 antagonistic: the pharmacological effect of one agent is 
reduced due to concurrent therapy with another agent 
(e.g. concurrent use of zidovudine and stavudine reduces 
antiviral effect).

Some of the common additive or overlapping adverse effects 
associated with anti-infective agents include ototoxicity, neph-
rotoxicity, bone marrow suppression and prolongation of the 
QTc interval. Concurrent administration of aminoglycoside 
antibiotics and other nephrotoxic agents such as amphotericin 
B, cisplatin, ciclosporin or vancomycin would be examples of 
additive risk for developing nephrotoxicity.15 Pharmacodynamic 
drug–drug interactions are less predictive a priori than pharma-
cokinetic interactions, and fewer reports exist in the literature.

IDENTIFICATION OF CLINICALLY 
SIGNIFICANT DRUG–DRUG 
INTERACTIONS

The prescribing of safe and effective anti-infective therapy 
has becoming increasingly important as issues of resistance 
and treatment failure constantly challenge our anti-infective 
armamentarium. In addition, anti-infective drug regimens 
have become more complex because of the expansion of 
different drug classes; increased number of agents per anti-
infective class; the availability of more agents as substrates, 

table 6.4 Examples of anti-infective agents as substrates, inhibitors and inducers of CYP enzymes, UGT and P-gp

enzymes or transporter Substrates Inhibitors Inducers

CYP1A2 Ritonavir Erythromycin, clarithromycin, ciprofloxacin, 
norfloxacin, ritonavir

Ritonavir, rifampicin 

CYP2C9 
 

Nelfinavir, ritonavir, fluconazole, 
voriconazole, dapsone 

Erythromycin, metronidazole, sulfamethoxazole, 
trimethoprim–sulfamethoxazole, fluconazole,  
miconazole, voriconazole, isoniazid

Rifampicin, rifapentine 
 

CYP2C19 Chloramphenicol, nelfinavir, ritonavir, 
fluconazole, voriconazole

Chloramphenicol, ritonavir, fluconazole, 
ketoconazole, voriconazole

Rifampicin 

CYP2D6 Ritonavir Primaquine, ritonavir Rifampicin

CYP2E1 Ritonavir, isoniazid, dapsone Ritonavir, isoniazid Isoniazid

CYP3A4 
 
 
 
 
 
 

Erythromycin, clarithromycin, 
telithromycin, clindamycin, protease 
inhibitors, delavirdine, nevirapine,  
NNRTIs, maraviroc, miconazole, 
ketoconazole, itraconazole,  
fluconazole, voriconazole,  
posaconazole, dapsone, quinine 

Chloramphenicol, erythromycin, clarithromycin, 
telithromycin, norfloxacin, ciprofloxacin,  
amprenavir, nelfinavir, lopinavir–ritonavir,  
ritonavir, saquinavir, indinavir, delavirdine,  
efavirenz, quinupristin–dalfopristin,  
clotrimazole, miconazole, itraconazole,  
ketoconazole, fluconazole, voriconazole, 
posaconazole

Efavirenz, nevirapine, rifampicin, 
rifabutin, rifapentine, ritonavir 
 
 
 
 
 

UGT Posaconazole, zidovudine, raltegravir Ketoconazole, fluconazole, atazanavir Rifampicin

P-gp 
 
 

Clarithromycin, erythromycin,  
indinavir, nelfinavir, ritonavir, saquinavir,  
maraviroc, ketoconazole, itraconazole, 
fluconazole, posaconazole,

Clarithromycin, erythromycin, ketoconazole, 
itraconazole, indinavir, nelfinavir, ritonavir, 
saquinavir 

Rifampicin, ritonavir 
 
 

CYP, cytochrome P
450

; NNRTIs, non-nucleoside reverse transcriptase inhibitors; P-gp, P-glycoprotein; UGT, uridine diphosphate glucuronosyltransferase.
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inhibitors and/or inducers of metabolism or transporter sys-
tems; and multiple different drug therapies being required to 
prevent or treat acute and chronic conditions or diseases due 
to both infectious and non-infectious causes. Awareness of 
clinically significant drug–drug interactions and appropriate 
inventions to minimize their occurrence are essential as anti-
infective regimens become more complex.

Strategies for avoiding drug–drug interactions when select-
ing agents for use include:28 

•	 obtaining	a	detailed	medication	history	before	prescribing	
anti-infective agents;

•	 avoiding	adding	a	drug	with	high	drug–drug	interaction	
potential;

•	 delaying	initiation	of	an	interacting	drug	until	anti-
infective therapy is completed;

•	 reviewing	and	considering	concomitant	diseases	states	
that influence drug disposition and interactions;

•	 selecting	specific	agents	with	the	least	potential	for	known	
drug–drug interactions;

•	 avoiding	agents	associated	with	serious	adverse	effects	or	
toxicities;

•	 avoiding	concurrent	administration	of	drugs	with	
overlapping or additive adverse effects;

•	 using	the	lowest	effective	drug	doses;	and
•	 not	underestimating	the	ability	of	patients	to	adhere	to	

the recommended drug dosage regimens.

Many of the drug–drug interactions involving absorption 
can be simply avoided by separating or spacing the times 
of concurrent drug administration. While not all drug–drug 
interactions are avoidable, many can be better managed 
with dosage adjustments, selection of alternative agents 
with lower interaction probabilities, and therapeutic drug 
monitoring.

Infectious disease clinicians are often forced to assess of 
the possibility of a potential drug–drug interaction in patients 
already receiving multiple medications from different drug 
classes. Clues that should prompt careful evaluation of pre-
existing drug regimens for potential drug–drug interactions 
include:28 

•	 drugs	with	well-documented	drug–drug	interaction	
potential;

•	 drugs	with	known,	relatively	narrow	therapeutic	ranges	or	
indices;

•	 drugs	with	well-described	pharmacodynamic	
determinants of efficacy or toxicity;

•	 drugs	associated	with	serious	adverse	effects	or	toxicities;	
and

•	 the	presence	of	extensive	medication	profiles	in	patients	
who cannot be easily monitored for drug efficacy and 
toxicity.

In addition, the drug interaction probability scale (DIPS) is a 
new tool that may be of assistance in providing a guide to eval-
uating drug–drug interaction causation in a specific patient.29 
Consultation with other infectious diseases  physicians, 
 pharmacists or drug-information specialists may also be valu-
able when multiple interactions are encountered.30

Computer programs are a practical and potentially effec-
tive method for detecting drug–drug interactions.5,30 The 
intention of most of these programs is to alert the prescriber 
or dispensing pharmacist of a potential drug–drug interac-
tion based on the information available in the patient medi-
cation profile. However, the level of concordance, specificity 
and sensitivity varies between programs, including those used 
in the community and hospital setting. In addition, many soft-
ware programs and/or order entry systems have differing limi-
tations such as accuracy in the classification or the lack of 
evidence for specific drug–drug interactions. Most programs 
do not provide timely updates as new information becomes 
available. Several studies have shown that users often over-
ride many of the different types of alerts and warnings being 
flagged. This often results in ‘alert fatigue’, which causes clini-
cians to ignore critical drug–drug interaction warnings which 
may require further information to determine the clinical 
relevance of the  interaction and the individual patient being 
treated.

ANTIBACTERIAL AGENTS (Table 6.5)

Nearly all mechanisms of drug–drug interactions are repre-
sented by antibacterial agents.15,31–33 Several different types of 
absorption drug–drug interaction occur with different anti-
bacterial agents: 

•	 alterations	in	gastric	pH	caused	by	antacids,	 
H2-receptor antagonists or proton pump inhibitors (e.g. 
oral cephalosporins);

•	 inhibition	of	a	transport	pump	such	as	intestinal	
P-gp (e.g. effect of clarithromycin on plasma digoxin 
concentrations);

•	 alterations	of	gut	flora	(e.g.	decreased	effectiveness	of	oral	
contraceptives or augmentation of effects of warfarin); and

•	 chelation	of	drug	(e.g.	tetracyclines	or	fluoroquinolones)	
by co-administration of divalent or trivalent cations such 
as calcium, magnesium, aluminum or iron. Common 
products containing multivalent cations include antacids, 
laxatives, antidiarrheals, multivitamins, sucralfate, 
didanosine tablets or powder, molindone, and quinapril 
tablets.

Sulfonamides can potentially displace sulfonylurea hypogly-
cemics and methotrexate from plasma protein binding sites, 
resulting in hypoglycemia and severe bone marrow depres-
sion, respectively.

Significant drug–drug interactions involving CYP3A4 and 
P-gp have been well documented for macrolide and ketolide 
agents (e.g. erythromycin, clarithromycin, telithromycin) since 
many of these drug–drug interactions are associated with serious 
or life-threatening adverse events (see Table 6.2).15,33 In addition, 
several classes of antibacterial agent are selective inhibitors of 
CYP2C8 and CYP2C9 (trimethoprim and  sulfamethoxazole, 
respectively) and CYP3A4 (e.g.  quinupristin–dalfopristin). 
Carbapenems can significantly decrease (e.g. by 40–80%) 
the serum  concentrations of  valproic acid by inhibiting the 
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table 6.5 Drug–drug interactions of antibacterial agents

antibacterial agent Interacting drug Interaction and management strategy

Oral cephalosporin 
prodrugs1

H
2
 antagonists or antacids Decreased absorption of cephalosporin; space administration by at least 2 h 

Penicillins, cephalosporins 
and carbapenems2

Probenecid Increased serum concentrations of β-lactam agent; avoid concomitant use when higher 
concentrations are not desirable or increased risk in toxicity (e.g. CNS) may occur

Ampicillin or amoxicillin Allopurinol Increased risk (three-fold higher) for rash; monitor for rash; consider alternative agent if possible

Carbapenems3 Valproic acid Decreased serum concentrations of valproic acid; monitor serum valproic acid concentrations 
and seizure activity; increase dose of valproic acid if needed or avoid concomitant use

Imipenem Ganciclovir or ciclosporin Increased risk for CNS toxicity; concomitant use of these agents is not recommended

Erythromycin,  
clarithromycin  
or telithromycin
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Substrates of CYP3A4 
 

See Table 6.2 
 

Antiarrhythmic agents4 Increased serum concentrations of antiarrhythmic agents leading to the risk of QTc 
prolongation, torsades de pointes and death; alternative agents should be considered

Calcium channel blockers5 
 

Increased serum concentrations of calcium channel blocker; monitor for hypotension, 
tachycardia, edema, flushing and dizziness; increased risk of sudden cardiac death (diltiazem, 
verapamil); consider alternative agent if possible

Colchicine Increased toxicity and mortality; avoid concurrent administration

Digoxin Increased digoxin serum concentrations and risk of toxicity; monitor serum digoxin 
concentrations and toxicity; decrease dose of digoxin as needed

Theophylline Increased theophylline serum concentrations and risk of toxicity; monitor serum theophylline 
concentrations and toxicity; decrease dose of theophylline as needed

Tricyclic antidepressants and 
antipsychotic agents6

Increased serum concentrations of antidepressant or antipsychotic agent; risk of QTc 
prolongation and torsades de pointes; alternative agents should be considered

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Fluoroquinolones7 
 
 
 
 
 
 
 
 
 
 

Multivalent cations8 Decreased absorption of fluoroquinolone; space administration by at least 2–4 h

Class Ia and IIIa antiarrhythmic 
agents 

Increased risk of QTc prolongation and torsades de pointes; alternative agents should be 
considered in patients who at risk (e.g. history QTc prolongation or uncorrected electrolyte 
abnormalities)

Theophylline Ciprofloxacin or norfloxacin can increased theophylline serum concentrations and risk of toxicity; 
monitor serum theophylline concentrations and toxicity; decrease dose of theophylline as needed

Tizanidine 
 

Ciprofloxacin can increased tizanidine serum concentrations and risk of hypotensive effects; 
use alternative agents such a fluoroquinolones without CYP1A2 inhibition (e.g. levofloxacin or 
moxifloxacin)

Aminoglycosides,9  
polymyxin, colistin 
 
 
 
 
 
 

Nephrotoxic agents10 
 

Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used 
with caution and includes monitoring of renal function and dosage adjustment based on body 
weight, creatinine clearance estimation and/or serum aminoglycoside concentrations

Ototoxic agents11 Increased risk of ototoxicity; concomitant therapy should be avoided or used with caution at the 
lowest possible dose; consider alternative agent if possible

Neuromuscular blocking 
agents12

Increased respiratory suppression produced by neuromuscular agent; concomitant therapy 
should be avoided or used with caution and includes monitoring for respiratory depression

Vancomycin 
 

Aminoglycosides 
 

Direct or additive injury to the renal tubule; concomitant therapy should be used with caution 
and includes monitoring of renal function and dosage adjustment based on body weight, 
creatinine clearance estimation and/or serum aminoglycoside and vancomycin concentrations

Daptomycin 
 

HMG-CoA reductase  
inhibitors13 

May increase creatinine phosphokinase concentrations or cause rhabdomyolysis; monitor for 
signs and symptoms and consider temporarily discontinuation of HMG-CoA reductase inhibitor 
during daptomycin therapy

Linezolid 
 
 
 
 

Selective serotonin reuptake 
inhibitors (SSRIs)14 

Increased serotonin concentrations and development of serotonin syndrome (hyperpyrexia, 
cognitive dysfunction); concomitant therapy should be avoided or used with caution and 
includes monitoring for serotonin syndrome

Sympathomimetic agents15 Enhance pharmacological (e.g. enhanced vasopressor effect); concomitant therapy should be 
avoided or used with caution; counsel patients regarding choice of OTC products

(Continued)
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table 6.5 Drug–drug interactions of antibacterial agents—cont’d

antibacterial agent Interacting drug Interaction and management strategy

Quinupristin–dalfopristin Substrates of CYP3A4 See Table 6.2

Tigecycline Warfarin Potential decreased clearance of warfarin; monitor PT/INR and adjust warfarin dose appropriately

Tetracyclines 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Multivalent cations,8 
colestipol, kaolin–pectin, 
activated charcoal, and 
sodium bicarbonate

Decreased absorption of tetracyclines; space administration by at least 2 h 
 
 

Atovaquone Decreased atovaquone concentrations; parasitemia should be closely monitored; consider 
alternative agent if possible

Digoxin Increased digoxin serum concentrations and toxicity; monitor digoxin serum concentrations 
and adjust dose appropriately

Ergotamine tartrate Increased ergotism; monitor for ergotism and use alternative therapy when possible

Isotretinoin, acitretin Additive effects of pseudotumor cerebri (benign intracranial hypertension); avoid concurrent 
use

Lithium Increased lithium serum concentrations and toxicity; monitor lithium serum concentrations and 
adjust dose appropriately

Methotrexate Increased methotrexate serum concentrations and toxicity; monitor methotrexate serum 
concentrations and use leucovorin rescue as needed

Quinine Increased quinine serum concentrations; monitor for quinine toxicity

Theophylline Increased theophylline serum concentrations; monitor toxicity and theophylline serum 
concentrations, and adjust dose appropriately

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Doxycycline 
 
 

Barbiturates, chronic ethanol 
ingestion, carbamazepine, 
phenytoin, fosphenytoin, 
rifampicin, rifabutin

Decreased doxycycline serum concentrations; use other tetracycline product or alternative 
agent if possible 
 

Metronidazole Ethanol, OTC and prescription 
products containing ethanol 
or propylene glycol16

Produces a disulfiram-like reaction (e.g. flushing, palpitation, tachycardia, nausea, vomiting); 
avoid concomitant therapy within 2 or 3 days of taking metronidazole; counsel patients about 
these potential side effects

5-Fluorouracil Increased toxicity; avoid concomitant use

Lithium, busulfan, ciclosporin, 
tacrolimus, phenytoin, 
carbamazepine

Increased serum concentrations of interacting drugs; monitor toxicity and serum drug 
concentrations; adjust dose appropriately 

Phenobarbital, phenytoin, 
rifampicin, prednisone

Decreased metronidazole serum concentrations; monitor efficacy; doses of metronidazole may 
need to be increased

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Chloramphenicol 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Paracetamol Equivocal changes to chloramphenicol serum concentrations; monitor chloramphenicol serum 
concentrations and adjust dose appropriately; use other analgesic or antipyretic agents

Cyclophosphamide Decreased effectiveness of cyclophosphamide; avoid concomitant use

Cimetidine Bone marrow suppression and increased risk for aplastic anemia; avoid concomitant use and 
consider use of other antiulcer medications

Folic acid, iron, 
cyanocobalamin

Delayed response of anemias; avoid concomitant use 

Ciclosporin, tacrolimus, 
phenobarbital, phenytoin

Increased serum drug concentrations of the interacting drug; monitor toxicity and serum drug 
concentrations; adjust dose appropriately

Phenobarbital, phenytoin, 
rifampicin

Decreased chloramphenicol serum concentrations; monitor efficacy and chloramphenicol 
serum concentrations; adjust dose appropriately

Sulfonylurea hypoglycemic17 Enhanced hypoglycemia; monitor efficacy and blood glucose concentrations

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

(Continued)
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 hydrolysis process between the glucuronide metabolite and 
valproic acid.31,34 Chloramphenicol has recently been shown to 
be a potent inhibitor of CYP2C19 and CYP3A4 and a weak 
inhibitor of CYP2D6 in human liver microsomes. In contrast, 
newer agents such daptomycin, linezolid and tigecycline do 
not have significant activity to inhibit common human CYP 
 isoforms (1A2, 2C9, 2C19, 2D6 and 3A4).15,25,33

Probenecid inhibits OAT1 and renal tubular secretion of 
most β-lactams eliminated by the kidney.18,19 The product 

package insert states that doripenem and probenecid should 
not be co-administered.34 Other agents with the potential to 
inhibit tubular secretion of β-lactams include methotrexate, 
aspirin and indometacin. Trimethoprim is a potent inhibi-
tor of renal tubular secretion and can increase plasma con-
centrations of amantadine, dapsone, digoxin, dofetilide, 
lamivudine, methotrexate, procainamide and zidovudine. 
Trimethoprim can also inhibit sodium channels of the renal 
distal tubules and can potentially cause hyperkalemia with 

table 6.5 Drug–drug interactions of antibacterial agents—cont’d

antibacterial agent Interacting drug Interaction and management strategy

Trimethoprim–
sulfamethoxazole 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Amantadine, dapsone, 
digoxin, dofetilide, 
lamivudine, methotrexate, 
phenytoin, fosphenytoin, 
procainamide, zidovudine

Increased serum drug concentrations of the interacting drug; monitor for toxicity, drug 
concentrations (e.g. digoxin, procainamide and its metabolite, NAPA) or appropriate laboratory 
test (dapsone: methemoglobin level; zidovudine: CBC) and adjust dose appropriately; avoid 
concomitant use (e.g. dofetilide, methotrexate) if possible 

Azathioprine Increased leucopenia; monitor CBC

Ciclosporin Decreased ciclosporin serum concentrations and azotemia; monitor ciclosporin serum 
concentrations and renal function; adjust dose appropriately

Enalapril (ACE inhibitors), 
potassium, potassium-
sparing diuretics

Hyperkalemia; monitor serum potassium level 
 

Methenamine Crystallization of sulfonamides in urine; avoid concomitant use

Metronidazole Disulfiram reaction (ethanol in intravenous TMP–SMX product); use alternative therapy when 
possible

Procaine, tetracaine Decreased effect of sulfonamides; use alternative therapy when possible

Pyrimethamine Megaloblastic anemia and pancytopenia; monitor CBC and consider adding leucovorin rescue; 
avoid concomitant use

Repaglinide, rosiglitazone, 
sulfonylurea hypoglycemic17

Increased serum concentrations of interacting drug and increased hypoglycemic effect; monitor 
serum glucose concentrations and adverse effects

Rifabutin Increased sulfamethoxazole hydroxylamine concentrations; monitor for SMX toxicity

Rifampicin Increased rifampicin concentrations and decreased TMP–SMX concentrations; monitor  
TMP–SMX efficacy

Thiazide diuretics Hyponatremia; monitor serum sodium level

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

1Oral cephalosporin prodrugs such as cefpodoxime proxetil, cefuroxime axetil and cefditoren pivoxil.
2Inhibition of tubular secretion of most renally eliminated β-lactam agents.
3Imipenem, meropenem, ertapenem and doripenem.
4Examples include quinidine, ibutilide, sotalol, dofetilide, amiodarone and bretylium.
5Examples include nifedipine, felodipine, diltiazem and verapamil.
6Examples include amitriptyline, haloperidol, risperidone and quetiapine.
7Norfloxacin, ciprofloxacin, levofloxacin and moxifloxacin.
8Examples include antacids (containing aluminum or magnesium or calcium), iron, zinc, bismuth subsalicylate, multivitamin products, laxatives, sucralfate, didanosine, sevelamer 
and quinapril.
9Gentamicin, tobramycin, amikacin.
10Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, polymyxin B, colistin, radio contrast and aminoglycosides.
11Examples include ethacrynic acid, furosemide, urea, mannitol and cisplatin.11

12Examples include succinylcholine, d-tubocurarine, vecuronium, pancuronium and atracurium
13Hydroxymethylglutaryl-coenzyme A (HMG-CoA) reductase inhibitors (or the ‘statins’), such as simvastatin, lovastatin, pravastatin and fluvastatin.
14Examples include sertraline, paroxetine, citalopram and fluoxetine.
15Examples include dopamine, epinephrine, and OTC cough and cold preparations that contain pseudoephedrine or phenylpropanolamine.
16Examples include oral (cough and cold OTC preparations, ritonavir solution) and intravenous products (diazepam, nitroglycerin, phenytoin, TMP–SMX). Amprenavir oral solution 
has a high content of propylene glycol.
17Examples include tolbutamide, chlorpropamide, glipizide and glibenclamide (glyburide).
ACE, angiotensin converting enzyme; CBC, complete blood count; CNS, central nervous system; CYP, cytochrome P

450
; OTC, over-the-counter; PT/INR, prothrombin time/

international normalized ratio; TMP–SMX, trimethoprim–sulfamethoxazole.
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angiotensin converting enzyme (ACE) inhibitors, potassium 
supplements and potassium-sparing diuretics. In addition, 
hyponatremia has been associated with thiazide diuretics and 
trimethoprim therapy.

Several classes of antibacterial agent are associated with 
pharmacodynamic drug–drug interactions involving over-
lapping and/or additive toxicity.15,33 Numerous reports have 
documented the increased risk of developing nephrotoxic-
ity with the concurrent administration of aminoglycosides 
with amphotericin B, cisplatin, ciclosporin (cyclosporine), 
vancomycin or indometacin (in neonates with patent duc-
tus arteriosus). In addition, aminoglycosides should be 
avoided or used with caution with the above agents as 
well as other known nephrotoxic agents such as foscar-
net, intravenous pentamidine, cidofovir, polymyxin B and 
colistin. An increased risk of ototoxicity has been reported 
with the co-administration of aminoglycosides and loop 
diuretics. Ethacrynic acid has been reported to cause hear-
ing loss when administered alone and in conjunction with 
aminoglycosides such as kanamycin and streptomycin. 
Furosemide has also been identified as an additive risk fac-
tor for increased rates of nephrotoxicity and ototoxicity with 
aminoglycosides. Ethacrynic acid, furosemide, urea and 
mannitol should be used cautiously at the lowest possible 
doses in patients receiving concurrent  aminoglycoside ther-
apy. Aminoglycosides and clindamycin may enhance the 
effects of neuromuscular blocking agents (e.g. d-tubocura-
rine, pancuronium, vecuronium) and result in a prolonged 
duration of neuromuscular blockade.

Additive inhibition of dihydrofolate reductase to azathio-
prine, methotrexate or pyrimethamine contributes, in part, 
to the increased risk of myelotoxicity, pancytopenia and/or 
megaloblastic anemia when these agents are combined with 
trimethoprim and/or sulfamethoxazole.15,33,35 The combin-
ing of cimetidine with chloramphenicol has been associated 
with additive bone marrow suppression and increased risk 
for aplastic anemia. Tetracycline may potentiate the toxici-
ties of lithium, methotrexate, methoxyflurane and ergotamine 
tartrate. The combination of tetracyclines or tigecycline with 
retinoids (e.g. acitretin, isotretinoin) is not recommended 
due to the potential additive effects of pseudotumor cerebri 
(benign intracranial hypertension).

Metronidazole produces a disulfiram-like reaction (e.g. 
flushing, palpitations, tachycardia, nausea, vomiting) in some 
patients who drink ethanol while taking the drug.15 Careful 
selection of over-the-counter and prescription medication is 
necessary since several oral (e.g. cough and cold preparations, 
ritonavir solution) and intravenous (e.g. diazepam, nitroglyc-
erin, phenytoin, trimethoprim–sulfamethoxazole) products 
contain ethanol. Metronidazole and medications with a high 
content of propylene glycol should also be avoided or used with 
caution since metronidazole inhibits the alcohol and aldehyde 
dehydrogenase pathway that metabolizes propylene glycol.

Several case reports have been published regarding the tem-
poral drug–drug interaction relationship between  linezolid 
and selective serotonin reuptake inhibitors (SSRIs) such as 

 sertraline, paroxetine, citalopram and fluoxetine.15,33 The revers-
ible monoamine oxidase inhibitor (MAOI) activity of linezolid 
also has the potential for drug–drug interactions involving over-
the-counter cough and cold preparations containing adrenergic 
agents such as pseudoephedrine and phenylpropanolamine.

ANTIFUNGAL AGENTS (Table 6.6)

Amphotericin B and flucytosine are eliminated by renal excre-
tion and are associated with significant adverse effects. Drug–
drug interactions of amphotericin B and flucytosine involve 
overlapping or additive pharmacodynamic adverse effects 
(e.g. increased risks for myelosuppression or nephrotoxic-
ity).36 Amphotericin B-associated nephrotoxicity can cause 
fluid and electrolyte imbalances (e.g. hypokalemia) and these 
changes result in additive effects with diuretics, aminoglyco-
sides or corticosteroids, or enhanced pharmacological effects 
with digoxin. However, combination therapy of amphotericin 
B and flucytosine may have synergistic antifungal effects and 
can be beneficial in the treatment of cryptococcal meningitis.

Azole antifungal agents are associated with numerous phar-
macokinetic drug–drug interactions involving both induction 
and inhibition of CYP isoenzymes.36–39 

•	 Ketoconazole	is	a	substrate	and	strong	inhibitor	of	
CYP3A4.

•	 Fluconazole	is	an	inhibitor	of	CYP3A4,	CYP2C9	and	
CYP2C19. It is also a substrate of P-gp and inhibitor 
of UGT. Fluconazole is a much less potent inhibitor of 
CYP3A4 than itraconazole and ketoconazole; however, 
it is a stronger inhibitor of CYP2C9 than voriconazole. 
Unlike other azole agents, fluconazole is mainly renally 
eliminated (e.g. 80%) and only 11% is metabolized to two 
inactive metabolites.

•	 Itraconazole	is	a	substrate	and	potent	inhibitor	of	
CYP3A4 (hepatic and intestinal) and P-gp.

•	 Voriconazole	is	a	substrate	and	an	inhibitor	of	CYP2C19,	
CYP3A4 and CYP2C9.

•	 Posaconazole	is	metabolized	by	phase	II	
biotransformation using UGT and is an inhibitor of 
CYP3A4.

•	 Miconazole	is	a	potent	inhibitor	of	CYP2C9	and	has	been	
associated with drug–drug interactions (e.g. warfarin), 
even though miconazole is most commonly administered 
as a topical or oral gel.

Examples of clinically significant pharmacokinetic azole–drug 
interactions include induction (e.g. reduced plasma concen-
tration of the azole by rifamycins), inhibition of CYP2C9 (e.g. 
warfarin and voriconazole), inhibition of CYP and breast can-
cer resistance protein (e.g. lovastatin and itraconazole), inhi-
bition of CYP and P-gp (e.g. quinidine and itraconazole), 
inhibition of P-gp (e.g. digoxin and itraconazole), inhibi-
tion of UGT (e.g. zidovudine and fluconazole), and two-way 
interactions (e.g. induction of CYP or UGT by phenytoin and 
 inhibition of CYP3A4 by azole). In addition, ketoconazole 
and itraconazole may have altered gastric absorption because 
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table 6.6 Drug–drug interactions of antifungal agents

antifungal agent Interacting drug Interaction and management strategy

Amphotericin B Flucytosine May increase myelosuppression; monitor CBC, renal function and flucytosine serum concentrations; 
initiate flucytosine at a low dosage (e.g. 75–100 mg/kg) and adjust dose as needed

Nephrotoxic agents1 
 

Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used 
with caution and includes monitoring of renal function and dosage adjustment based on toxicity, 
body weight and creatinine clearance estimation

Zidovudine, ganciclovir May increase bone marrow toxicity; monitor CBC weekly

Flucytosine Amphotericin B May increase myelosuppression; monitor CBC, renal function and flucytosine serum concentrations; 
initiate flucytosine at a low dosage (e.g. 75–100 mg/kg) and adjust dose as needed

Cytarabine Antagonizes the antifungal activity of flucytosine; avoid concomitant use

Zidovudine, ganciclovir May increase bone marrow toxicity; monitor CBC weekly

Fluconazole 
 

Substrates of CYP3A4 
 

See Table 6.2; fluconazole is contraindicated for concomitant use with ergot alkaloids and drugs 
(e.g. astemizole, terfenadine, cisapride, quinidine, pimozide, mesoridazine, bepridil, thioridazine, 
levomethadyl, ziprasidone ) that are CYP3A4 substrates and prolong the QTc interval

Ciclosporin, tacrolimus,  
sirolimus, everolimus

Increased ciclosporin, tacrolimus, sirolimus or everolimus serum concentrations; monitor toxicity 
and serum drug concentrations, adjust dose as needed

Phenytoin, fosphenytoin Increased phenytoin serum concentrations and phenytoin toxicity; monitor toxicity and 
phenytoin serum concentrations and adjust dose as needed

Rifampicin, rifapentine Decreased fluconazole serum concentrations; monitor efficacy and increase dose as needed

Sulfonylurea hypoglycemic2 Enhanced hypoglycemia; monitor efficacy and blood glucose concentrations

Theophylline Increased theophylline serum concentrations and risk of toxicity; monitor serum theophylline 
concentrations and toxicity; decrease dose of theophylline as needed

Warfarin Enhanced anticoagulation; monitor prothrombin time/international normalized ratio (PT/INR) 
and adjust warfarin dose appropriately

Zidovudine Increased zidovudine serum concentrations; monitor for toxicity and adjust dose as needed

Itraconazole 
 
 

Substrates of CYP3A4 
 
 

See Table 6.2; itraconazole is contraindicated for concomitant use with ergot alkaloids, HMG-CoA 
reductase inhibitors metabolize by CYP3A4 (lovastatin, simvastatin), oral midazolam, triazolam, 
alprazolam, astemizole, terfenadine, cisapride, quinidine, pimozide, dofetilide, levomethadyl, 
silodosin, eplerenone, nisoldipine, ranolazine, alfuzosin or conivaptan

Antacids, H
2
 antagonist 

(e.g. famotidine), proton pump  
inhibitor (e.g. omeprazole), 
didanosine (buffered formulation)

Decreased itraconazole absorption and serum concentrations; loss of antimycotic efficacy; 
alternative antifungal agent or interacting drug should be considerate; space antacid 
administration by at least 2 h; administer itraconazole with a cola beverage if receiving H

2
 

antagonist; use new didanosine formulation with buffer

Buspirone, haloperidol,  
risperidone, diazepam

Increased serum concentrations of interacting agents; monitor toxicity and adjust dose as 
needed

Busulfan, docetaxel Increased serum concentrations of interacting drugs and toxicity; monitor toxicity and complete 
blood count; adjust dose appropriately

Calcium channel blockers3 Increased serum concentrations of calcium channel blocking agents; monitor toxicity and adjust 
dose as needed

Ciclosporin, tacrolimus, sirolimus, 
everolimus

Increased ciclosporin, tacrolimus, sirolimus or everolimus serum concentrations; monitor toxicity 
and serum drug concentrations; adjust dose as needed

Digoxin Increased digoxin serum concentrations and toxicity; monitor digoxin serum concentrations and 
adjust dose appropriately

Loperamide Increased loperamide serum concentrations; monitor for increased loperamide toxicity 
(e.g. nausea, vomiting, dry mouth, dizziness or drowsiness)

Protease inhibitors (indinavir, 
ritonavir, saquinavir)

Increased serum concentrations of protease inhibitors and/or itraconazole; monitor toxicity and 
adjust dose as needed

Rifampicin, rifabutin, isoniazid, 
carbamazepine, phenobarbital, 
efavirenz, nevirapine, St John’s wort

Decreased itraconazole serum concentrations and loss of antimycotic efficacy; alternative 
antifungal agent or interacting drug should be considerate 

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

(Continued)
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of alteration in gastric pH or binding drug–drug interac-
tions. Fluconazole, ketoconazole and voriconazole can also be  
associated with pharmacodynamic drug–drug interactions 
involving QTc prolongation.

Echinocandin antifungal agents are not commonly asso-
ciated with drug–drug interactions.36 Anidulafungin and 
micafungin are not clinically important substrates,  inducers 

or inhibitors of CYP isoenzymes or P-gp. Caspofungin is a 
poor substrate for CYP isoenzymes and is not a substrate 
for P-gp. Co-administration of rifampicin decreases serum 
 concentrations of caspofungin. Caution is recommended 
when other potent drug inducers (e.g. carbamazepine, pheny-
toin, efavirenz, nevirapine, dexamethasone) are administered 
with caspofungin.

1Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, polymyxin B, colistin, radio contrast and aminoglycosides.
2Examples include tolbutamide, chlorpropamide, glipizide and glibenclamide (glyburide).
3Examples include nifedipine, felodipine, diltiazem and verapamil.

antifungal agent Interacting drug Interaction and management strategy

Posaconazole Substrates of CYP3A4 
 

See Table 6.2; posaconazole is contraindicated for concomitant use with ergot alkaloids, 
sirolimus and drugs (e.g. astemizole, terfenadine, cisapride, quinidine, pimozide, halofantrine) 
that are CYP3A4 substrates and prolong the QTc interval

Cimetidine Decreased posaconazole serum concentrations; avoid concomitant use and consider use  
of other antiulcer medications

Ciclosporin, tacrolimus 
 

Increased ciclosporin or tacrolimus serum concentrations; reduce dose of ciclosporin (by 25%) 
or tacrolimus (by 66%), monitor toxicity and ciclosporin or tacrolimus serum concentrations, 
and adjust dose as needed

Phenytoin, fosphenytoin 
 

Decreased posaconazole serum concentrations and increased phenytoin serum concentrations; 
avoid concomitant use; if concomitant use required, monitor efficacy, toxicity and phenytoin 
serum concentrations, and adjust dose as needed

Voriconazole Substrates of CYP3A4 
 

See Table 6.2; voriconazole is contraindicated for concomitant use with ergot alkaloids, ritonavir 
(400 mg every 12 h), sirolimus and drugs (e.g. astemizole, terfenadine, cisapride, quinidine, 
pimozide, ranolazine) that are CYP3A4 substrates and prolong the QTc interval

Ciclosporin, tacrolimus 
 

Increased ciclosporin or tacrolimus serum concentrations; reduce dose of ciclosporin or 
tacrolimus by 33–50%, monitor toxicity and ciclosporin or tacrolimus serum concentrations, 
and adjust dose as needed

Methadone Increased R-methadone concentrations and risk of toxicity (e.g. QTc prolongation, respiratory 
depression); monitor for toxicity and adjust dose as needed

Omeprazole Increased omeprazole serum concentrations; reduce omeprazole dose in half

Phenytoin, fosphenytoin 
 

Decreased voriconazole serum concentrations and increased phenytoin serum concentrations; 
increase voriconazole dose to 400 mg every 12 h (oral) or 5 mg/kg every 12 h (intravenous), 
monitor efficacy, toxicity and phenytoin serum concentrations and adjust dose as needed

Rifampicin, rifabutin, 
carbamazepine, phenobarbital, 
mephobarbital, efavirenz,  
St John’s wort

Decreased voriconazole serum concentrations; voriconazole is contraindicated for concomitant 
use with these interacting drugs 
 

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Anidulafungin Ciclosporin Slight increase in anidulafungin serum concentrations; no dose adjustment required

Caspofungin Ciclosporin Increased caspofungin serum concentrations and transient elevations in liver enzymes  
(e.g. ALT and AST); monitor for toxicity and liver enzymes

Rifampicin (and potentially 
other potent inducers)

Decreased serum concentrations of caspofungin; monitor clinical response and increase 
caspofungin maintenance dose to 70 mg per day if needed

Tacrolimus Increased tacrolimus blood concentrations; monitor tacrolimus blood concentrations and  
adjust as needed

Micafungin Ciclosporin Decreased oral clearance and increased half-life of ciclosporin; monitor ciclosporin serum 
concentrations and adjust dose as needed

Nifedipine Increased nifedipine serum concentrations; monitor for nifedipine toxicity and reduce dose if 
needed

table 6.6 Drug–drug interactions of antifungal agents—cont’d

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CYP, cytochrome P
450

; HMG-CoA, hydroxymethylglutaryl-coenzyme A; PT/INR, prothrombin time/international 
normalized ratio.
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ANTIRETROVIRAL AGENTS

Some of the most challenging drug–drug interactions are 
associated with antiretroviral agents, particularly with non-
nucleoside reverse transcriptase inhibitors, protease inhibi-
tors and chemokine receptor antagonists.35,40,41 The increased 
knowledge about how these agents are metabolized and elimi-
nated from the body has been helpful in predicting and man-
aging many of the clinically significant drug–drug interactions. 
The reader should refer to the most recent report by the Panel 
on Antiretroviral Guidelines for Adults and Adolescents: 
A Working Group of the Office of AIDS Research Advisory 
Council (http://www.aidsinfo.nih.gov) for up-to-date guide-
lines on prescribing and monitoring antiretroviral agents, 
including important drug–drug interactions. In addition, 
there are several websites (e.g. http://hivinsite.ucsf.edu; http://
www.hiv-druginteractions.org) that are readily available and 
contain updated information about drug–drug, drug–food 
and drug–herbal interactions with antiretroviral agents.

  NUCLEOSIDE AND NUCLEOTIDE 
REVERSE TRANSCRIPTASE 
INHIBITORS (NRTIs) (Table 6.7)

Nucleoside and nucleotide reverse transcriptase  inhibitors do 
not undergo metabolism or inhibition by common human 
CYP isoforms.35,40 The majority of drug–drug interactions asso-
ciated with NRTIs involve drug absorption (e.g. didanosine), 
antagonism of intracellular phosphorylation (e.g. stavudine and 
zidovudine) or increased/additive toxicity. Mechanisms of many 
of these drug–drug interactions of NRTIs remain unclear.

NON-NUCLEOSIDE REVERSE 
TRANSCRIPTASE INHIBITORS (NNRTIs) 
(Table 6.8)

The possibility of drug–drug interactions should be care-
fully considered and monitored in all patients prescribed 
NNRTIs.35,40 All NNRTIs are metabolized in the liver by 

table 6.7 Drug–drug interactions of nucleoside and nucleotide reverse transcriptase inhibitors (NRTIs)

antiviral agent Interacting drug Interaction and management strategy

Abacavir Methadone Decreased methadone serum concentrations; monitor for methadone withdrawal and titrate methadone 
dose as needed

Tipranavir–ritonavir Decreased abacavir serum concentrations; monitor for abacavir efficacy; appropriate dose for this 
combination is not established

Didanosine  Ganciclovir,  
valganciclovir (oral)

Increased didanosine serum concentrations and decreased ganciclovir serum concentrations after oral 
administration; monitor ganciclovir efficacy and didanosine toxicity

Ribavirin Increased didanosine intracellular concentrations; contraindicated for co-administration

Hydroxyurea Peripheral neuropathy, lactic acidosis and pancreatitis have been seen with this combination (with or 
without stavudine); avoid co-administration if possible

Stavudine Peripheral neuropathy, lactic acidosis and pancreatitis have been seen with this combination (with or 
without hydroxyurea); avoid co-administration if possible

Allopurinol Increased didanosine serum concentrations and increased risk for toxicity (pancreatitis, neuropathy); 
contraindicated for co-administration

Atazanavir Decreased didanosine serum concentrations with simultaneous co-administration; space administration 
by 2 h before or 1 h after didanosine

Tipranavir–ritonavir Decreased didanosine and tipranavir serum concentrations; space administration by at least 2 h

Indinavir Decreased indinavir serum concentrations after pediatric solution; space administration by at least 1 h

Delavirdine Decreased delavirdine serum concentrations after didanosine pediatric solution; space administration by 
at least 1 h

Tenofovir Increased didanosine serum concentrations; decrease didanosine dose (e.g. delayed-release capsules: 
if CLCR>60 mL/min: 250 mg per day if patient weighs >60 kg; 200 mg if patient weighs <60 kg)

Methadone Decreased didanosine serum concentrations with didanosine pediatric solution; monitor didanosine efficacy

Fluoroquinolones Decreased fluoroquinolone serum concentrations with simultaneous co-administration of didanosine 
pediatric solution but not delayed-release capsules; space administration by at least 2–6 h

Tetracyclines Decreased tetracycline serum concentrations with simultaneous co-administration of didanosine pediatric 
solution; space administration by at least 1–2 h

Itraconazole Decreased itraconazole serum concentrations with concurrent administration of didanosine pediatric 
solution; space administration by at least 2 h

(Continued)
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the cytochrome P450 system. Delavirdine is a substrate and a 
potent inhibitor of CYP3A4. Delavirdine is also a weak inhib-
itor of CYP2C9, CYP2D6 and CYP2C19 in vitro. The con-
current administration of drugs outlined in Table 6.2 should 
be avoided or used with extreme caution in patients receiv-
ing delavirdine. In addition, strong inducers and inhibitors 
of CYP3A4 will significantly decrease and increase plasma 
 concentrations of delavirdine, respectively.

Nevirapine is metabolized by CYP3A4 and CYP2B6. 
Nevirapine is a moderate inducer of CYP3A4 and will 
lower the plasma concentrations of CYP3A4 substrates. 

The metabolism of efavirenz is mainly by CYP2B6 but 
also to a lesser extent by CYP3A4. Efavirenz is a moder-
ate inducer of CYP3A4 but also an inhibitor of CYP3A4, 
CYP2C9 and CYP2C19. The impact that nevirapine and 
efavirenz may have on substrates of CYP3A4 by lower-
ing plasma concentrations must be carefully considered. 
In addition, potent inducers of CYP3A4 (e.g. rifampi-
cin, anticonvulsants, St John’s wort) can lower the plasma 
concentrations of nevirapine and efavirenz, and appropri-
ate dosing guidelines or alternative agents (e.g. rifabutin) 
need to be considered.

antiviral agent Interacting drug Interaction and management strategy

Emtricitabine No major interactions –

Lamivudine Trimethoprim–
sulfamethoxazole

Increased lamivudine serum concentrations; monitor lamivudine toxicities 

Stavudine Zidovudine Antagonism may occur; competitive inhibition of intracellular phosphorylation of stavudine by 
zidovudine; avoid concomitant administration

Methadone Decreased stavudine serum concentrations; monitor stavudine efficacy

Didanosine Peripheral neuropathy, lactic acidosis and pancreatitis have been seen with this combination (with or 
without hydroxyurea); avoid co-administration if possible

Tenofovir Didanosine Increased didanosine serum concentrations; decrease didanosine dose (e.g. delayed-release capsules:  
if CL

CR
 >60 mL/min: 250 mg per day if patient weighs >60 kg; 200 mg if patient weighs <60 kg)

Atazanavir–ritonavir 
 

Decreased atazanavir serum concentrations and increased tenofovir serum concentrations; 
recommended dosage regimen: atazanavir 300 mg, ritonavir 100 mg, tenofovir 300 mg given once daily 
with food; monitor for tenofovir toxicities; avoid concomitant administration without ritonavir

Darunavir–ritonavir Increased tenofovir serum concentrations; monitor tenofovir toxicities

Lopinavir–ritonavir Increased tenofovir serum concentrations; monitor tenofovir toxicities

Tipranavir–ritonavir Decreased tenofovir serum concentrations; monitor tenofovir efficacy

Zidovudine Stavudine Antagonism may occur; competitive inhibition of intracellular phosphorylation of stavudine by 
zidovudine; avoid concomitant administration

Ganciclovir,  
valganciclovir 

Increased risk of hematological toxicity (e.g. anemia, neutropenia, pancytopenia) and GI toxicity; 
concomitant therapy should be avoided or used with caution with careful monitoring of hematological 
function and at the lowest possible dose; consider alternative antiretroviral agent

Aciclovir Increased risk of neurotoxicity (e.g. drowsiness, lethargy); monitor for adverse events

Ribavirin Ribavirin inhibits intracellular phosphorylation of zidovudine; avoid concomitant administration; 
if administered together, monitor virological efficacy and hematological toxicities

Methadone Increased zidovudine serum concentrations; monitor zidovudine toxicities

Atazanavir Decreased zidovudine serum concentrations; monitor zidovudine efficacy

Tipranavir–ritonavir Decreased zidovudine and tipranavir serum concentrations; monitor virological efficacy

Atovaquone Increased zidovudine serum concentrations; monitor zidovudine toxicities

Probenecid Increased zidovudine serum concentrations; monitor zidovudine toxicities

Cidofovir Manufacturer recommends that on days of cidofovir plus probenecid (see Table 6-10) co-administration, 
zidovudine should be temporarily discontinued or given at a 50% reduced dose

Fluconazole Increased zidovudine serum concentrations; monitor zidovudine toxicities

Valproic acid Decreased zidovudine serum concentrations; monitor virological efficacy

table 6.7 Drug–drug interactions of nucleoside and nucleotide reverse transcriptase inhibitors (NRTIs)—cont’d

CL
CR

, creatinine clearance; GI, gastrointestinal.
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Etravirine is the newest NNRTI and is metabolized by 
CYP3A4, CYP2C9, CYP2C19 as well as glucuronidation 
(minor).41 Etravirine is a moderate inducer of CYP3A4 and 
acyl glucuronides, and an inhibitor of CYP2C9 and CYP2C19. 
It is recommended that other inducers such as nevirapine, 
efavirenz and rifampicin not be given in combination with 

etravirine. In addition, clarithromycin, unboosted protease 
inhibitors, tipranavir–ritonavir, fosamprenavir–ritonavir and 
atazanavir–ritonavir should not be co-administered with etra-
virine. It is recommended that the dose of phosphodiesterase 
5 inhibitors (e.g. sildenafil) be increased and titrated to the 
desired effect when administered with etravirine.

 table 6.8 Drug–drug interactions of non-nucleoside reverse transcriptase inhibitors (NNRTIs)

NNrtI Interacting drug Interaction and management strategy

Delavirdine Substrates of CYP3A4 
 
 
 

See Table 6.2; delavirdine is contraindicated for concomitant use with ergot alkaloids, 
drugs (e.g. astemizole, terfenadine, cisapride, pimozide, bepridil) that are CYP3A4 
substrates and prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, 
rifabutin, alprazolam, oral midazolam, triazolam, St John’s wort, fosamprenavir, 
carbamazepine, phenobarbital and phenytoin

Antacids–didanosine Decreased delavirdine concentrations; space administration by at least 1 h

Clarithromycin Increased clarithromycin and delavirdine concentrations; reduce clarithromycin dose 
by 50% if CLCR 30–60 mL/min and by 75% if CLCR <30 mL/min

Benzodiazepines: alprazolam,  
diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam) 

Hormonal contraceptives Consider using additional methods

Atorvastatin Use lowest possible dose; use alternative lipid-lowering agent

Protease inhibitors See Table 6.9

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose  
(e.g. 150 mg every 12 h)

Methadone Monitor for methadone toxicity; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

Efavirenz Itraconazole, posaconazole Decreased itraconazole, OH-itraconazole and posaconazole serum concentrations; 
adjust dose as needed

Voriconazole Contraindicated at standard dose; use voriconazole 400 mg every 12 h and efavirenz 
300 mg per day

Carbamazepine, phenobarbital,  
phenytoin

Decreased carbamazepine concentrations; monitor anticonvulsant serum 
concentrations; adjust dose as needed or use alternative anticonvulsant

Clarithromycin Decreased clarithromycin serum concentrations; monitor efficacy or use alternative 
agent

Rifabutin Decreased rifabutin serum concentrations; increase dose

Rifampicin Decreased rifampicin serum concentrations; increase dose

Oral midazolam Do not administer with oral midazolam

St John’s wort Avoid combination

Hormonal contraceptives Use alternative or additional methods

Atorvastatin Adjust atorvastatin dose according to lipid response

Lovastatin, simvastatin Adjust statin dose according to lipid response

Pravastatin, rosuvastatin Adjust statin dose according to lipid response

Protease inhibitors See Table 6.9

Methadone Decreased methadone serum concentrations; adjust dose as needed; monitor for 
withdrawal

Warfarin Monitor PT/INR; adjust dose as needed

(Continued)
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PROTEASE INHIBITORS (Table 6.9)

Protease inhibitors are major substrates of CYP3A4.40,41 
The only exception is nelfinavir which is a major substrate 
of CYP2C19 and only a minor substrate of CYP3A4. The 
active metabolite of nelfinavir (M8) is a major substrate 
of CYP3A4. Ritonavir is also a substrate of CYP2C9 and 
CYP2D6. Protease inhibitors can be affected by potent 

 inhibitors or inducers of these substrates and, in selected 
cases, co-administration should be avoided (e.g. rifampicin 
or St John’s wort).

Protease inhibitors can cause significant drug–drug inter-
actions with other antiretroviral agents, antibacterial agents, 
ergot derivatives, sedatives/hypnotics, phosphodiesterase inhib-
itors and HMG Co-A reductase inhibitors because of inhi-
bition of CYP3A4 and/or P-gp (Tables 6.1, 6.2 and 6.9).40,41 

table 6.8 Drug–drug interactions of non-nucleoside reverse transcriptase inhibitors (NNRTIs)—cont’d

NNrtI Interacting drug Interaction and management strategy

Etravirine Antiarrhythmic agents Decreased antiarrhythmic serum concentrations; use with caution, monitor 
antiarrhythmic serum concentrations and adjust dose as needed

Dexamethasone Decreased etravirine serum concentrations; use with caution or consider alternative 
corticosteroid for long-term use

Itraconazole Decreased itraconazole and increased etravirine serum concentrations; adjust dose 
as needed

Voriconazole Decreased itraconazole and etravirine serum concentrations; adjust voriconazole dose 
as needed

Carbamazepine, phenobarbital,  
phenytoin

Do not co-administer; consider alternative anticonvulsant 

Clarithromycin Decreased clarithromycin and increased OH-clarithromycin serum concentrations; 
increased etravirine serum concentrations; consider alternative agent

Rifabutin Use alternative agent or adjust dose appropriately

Rifampicin Do not co-administer

Diazepam Increased diazepam serum concentrations; decrease dose

St John’s wort Avoid combination

Hormonal contraceptives Increased ethinyl estradiol serum concentrations; no dosage adjustment needed

Atorvastatin, fluvastatin Increased atorvastatin serum concentrations; standard dose; adjust dose according 
to response

Lovastatin, simvastatin Decreased statin serum concentrations; adjust dose according to response

Sildenafil Decreased sildenafil serum concentrations; may need to increase sildenafil dose based 
on clinical effect

Protease inhibitors See Table 6.9

Warfarin Monitor PT/INR; adjust dose as needed

Nevirapine Fluconazole Increased nevirapine serum concentrations and hepatotoxicity; monitor hepatotoxicity

Carbamazepine, phenytoin,  
phenobarbital

Decreased nevirapine serum concentrations; contraindicated; do not co-administer 

Clarithromycin Increased nevirapine and decreased clarithromycin serum concentrations; monitor 
efficacy or use alternative agent

Rifampicin Decreased nevirapine concentrations; do not co-administer

St John’s wort Avoid combination

Protease inhibitors See Table 6.9

Methadone Decreased methadone serum concentrations; monitor for opiate withdrawal and 
increased methadone dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

CL
CR

, creatinine clearance; CYP, cytochrome P
450

; PT/INR, prothrombin time/international normalized ratio.
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table 6.9 Drug–drug interactions of protease inhibitors1

protease inhibitor Interacting drug Interaction and management strategy

Atazanavir Substrates of CYP3A4 
 
 

See Table 6.2; atazanavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil) that are CYP3A4 substrates and 
prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, 
triazolam, St John’s wort and fluticasone

Antacids Decreased atazanavir concentrations; space administration by 2 h before or 1 h after antacid

Didanosine Decreased didanosine serum concentrations with simultaneous co-administration; space 
administration by 2 h before or 1 h after didanosine

H
2
-receptor antagonist 

 
 
 
 
 
 

Decreased atazanavir concentrations; three dosing recommendations:
•   H

2
-receptor antagonist dose should not exceed a dose equivalent to famotidine 40 mg 

every 12 h in treatment-naive patients or 20 mg every 12 h in treatment-experienced 
patients

•   Atazanavir 300 mg plus ritonavir 100 mg should be administered simultaneously with and/or  
>10 h after the H

2
-receptor antagonist

•   In treatment-experienced patients, if tenofovir is used with H
2
-receptor antagonists, atazanavir 

400 mg plus ritonavir 100 mg should be used

Proton pump inhibitors 
 
 
 

Decreased atazanavir concentrations; proton pump inhibitors are not recommended in patients 
receiving unboosted atazanavir or in treatment-experienced patients
For atazanivir plus ritonavir, proton pump inhibitors should not exceed a dose equivalent to 
omeprazole 20 mg per day in treatment-naive patients; proton pump inhibitor should be 
administered >12 h prior to atazanavir plus ritonavir

Itraconazole 
 

Potential bi-directional inhibition between itraconazole and atazanavir plus ritonavir;  
high-dose itraconazole (>200 mg per day) is not recommended; monitor itraconazole 
serum concentrations if possible

Voriconazole 
 

Atazanavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is 
contraindicated

Carbamazepine,  
phenytoin, phenobarbital

Monitor anticonvulsant and atazanavir serum concentrations and virological response; consider 
alternative anticonvulsant and ritonavir-boosting regimen

Clarithromycin Increased clarithromycin serum concentrations may prolong QTc; reduce clarithromycin dose by 
50%; consider alternative therapy

Rifabutin Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times 
per week

Benzodiazepines:  
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Calcium channel blockers: 
dihydropyridine, diltiazem

Caution: dose titration with ECG monitoring. Increased diltiazem serum concentrations with 
atazanavir plus ritonavir; decrease diltiazem dose by 50%; ECG monitoring recommended

Hormonal contraceptives 
 
 
 
 

Boosted regimen: decreased ethinyl estradiol and increased progestin serum concentrations; 
oral contraceptive should contain at least 35 mcg of ethinyl estradiol; consider using alternative 
or additional methods
Unboosted regimen: increased ethinyl estradiol serum concentrations; oral contraceptive 
should contain at least 30 mcg of ethinyl estradiol; consider using alternative or additional 
methods

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Indinavir Co-administration is not recommended because of potential additive hyperbilirubinemia

Efavirenz 
 

Decreased atazanavir serum concentrations; in treatment-naive patients: atazanavir 400 mg plus 
ritonavir 100 mg plus standard dose of efavirenz. Do not co-administer in treatment-experienced 
patients

Etravirine Decreased atazanavir and increased etravirine serum concentrations; do not co-administer with 
boosted or unboosted atazanavir regimens

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Boosted regimen: decreased methadone serum concentrations; monitor for methadone withdrawal; 
adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

(Continued)
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table 6.9 Drug–drug interactions of protease inhibitors—cont’d

protease inhibitor Interacting drug Interaction and management strategy

Darunavir Substrates of CYP3A4 
 
 

See Table 6.2; darunavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide) that are CYP3A4 substrates and prolong the QTc 
interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, St John’s wort, 
fluticasone, carbamazepine, phenytoin and phenobarbital

Itraconazole 
 

Potential bi-directional inhibition between itraconazole and darunavir plus ritonavir;  
high-dose itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum 
concentrations if possible

Voriconazole Darunavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; darunavir plus ritonavir 400 mg every 12 h or higher is contraindicated

Clarithromycin Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL
CR

 30–60 
mL/min; reduce clarithromycin dose by 75% if CL

CR
 <30 mL/min; consider alternative therapy

Rifabutin  Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines: 
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Hormonal contraceptives Consider using alternative or additional methods

Atorvastatin, pravastatin, 
rosuvastatin

Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent 

Paroxetine, sertraline Decreased paroxetine and sertraline serum concentrations; monitor efficacy and titrate dose as needed

Lopinavir–ritonavir,  
saquinavir

Decreased darunavir and increased lopinavir serum concentrations; co-administration is not 
recommended because dosing is not established

Efavirenz Decreased darunavir and increased efavirenz serum concentrations; use standard doses and 
monitor virological response

Etravirine Decreased etravirine serum concentrations; use standard doses and monitor virological response

Nevirapine Increased nevirapine serum concentrations; use standard doses and monitor virological response

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Boosted regimen: decreased methadone serum concentrations; monitor for methadone withdrawal; 
adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

Fosamprenavir Substrates of CYP3A4 
 
 

See Table 6.2; fosamprenavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil) that are CYP3A4 substrates and prolong 
the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, St John’s 
wort, fluticasone, delavirdine and oral contraceptives

Antacids Decreased amprenavir concentrations; space administration by 2 h before or 1 h after antacid

Didanosine Decreased didanosine serum concentrations with simultaneous co-administration; space 
administration by 2 h before or 1 h after didanosine

H
2
-receptor antagonist Decreased amprenavir serum concentrations in unboosted regimen; separate administration 

if co-administration is necessary; consider boosting with ritonavir

Itraconazole Potential bi-directional inhibition between itraconazole and fosamprenavir plus ritonavir; high-dose 
itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations if possible

Voriconazole Fosamprenavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; co-administration 
is not recommended; fosamprenavir plus ritonavir 400 mg every 12 h or higher is contraindicated

Carbamazepine, phenytoin, 
phenobarbital 

Unboosted regimen: potential bi-directional inhibition; monitor for toxicities
Boosted regimen: decreased phenytoin and increased amprenavir serum concentrations; monitor 
anticonvulsant serum concentrations and adjust dose as needed

Rifabutin 
 
 
 

Unboosted regimen: increased amprenavir serum concentrations; no dosage adjustment
Boosted regimen: increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day 
or three times per week
Unboosted regimen: increased rifabutin serum concentrations; rifabutin dose of 150 mg every other  
day or 300 mg three times per week

Benzodiazepines: alprazolam, 
diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

(Continued)
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table 6.9 Drug–drug interactions of protease inhibitors—cont’d

protease inhibitor Interacting drug Interaction and management strategy

Hormonal contraceptives 
 
 

Boosted regimen: decreased ethinyl estradiol and norethindrone serum concentrations; use 
alternative or additional methods
Unboosted regimen: increased ethinyl estradiol, norethindrone and amprenavir serum 
concentrations; use alternative or additional methods

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Delavirdine Increased amprenavir and delavirdine serum concentrations; avoid concomitant administration

Efavirenz Decreased amprenavir serum concentrations; fosamprenavir dose of 1400 mg plus ritonavir 300 mg 
per day, or fosamprenavir 700 mg plus ritonavir 100 mg every 12 h plus standard dose of efavirenz

Etravirine Increased amprenavir serum concentrations; do not co-administer with boosted or unboosted 
atazanavir regimens

Maraviroc Use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Decreased methadone serum concentrations; monitor for methadone withdrawal; adjust dose as 
needed

Warfarin Monitor PT/INR; adjust dose as needed

Indinavir Substrates of CYP3A4 
 
 

See Table 6.2; indinavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide, amiodarone) that are CYP3A4 substrates and 
prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, 
St John’s wort and atazanavir

Itraconazole 
 

Potential bi-directional inhibition between itraconazole and indinavir plus ritonavir; high-dose itracona-
zole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations if possible
Unboosted regimen: indinavir 600 mg every 8 h; do not exceed 200 mg itraconazole every 12 h

Voriconazole Indinavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; indinavir plus ritonavir 400 mg every 12 h or higher is contraindicated

Carbamazepine, 
phenytoin, phenobarbital

Monitor anticonvulsant and indinavir serum concentrations and virological response; consider 
alternative anticonvulsant- and ritonavir-boosting regimen

Clarithromycin Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CLCR 
30–60 mL/min; reduce clarithromycin dose by 75% if CLCR <30 mL/min; consider alternative therapy

Rifabutin 
 
 
 

Boosted regimen: increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day 
or three times per week
Unboosted regimen: increased rifabutin and decreased indinavir serum concentrations; rifabutin 
150 mg per day or 300 mg three time weekly plus indinavir 1000 mg every 8 h or consider ritonavir 
boosting

Benzodiazepines: 
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Calcium channel blockers: 
dihydropyridine

Caution: dose titration with ECG monitoring. Increased amlodipine serum concentrations with 
indinavir plus ritonavir

Hormonal contraceptives 
 

Ritonavir-boosted regimen: consider using alternative or additional methods
Unboosted regimen: increased ethinyl estradiol and indinavir serum concentrations; no dose  
adjustments needed

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Atazanavir Co-administration is not recommended because of potential additive hyperbilirubinemia

Delavirdine Increased indinavir serum concentrations; indinavir dose of 600 mg every 8 h; standard dose for delavirdine

Efavirenz Decreased indinavir serum concentrations; indinavir dose of 1000 mg every 8 h; consider boosting 
regimen; standard efavirenz dose

Nevirapine Decreased indinavir serum concentrations; indinavir dose of 1000 mg every 8 h; consider boosting 
regimen; standard nevirapine dose

Maraviroc Possibly increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for 
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

(Continued)
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table 6.9 Drug–drug interactions of protease inhibitors—cont’d

protease inhibitor Interacting drug Interaction and management strategy

Lopinavir–ritonavir Substrates of CYP3A4 
 
 

See Table 6.2; Lopinavir–ritonavir is contraindicated for concomitant use with ergot alkaloids, 
drugs (e.g. astemizole, terfenadine, cisapride, pimozide, flecainide, propafenone) that are CYP3A4 
substrates and prolong the QTc interval, simvastatin, lovastatin, rifampicin, rifapentine, oral 
midazolam, triazolam, St John’s wort and fluticasone

Itraconazole Increased itraconazole serum concentrations; do not exceed 200 mg per day; monitor itraconazole 
serum concentrations if possible

Voriconazole 
 

Atazanavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is 
contraindicated

Carbamazepine, 
phenytoin, phenobarbital 

Increased carbamazepine and decreased phenytoin, phenobarbital and lopinavir serum 
concentrations; monitor anticonvulsant and lopinavir serum concentrations and virological 
response; consider alternative anticonvulsant

Clarithromycin Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL
CR

 30–60 
mL/min; reduce clarithromycin dose by 75% if CLCR <30 mL/min; consider alternative therapy

Rifabutin Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines: 
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Calcium channel blockers: 
dihydropyridine

Increased amlodipine serum concentrations; caution is warranted and clinical monitoring is 
required

Hormonal contraceptives Decreased ethinyl estradiol; use alternative or additional methods

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Ritonavir Additional ritonavir is not recommended

Tipranavir Decreased lopinavir serum concentrations; avoid co-administration

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for 
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

Nelfinavir Substrates of CYP3A4 
 
 

See Table 6.2; nelfinavir is contraindicated for concomitant use with ergot alkaloids, drugs (e.g. 
astemizole, terfenadine, cisapride, pimozide) that are CYP3A4 substrates and prolong the QTc 
interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam and St John’s 
wort

Proton pump inhibitors Decreased nelfinavir and metabolite (M8) concentrations; avoid concomitant administration of 
proton pump inhibitors and nelfinavir

Itraconazole 
 

Potential bi-directional inhibition between itraconazole and nelfinavir plus ritonavir; high-dose 
itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations 
if possible

Voriconazole 
 

Nelfinavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; nelfinavir plus ritonavir 400 mg every 12 h or higher is 
contraindicated

Carbamazepine, 
phenytoin, phenobarbital

Monitor anticonvulsant and nelfinavir serum concentrations and virological response; consider 
alternative anticonvulsant and ritonavir-boosting regimen

Rifabutin Increased rifabutin and decreased nelfinavir concentrations; rifabutin dose of 150 mg per day  
or 300 mg three times per week

Benzodiazepines: 
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Hormonal contraceptives 
 
 

Boosted regimen: decreased ethinyl estradiol and progestin serum concentrations; use alternative 
or additional methods
Unboosted regimen: decreased ethinyl estradiol and norethindrone serum concentrations; use 
alternative or additional methods

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

(Continued)
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table 6.9 Drug–drug interactions of protease inhibitors—cont’d

protease inhibitor Interacting drug Interaction and management strategy

Delavirdine Decreased delavirdine and increased nelfinavir serum concentrations; monitor delavirdine 
virological efficacy and nelfinavir toxicities

Efavirenz Increased nelfinavir serum concentrations; use standard doses of each agent

Nevirapine Increased nelfinavir serum concentrations; use standard doses of each agent

Maraviroc Use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone Decreased methadone serum concentrations; monitor for methadone withdrawal; adjust dose 
as needed

Warfarin Monitor PT/INR; adjust dose as needed

Ritonavir2 Substrates of CYP3A4 
 
 
 

See Table 6.2; ritonavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil, amiodarone, flecainide, propafenone, 
quinidine) that are CYP3A4 substrates and prolong the QTc interval, simvastatin, lovastatin, 
rifampicin, rifapentine, oral midazolam, triazolam, St John’s wort, fluticasone, alfuzosin and 
voriconazole (with ritonavir >400 mg every 12 h)

Desipramine Increased desipramine serum concentrations; reduce desipramine dose and monitor toxicities

Trazodone Increased trazodone serum concentrations; use lowest dose of trazodone and monitor CNS and 
cardiovascular toxicities

Theophylline Decreased theophylline serum concentrations; monitor theophylline serum concentrations and 
adjust dose as needed

Hormonal contraceptives Use alternative or additional methods

Delavirdine Increased ritonavir serum concentrations; no data on dosing recommendations

Efavirenz Increased ritonavir and efavirenz serum concentrations; use standard doses

Nevirapine Decreased ritonavir serum concentrations; use standard doses

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Saquinavir Substrates of CYP3A4 
 
 

See Table 6.2; saquinavir–ritonavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide) that are CYP3A4 substrates and prolong the QTc 
interval, simvastatin, lovastatin, rifampicin, rifapentine, oral midazolam, triazolam, St John’s wort and 
fluticasone

Proton pump inhibitors Boosted regimen: increased saquinavir serum concentrations; monitor for toxicities

Itraconazole Potential bi-directional inhibition between itraconazole and saquinavir plus ritonavir; use lower 
doses of itraconazole; monitor itraconazole serum concentrations if possible

Voriconazole 
 

Saquinavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is 
contraindicated

Carbamazepine, phenytoin, 
phenobarbital

Monitor anticonvulsant and saquinavir serum concentrations and virological response; consider 
alternative anticonvulsant and ritonavir-boosting regimen

Clarithromycin Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL
CR

 30–60 
mL/min; reduce clarithromycin dose by 75% if CLCR <30 mL/min; consider alternative therapy

Rifabutin Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines: 
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Calcium channel blockers: 
dihydropyridine, diltiazem

Caution: dose titration with ECG monitoring. Increased diltiazem serum concentrations with 
atazanavir plus ritonavir; decrease diltiazem dose by 50%; ECG monitoring recommended

Hormonal contraceptives Boosted regimen: decreased ethinyl estradiol serum concentrations; use alternative or additional methods

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Delavirdine Increased saquinavir serum concentrations; recommended dose: saquinavir–ritonavir  
1000 mg/100 mg every 12 h

(Continued)
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Several drugs are contraindicated while administering protease 
inhibitors because of the potential for serious or life-threaten-
ing adverse events. In addition, some protease inhibitors are 
also inducers (e.g. ritonavir, lopinavir, tipranavir, darunavir) of 
CYP3A4 and/or P-gp, resulting in decreased  concentrations 

and effectiveness of drugs such as oral contraceptives and 
SSRIs (e.g. sertraline). Drug–drug interactions are less predict-
able and quite variable when a protease inhibitor or the com-
bination of two protease inhibitors (e.g. tipranavir–ritonavir) 
has both inhibition and induction properties to a CYP isoform. 

table 6.9 Drug–drug interactions of protease inhibitors—cont’d

protease inhibitor Interacting drug Interaction and management strategy

Efavirenz Decreased saquinavir and efavirenz serum concentrations; recommended dose: saquinavir–ritonavir 
1000 mg/100 mg every 12 h

Etravirine Decreased saquinavir and etravirine serum concentrations; recommended dose: saquinavir–
ritonavir 1000 mg/100 mg every 12 h

Maraviroc Increased maraviroc serum concentrations; use lower maraviroc dose (e.g. 150 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for 
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

Tipranavir–ritonavir Substrates of CYP3A4 
 
 

See Table 6.2; tipranavir–ritonavir is contraindicated for concomitant use with ergot alkaloids, drugs 
(e.g. astemizole, terfenadine, cisapride, pimozide, bepridil, amiodarone, flecainide, propafenone, 
quinidine) that are CYP3A4 substrates and prolong the QTc interval, simvastatin, lovastatin, 
rifampicin, rifapentine, oral midazolam, triazolam, St John’s wort and fluticasone

Antacids Decreased tipranavir concentrations; space administration by 2 h before or 1 h after antacid

Proton pump inhibitors Decreased omeprazole serum concentrations; may need to increase the dose of omeprazole

Itraconazole 
 

Potential bi-directional inhibition between itraconazole and tipranavir plus ritonavir; high-dose 
itraconazole (>200 mg per day) is not recommended; monitor itraconazole serum concentrations 
if possible

Voriconazole 
 

Tipranavir plus ritonavir 100–200 mg: decreased voriconazole serum concentrations; concomitant 
administration is not recommended; atazanavir plus ritonavir 400 mg every 12 h or higher is 
contraindicated

Carbamazepine, 
phenytoin, phenobarbital

Monitor anticonvulsant and tipranavir serum concentrations and virological response; consider 
alternative anticonvulsant and ritonavir-boosting regimen

Clarithromycin Increased clarithromycin serum concentrations; reduce clarithromycin dose by 50% if CL
CR

 30–60 
mL/min; reduce clarithromycin dose by 75% if CL

CR
 <30 mL/min; consider alternative therapy

Rifabutin Increased rifabutin serum concentrations; rifabutin dose of 150 mg every other day or three times per week

Benzodiazepines: 
alprazolam, diazepam

Avoid concomitant use; consider alternative agent (e.g. lorazepam, oxazepam or temazepam) 

Hormonal contraceptives Boosted regimen: decreased ethinyl estradiol serum concentrations; use alternative or additional 
methods

Atorvastatin, rosuvastatin Use lowest possible dose with careful monitoring; use alternative lipid-lowering agent

Efavirenz Decreased or no change in tipranavir serum concentrations; use standard doses

Etravirine Decreased etravirine and increased tipranavir serum concentrations; avoid co-administration

Maraviroc Use standard doses of maraviroc (e.g. 300 mg every 12 h)

Methadone For ritonavir-boosted regimen: decreased methadone serum concentrations; monitor for 
methadone withdrawal; adjust dose as needed

Warfarin Monitor PT/INR; adjust dose as needed

1 Adapted from: Panel on Antiretroviral Guidelines for Adults and Adolescents: A Working Group of the Office of AIDS Research Advisory Council (OARAC), Department of Health 
and Human Services. Guidelines for the use of antiretroviral agents in HIV-1-infected adults and adolescents. November 3, 2008. (Please refer the product package insert and 
literature for complete details and potential list of both studied and theoretical drug–drug interactions.)
2 Ritonavir is used at low doses (e.g. 100–200 mg) to increase serum concentrations of most protease inhibitors so review other protease inhibitor recommendations; over 200 
drugs used in HIV-infected patients have been investigated for potential drug–drug interactions; please review the product package insert and literature for complete details and 
potential list of both studied and theoretical drug–drug interactions.
CL

CR
, creatinine clearance; CNS, central nervous system; CYP, cytochrome P

450
; ECG, electrocardiograph; PT/INR, prothrombin time/international normalized ratio.
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Ritonavir and nelfinavir can also induce glucuronyl transferase, 
CYP2C9 and CYP2C19. Lopinavir induces glucuronidation 
and can lower plasma concentrations of NRTIs such as zidovu-
dine and abacavir (see Table 6.7). In contrast, atazanavir inhibits  
the phase II glucuronidation enzyme, UGT1A1. Because of 
the magnitude of inhibition or induction differs among the 
protease inhibitors, careful evaluation of potential drug–drug 
interaction with protease inhibitors is critical.

The current use of ritonavir is commonly at low doses 
(e.g. 100 or 200 mg) for its inhibitory effect on the 
CYP3A4 metabolism of other protease inhibitors. The co- 
administration of ritonavir is recommended with saqui-
navir, lopinavir, tipranavir and darunavir. This beneficial 
drug–drug interaction is used to increase and sustain the 
plasma drug concentrations of other protease inhibitors 
(booster effect). Benefits from booster ritonavir dosing 
with other protease inhibitors includes higher minimum 
(trough) serum concentrations, reduced development of 
drug resistance by increasing drug exposure, less frequent 
dosing, and enhance adherence by reducing the pill bur-
den and simplifying the dosing regimen. Current drug–
drug interaction reports with protease inhibitors must be 
carefully reviewed with regard to whether or not boosted 
ritonavir dosing was used and what dose of each protease 
inhibitor was administered.

OTHER ANTIRETROVIRAL AGENTS

The CCR5 co-receptor antagonist, maraviroc, is a substrate 
of CYP3A4 enzymes and the P-gp transport system.3,41 
Maraviroc is neither an inhibitor nor an inducer of CYP3A4 
or P-gp. Plasma concentrations of maraviroc are significantly 
decreased by potent CYP3A inducers and increased by potent 
CYP3A inhibitors. Table 6.1 outlines the dosage guidelines of 
maraviroc when administered with and without inducers and 
inhibitors.

Raltegravir is an HIV-1 integrase strand transfer inhibitor 
and is neither an inhibitor nor an inducer of CYP enzymes 
or P-gp.26,41 Raltegravir is primarily eliminated by glucuroni-
dation (e.g. UGT1A1). Strong inducers of UGT1A1 (e.g. 
rifampicin) can reduce the plasma concentrations of raltegra-
vir and these combinations should be carefully monitored and 
used with caution. The recommended dosage of raltegravir is 
800 mg every 12 h during co-administration with rifampicin. 
Other drug–drug interactions associated with reduced plasma 
concentrations of raltegravir include efavirenz, etravirine and 
tipranavir–ritonavir, whereas increased plasma concentra-
tions of raltegravir were associated with co-administration of 
atazanavir, atazanavir–ritonavir and omeprazole. No adjust-
ments to the dosage of raltegravir have been recommended 
with these drug–drug interactions.

Enfuvirtide is an infusion inhibitor that undergoes 
 catabolism of its amino acid constituent. Enfuvirtide is not 
associated with clinically significant drug–drug interactions.

ANTIVIRAL AGENTS  
(NON-RETROVIRAL)

The following section will review the drug–drug interactions 
associated with antiviral agents that are systemically admin-
istered for non-human immunodeficiency virus (non-HIV) 
infections. The individual drugs have been grouped according 
to their most common clinical use as antiviral agents.15

ANTIHERPESVIRUS AGENTS  
(Table 6.10)

The majority of drug–drug interactions with aciclovir, gan-
ciclovir and foscarnet involve the risk of overlapping and/or 
additive myelosuppressive, central nervous system (CNS) 
toxicity or nephrotoxicity.15,35 In addition, probenecid inhib-
its renal tubular secretion of the nucleoside analogs, result-
ing in an increased AUC and reduced renal clearance of each 
agent. Cautious use and close monitoring for blood dyscrasias 
are recommended when ganciclovir is combined with agents 
such as antineoplastics, amphotericin B, dapsone, flucyto-
sine, intravenous pentamidine, primaquine, pyrimethamine, 
trimethoprim–sulfamethoxazole and trimetrexate. The com-
bined use of ganciclovir and zidovudine should be avoided 
whenever possible. In a controlled trial of patients receiving 
zidovudine and ganciclovir, approximately 80% of patients 
required a dosage reduction because of hematological (ane-
mia or neutropenia) or gastrointestinal toxicity. Caution is 
also recommended in the use of ganciclovir, foscarnet or 
high-dose intravenous aciclovir with other nephrotoxic agents 
(e.g. aminoglycosides,  amphotericin B, cidofovir, foscarnet, 
ciclosporin, intravenous pentamidine) because of the additive 
potential of nephrotoxicity. Case reports have suggested dos-
age adjustments may be needed for phenytoin, valproic acid 
or theophylline (e.g. agents with a narrow therapeutic index) 
when co-administered with aciclovir. However, no clinically 
significant drug–drug interactions and only minor alterations 
in pharmacokinetic parameter values have been observed 
with the co- administration of famciclovir with digoxin, cime-
tidine, allopurinol, theophylline or zidovudine. Severe symp-
tomatic hypocalcemia can be increased when foscarnet is 
combined with intravenous pentamidine. Serum electrolyte, 
calcium and magnesium should be carefully monitored in all 
patients to minimize adverse effects.

Cidofovir-associated nephrotoxicity is a result of renal cel-
lular uptake via OAT1 and drug accumulation in the renal 
proximal tubules.15,18,35 To minimize the risk of nephrotoxicity, 
intravenous cidofovir is administered with high-dose probenecid 
(2 g 3 h before, and 1 g 2 and 8 h after, cidofovir infusion). The 
use of other nephrotoxic agents (e.g. aminoglycosides, amphot-
ericin B, foscarnet, intravenous pentamidine, NSAIDs, contrast 
dye) are contraindicated during cidofovir therapy, and the man-
ufacturer recommends waiting at least 7 days between exposure 
of these agents and administration of cidofovir.
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AGENTS FOR INFLUENZA (Table 6.11)

Additive anticholinergic effects and/or increased CNS adverse 
effects of amantadine can potentially occur with the concomi-
tant administration of anticholinergic agents (e.g. benzatro-
pine, biperiden, trihexyphenidyl), sedating  antihistamines 

(e.g. chlorphenamine [chlorpheniramine], phenylpropa-
nolamine) and buproprion.15 If any of above combinations 
is used, patients need to be monitored for CNS reactions 
and dosage adjustment may be required. Triamterene–
hydrochlorothiazide, quinidine, quinine and trimethoprim 
(alone or in combination with sulfamethoxazole) can reduce 

table 6.10 Drug–drug interactions of antiherpesvirus agents

antiviral agent Interacting drug Interaction and management strategy

Aciclovir, valaciclovir, 
famciclovir

Cimetidine 
 

Increased serum concentrations of antiviral agents; avoid concomitant use when high-dose 
aciclovir or patients who require a dose adjustment because of renal impairment or current 
adverse effects; monitor for adverse events

Mycophenolate Increased serum concentrations of antiviral agent and glucuronide metabolite of 
mycophenolate; monitor for adverse events and CBC

Probenecid 
 

Increased serum concentrations of antiviral agents; avoid concomitant use when high-dose 
aciclovir or patients who require a dose adjustment because of renal impairment or current 
adverse effects; monitor for adverse events

Aciclovir Phenytoin, fosphenytoin, 
valproic acid

Increased risk of seizures; monitor seizure activity and serum concentrations of the 
anticonvulsant agents; adjust dose as needed

Theophylline Increased theophylline serum concentrations and risk of toxicity; monitor theophylline serum 
concentrations and toxicity; decrease dose of theophylline as needed

Tizanidine Increased tizanidine serum concentrations and risk of toxicity (e.g. hypotension, sedation); 
concomitant therapy should be avoided; consider alternative agent for managing spasticity

Zidovudine Increased risk of neurotoxicity (e.g. drowsiness, lethargy); monitor for adverse events

Ganciclovir,  
valganciclovir

Didanosine Increased didanosine and slightly decreased ganciclovir serum concentrations; monitor for 
didanosine toxicity

Imipenem–cilastatin Increased risk of seizures; monitor adverse events and consider alternative antibacterial agent

Myelosuppressive agents1 Increased risk of blood dyscrasias; concomitant therapy should be avoided or used with caution 
at the lowest possible dose; consider alternative agent if possible

Nephrotoxic agents2 
 

Additive injury to the renal tubule; concomitant therapy should be avoided or used with caution 
and includes monitoring of renal function and dosage adjustment based on creatinine clearance 
estimation

Probenecid Increased ganciclovir serum concentrations; monitor for ganciclovir toxicity

Zidovudine 
 

Increased risk of hematological toxicity (e.g. anemia, neutropenia, pancytopenia) and GI toxicity; 
concomitant therapy should be avoided or used with caution with careful monitoring of 
hematological function and at the lowest possible dose; consider alternative antiretroviral agent

Foscarnet Nephrotoxic agents2 
 

Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used 
with caution and includes monitoring of renal function and dosage adjustment based on 
creatinine clearance estimation

Pentamidine (intravenous) Increased risk for severe symptomatic hypocalcemia; monitor electrolytes, calcium and 
magnesium to minimize adverse events

Saquinavir and/or ritonavir Increased risk of abnormal renal function; monitor renal function and consider alternative 
antiretroviral agents

Cidofovir Nephrotoxic agents2 
 

Concomitant administration of cidofovir with potentially nephrotoxic drugs is contraindicated, 
and the manufacturer recommends waiting at least 7 days between exposure to these agents 
and administration of cidofovir

Probenecid 
 

Concomitant probenecid is used to decrease the risk of renal toxicity of cidofovir by decreasing 
its concentrations within proximal tubular cells; careful monitoring for other drug–drug 
interactions of probenecid and dose adjust as needed

1Examples include antineoplastics, amphotericin B, flucytosine, dapsone, trimethoprim–sulfamethoxazole, intravenous pentamidine, primaquine and pyrimethamine.
2Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, polymyxin B, colistin, radio contrast and aminoglycosides.
CBC, complete blood count; GI, gastrointestinal.
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the renal tubular secretion of amantadine and may cause 
increased plasma drug concentrations and CNS toxicities. 
The reported drug–drug interactions for rimantadine have 
only been minor alterations in pharmacokinetic parameters 
which are unlikely to be clinically important.

In-vitro studies demonstrate that oseltamivir and zanamivir 
are not substrates and do not affect any of the common human 
CYP isoenzymes.15 No clinically significant metabolic drug–
drug interactions have been reported with either agent. The co-
administration of probenecid completely reduces the anionic 
tubular secretion of oseltamivir carboxylate and results in a 50% 
decrease in renal clearance, a 1.9-fold increase in Cmax and a 
2.5-fold increase in the AUC of oseltamivir carboxylate. Despite 
these changes, no dosage adjustment is recommended due to 
the wide margin of safety associated with the active metabolite.

AGENTS FOR TUBERCULOSIS  
(Table 6.12)

Rifampicin as well as other rifamycins such as rifabutin and 
rifapentine are potent inducers of oxidative metabolic sys-
tems such as the CYP isoenzyme system.23,24,42–44 In addi-
tion, rifampicin can induce transmembrane efflux pumps 
such as P-gp and conjugative enzyme systems such as UGT 
and sulfonyltransferases. Consequently, there exists an exten-
sive drug–drug interaction profile with the use of  rifampicin 

(see Table 6.3). Substitution of rifabutin for rifampicin is 
often used clinically, especially when used concomitantly in 
patients with HIV receiving highly active antiretroviral ther-
apy (HAART). Similarly, isoniazid inhibits CYP isoenzyme 
systems and monoamine oxidase and is associated with some 
drug–drug interactions. For example, inhibition of CYP2C9, 
CYP2C19 and CYP3A4 by isoniazid is considered the mecha-
nism of interaction with phenytoin, carbamazepine, diazepam 
and warfarin.42,43 The potential for this interaction is greater in 
slow acetylators, which comprise 30–50% of Caucasians and 
African–Americans. In contrast, a limited number of drug–
drug interactions have been reported for other first-line agents 
such as ethambutol and pyrazinamide, as well as second-line 
agents such as aminosalicylic acid, capreomycin, cycloserine 
and ethionamide.42,43 It is important to note that a few interac-
tion studies have incorporated the effect of combination antitu-
berculosis agents, for example the inhibitory effect of isoniazid 
on CYP may be negated or overinfluenced by the induction 
of this system by rifampicin. Consequently, therapeutic drug 
monitoring and thoughtful consideration of the adverse event 
profile of concomitantly used agents is critical.

ANTIMALARIAL AGENTS (Table 6.13)

Various drug classes are used as antimalarial agents.44–47 Most 
of the agents are metabolized in the liver and are substrates of 
CYP3A4 or CYP2C isoforms. The combination product arte-
mether–lumefantrine has recently been approved for use by the 
FDA. A limited number of drug–drug interactions have been 
reported so far (Table 6.13) but in-vitro and/or clinical studies 
are desperately needed to assess the effects of co-administered 
CYP3A4 inducers or inhibitors as well as specific anti-infec-
tive classes (e.g. rifampicin, NNRTIs, protease inhibitors) that 
would likely be used concurrently in patients with malaria.44–48 
Mefloquine, ketoconazole and lopinavir–ritonavir have been 
shown to alter the AUC of artemether and/or lumefantrine; how-
ever, the clinical significance of these changes is unknown.48

The plasma AUC of atovaquone is decreased by potent 
inducers of CYP-mediated drug metabolism (e.g. rifampicin, 
rifabutin, ritonavir), as well as by tetracycline and metoclopr-
amide.11,35,46 Concomitant administration of rifampicin and 
atovaquone is not recommended. The plasma AUC of didanos-
ine and zidovudine can be decreased with concurrent administra-
tion of atovaquone, whereas the systemic exposure of rifampicin 
and etoposide is increased. Alteration in binding to plasma pro-
teins has also been suggested as a mechanism of drug–drug 
interactions for atovaquone. Proguanil, which is combined with 
atovaquone, is mainly metabolized by CYP2C19 and CYP3A4 
to an active metabolite,  cycloguanil. Further studies are needed 
to identify and understand the clinical significance of drug–drug 
interactions with  proguanil and/or cycloguanil, particularly in 
patients on combination therapy or with various genetic poly-
morphisms (slow versus fast metabolizers).

In-vitro studies have suggested that chloroquine is an inhib-
itor of CYP2D6, although less in-vivo evidence is  available to 

table 6.11 Drug–drug interactions of anti-influenza agents

antiviral   
agent

Interacting drug Interaction and management 
strategy

Amantadine Anticholinergic 
agents1 or 
antihistamines2 
 

Increased central nervous system 
(CNS) adverse effects (e.g. additive 
anticholinergic effects); avoid 
combination or use lowest 
possible dose or alternative agent

Bupropion 
 
 
 

Increased risk of neurotoxicity 
(e.g. restlessness, agitation, gait 
disturbances, dizziness); avoid 
combination or use alternative 
agent

Triamterene–
hydrochlorothiazide, 
quinidine, quinine or 
trimethoprim (alone 
or in combination with 
sulfamethoxazole)

Increased amantadine serum 
concentrations and CNS 
toxicities; avoid combination 
or use lowest possible dose 
or alternative agent 

Rimantadine No major interactions –

Oseltamivir Probenecid 
 
 
 

Increased oseltamivir carboxylate 
metabolite serum concentrations; 
no dose adjustment or 
monitoring is recommended 
because of wide margin of safety

Zanamivir No major interactions –

1Examples include benzatropine, biperiden and trihexyphenidyl.
2Examples include chlorphenamine (chlorpheniramine) and phenylpropanolamine.
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table 6.12 Drug–drug interactions of antituberculosis agents

antituberculosis 
agent

Interacting drug Interaction and management strategy

Aminosalicylic acid Probenecid Increased aminosalicylic acid serum concentrations (transiently); monitor for toxicity

Diphenhydramine Decreased absorption of aminosalicylic acid; avoid concomitant use

Digoxin Increased digoxin serum concentrations and toxicity; monitor digoxin serum concentrations and adjust dose 
appropriately

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Ammonium chloride Increased probability of crystalluria; avoid concomitant use

Capreomycin Nephrotoxic  
agents1 

Direct or additive injury to the renal tubule; concomitant therapy should be avoided or used with caution 
and includes monitoring of renal function and dosage adjustment based on body weight and creatinine 
clearance estimation

Ototoxic agents2 Increased risk of ototoxicity; concomitant therapy should be avoided or used with caution at the lowest 
possible dose; consider alternative agent if possible

Neuromuscular 
blocking agents3

Increased respiratory suppression produced by neuromuscular blocking agent; concomitant therapy should 
be avoided or used with caution and includes monitoring for respiratory depression

Cycloserine Isoniazid Increased CNS adverse effects (e.g. dizziness, drowsiness) when both drugs are used concurrently; monitor 
toxicity

Ethionamide Increased CNS adverse effects (e.g. seizures) when both drugs are used concurrently; monitor toxicity

Phenytoin, 
fosphenytoin

Increased phenytoin serum concentrations; monitor toxicity and phenytoin serum concentrations, and adjust 
dose as needed

Ethambutol Antacids Decreased ethambutol serum concentrations with aluminum-containing antacids; space administration  
by at least 4 h

Ethionamide Increased adverse effects (e.g. GI distress, headache, confusion, neuritis, hepatotoxicity) when both drugs are 
used concurrently; monitor toxicity and avoid concomitant use when possible

Ethionamide Aminosalicylic acid, 
ethambutol, isoniazid, 
pyrazinamide,  
rifampicin

Potentiates the adverse effects of other antituberculosis agents (hepatotoxicity, peripheral neuritis, GI distress, 
headache, confusion, neuritis, seizures, encephalopathy); monitor toxicity 
 

Excessive alcohol Increased psychotic reactions; avoid concomitant use

Isoniazid Increased isoniazid serum concentrations (temporarily); monitor for toxicity

Isoniazid Cycloserine, 
ethionamide

Increased CNS adverse effects; monitor toxicity 

Carbamazepine Increased carbamazepine serum concentrations and toxicity (e.g. ataxia, headache, blurred vision, drowsiness, 
confusion); monitor toxicity and carbamazepine serum concentrations; decrease dose if needed

Phenytoin, 
fosphenytoin

Increased phenytoin serum concentrations and toxicity; monitor toxicity and phenytoin serum concentrations; 
decrease dose if needed

Primidone Increased primidone serum concentrations; monitor toxicity and primidone serum concentrations; adjust 
dose if needed

Meperidine Increased toxicity (e.g. serotonin syndrome); monitor toxicity and adjust dose if needed

Itraconazole Decreased itraconazole serum concentrations and loss of antimycotic efficacy; alternative antifungal agent 
or interacting drug should be considered

Warfarin Enhanced anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Disulfiram Increased CNS changes (e.g. coordination difficulties, mood or behavioral changes); monitor toxicity and 
consider dose reduction or discontinuation of disulfiram

Paracetamol Increased risk for hepatotoxicity; avoid concomitant use or limit use of paracetamol

Diazepam Increased diazepam serum concentrations; monitor toxicity and adjust dose if needed

Levodopa Increased toxicity (e.g. flushing, palpitations, hypertension); monitor toxicity and adjust dose if needed

Aluminum hydroxide Decreased isoniazid serum concentrations; space administration by at least 1 h

(Continued)
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table 6.12 Drug–drug interactions of antituberculosis agents—cont’d

antituberculosis 
agent

Interacting drug Interaction and management strategy

Pyrazinamide Ethionamide or 
rifampicin

Increased hepatotoxicity; monitor liver enzymes and toxicity 

Ciclosporin Decreased ciclosporin serum concentrations; monitor clinical response and ciclosporin serum concentrations; 
adjust dose as needed

Zidovudine Decreased pyrazinamide serum concentrations and efficacy; consider alternative antituberculosis agent 
if possible

Probenecid Decreased efficacy of probenecid (e.g. increased serum uric acid levels, worsening symptoms of gout); 
monitor serum uric acid levels and adjust probenecid dose as needed

Rifabutin Ritonavir-boosted 
protease inhibitors 
(ATV/r, FPV/r, DRV/r, 
IDV/r, LPV/r, SQV/r, 
TPV/r)

Increased rifabutin serum concentrations; rifabutin dosing to 150 mg every other day or three times weekly; 
monitor viral response and CBC 
 
 

Fosamprenavir Increased rifabutin serum concentrations; rifabutin dosing to 150 mg per day or 300 mg three times weekly; 
monitor viral response and CBC

Indinavir 
 

Increased rifabutin and decreased indinavir serum concentrations; rifabutin dosing to 150 mg per day 
or 300 mg three times weekly; indinavir 1000 mg every 8 h or consider ritonavir boosting; monitor viral 
response and CBC

Nelfinavir Increased rifabutin and decreased nelfinavir serum concentrations; rifabutin dosing to 150 mg per day  
or 300 mg three times weekly; monitor viral response and CBC

Delavirdine Increased rifabutin and decreased delavirdine serum concentrations; co-administration is not recommended

Efavirenz Decreased rifabutin serum concentrations; dose rifabutin 450–600 mg per day or 600 mg three times weekly 
if efavirenz is not co-administered with a protease inhibitor; monitor viral response and CBC

Etravirine 
 

Decreased rifabutin and metabolite serum concentrations and decreased etravirine serum concentrations; 
dose rifabutin 300 mg per day if not co-administered with a ritonavir-boosted protease inhibitor; if 
co-administered with lopinavir plus ritonavir, dose rifabutin 150 mg per day or three times weekly

Nevirapine Increased rifabutin and decreased nevirapine serum concentrations; dosage adjustment is not recommended; 
monitor viral response and CBC

Maraviroc Maraviroc dose of 300 mg every 12 h if used without a strong CYP3A inducer or inhibitor; maraviroc dose 
of 150 mg every 12 h if used with a strong CYP3A inhibitor; monitor viral response

Fluconazole Increased rifabutin serum concentrations and potential rifabutin toxicity (uveitis, ocular pain, photophobia, 
visual disturbances); monitor toxicity and CBC

Itraconazole, 
voriconazole, 
posaconazole

Increased rifabutin serum concentrations and potential rifabutin toxicity (uveitis, ocular pain, photophobia, 
visual disturbances); decreased azole serum concentrations and/or loss of antimycotic efficacy; alternative 
antifungal agent should be considered

Clarithromycin Decreased clarithromycin serum concentrations and increased risk of rifabutin toxicity (rash, GI disturbances, 
hematological abnormalities); monitor efficacy, toxicity and CBC

Ciclosporin Decreased ciclosporin serum concentrations; monitor clinical response and ciclosporin serum concentrations; 
adjust dose as needed

Warfarin Decreased anticoagulation; monitor PT/INR and adjust warfarin dose appropriately

Oral contraceptives Use alternative form(s) of birth control; counsel patient and document

Rifampicin See Table 6.3  

CBC, complete blood count; CNS, central nervous system; GI, gastrointestinal; PT/INR, prothrombin time/international normalized ratio.



 ANTIMAlARIAl AGENTS  97

table 6.13 Drug–drug interactions involving antimalarial agents

antimalarial drug Interacting drug Mechanism/effects Management recommendations

Artemether– 
lumefantrine 
(co-artemether)

Ketoconazole 
 

↑ artemether AUC by 132%, ↑ dihydroartemisinin  
AUC by 51%, and ↑ lumefantrine AUC by 61% 

Clinical significance unknown; no dosage adjustment 
recommended 

Lopinavir–ritonavir ↓ artemether AUC by 34%, ↓ dihydroartemisinin  
AUC by 45%, and ↑ lumefantrine AUC by 230%

Clinical significance unknown; no dosage adjustment 
recommended

Mefloquine ↓ lumefantrine AUC by 30–41% and C
max

 by 29% Clinical significance unknown

Quinine Increased risk for QTc prolongation; ↓ quinine  
AUC by 46%

Monitor for toxicity and clinically significant 
lengthening of the QTc interval

Atovaquone Didanosine ↓ didanosine AUC by 24% Not clinically significant; administer didanosine without 
food and atovaquone with food

Etoposide 
 

↑ etoposide AUC by 8.6% and ↑ catechol  
metabolite AUC by 28.4% 

Separate administration by 1–2 days and use 
caution with concurrent substrates of CYP3A4 or 
P-glycoprotein

Indinavir ↑ atovaquone AUC by 13% and ↓ indinavir  
AUC by 5–9%

Clinical significance unknown; monitor effectiveness 
of indinavir

Metoclopramide ↓ atovaquone concentrations Caution in concomitant administration; if used, 
monitor effectiveness of atovaquone

Rifabutin ↓ atovaquone AUC by 34% and ↓ rifabutin  
AUC by 19%

Caution in concomitant administration; if used, 
monitor effectiveness of atovaquone

Rifampicin ↓ atovaquone AUC by 50% and ↑ rifampicin  
AUC by 30%

Avoid concomitant administration; if used, monitor 
effectiveness of atovaquone

Ritonavir ↓ atovaquone concentrations (predicted) Monitor effectiveness of atovaquone; may need 
to increase atovaquone dose

Tetracycline ↓ atovaquone concentrations by 40% Monitor effectiveness of atovaquone

Zidovudine ↑ zidovudine AUC by 30% and ↓ CL by 25%; 
inhibition of zidovudine glucuronidation

Clinical significance unknown; monitor for zidovudine 
toxicity

Chloroquine Ampicillin ↓ ampicillin absorption from 29% to 19% Separate administration by at least 2 h; use other 
antibacterial agent

Antacid (magnesium 
trisilicate)

↓ chloroquine AUC by 18% Separate administration by 2–3 h 

Chlorpromazine ↑ chlorpromazine concentrations by  
1.7- to 4.3-fold; increased sedation

Monitor toxicity; decrease dose of chlorpromazine 

Colestyramine ↓ chloroquine AUC by 30% Separate administration either 1 h before or 4–6 after 
chloroquine

Cimetidine ↓ chloroquine CL by 50%; prolonged t
½β from  

3.1 to 4.6 h
Use other H

2
-receptor antagonists (e.g. ranitidine) that 

do not have this drug–drug interaction

Ciprofloxacin ↓ ciprofloxacin AUC by 43% and C
max

 by 18% Monitor efficacy; increase ciprofloxacin dose for 
systemic infections

Ciclosporin ↑ ciclosporin serum concentrations and 
nephrotoxicity

Monitor ciclosporin concentrations and renal function; 
adjust dose as needed

Digoxin ↑ digoxin serum concentrations by 70% Monitor digoxin concentrations; adjust dose as needed

Halofantrine 
 

Warning: the combination may cause 
prolongation of the QTc interval 
"

Avoid concurrent administration; if used, monitor for 
toxicity and clinically significant lengthening of the 
QTc interval

Insulin ↓ insulin requirement by 25% Monitor blood glucose and adjust insulin dose as 
needed

Kaolin ↓ chloroquine AUC by 28% Separate administration by 2–3 h

(Continued)
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table 6.13 Drug–drug interactions involving antimalarial agents—cont’d

antimalarial drug Interacting drug Mechanism/effects Management recommendations

Methotrexate 
 

↓ methotrexate AUC by 28% and C
max

 by  
17–20%; ↑ methotrexate AUC by 52% with 
hydroxychloroquine

Monitor for efficacy and methotrexate serum 
concentrations; adjust methotrexate dose as  
needed

Methylthioninium 
chloride (methylene  
blue)

↓ chloroquine AUC by 20% and  
desethylchloroquine (metabolite) AUC by 35% 

Clinical significance unknown 
 

Metoprolol 
 

Hydroxychloroquine ↑ metoprolol AUC by  
65% and C

max
 by 72% in extensive CYP2D6 

metabolizers

Not clinically significant; monitor for toxicity 
 

Penicillamine ↑ penicillamine AUC by 34% and Cmax by 55% Monitor toxicity (e.g. serious hematological effects)

Praziquantel ↓ praziquantel AUC by 65% and C
max

 by 59% Monitor for efficacy; ↑ dose of praziquantel for 
systemic infection

Proguanil 1.5-fold ↑ in mouth ulcers and 1.33-fold  
↑ in diarrhea

Monitor toxicity and treat as needed 

Promethazine ↑ chloroquine AUC and metabolite by 85% Monitor toxicity; consider other agents

Mefloquine Ampicillin ↑ mefloquine AUC by 34% and Cmax by 49% Clinical significance unknown

Anticonvulsants Increased risk of seizures Avoid concurrent administration

Artemether ↓ mefloquine AUC by 27%; cure rates similar Clinical significance unknown

Artesunate ↓ mefloquine AUC by 27% and ↑ CL by 2.6-fold; 
lower cure rates

Administer mefloquine 24 h after artesunate 

Cardioactive drugs1 
 
 

Warning: mefloquine plus one of these agents 
contribute to the prolongation of the QTc 
interval, but do not contraindicate the use of 
mefloquine with these agents

Avoid concurrent administration (contraindicated 
with halofantrine); if used, monitor for toxicity and 
clinically significant lengthening of the QTc interval 

Cimetidine 
 

↑ mefloquine AUC by 0–34% and C
max

 by  
20–42% and ↓ CL by 40%; prolonged t

½β  
from 9.6 to 14.4 days

Clinical significance unknown; use other H
2
-receptor 

antagonists that do not have this drug–drug 
interaction

Co-artemether ↓ lumefantrine AUC by 30–41% and Cmax by 29% Clinical significance unknown

Hypoglycemic agents Reduced blood glucose levels and hypoglycemia Monitor blood glucose and adjust dose as needed

Ketoconazole ↑ mefloquine AUC by 79%, C
max

 by 64%  
and t½β by 34%

Monitor toxicity 

Metoclopramide ↓ mefloquine absorption t
½
 from 3.2 to 2.4 h  

and ↑ Cmax by 31%; reduced GI adverse effects
Clinical significance unknown; however, less 
mefloquine toxicity

Quinine (and related 
drugs [e.g.  
chloroquine]) 

Increased risk for QTc prolongation and seizures 
 
 

Avoid concurrent administration; if used, delay 
mefloquine administration until at least 12 h after the 
last dose of quinine; monitor for toxicity and clinically 
significant lengthening of the QTc interval

Quinolones 
 

Increased risk for QTc prolongation  
and seizures 

Avoid concurrent administration; if used, monitor for 
toxicity and clinically significant lengthening of the 
QTc interval

Rifampicin ↓ mefloquine AUC by 68% and C
max

 by 19% Avoid concurrent administration; if used, monitor for 
efficacy

Ritonavir ↓ ritonavir AUC by 31% and C
max

 by 36% after 
multiple dosing

Clinical significance unknown 

Tetracycline ↑ mefloquine AUC by 30% and C
max

 by 38%,  
and ↓ t½β from 19.3 to 14.4 days

Not clinically significant 

Typhoid vaccine  
(oral)

Reduced efficacy of oral vaccine Separate administration by 12 h (does not apply to 
capsular polysaccharide typhoid vaccine for injection)

Primaquine Quinacrine Increased toxicity Avoid concomitant use (contraindicated)

(Continued)
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table 6.13 Drug–drug interactions involving antimalarial agents—cont’d

antimalarial drug Interacting drug Mechanism/effects Management recommendations

Proguanil Antacid (magnesium 
trisilicate)

↓ proguanil AUC by 65% Separate administration by 2–3 h 

Chloroquine 1.5-fold ↑ in mouth ulcers and 1.33-fold  
↑ in diarrhea

Monitor toxicity and treat as needed 

Cimetidine 
 

↑ proguanil AUC and t
½β; ↑ C

max
 by 89%; 

↓ concentrations of active metabolite,  
cycloguanil

Clinical significance unknown; use other H
2
-receptor 

antagonists that do not have this drug–drug 
interaction

Cloxacillin ↓ cloxacillin bioavailability Clinical significance unknown

Ethinyl estradiol–
levonorgestrel (hormonal 
contraceptives)

↓ concentrations of active metabolite, 
cycloguanil, by 34% in extensive metabolizer  
via CYP2C19

Clinical significance unknown 
 

Fluvoxamine 
 

↓ CL of proguanil by 40%, cycloguanil by 
85%, and 4-chlorophenylbiguanide by 89% in 
extensive metabolizer via CYP2C19

Clinical significance unknown; monitor efficacy 
 

Omeprazole ↓ AUC of active metabolite, cycloguanil,  
by 50% in extensive metabolizer via CYP2C19

Clinical significance unknown 

Quinine sulfate Amantadine ↓ renal CL of amantadine by 30% and ↑ plasma 
concentrations; ↓ CL of quinine by 50%

Clinical significance unknown 

Astemizole 
 
 

↑ astemizole (and desmethyl metabolite) AUC 
and C

max
 by three-fold after a single 430 mg  

dose of quinine; increased risk for QTc 
prolongation and cardiac arrhythmias

Avoid concurrent administration (contraindicated by 
manufacturer); use a different antihistamine product 
 

Co-artemether Increased risk for QTc prolongation; ↓ quinine 
AUC by 46%

Monitor for toxicity and clinically significant 
lengthening of the QTc interval

Carbamazepine ↑ carbamazepine AUC by 104% and C
max

  
by 81%

Monitor efficacy and carbamazepine plasma 
concentrations; adjust dose as needed

Cimetidine ↑ quinine AUC by 42%, ↓ CL by 27%, and  
↑ t½β from 7.6 to 11.3 h

Use other H
2
-receptor antagonists (e.g. ranitidine) that 

do not have this drug–drug interaction

Desipramine ↓ urinary excretion of 2-hydroxydesipramine  
by 56% in rapid hydroxylators

Monitor for toxicity (including QTc prolongation) and 
desipramine plasma concentrations; adjust dose as needed

Digoxin ↑ digoxin plasma concentrations by 11–92%;  
↓ CL by 26% and ↓ renal CL by 20%

Monitor for toxicity and digoxin plasma 
concentrations; adjust dose as needed

Flecainide 
 

↑ flecainide AUC by 21% and ↓ CL by 16.5%; 
increased PR and QRS prolongation on 
electrocardiogram

Monitor for toxicity; adjust dose as needed 
 

Halofantrine 
 

Warning: combination may cause  
prolongation of the QTc interval 

Avoid concurrent administration; if used, monitor for 
toxicity and clinically significant lengthening of the 
QTc interval

Ketoconazole ↓ quinine CL by 31% and AUC of 
3-hydroxyquinine by 30%

Clinical significance unknown 

Mefloquine 
 
 

Increased risk for QTc prolongation and  
seizures 
 

Avoid concurrent administration; if used, delay 
mefloquine administration until at least 12 h after the 
last dose of quinine; monitor for toxicity and clinically 
significant lengthening of the QTc interval

Phenobarbital ↑ phenobarbital AUC by 57% and C
max

 by 53% Monitor efficacy and phenobarbital plasma 
concentrations; adjust dose as needed

Phenytoin (fosphenytoin) ↓ quinine plasma concentrations Limited data; monitor efficacy of quinine

Rifampicin ↓ quinine plasma concentrations; ↑ quinine  
CL by six-fold and ↓ t½β from 11 to 5.5 h

Monitor efficacy of quinine and increase dose as 
needed

Tetracycline ↑ quinine plasma concentrations by two-fold Increased efficacy; no drug–drug interaction with 
doxycycline

Urine alkalinizers2 ↓ excretion of unchanged quinine Clinical significance unknown

(Continued)
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support this effect.11,46 A fair number of drug–drug interac-
tions have been reported with chloroquine use and the great 
majority are easily managed.

Mefloquine is completely metabolized in the liver to a car-
boxy metabolite, probably by CYP3A4.11,46 Potent inhibitors 
(e.g. ketoconazole) and inducers (e.g. rifampicin) of CYP3A4 
have increased and decreased the systemic exposure of meflo-
quine, respectively. Mefloquine has the potential to be associ-
ated with clinically significant pharmacodynamic drug–drug 
interactions and overlapping toxicities such as QTc prolonga-
tion, neuropsychiatric disturbances and seizures. Concurrent 
administration of quinine, quinidine, chloroquine and fluo-
roquinolones should be avoided. The administration of oral 
typhoid vaccine and mefloquine should be separated by 12 h 
to ensure adequate immunization from the vaccine.

Quinine is extensively metabolized in the liver to several 
metabolites, including biologically active  3-hydroxyquinine.11,46 
The metabolism of quinine is a result of CYP3A (major) and 
CYP2C19 (minor). In contrast, quinidine is metabolized 
by intestinal and liver CYP3A4 and is a potent inhibitor of 
CYP2D6. Cimetidine, ketoconazole, tetracycline and urine 
alkalinizers can increase the systemic exposure or decrease 
the renal clearance of quinine or 3-hydroxyquinine. Both 
quinine and quinidine can increase the plasma concentra-
tions of digoxin. Drugs that prolong the QTc interval should 
be avoided or used with caution and monitored for toxicity.

The antifolate agents such sulfadiazine and pyrimethamine 
are not associated with major pharmacokinetic drug–drug 
interactions.11,35 Overlapping adverse hematological  toxicity 
(e.g. neutropenia, anemia, thrombocytopenia) may occur 
with concurrent use of trimethoprim–sulfamethoxazole or 
other sulfonamides, zidovudine or ganciclovir. Close moni-
toring and/or use of alternative therapies are recommended 
when possible.

ANTIPROTOZOAL AND ANTHELMINTIC 
AGENTS (Table 6.14)

A variety of different drug classes are used to treat protozoal 
and parasitic infections.11,35 Agents that can be used for these 
infections, as well as an antibacterial agent (e.g. metronida-
zole, clindamycin or trimethoprim–sulfamethoxazole), have 
been discussed in a previous section (e.g. Antibacterial agents; 
see Table 6.5) in this chapter.

Interactions involving antiprotozoal and  anthelmintic 
agents may occur secondary to pharmacokinetic and/or 
pharmacodynamic mechanisms.11 Drug–drug interactions 
involving albendazole, mebendazole and praziquantel mainly 
involve enzyme induction or inhibition. Agents reported 
in these drug–drug interactions have included anticonvul-
sants (e.g. phenytoin, carbamazepine, phenobarbital or val-
proic acid), rifampicin, dexamethasone and cimetidine. 
Tiabendazole (thiabendazole) appears to inhibit CYP1A2, 
and has significantly (e.g. >50%) increased the plasma con-
centrations of xanthine derivatives such as theophylline 
and caffeine. Renal excretion of diethylcarbamazine can be 
increased or decreased with concurrent administration of 
urinary acidifiers or alkalinizers, respectively.

Furazolidone is an MAOI and must be used with caution 
when other drugs (e.g. sympathomimetic amines) as well as 
food or drink containing tyramine are concurrently adminis-
tered during or before therapy.11 Disulfiram-like reactions have 
been associated with concurrent administration of alcohol 
and furazolidone or levamisole. The common adverse effects 
associated with pentamidine (e.g. bone marrow  suppression, 
nephrotoxicity, pancreatitis or hypocalcemia) can result in 
additive toxicity when used in conjunction with antiviral and 
antiretroviral agents.

table 6.13 Drug–drug interactions involving antimalarial agents—cont’d

antimalarial drug Interacting drug Mechanism/effects Management recommendations

Sulfadoxine and 
pyrimethamine

Artemether ↑ pyrimethamine C
max

 by 44% Clinical significance unknown 

Chlorpromazine 
 

↑ chlorpromazine 3-h plasma concentrations 
by four-fold and ↑ hydroxyl metabolite plasma 
concentrations

Monitor toxicity; decrease dose of chlorpromazine 
 

Halofantrine ↑ halofantrine AUC
0–6

 and C
max

 by 60% Monitor for toxicity and clinically significant 
lengthening of the QTc interval

Trimethoprim–
sulfamethoxazole 
or sulfonamides

Increased risk of myelosuppression; serious 
pancytopenia and megaloblastic anemia when  
given with pyrimethamine

Monitor whole blood cell count and toxicity; avoid 
concomitant therapy with other folate antagonists; 
administer leucovorin as needed

Zidovudine Increased risk of myelosuppression Monitor whole blood cell count and toxicity; 
administer leucovorin as needed

1Examples of cardioactive drugs include antiarrhythmics (e.g. class Ic and III), beta-blockers (e.g. propranolol), calcium channel blockers, antihistamines (e.g. astemizole and 
terfenadine), phenothiazines, related antimalarials (e.g. quinine), halofantrine and ziprasidone.
2Examples of urine alkalinizers include sodium bicarbonate and acetazolamide.
AUC, area under the plasma concentration–time curve; CL, clearance; C

max
, maximum plasma drug concentration; CYP, cytochrome P

450
; GI, gastrointestinal; t½β, elimination half-life.
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table 6.14 Drug–drug interactions involving antiprotozoal and anthelmintic agents

Drug Interacting drug Mechanism/effects Management recommendations

Albendazole Carbamazepine, 
phenobarbital, phenytoin 
(fosphenytoin) 
 

↓ (+)-albendazole sulfoxide AUC by  
49% (carbamazepine), 61% 
(phenobarbital), and 66% (phenytoin)  
and ↓ (+)-albendazole sulfoxide C

max
 

by 50–63%

Monitor efficacy of systemic infections and increase 
dose of albendazole as needed 
 
 

Cimetidine 
 

↑ albendazole sulfoxide plasma 
concentrations and ↑ t

½β from  
7.4 to 19 h

Clinical significance unknown; increased efficacy 
observed 

Dexamethasone ↑ albendazole sulfoxide plasma 
concentrations by 50%

Clinical significance unknown 

Levamisole ↓ albendazole sulfoxide AUC by 75% Caution with concomitant use; monitor efficacy 
of systemic infections

Atovaquone See Table 6.13   

Diethylcarbamazepine Ammonium chloride Increased urinary excretion Clinical significance unknown

Sodium bicarbonate Decreased urinary excretion Clinical significance unknown

Furazolidone Alcohol Disulfiram-like reaction Avoid alcohol during and shortly after therapy 
with furazolidone

Omeprazole ↓ furazolidone AUC by 30% Monitor efficacy; increase dose if needed

Sympathomimetics1  
(indirectly acting) 
 

MAOI activity and pressor responses 
to tyramine, dextroamfetamine or  
pargyline 

Avoid concomitant sympathomimetic drugs or 
tyramine-containing foods or drinks that may have 
non-selective MAOI effects; warn patients about 
prohibiting the use of these agents

Ivermectin Alcohol ↑ ivermectin plasma concentrations 
by 51–66%

Monitor for toxicity (e.g. ataxia and postural 
hypotension)

Levamisole ↑ ivermectin AUC by two-fold Monitor for toxicity

Levamisole Albendazole ↓ albendazole sulfoxide AUC by 75% Caution with concomitant use; monitor efficacy 
of systemic infections

Alcohol Disulfiram-like reaction Avoid alcohol during and shortly after therapy with 
levamisole

Ivermectin ↑ ivermectin AUC by two-fold Monitor for toxicity

Mebendazole Carbamazepine, phenytoin 
(fosphenytoin)

↓ mebendazole serum concentrations Monitor efficacy of systemic infections and increase 
dose of mebendazole as needed

Cimetidine ↑ mebendazole C
max

 by 48% Clinical significance unknown; increased efficacy 
observed

Metronidazole Increased risk of Stevens–Johnson 
syndrome/toxic epidermal necrolysis

Avoid concomitant administration 

Valproic acid ↑ mebendazole serum concentrations Clinical significance unknown; monitor for toxicity

Pentamidine Foscarnet Additive hypocalcemia Monitor serum calcium levels and toxicity

Nephrotoxic agents2 
 
 

Direct or additive injury to the  
renal tubule 
 

Concomitant therapy should be avoided or used with 
caution and includes monitoring renal function and 
dosage adjustments based on toxicity, body weight 
and creatinine clearance estimation

Zalcitabine, stavudine, 
didanosine 

Additive pancreatic toxicity 
 

Avoid concurrent administration; if used, zalcitabine 
therapy should be interrupted while receiving 
pentamidine

Zidovudine Additive bone marrow suppression Monitor WBC and toxicity

Piperazine Pyrantel Piperazine opposes anthelmintic  
action of pyrantel

Avoid concomitant administration 

(Continued)
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table 6.14 Drug–drug interactions involving antiprotozoal and anthelmintic agents—cont’d

Drug Interacting drug Mechanism/effects Management recommendations

Praziquantel Carbamazepine,  
phenobarbital, phenytoin 
(fosphenytoin) 

↓ praziquantel AUC by 90%  
(carbamazepine) and 74% (phenytoin);  
↓ praziquantel plasma concentrations 
with phenobarbital

Monitor efficacy of systemic infections and increase 
dose of praziquantel as needed 
 

Chloroquine ↓ praziquantel AUC by 65% and  
Cmax by 59%

Monitor efficacy; ↑ dose of praziquantel for systemic 
infection

Cimetidine ↑ praziquantel AUC and plasma 
concentrations by two-fold

May improve efficacy or reverse drug–drug interactions 
that ↓ praziquantel AUC (e.g. anticonvulsants, steroids)

Dexamethasone ↓ praziquantel plasma steady-state 
concentrations by 50%

Monitor efficacy of systemic infections and increase 
dose of praziquantel as needed

Rifampicin ↓ praziquantel plasma steady-state 
concentrations by 85–100%

Avoid concomitant administration 

Pyrantel Piperazine Piperazine opposes anthelmintic action  
of pyrantel

Avoid concomitant administration 

Tiabendazole Aminophylline,  
theophylline 
 
 
 

↑ theophylline plasma concentrations  
via inhibition of CYP1A2 
 
 
 

Reduce theophylline dosage by 50% or stop 
theophylline while on tiabendazole; consider using 
albendazole or mebendazole (not associated with this 
drug interaction); if used concurrently, monitor toxicity 
and plasma theophylline concentrations, and adjust 
dose as needed

Caffeine ↑ caffeine AUC by 57%, ↑ t
½β by 140%  

and ↓ CL by 66%
Monitor and inform patient of adverse effects of 
caffeine

1Examples of indirectly acting sympathomimetic amines include amfetamines, phenylpropanolamine and ephedrine.
2Examples include amphotericin B, cisplatin, ciclosporin, vancomycin, foscarnet, intravenous pentamidine, cidofovir, tenofovir, polymyxin B, colistin, radio contrast and 
aminoglycosides.
AUC, area under the plasma concentration–time curve; CL, clearance; C

max
, maximum plasma drug concentration; MAOI, monoamine oxidase inhibitor; t

½β, elimination half-life; 
WBC, white blood cell count.
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Chapter

7 Antibiotics and the immune 
system

arne Forsgren and Kristian riesbeck

CHEMOTAXIS

Most studies on the direct effect of antibiotics on phagocytic 
cells concern chemotaxis. The effect of 20 different antibiotics 
on chemotaxis in vitro towards an Escherichia coli filtrate was 
studied by an agarose technique.6 Human leukocytes preincu-
bated with clinically obtainable concentrations of rifampicin 
(rifampin) and sodium fusidate showed markedly depressed 
directional migration and, at  concentrations slightly above 
those clinically achievable, doxycycline also inhibited chemot-
axis. The clinical implications of these results must, however, 
be questioned as the experiments were performed in a low-
protein tissue culture suspension, and fusidic acid particularly 
is heavily protein bound. In patients and healthy volunteers 
given doxycycline, leukocyte migration was studied ex vivo 
with the agarose technique and in vivo with a skin window 
technique. The very high dose 600 mg doxycycline adminis-
tered intravenously had only an insignificant effect, while con-
trols given non-steroidal anti-inflammatory drugs (NSAIDs) 
had significantly reduced values both ex and in vivo (A Scheja, 
A Forsgren, unpublished results). Aminoglycosides, β-lactams, 
macrolides, clindamycin, sulfamethoxazole, trimethoprim and 
also fluoroquinolones have shown no interactions with agarose 
chemotaxis. In contrast to those results, it has been reported 
that macrolides potentiate human neutrophil locomotion in 
vitro by inhibition of leukoattractant-activated superoxide gen-
eration and auto-oxidation. In addition, aminoglycosides have 
been reported to inhibit chemotaxis. The effects of macrolides 
and aminoglycosides have not been confirmed in in-vivo stud-
ies. The anti-inflammatory activities of quinolones were inves-
tigated with an in-vitro model of transendothelial migration 

Numerous reports on the effect of antibacterial agents on the immune 
system have accumulated in recent years. However, immune capac-
ity is difficult to examine, and different results, sometimes conflicting, 
will be obtained depending on the derivative, incubation time, cell 
type, analysis method or experimental animal used. In this chapter, 
selected current literature is reviewed.

Comprehensive reviews on the effects of antibiotics on the 
immune response have been published over the last three decades. 
Hauser and Remington in 1983 concluded that a potential for immu-
nosuppression exists for several antibiotics,1 although the clinical rel-
evance of the experimental observations remained to be elucidated. 
Milatovic characterized the published results on phagocytosis to a 
large extent as controversial, thus rendering the evaluation rather dif-
ficult.2 Labro’s review of the therapeutic relevance of the observed 
effects on phagocyte functions and future research prospects raises 
more questions than answers.3 Extensive reviews on the immuno-
modulatory effects of quinolones have been published by Riesbeck4 
and Dalhoff and Shalit.5

During an infection, antibiotics interfere with both the infecting 
bacterium and the host in a complicated fashion (Figure 7.1). In addi-
tion to the conventional effects of an antibiotic, i.e. bacteristatic and 
bactericidal activity (A), some antibiotics act directly on important 
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Fig. 7.1 Schematic drawing demonstrating host–cell interactions 
and different levels of intervention by antibacterial agents. See text 
for details.

components in the host defense such as granulocytes and lympho-
cytes (B). Antibiotics can alter the susceptibility of bacteria to host 
defenses and alter release of toxins and inflammatory products, with 
secondary effects on the host (C). Phagocytic or other host cells can 
also protect bacteria against antibiotics (D).
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(TEM). Human umbilical vein endothelial cells (HUVEC) 
infected with Chlamydophila (formerly Chlamydia) pneumoniae 
or stimulated with tumor neurosis factor alpha (TNF-α), as 
well as neutrophils and monocytes, were preincubated with 
quinolones. A significantly decreased neutrophil and mono-
cyte migration and interleukin-8 (IL-8) production compared 
to antibiotic-free controls was detected. It was speculated that 
the decreased migration was due to decreased IL-8 levels.7

PHAGOCYTOSIS AND KILLING

Studies of the direct influence of antibiotics on other phago-
cytic cell functions such as engulfment, killing and metabolic 
responses are more scarce. In-vitro experiments by a  number 
of investigators have shown that, at clinical concentrations 
slightly above those levels obtained in vivo, tetracyclines 
inhibit the uptake of different bacteria, yeast and particles. 
Furthermore, leukocytes harvested from healthy volunteers 
after ingestion of tetracycline also demonstrated decreased 
phagocytic capacity for yeasts, although results are conflict-
ing. For aminoglycosides, decreased, increased or no effect 
on uptake has been reported. Other antibiotics have not been 
studied or have not shown effect on phagocyte engulfment or 
killing functions. At clinically achievable concentrations, for 
example, fluoroquinolones in general do not affect phagocyte 
functions.

INTRACELLULAR EFFECTS

Intracellular effects of antibiotics cannot be predicted on the 
simple basis of cellular drug accumulation and minimum 
inhibitory concentration (MIC) in broth. In most cases, intra-
cellular activity is actually lower than extracellular activity, 
despite the fact that all antibiotics reach intracellular concen-
trations that are at least equal to, and more often higher than, 
the extracellular concentrations. This discrepancy may result 
from impairment of the expression of antibiotic activity or a 
change in bacterial responsiveness inside the cells. It there-
fore appears important to evaluate the intracellular activity of  
antibiotics in appropriate models.8

The penetration of antibiotics into human cells has been 
addressed by different methods, often including radiola-
beled drugs. Again results vary with experimental conditions; 
for example, using different media with (or without) albu-
min considerably affects the outcome.9 Penicillins, cepha-
losporins and aminoglycosides have, in general, been shown 
to have limited access to the intracellular space with a cel-
lular/extracellular ratio (C/E) less than 1, whereas quinolo-
nes, tetracyclines, ethambutol and rifampicin are enriched 
intracellularly. Azithromycin, clarithromycin, clindamycin, 
erythromycin, roxithromycin and telithromycin, as well as 
teicoplanin, demonstrate a C/E of 10:1 to 100:1 or higher. 
There are also large differences between host cells regarding 
their capacity to accumulate antibiotics intracellularly. Most 

authors have reported a lack of intracellular accumulation of 
β-lactams in phagocytic cells. However, during longer incu-
bations, β-lactam antibiotics diffuse through membranes into 
the cell cytosol. Macrophages and also fibroblasts incubated 
with aminoglycosides for several days accumulate these drugs 
to an apparent C/E of 2 to 4. Macrophages take up penicil-
lins and aminoglycosides by pinocytosis, in contrast to gran-
ulocytes that lack this uptake mechanism. In macrophages 
actively ingesting bacteria and also in resting macrophages 
obtained from smokers, there is an increased rate of penetra-
tion of the drugs. The intracellular distribution of antibiotics 
will influence their ultimate biological activity. A prerequisite 
for a beneficial intracellular antibacterial effect is the local-
ization of the antibiotic and the pathogen in the same intra-
cellular compartment. Thus, intracellular bioactivity is not a 
common property among antibacterial agents, even though 
they are accumulated intracellularly.

Bacteria are internalized by both phagocytic and non-pro-
fessional phagocytic cells in which they may not only survive 
but also multiply. The ability of bacteria to enter non-phagocytic 
host cells such as epithelial cells, endothelial cells and fibro-
blasts requires specific uptake mechanisms including invasins, 
which interact with specific host cell receptors or bacterial 
proteins, triggering membrane ruffling and concomitant bac-
terial uptake. Although the molecular details in the uptake 
mechanism of phagocytic cells differ among intracellular bac-
teria, the first event following the specific interaction between 
the bacterial cell and the phagocyte is always the formation 
of a primary phagosome. After being taken up, most extracel-
lular bacteria are quickly or more slowly inactivated by the 
subsequent generation of reactive oxygen intermediates and 
nitrogen oxide, together with lytic enzymes supplied by the 
lysosomes. However, it is widely recognized that intracellular 
survival or even multiplication of many bacteria, traditionally 
referred to as extracellular parasites, play a significant role in 
the pathogenesis of the disease these organisms cause. This is 
evident in infections caused by Staphylococcus aureus but is also 
seen in the case of Haemophilus influenzae, pneumococci and 
streptococci. In order to escape these hostile conditions in the 
phagosome, intracellular bacteria have invented two different 
strategies either to modify the phagosomal compartment in a 
variety of ways to prevent the bactericidal attack or to escape 
from the primary phagosome into the cytosol of the host cell. 
The first strategy is used by Salmonella spp., Mycobacterium 
tuberculosis, Legionella pneumophila and Chlamydia spp. In con-
trast, Listeria, Shigella and Rickettsia spp. escape from the pri-
mary phagosome into the host cytosol, where they continue 
replicating.

The activity of antibiotics against intracellular bacteria was 
reviewed by van den Broek who commented on the difficul-
ties in comparing data generated by different laboratories.10 
Most antibiotics have not been tested in vitro for intracellular 
effect against microbes with different locations. Intracellular 
Staph. aureus have been shown to present a problem in anti-
biotic therapy and staphylococci phagocytosed by granulo-
cytes have often been used as a model. Although there are 
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 discrepancies in the literature on the ability of antibiotics to 
kill intracellular Staph. aureus, most studies have shown a good 
intraphagocytic activity for rifampicin. In contrast, studies on 
the intracellular accumulation and activity of ciprofloxacin, 
levofloxacin and moxifloxacin using different cellular models 
of Staph. aureus-infected phagocytes, have reported a bacte-
ristatic rather than a bactericidal effect of fluoroquinolones 
despite a many-fold accumulation of the drugs. These con-
cordant data clearly indicate that as yet unknown factors must 
be at work to decrease the intracellular antibiotic efficiency 
of fluoroquinolones.11 Macrolides, clindamycin, vancomycin 
and teicoplanin giving high intracellular levels have shown 
inability to kill intracellular Staph. aureus. This may be due to 
the fact that clindamycin (and also erythromycin) is mainly 
associated with the cytosol fraction and less with the lyso-
somal fraction where the staphylococci are found. In addition, 
macrolides and clindamycin are negatively affected by acidic 
pH in the lysosomal fraction. In most studies, β-lactam antibi-
otics and aminoglycosides have not shown reduction of Staph. 
aureus within neutrophils. However, in contrast, phenoxym-
ethylpenicillin, cloxacillin, flucloxacillin and aminoglycosides 
have been shown to exert some activity against staphylococci 
within macrophages. It is widely believed that aminoglyco-
sides only affect extracellular bacteria. However, as pointed 
out above, aminoglycosides enter macrophages and accumu-
late slowly. The activity of aminoglycosides against intracellu-
lar M. tuberculosis has been confirmed in classic macrophage 
studies. The activity of rifampicin against intracellular 
Legionella pneumophilia and M. tuberculosis is well accepted. In 
 addition, the intraphagocytic bactericidal effects of erythro-
mycin on Legionella and Chlamydia spp. seem well established. 
This may, however, vary due to the cell type in question, as 
infection with C. pneumoniae in circulating human mono 
cytes is refractory to antibiotic treatment with azithromycin 
and rifampicin.12

Extracellular respiratory tract pathogens such as H. influ-
enzae, pneumococci and streptococci can enter epithelial cells 
and macrophages and survive intracellularly. When the activ-
ity of azithromycin, gentamicin, levofloxacin, moxifloxacin, 
penicillin G, rifampicin, telithromycin and trovafloxacin were 
tested against intracellular pneumococci, moxifloxacin, trova-
floxacin and telithromycin were most active. Telithromycin 
killed all intracellular organisms.13

STRUCTURAL CHANGES IN BACTERIA 
EXPOSED TO ANTIBIOTICS

Altered uptake and killing of bacteria exposed to antibiotics 
has been clearly documented as reviewed by Gemmel and 
Lorian.14,15 Bacteria exposed to various antibiotics including 
β-lactam antibiotics, vancomycin, macrolides and quinolo-
nes have been reported to be more easily phagocytosed and 
killed. In contrast to those drugs, tetracycline and gentamicin 
have been reported to decrease phagocytosis. The reason for 
the improved killing varies but some bacteria exposed to low  

concentrations of antibiotics, i.e. below MIC (sub-MIC), 
often show increased killing. Structural changes can be one 
reason for changed uptake and killing. β-Lactam antibiotics 
produce the most dramatic alteration of the bacterial morphol-
ogy. The functional role of penicillin binding proteins (PBPs) 
in bacterial growth and morphological integrity provides the 
biochemical base for most of the alterations occurring in the 
presence of β-lactam antibiotics. Each β-lactam antibiotic has 
a characteristic binding activity for each PBP and at sub-MIC 
the antibiotic binds to that PBP for which it has the high-
est affinity, resulting in antibiotic-dependent specific changes 
(e.g. filaments or oval cells). However, all β-lactam antibiotics 
have similar morphological effects on staphylococci and other 
Gram-positive cocci due to little variation in PBP affinity in 
these bacteria. Fosfomycin and vancomycin, which inhibit 
earlier stages of cell wall synthesis, produce similar mor-
phological alterations in Gram-positive cocci. Sub-MICs of 
antibiotics with targets other than cell-wall synthesis induce 
different morphological changes. Exposure of staphylococci 
to chloramphenicol, tetracycline, rifampicin and also synercid 
results in bacteria with multiple layers of cell wall. In Gram-
negative bacteria, ciprofloxacin and trimethoprim leads to 
production of filaments.

Antibiotics may also inhibit the synthesis of key surface 
molecules. The enhanced phagocytosis and killing of clin-
damycin-exposed Bacteroides spp. appear to be due to the dis-
appearance of capsule from the bacterial surface. Similarly, 
clindamycin and linezolid reduce the amount of protein A 
on the surface of Staph. aureus and M protein on group A 
streptococci: consequently these bacteria become more sus-
ceptible to phagocytic uptake and killing. In addition, these 
two antibiotics impair coagulase and hemolysin produc-
tion of Staph. aureus as well as streptolysin and DNase of 
group A streptococci. Ceftriaxone and monobactams reduce  
the antiphagocytic antigen of Esch. coli. In parallel, ampicillin  
and chloramphenicol alter the antiphagocytic capsule of  
H. influenzae type b, resulting in increased uptake.

ENDOTOXIN AND EXOTOXIN RELEASE

As early as 1960, Hinton and Orr observed that α-hemolysin 
production by Staph. aureus is inhibited by streptomycin or 
bacitracin at concentrations below those interfering with bac-
terial growth. Confirmation of these findings was performed 
using other antibiotics (tetracyclines, clindamycin, chloram-
phenicol and erythromycin). Specific inhibition of, for exam-
ple, toxic shock syndrome toxin is possible with sub-MIC 
levels of clindamycin. Treatment of several other species (e.g. 
Clostridium difficile, Pseudomonas aeruginosa, group A strep-
tococci and Esch. coli) with mainly protein synthesis inhibi-
tors reduces both toxin synthesis and the production of other 
virulence factors.14 Clindamycin has recently been used as 
an important supplement to, for example, benzylpenicillin 
to lower exotoxin levels in the treatment of patients suffer-
ing from infections with β-hemolytic group A streptococci. 
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An effect of great importance of antibacterial agents would be 
their potential ability to limit release of endotoxin (lipopoly-
saccharide; LPS), the major constituent of the outer mem-
brane of Gram-negative bacteria, in the critically ill patient.

In-vitro and animal experiments as well as some clinical 
studies have shown that endotoxin concentrations increase after 
antibiotic treatment of Gram-negative infections. Antibiotics 
differ in their capacity to cause endotoxin release depending 
on their mode of action. β-Lactam antibiotics, acting on the 
cell wall, lead to a higher endotoxin release than aminoglyco-
sides and other groups of antibiotics, affecting bacterial pro-
tein synthesis. Among the β-lactam antibiotics, there are also 
differences in capacity to liberate endotoxin depending on 
their affinities for the various PBPs. Furthermore, affinities for 
PBPs have been shown to be dose dependent. Ceftazidime has 
been demonstrated to bind to PBP 3 at low doses, leading to 
the formation of long filamentous structures with an increased 
endotoxin production before lysis. With increasing doses, cef-
tazidime also has a high affinity for PBP 1, leading to rapid 
lysis without elongation and with less endotoxin release.

In a randomized, multicenter, double-blind study, no dif-
ferences in the levels of proinflammatory cytokines were 
detected in patients with Gram-negative urosepsis treated 
with either imipenem or ceftazidime.16 Thus, well-controlled 
clinical investigations are required to shed light on compli-
cated biological phenomena. Reduced endotoxin shedding 
has been reported when β-lactam antibiotics have been com-
bined with clindamycin and tobramycin.17

CELL PROLIFERATION AND CYTOKINE 
PRODUCTION

Effects of antibiotics on lymphoid cells or cells of other ori-
gins have been described for most antibiotics that accumu-
late intracellularly. Fluoroquinolones reach concentrations 
in human leukocytes 3–20 times the extracellular concen-
tration.4,5 Importantly, these drugs are not associated with 
any specific cellular organelle and do not require cell via-
bility for accumulation. At concentrations slightly above 
those clinically achievable, the effects of fluoroquinolo-
nes on the immune system have been thoroughly inves-
tigated by us and others. We have used ciprofloxacin as a 
model drug for this large group of derivatives. Ciprofloxacin 
(range 5–80 μg/mL), and to a lower degree other fluoro-
quinolones, superinduces IL-2 synthesis by mitogen-acti-
vated peripheral blood lymphocytes.18–20 Experiments with 
T-cell lines and primary T lymphocytes transiently trans-
fected with a plasmid containing the IL-2 promoter region, 
show ciprofloxacin to enhance IL-2 gene activation. In par-
allel with these observations, under certain in-vitro condi-
tions, ciprofloxacin (20–80 μg/mL) counteracts the effect 
of the immunosuppressive agent ciclosporin (cyclosporine) 
that normally inhibits the phosphatase activityof calcineu-
rin inhibiting NFAT-1 activity. Ciprofloxacin thus inter-
feres with a regulative pathway common to several cytokines. 

Indeed, analysis of cytokine mRNAs in ciprofloxacin-treated  
peripheral blood lymphocytes revealed that not only is IL-2 
mRNA enhanced, but also an array of other cytokine mRNAs 
including interferon gamma (IFN-γ) and IL-4 (Figure 7.2A). 
An earlier and stronger ciprofloxacin-dependent activation 
of the transcriptional regulation factors NFAT-1 and activa-
tor protein-1 (AP-1) has been observed in T-cells explain-
ing the upregulated mRNA transcription (Figure 7.2B). 
These data suggest a program commonly observed in mam-
malian stress responses. In fact, when microarray analysis 
was done on ciprofloxacin-treated T lymphocytes, several 
gene transcripts (n = 104) were upregulated in cells treated 
with ciprofloxacin, whereas 98 transcripts were downregu-
lated out of 847 total genes included on the microarray.21 
The increased mRNAs were distributed between major gene 
programs, including interleukins (36.5%), signal-transduc-
tion molecules (13.5%), adhesion molecules (10.6%), tumor 
necrosis factor and transforming growth factor superfamilies 
(10.6%), cell-cycle regulators (9.6%) and apoptosis-related 
molecules (8.7%). In parallel with this hypothesis, cipro-
floxacin and trovafloxacin at experimental concentrations 
potentiate IL-8 and E-selectin (CD62E) synthesis in stimu-
lated endothelial cells.22 However, the fluoroquinolone mox-
ifloxacin (MXF) inhibits nuclear factor kappa B (NF-κB) 
activation, mitogen-activated protein kinase activation and 
synthesis of the proinflammatory cytokines IL-8, TNF-α and 
IL-1β in activated human monocytic cells.23 It also had a pro-
tective anti-inflammatory effect in vivo in a model of Candida 
albicans pneumonia in immune suppressed animals, resulting 
in enhanced survival and reduction in IL-8 and TNF-α in 
lung homogenates.

Several reports exist on ciprofloxacin-dependent immu-
nomodulation in vivo, strongly indicating that the observed 
cytokine upregulation is not an in-vitro artefact.4,5 It is thus 
clear that the fluoroquinolone ciprofloxacin stimulates bone 
marrow regeneration in both transplanted and sublethally 
irradiated mice by interfering with IL-3 and granulocyte–mac-
rophage colony-stimulating factor (GM-CSF) synthesis. The 
treated mice demonstrated a higher number of white blood 
cells and myeloid progenitor cells in bone marrow and spleen 
on days 4 and 8 post-irradiation as compared to saline-treated 
animals. Despite brilliant results in mouse models, only one 
successful study exists on this phenomenon in human sub-
jects. In contrast to specific effects on the bacteria, fluoro-
quinolones (7% and 50% for trovafloxacin and tosufloxacin, 
respectively) protected mice from LPS-dependent mortal-
ity when animals were injected with lethal doses.24 IL-6 and 
TNF-α serum concentrations were significantly reduced in 
fluoroquinolone-treated animals compared to drug-free con-
trols. In parallel, numerous studies have shown that fluoro-
quinolones inhibit monokine production by LPS-activated 
monocytic cell, albeit at drug concentrations higher than the 
ones achieved in serum.

Macrolides including erythromycin, clarithromycin and 
roxithromycin have been analyzed in several cell systems 
using various stimulatory compounds such as cytokines and 
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endotoxins. Since macrolides are strongly accumulated intra-
cellularly (>10- to 200-fold), this group of antibiotics con-
sequently has the prerequisite to interfere with eukaryotic 
cell activities. The molecular target for macrolides as tested 
with erythromycin seems to be the nuclear transcription fac-
tor NF-κB or a target upstream.25 A common feature of the 
macrolides in in-vitro experimental systems is to inhibit pro-
duction of proinflammatory cytokines, such as IL-6, TNF-α 
and IL-8. The effects by the macrolides are similar on epi-
thelial and monocytic cells. Macrolides also interfere directly 
with eosinophils (i.e. inhibited IL-8 synthesis) and neutro-
phils (decreased superoxide anion production) suggesting 
that, together with available data on inhibitory effects on pro-
inflammatory cytokines, macrolides may inhibit the inflam-
matory response on different levels.26

Tetracycline derivatives, and in particular doxycycline, 
have repeatedly been reported to interfere with the com-
ponents of the immune system. For example, doxycycline 
inhibits proliferation of mitogen-activated peripheral blood 
lymphocytes,6 and minocycline has been shown to decrease 
T-helper cell cytokines such as IL-2 and IFN-γ. The primary 
target for tetracyclines may be mitochondria as tetracyclines 
inhibit mitochondrial protein synthesis, leading to a reduced 
mitochondrial mass and consequently a decreased oxidative 
phosphorylation and energy supply.27

Fusidic acid at clinically achievable concentrations in low 
protein tissue culture suspension significantly inhibits mito-
gen-activated peripheral blood lymphocytes.5 Nitrofurantoin 
also interferes with lymphocyte proliferation, whereas peni-
cillins, cephalosporins, aminoglycosides and trimethoprim 
do not appear to exert any specific effects on lymphocyte 
immune functions.

Rifampicin modifies several aspects of the immune 
response;1 it interferes with lymphocyte proliferation as dem-
onstrated by a decreased thymidine incorporation,6 and sig-
nificantly prolongs graft survival up to 40% when examined 
in a split-heart allograft transplantation model. The mecha-
nism responsible for this has not yet been thoroughly eluci-
dated, but it is most likely that the drug inhibits the cellular 
immune response to the transplanted tissue. Interestingly, 
cytokine-activated monocytes incubated with rifampicin show 
an increased CD1b expression,3 a phenomenon that might be 
beneficial in tuberculosis patients on rifampicin therapy since 
CD1b plays a role in presentation of non-peptide antigens.

Cephalosporins do not in general potentiate or modify 
the immune system. The results obtained in several stud-
ies on cefodizime are contradictory and the precise mech-
anisms have not yet been defined, although the effects of 
cefodizime have been summarized by Bergeron et al.28 The 
drug has been reported to exert negative, neutral or  positive 
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effects on polymorphonuclear chemotaxis; to have no effect 
or positive effects on phagocytosis; to downregulate TNF-α, 
IL-1 and IL-6 released by stimulated human monocytes; to 
have no effect on IL-1 release; and to upregulate IL-8 release 
and GM-CSF from monocytes and bronchial epithelial 
cells, respectively. Ex vivo, cefodizime shows either neutral 
or positive effects on chemotaxis and phagocytosis. In vivo, 
cefodizime restores IL-1 and interferon production in immu-
nocompromised hosts, and enhances phagocytosis and sur-
vival of mice infected with cefodizime-resistant pathogens. 
The drug decreases TNF-α synthesis and inflammation in 
mice infected by Streptococcus pneumoniae, whereas TNF-α 
production is increased in cefodizime-treated mice adminis-
tered heat-killed Klebsiella pneumoniae.

CONCLUSION

Since the field of immunology expanded in the early 1980s, 
many studies have been performed in order to elucidate the 
effects of clinically useful antibiotics on different immune 
functions. Several antibiotics (e.g. certain fluoroquinolones, 
macrolides, tetracyclines and rifampicin) significantly inter-
fere with the immune response; however, despite much effort, 
only a few of the precise mechanisms behind the immuno-
modulatory capacities have been elucidated. The term bio-
logical response modifiers has been coined for some drugs, but 
an antibiotic that is solely chosen for its immunomodulatory 
activity in lieu of others is not yet available. We are still await-
ing drug derivatives with defined antibacterial activities in 
addition to well-clarified chemical structures that superin-
duce or inhibit specific immune functions. The field is still in 
its infancy; structural chemistry followed by high-throughput 
screening and modern molecular immunology should point 
us towards new drugs.
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Antimicrobial agents have had a major impact on the practice of 
medicine for almost three-quarters of a century. They remain life-
saving for many severe infections, such as meningitis, pneumonia 
and bloodstream infections. However, their use has also controlled 
many non-life-threatening infections, for example, those affecting the 
skin, respiratory and urinary tracts, thereby alleviating suffering and 
 controlling the social and economic impact of infectious disease.

Their widespread use in surgical prophylaxis (see Ch. 10) has 
greatly reduced the infectious complications of surgical operations 
and made possible transplant surgery and the treatment of malig-
nant disease, notably those requiring profound immunosuppression 
and cytotoxic chemotherapy for their control.

The very success of antibiotics has led to their widespread use 
and, indeed, misuse through overprescribing, prolonged treatment 
courses and for unproven indications. This, in part, has been due to 
the general acceptance by the public and prescribing professionals 
of the benefits and relative safety of these agents. Indeed, in many 
countries, antibiotics may be purchased without prescription from 
pharmacy stores, thereby adding further to their use.

Among therapeutic agents, antimicrobial drugs have several unique 
properties. Their use is not directed at particular host-derived disease 
or pathological processes, but at an infecting micro-organism(s). In 
general, they are used for short periods (single dose to a few days) 
rather than for prolonged periods of time as with many other drugs. 
However, of greater importance is their vulnerability to antimicrobial 
resistance mechanisms as a result of genetic mutation among target 
pathogens. Such resistance mechanisms are not only diverse, complex 
and continuously increasing, but also are readily transmitted both ver-
tically and horizontally among bacterial species and across genera.

This continuous erosion of efficacy through drug resistance has been 
of professional concern for many years. More recently it has entered the 
public domain and given rise to political concern. Many countries have 
introduced a variety of initiatives which are attempting to stem the tide 
of drug resistance and encourage the development of new agents.

The clinical impact of drug resistance has been to steadily limit 
therapeutic choice and modify recommendations for managing many 
common infections (Table 8.1). More recently, multidrug-resistant 
pathogens have emerged and spread locally, nationally and, in some 
cases, globally. Reports of formerly sensitive, but now ‘untreatable’ 
pathogens are beginning to emerge.

Drug resistance is by no means exclusive to bacteria. In the few 

years in which effective chemotherapy has become  available to treat 
HIV infection, drug resistance (phenotypic as well as genotypic) has 
been the major reason for disease progression. Among fungi, pri-
mary and acquired resistance to azole antifungals is increasingly 
recognized, particularly among Candida spp. Worldwide resistance 
of Plasmodium falciparum to chloroquine and other drugs is a major 
cause of failure of therapeutic and  prophylactic control of malaria.

For all the above reasons, a set of prescribing principles has evolved 
to guide prescribing practice of antimicrobial drugs in the manage-
ment of infectious disease.1 The basis for these principles is not only to 
ensure effective and safe management of infection, but also to reduce 
the risk of drug resistance emerging. Antibiotic prescribing can also 
have an ecological impact that may not only affect the recipient of the 
medication but also has the potential to spread either locally (within 
the hospital) or more widely in the community. International travel 
has added a global dimension to such dissemination.

target organisms agents formerly reliably active but for 
which sensitivity testing is now required

Staphylococcus aureus Penicillin, methicillin, mupirocin

Streptococcus pneumoniae Penicillin, tetracycline, erythromycin

Streptococcus pyogenes Erythromycin, tetracycline

Enterococci Ampicillin, teicoplanin, vancomycin

Neisseria gonorrhoeae Penicillin, tetracycline, ciprofloxacin, 
cephalosporins

Neisseria meningitidis Sulfonamides

Haemophilus influenzae Ampicillin, chloramphenicol

Enterobacteriaceae Ampicillin, cephalosporins, trimethoprim, 
ciprofloxacin

Salmonella spp. Ampicillin, sulfonamides, chloramphenicol, 
ciprofloxacin

Shigella spp. Ampicillin, tetracycline, sulfonamides

Pseudomonas aeruginosa Gentamicin, ceftazidime

table 8.1 Impact of antibiotic resistance on prescribing choice
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THE PRINCIPLES OF ANITMICROBIAL 
PRESCRIBING

DEFINING THE TARGET INFECTION

Fundamental to all antimicrobial prescribing is the need to 
establish the presence and nature of a particular target infec-
tion and to decide whether it is an antibiotic responsive or 
non-responsive condition. Ideally, such a diagnosis should 
be supported by microbiological evidence that confirms the 
nature of the infection. This is only possible where there is 
ready access to laboratory facilities as in hospital practice, or 
where reliable near-patient testing is available.

Very few infectious diseases present clinically in a man-
ner that is pathognomonic and for which the microbiological 
diagnosis can be inferred. Examples include erysipelas caused 
by Streptococcus pyogenes, meningococcal septicemia with rash 
(Neisseria meningitidis) and varicella complicated by a primary 
pneumonia. The majority of infections do not permit such 
accurate diagnosis. Syndromes such as pneumonia, menin-
gitis and pyelonephritis are the result of infection by diverse 
organisms. Microbiological investigations are of limited value 
in defining a microbial etiology. Initial management, where 
early microbiological information is unavailable or laboratory 
facilities do not exist, must therefore be based on a clinical 
assessment and a presumptive consideration of the likely or 
possible causal organisms. Such empirical prescribing gov-
erns the majority of infections managed in primary care and 
also reflects the initial management of infectious conditions  
admitted to hospital, especially where these are life-threatening.

ANTIBIOTIC SELECTION

Knowledge of the likely pathogens responsible for a particular 
target disease (e.g. urinary tract infection, meningitis, commu-
nity-acquired pneumonia) is important in making an appro-
priate choice of agent. This can be greatly enhanced when it is 
based on local knowledge of the usual repertoire of pathogens 
and their current susceptibility to therapeutic agents.

Dosage regimens for specific indications are based on 
clinical trial data, accumulated experience and appropriate 
dose modification for the patient’s age and, where relevant, 
excretory organ dysfunction, in order to reduce the risk from 
toxic effects. Dose adjustment may be necessary for patho-
gens causing ‘site protected infections’, such as pneumococ-
cal meningitis for which much higher doses of penicillin G 
are required to produce therapeutic concentrations in the 
cerebrospinal fluid in comparison with the dosage regimen to 
treat pneumococcal pneumonia.

Antimicrobial agents, like other drugs, are bound to circu-
lating plasma proteins, mostly albumen. Although microbio-
logically inactive in the bound state, there is rapid dissociation 
to the unbound state at the site of infection. The degree of 
protein binding varies widely, being high for flucloxacillin 

(95%) and less marked for ciprofloxacin (30%) and amoxi-
cillin (20%). Highly protein bound agents can perform less 
satisfactorily against pathogens of borderline susceptibility or 
in situations where drug concentrations at the site of infection 
are marginal. In general, the degree of protein binding has 
little impact on the treatment of infections.

PHARMACOKINETIC  
AND PHARMACODYNAMIC 
CONSIDERATIONS

In the past decade or so, pharmacokinetic/pharmacodynamic 
(PK/PD) modeling, which is derived from the pharmacoki-
netic behavior of a drug in comparison with the susceptibil-
ity of particular target pathogens, has had a major impact on 
dosage selection, dosage intervals and, more recently, in pro-
viding supporting evidence of clinical efficacy. This PK/PD 
approach plays a major part in new drug development and has 
been applied not only to antibacterial agents, but also to anti-
retroviral and antifungal drugs. In some instances, data from 
such PK/PD modeling have resulted in modification of dosage 
regimens post-licensing (see Ch. 4). PK/PD modeling has also 
been investigated for its ability to guide dosage regimens less 
likely to result in the emergence of drug resistance, by defining 
the ‘mutant preventing concentration’ of an agent.

ROUTE OF ADMINISTRATION

Antimicrobial agents can be administered systemically (par-
enterally or orally) or topically to the skin, eyes and external 
auditory meati. Other routes include aerosol administration to 
the lungs in the treatment of lower respiratory tract infections 
complicating cystic fibrosis and, very rarely, intrathecally or 
intraventricularly in the specialist management of central ner-
vous system (CNS) infections. In the latter situation, the risk 
of drug toxicity is considerable and requires particular cau-
tion in dose selection and drug administration and, in general, 
is best avoided.

Drugs with high degrees of bioavailability, such as the fluo-
roquinolones, produce therapeutic blood and tissue concen-
trations following oral administration such that parenteral 
use can often be avoided. This approach is less costly, avoids 
the complications of vascular access and also supports early  
step-down therapy from intravenous to oral administration.

DURATION OF TREATMENT

The duration of therapy is poorly defined for many target 
diseases and is in general based on custom and practice and 
licensed data. For some diseases, the duration of treatment 
has been determined scientifically – for example, standard 
6-month regimens of combination therapy in the treatment 
of pulmonary tuberculosis. Another example is the treatment 
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of streptococcal endocarditis, where the species and, more 
particularly, the in-vitro susceptibility of the target pathogen, 
permit short-course therapy (2–4 weeks) for highly sensitive 
viridans streptococci and prolonged courses (6 weeks) for less 
susceptible strains, notably enterococcal species.

For many common infections, the licensed duration of treat-
ment has often been 1–2 weeks. In recent years and increas-
ingly based on clinical trial data, 5–7 days is widely accepted 
for a variety of uncomplicated diseases, including lower respi-
ratory tract infections. Likewise, uncomplicated urinary tract 
infections generally respond to 3 days’ treatment. Many of the 
clinical features of infection are the result of the host inflam-
matory response, which often takes a few days to subside after 
the infecting micro-organism is eliminated. Short-course ther-
apy has much to commend it in terms of compliance, lowered 
ecological impact, adverse drug effects and cost.

ADVERSE DRUG REACTIONS

No drug is free from side effects. Good prescribing practice 
must balance the potential benefits of treatment against the 
known repertoire of adverse effects and likelihood of these 
occurring in a particular patient. Some are predictable, while 
others are not. Drug hypersensitivity is particularly common 
with some agents, notably the β-lactams. Hence it is always 
important to enquire after any previous adverse reaction 
from past drug exposure. The known cross-hypersensitivity 
between the penicillins and cephalosporins precludes substi-
tution of the latter, where an accelerated hypersensitivity reac-
tion (anaphylaxis) has occurred. In contrast, the cautious use 
of a cephalosporin is often possible where the previous reac-
tion to penicillin was that of delayed hypersensitivity.

Dose-related toxicity is a particular issue for agents depen-
dent upon renal excretion. Where renal function is impaired, 
drug accumulation can arise. The most notable example is 
in the use of the aminoglycosides. Dose-related nephrotoxic-
ity and ototoxicity are issues that require constant vigilance 
and careful monitoring. Therapeutic drug monitoring of gen-
tamicin by timed assays has greatly increased safety in use by 
ensuring therapeutic, non-toxic serum concentrations linked 
to careful dose adjustment.

PLACE OF SINGLE AND COMBINED 
DRUG THERAPY

Whenever possible, single-agent therapy is preferred and is 
widely adopted in the management of community infections. 
It has the advantage of simplicity, cost, limits the risks of drug 
interactions and restricts the risk of adverse reactions to those 
of the single agent.

Combining agents has benefits in selected patients – for 
example, in the severely ill septic patient where prompt 
empirical treatment is necessary. This is usually in response to 
infections for which a range of pathogens may be responsible, 

notably intra-abdominal or lower respiratory tract infections. 
Combined drug regimens ensure that the potential range of 
organisms is effectively covered whilst awaiting microbio-
logical confirmation as to the nature of the infection. Once 
obtained, treatment can often be adjusted to a single agent. 
Recommendations and evidence-based guidelines now sup-
port the management of specific infections with combined 
drug therapy in the severely affected. The initial empirical 
management of severe community-acquired pneumonia is 
one such condition.

In the treatment of tuberculosis, HIV and malaria, combi-
nation therapy is now the standard approach but for another 
reason, namely to limit the risk of selecting drug-resistant 
strains. In the case of tuberculosis, low frequency primary 
drug resistance to isoniazid or rifampicin (rifampin) is an 
ever-present risk. By using combination treatment (e.g. iso-
niazid plus rifampicin plus ethambutol/pyrazinamide) as the 
initial regimen, the selection and emergence of drug-resistant 
disease is greatly limited.

BACTERICIDAL VERSUS BACTERISTATIC 
PROPERTIES

Another issue of importance in treating infection in severely 
immunocompromised patients is the need to select a bacte-
ricidal drug regimen. This is of particular importance in pro-
foundly neutropenic patients, such as transplant recipients 
and those receiving cytotoxic chemotherapy for malignant 
disease. Regimens based on bactericidal agents such as the 
β-lactams and aminoglycosides are used in preference to bac-
teristatic agents, notably tetracyclines and antifolate drugs, 
which rely on an intact phagocytic cell system to eliminate 
the pathogens. Another example is the use of bactericidal reg-
imens when treating bacterial endocarditis, since the target 
pathogens are embedded within the cardiac vegetations which 
is, in essence, an immunologically protected site into which 
phagocytic cells penetrate poorly.

PROPHYLACTIC USE

Antibiotics have been used extensively in surgical practice to 
prevent postoperative wound infections. Such prophylactic 
use has resulted in significant reductions in infectious mor-
bidity and mortality complicating a range of operative proce-
dures (see Ch. 10). For example, the infectious complications 
of colectomy have been reduced from approximately 40% to 
5%. Implant surgery has also benefited, notably joint replace-
ment and cardiac valve surgery.

The rationale for selection of a particular drug regimen 
for prophylactic use is based on the known risk of an infec-
tious complication, predictable and normally susceptible tar-
get organism(s), and a regimen that has been shown to be safe 
and well tolerated. The latter is important in practice since 
prophylaxis will be administered to large numbers of patients, 
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for some of whom the risk of infection will be absent. By lim-
iting such prophylaxis to short-course (usually single dose) 
perioperative use, concerns over adverse reactions, drug resis-
tance and superinfections are greatly reduced.

Antibiotic prophylaxis also has applications in medical 
practice to prevent infection in at-risk individuals or, in the 
case of transmissible infections, to reduce spread to close 
contacts. For example, those with anatomical or functional 
asplenia are vulnerable to severe sepsis by Str. pneumoniae 
and other pathogens. Long-term penicillin (erythromycin for 
those hypersensitive to penicillin) is recommended, especially 
for those under the age of 16 years. Likewise, rifampicin, cef-
triaxone or ciprofloxacin as single dose or short-course ther-
apy is given to close contacts of patients with meningococcal 
meningitis or septicemia to prevent secondary cases.

FAILURE OF ANTIBIOTIC THERAPY

Despite adhering to the above principles of prescribing, some 
infections fail to respond to treatment. Hence, it is important 
to monitor progress in an individual patient.

Failure to respond to antibiotic treatment may be the result 
of a variety of factors. The nature of the original diagnosis may 
have been incorrect or may have been more complex than 
originally conceived (e.g. cellulitis complicated by underly-
ing osteomyelitis). The microbiological nature of the infection 
should also be reassessed – for example, an atypical pneumo-
nia unresponsive to β-lactams, or a mixed aerobic/anaerobic 
intra-abdominal infection, while drug-resistant pathogens are 
increasingly recognized.

Other important causes of failure of treatment include infec-
tion related to implanted medical devices (e.g. intravascular cath-
eters), prosthetic devices and retained surgical sutures or pus that 
requires drainage. Micro-organisms adhere to foreign materials, 
form biofilms and are then relatively protected from  conventional 
antibiotic therapy. Likewise, antibiotics may be either inactivated 
or fail to penetrate collections of purulent material which require 
incision and drainage for their resolution.

THE ROLE OF THE LABORATORY IN 
DIAGNOSIS AND TREATMENT

In clinical practice it is often impossible to determine the 
identity let alone the drug susceptibility of the causal agent, 
hence the importance of sound microbiological practice and 
good communication between the clinician and the labora-
tory. Nevertheless, even where laboratory services are not 
available, by employing the principles of antibiotic use it is 
often possible to make a logical and successful choice of agent. 
Laboratory investigations range from simple to sophisticated 
fully automated methods. Much valuable rapid diagnostic 
information can be gleaned from reliably performed Gram 
stains and Ziehl–Neelsen stains of cerebrospinal fluid (CSF) 
or pus, as well as microscopic analysis of urine and CSF.

It is important that all relevant specimens be collected 
before treatment is started (an occasional exception is the 
need sometimes to begin treatment in acute meningitis before 
lumbar puncture is done) and that these be handled properly 
and expeditiously. The responsibility for this stage in diagno-
sis, falling as it does between clinician and laboratory, may, 
if badly executed, result in missed opportunities for diag-
nosis. The proper collection, handling and examination of 
specimens in the diagnosis and management of infection are 
paramount.

Culture-based laboratory methods remain important in 
the management of bacterial infections. The growth, isola-
tion and subsequent identification of the pathogen(s) from a 
clinical specimen add precision to the clinical diagnosis and 
furthermore guide therapeutic management as a result of 
antibiotic susceptibility testing. This is of increasing impor-
tance as drug-resistant pathogens become dominant and is 
of particular importance in the management of infections 
caused by methicillin-resistant Staphylococcus aureus (MRSA) 
and other staphylococci, glycopeptide-resistant enterococci 
and multidrug-resistant Enterobacteriaceae, Acinetobacter 
and Pseudomonas spp. Such pathogens are increasingly iso-
lated from hospitalized patients in high dependency and 
transplant units.

Drug resistance is no longer restricted to bacteria and is 
increasing among fungi (notably Candida spp. to antifungals) 
and viruses where it has had a major impact on the manage-
ment of HIV/AIDS with antiretroviral drugs. Laboratory 
testing for susceptibility to such agents is of increasing 
importance.

The occasional consequences of antibiotic use also include 
the selection of fungi and C. difficile which in turn may result 
in secondary infection. Here, laboratory investigations are key 
to their recognition and management.

ANTIBIOTIC FORMULARIES AND 
POLICIES (SEE CH. 11)

Antibiotic formularies are in widespread use. In their sim-
plest form they are a listing of the classes and drugs avail-
able or licensed. These may be produced locally (to indicate 
what agents are stocked), nationally (e.g. British National 
Formulary) or internationally as, for example, the World 
Health Organization’s Model Lists of Essential Medicines.2 
Formularies increasingly contain guidance on the indications, 
dosage regimens, adverse drug reactions and other informa-
tion linked to usage.

In order to support good prescribing practice, avoid unneces-
sary use and to counter the threat from antibiotic resistance, pre-
scribing guidance has evolved into policies with increasing levels 
of prescribing support and audit. Again, these may be developed 
locally, by institutional Drug and Therapeutics Committees or 
their equivalent, or be developed nationally. These increasingly 
provide detailed prescribing recommendations for specific dis-
eases and conditions. Such recommendations are increasingly 
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based on guidance derived from an evidence-based assessment 
of published studies for specific target diseases. They may be 
produced by professional societies, international collaborations 
of experts and national agencies, such as the National Institute 
of Health and Clinical Excellence (NICE) in the UK.

Antibiotic prescribing is increasingly subject to monitoring 
and audit. Antibiotic usage data collection varies in sophis-
tication from a simple quantitative assessment of drug pur-
chased or prescribed, to more detailed monitoring of primary 
care prescriptions as in the UK; this identifies prescribing 
patterns by individual practices or practitioners. International 
comparisons of prescribing rates are published annually by 
the European Surveillance of Antimicrobial Consumption,3 
where the unit of prescribing is based on the defined daily 
dose (DDD) per 1000 inhabitants. Such surveillance systems 
are helpful in informing local and, indeed, national strategies 
to improve or modify prescribing practice. However, they fail 

to provide day-to-day support for the prescriber. Here, online 
IT systems are essential – but not universally available. By 
linking prescribing to the medical record and patient-specific 
laboratory information, a much more sophisticated support 
system can be created. Prescribing guidance by diagnosis can 
also support good clinical practice and permits audit of a vari-
ety of management and clinical outcomes.
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WHY SUSCEPTIBILITY TESTING?

Susceptibility testing is performed:

•	 to	predict	the	outcome	of	antimicrobial	chemotherapy	
in	individual	patients,	i.e.	as	an	instrument	for	directing	
antimicrobial	chemotherapy;

•	 to	predict	the	outcome	of	antimicrobial	chemotherapy	in	
future	patients,	i.e.	for	continuous	evaluation	of	the	basis	
for	empirical	therapy;

•	 to	permit	epidemiological	intervention	through:
–	 the	early	detection	of	bacteria	with	certain	

resistance	mechanisms	in	the	hospital,	e.g.	
methicillin-resistant	Staphylococcus aureus	(MRSA),	
glycopeptide	non-susceptible	enterococci	or	
staphylococci,	extended		spectrum	β-lactamase	

(ESBL)-producing	Gram-negative	bacteria,	and	in	
the	community,	e.g.	multiresistant	Mycobacterium 
tuberculosis,	multiresistant	Salmonella enterica 
serotype	Typhimurium,	penicillin	and	multiresistant	
Streptococcus pneumoniae;

–	 the	early	detection	of	trends	in	resistance	frequencies	
and	the	identification	of	factors	affecting	the	
dynamics	of	such	trends,	such	as	consumption	of	
antibiotics,	infection	control,	associated	resistance	to	
other	antibiotics	or	other	substances,	overcrowded	
conditions	in	hospitals	and	in	society	at	large,	etc.

Knowledge	obtained	in	this	way	forms	the	basis	for	national	
and	 local	 antibiotic	 policies	 and	 interventions,	 and	 affects	
national	and	international	legislation	(e.g.	the	prohibition	of	
the	use	of	some	antimicrobials	as	growth	promoters	in	animal	
husbandry).

THE CATEGORIZATION OF 
ANTIMICROBIAL SUSCEPTIBILITY

The	antimicrobial	susceptibility	of	bacteria	and	fungi	is	tradi-
tionally	categorized	with	the	letters	S	for	Susceptible or Sensitive,	
I for Intermediate or Indeterminate	and	R	for	Resistant.	There	is	
some	variation	in	the	definitions	of	the	different	categories	of	
susceptibility	which	can	 lead	 to	confusion,	particularly	with	
the	intermediate	category.	The	International	Organization	for	
Standardization	 (ISO)1	 has	 defined	 susceptibility	 categories	
as	follows:

•	 Susceptible:	A	bacterial	strain	inhibited	in	vitro	by	a	
concentration	of	an	antimicrobial	agent	that	is	associated	
with	a	high	likelihood	of	therapeutic	success.

•	 Resistant:	A	bacterial	strain	inhibited	in	vitro	by	a	
concentration	of	an	antimicrobial	agent	that	is	associated	
with	a	high	likelihood	of	therapeutic	failure.

•	 Intermediate:	A	bacterial	strain	inhibited	in	vitro	by	a	
concentration	of	an	antimicrobial	agent	that	is	associated	
with	uncertain	therapeutic	effect.

Most antimicrobial therapy is empirical. However, empirical therapy is 
based on scientific evaluation of the outcome of clinical trials in which 
the results of drug therapy have been related to laboratory tests of 
the antimicrobial susceptibility of the causative micro- organisms and 
on clinical experience built up during the years following  registration 
of a new antibiotic. The scientific proof of the effectiveness of a 
drug against certain micro-organisms in specific clinical situations 
is usually based on results with micro-organisms that lack resistance 
mechanisms because acquired or mutational resistance (i.e. resis-
tance caused by a genetic alteration) is rare when the drug is new 
or because organisms with resistance to the drug are excluded by 
the clinical trials protocol. If factors determining therapeutic suc-
cess (indications for therapy, drug formulation and dosing, target 
micro-organisms and antimicrobial susceptibility of target micro-
organisms) were constant over time, antimicrobial susceptibility test-
ing in the routine microbiological laboratory would be unnecessary. 
However, due to the worldwide rapid increase in antimicrobial resis-
tance, empirical therapy becomes more and more uncertain and the 
foundation for empirical therapy needs constant re-evaluation. Due 
to sometimes major local differences in the occurrence of resistance, 
this re-evaluation has to be based on local resistance frequencies.
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The	‘uncertain	effect’	in	the	intermediate	category	implies	that	
an	infection	due	to	the	isolate	can	be	appropriately	treated	in	
body	sites	where	 the	drugs	are	physiologically	concentrated	
(e.g.	lower	urinary	tract)	or	when	a	high	dosage	of	drug	can	
be	used.	It	may	be	taken	as	a	signal	from	the	microbiologist	to	
the	clinician	that	the	bacterium	is	now	compromised	(i.e.	has	
acquired	some	degree	of	resistance)	and	that	the	interpreta-
tion	is	difficult	in	the	individual	patient	and/or	that	a	higher	
dosage	than	that	normally	used	may	be	required.	There	is	also	
a	 long	tradition	for	breakpoint	committees	to	use	the	I	cat-
egory	as	a	‘buffer	zone’	to	prevent	small,	uncontrolled	techni-
cal	factors	from	causing	major	discrepancies	in	interpretation	
of	in-vitro	tests.

Differences	 in	 breakpoints	 recommended	 by	 different	
national	 or	 international	 breakpoint	 committees	 can	 be	 sig-
nificant.	For	example,	a	comparison	of	breakpoints	from	the	
European	Committee	on	Antimicrobial	Susceptibility	Testing	
(EUCAST;	http://www.eucast.org)	and	the	USA	Clinical	and	
Laboratory	 Standards	 Institute	 (CLSI;	 http://www.clsi.org) 
shows	that,	of	36	breakpoints	for	drugs	used	to	treat	infections	
caused	by	Enterobacteriaceae,	not	a	single	set	of	breakpoints	
(S/R)	is	currently	the	same.	The	corresponding	numbers	for	 
staphylococci	are	4/31,	streptococci	2/25,	Str.  pneumoniae	3/29,	
enterococci	 0/14,	 Haemophilus  influenzae	 0/27,	 Pseudomonas 
1/18	 and	 Acinetobacter	 1/11.	 Some	 of	 the	 	differ	ences	 in	
	minimum	 inhibitory	 concentration	 (MIC)	 breakpoints	 are	
quite	pronounced	and	should	be	resolved.

A	 useful	 supplement	 to	 the	 classic	 clinical	 definitions	 of	
susceptibility	 categories	 was	 the	 introduction	 by	 EUCAST	
of	 the	 ‘epidemiological	 MIC	 cut-off	 values’	 (or	 ‘microbio-
logical	breakpoints’)	designed	to	delineate	the	‘wild	type’	of	
each	species	and	 to	provide	a	means	of	early	detection	and	
sensitive	quantitative	description	of	 the	 emergence	of	 resis-
tance.	Clinical	breakpoints	should	be	based	on	the	correlation	
between	MICs	and	clinical	outcome	of	therapy,	where	doses	
and	duration	of	therapy	are	selected	on	the	basis	of	pharmaco-
logical	and	pharmacodynamic	data.	The	epidemiological	cut-
off	values	should	be	based	on	the	correlation	between	MICs	
and	 the	 presence	 and	 absence	 of	 resistance	 mechanisms	 to	
the	drug,	or	class	of	drug,	in	question.	Epidemiological	break-
points	can	be	used	for	epidemiological	surveillance,	for	deter-
mining	factors	important	for	resistance	development,	and	for	
planning	and	measuring	the	effects	of	interventions	to	coun-
teract	resistance	development.

DETECTION OF ANTIMICROBIAL 
RESISTANCE

The	detection	of	resistance	can	be	phenotypic	or	genotypic.	
Phenotypic	 methods	 include	 disk	 diffusion	 and	 automated	
systems,	 which	 are	 in	 some	 way	 related	 to	 the	 MIC	 of	 the	
organism,	 and	 methods	 detecting	 a	 resistance	 mechanism,	
such	as	the	detection	of	β-lactamases	or	of	PBP	2a	(indicating	
methicillin	 resistance	 in	 staphylococci).	Genotypic	methods	
detect	a	defined	gene(s),	such	as	mecA	coding	for	methicillin	

resistance	in	staphylococci	or	the	van genes coding for glyco-
peptide	resistance	in	enterococci.	Genotypic	tests	tend	to	be	
‘either/or’,	i.e.	if	positive,	the	organism	is	considered	resistant	
to	 the	 drug	 or	 class	 of	 drug.	All	 susceptibility	 tests	 require	
both	methodological	standardization	to	ensure	reproducibil-
ity	and	appropriate	interpretive	criteria	to	ensure	that	results	
are	clinically	or	epidemiologically	meaningful.

THE MINIMUM INHIBITORY 
CONCENTRATION (MIC)

In	MIC	tests	the	micro-organisms	are	subjected	to	a	range	of	
antibiotic	concentrations,	conventionally	two-fold,	in	solid	or	
liquid	medium,	in	a	defined	atmosphere,	at	a	defined	temper-
ature	and	for	a	defined	period	of	time.	The	macroscopic	inhi-
bition	of	growth	is	measured	as	the	absence	or	near	absence	
of	growth	on	a	solid	medium	or	as	the	absence	of	turbidity	in	
a	liquid	medium.	The	MIC	is	defined	as	the	lowest	concentra-
tion	which	clearly	inhibits	the	growth	of	the	micro-	organisms.	
The	 MIC	 is	 traditionally	 the	 antimicrobial	 susceptibility	
testing	 standard	 against	 which	 other	 methods	 are	 assessed.	
Performance	of	 the	methods	 is	affected	by	technical	 factors	
including	 medium,	 additives,	 pH,	 ion	 content,	 incubation	
time,	temperature,	atmosphere,	etc.	Hence	methods	need	to	
be	standardized.

 BREAkPOINT METHODS

Most	 models	 for	 susceptibility	 testing	 use	 two	 MIC	 break-
points	to	divide	bacteria	into	the	three	susceptibility	catego-
ries	S,	I	and	R	defined	above.	In	some	susceptibility	testing	
techniques	 only	 the	breakpoint	 concentrations	 are	 incorpo-
rated	in	solid	or	liquid	media,	in	which	case	only	two	plates	
or	 two	 tubes/microdilution	 plate	 wells	 are	 needed.	 Growth	
at	neither	 the	 low	nor	 the	high	concentration	 indicates	 that	
the	organism	is	susceptible,	growth	at	the	lower	but	not	the	
higher	 concentration	 indicates	 intermediate	 susceptibility	
and	 growth	 at	 both	 concentrations	 is	 interpreted	 as	 resis-
tance.	Breakpoint	methods	are	more	difficult	to	control	than	
full	MIC	determinations	or	agar	disk	diffusion	because	MIC	
values	 for	 control	 strains	 are	 often	not	 close	 to	 tested	 con-
centrations.	Hence	the	controls	may	fail	to	detect	significant	
changes	in	test	concentrations.

 AUTOMATED SYSTEMS

A	number	of	automated	or	 semi-automated	systems	on	 the	
market	utilize	the	breakpoint	principle,	some	including	addi-
tional	dilutions	around	the	breakpoints.	With	additional	dilu-
tions	 a	 restricted	 range	 MIC	 value	 for	 the	 isolate	 can	 be	
given,	 together	 with	 the	 corresponding	 interpretation.	With	
the	 one-	 or	 two-concentration	 breakpoint	 system	 only	 the	
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	interpretation	 is	 given.	Automated	 systems	 are	 widely	 used	
and	have	some	advantages	over	manual	systems	in	the	stan-
dardization	of	methodology,	labor	saving	and	data	handling.

 GRADIENT METHODS

Gradient	methods	such	as	the	Etest®	(BioMérieux)	or	MICE® 
(Oxoid)	 are	 a	 variation	 on	 MIC	 determination.	A	 series	 of	
two-fold	dilutions	of	an	antibiotic	are	incorporated	on	a	plas-
tic	carrier	strip	from	which	the	antibiotic	diffuses	freely	into	
the	agar,	creating	a	diffusion	gradient	along	the	length	of	the	
strip.	After	incubation	overnight,	the	MIC	is	read	as	the	point	
where	the	growth	inhibition	ellipse	intersects	the	MIC	scale	
on	the	strip.	Recommendations	are	provided	by	the	manufac-
turers	 for	 standardization	of	 the	 inoculum,	 type	of	medium	
to	be	used	 for	different	organisms	and	 reading	of	 the	 tests.	
Gradient	tests	have	brought	MIC	determination	to	those	clin-
ical	laboratories	that	did	not	previously	have	the	facilities	or	
expertise	to	do	the	rather	elaborate	work	needed	to	set	up	a	
standard	MIC	test	in	solid	or	liquid	medium.

 AGAR DISk DIFFUSION

The	diameter	of	the	zone	of	growth	inhibition	which	forms	
during	incubation	of	the	agar	plate	constitutes	a	measure	of	
the	 susceptibility	of	 the	bacterium	 to	 the	 antibiotic.	Zone	
diameters	 are	 traditionally	 correlated	 with	 MICs	 through	
a	 regression	 analysis	 performed	 on	 the	 parallel	 MIC	 and	
disk	diffusion	test	 results	obtained	with	collections	of	 iso-
lates	with	a	range	of	susceptibilities.	The	MIC	breakpoints	
are	 then	 transformed	 into	 corresponding	 zone	 diame-
ter	 breakpoints	 through	 the	 regression	 line.	 In	 the	 classic	
Kirby–Bauer2	 and	Ericsson	 and	Sherris3	 regression	 analy-
ses,	 a	 collection	 of	 bacteria	 was	 	analyzed	 in	 a	 regression	
analysis	 involving	 many	 	different	 	species	 and	 all	 species	
received	common	MIC	and	zone		diameter	breakpoints.	To	
be	 able	 to	 characterize	 the	 slope	 of	 the	 regression	 line,	 it	
is	often	necessary	 to	 include	 	species	 inherently	 insensitive	
to	 the	drug,	which	may	be	poorly	 	representative	of	bacte-
ria	with	acquired		resistance.	Thus,	multi-species	regression	
lines	 may	 not	 reflect	 the	 	relationship	 between	 MIC	 and	
zone	 diameter	 for	 future	 	isolates	 with	 acquired	 	resistance	
and	 may	 not	 be	 valid	 for	 some	 	species.	 Species-related	
zone	diameter	breakpoints	are	now	usually	set	in	line	with	
	species-related	MIC	breakpoints,	and	zone		diameter	break-
points	are	more	commonly	set	by	adjusting	breakpoints	so	
that	 errors	 in	 reporting	are	 as	 low	as	possible	 (the	‘error-
minimization’	approach).

Disk	diffusion	methods	are	versatile,	economic	and	remain	
the	most	widely	used	approach	to	routine	susceptibility	testing	
in	many	countries.	The	Kirby–Bauer	method2	is	the	basis	of	
the	recommendations	of	the	CLSI	in	the	USA,	with	Mueller–
Hinton	agar	as	the	only	approved	medium	and	an	inoculum	 

of	confluent	growth.	Standardized	methods	in	Europe	have	
been	 based	 on	 the	 recommendations	 in	 the	 Ericsson	 and	
Sherris3	 International	 Collaborative	 Study	 (ICS)	 report,	
with	either	Mueller–Hinton	agar	or	other	defined	media	and	
semi-confluent	inoculum,	with	which	it	is	easier	to	see	when	
the	correct	inoculum	is	not	obtained.

agar disk diffusion as a screening test

In	 situations	 where	 resistance	 is	 rare	 but	 clinically	 or	 epi-
demiologically	 important,	 and	 provided	 the	 zone	 diameter	
breakpoints	are	 specific	 to	 the	 species	and	set	very	close	 to	
the	wild-type	population,	 a	 standard	disk	diffusion	 test	 can	
be	used	as	a	test	to	screen	for	suspicious	isolates	for	further	
testing	(e.g.	methicillin	resistance	in	Staph. aureus,	penicillin	
resistance	 in	 Str. pneumoniae,	 fluoroquinolone	 resistance	 in	
Enterobacteriaceae).	In	some	cases	the	next	step	is	a	confir-
matory	test	such	as	a	polymerase	chain	reaction	(PCR)	test	
for	the	detection	of	the	specific	gene	responsible	for	a	known	
resistance	mechanism	(e.g.	mecA	gene	indicating	methicillin	
resistance	in	staphylococci).	In	other	cases	a	follow-up	MIC	
test	provides	a	means	for	laboratories	to	define	more	closely	
the	degree	of	reduced	susceptibility	(e.g.	Str. pneumoniae	with	
penicillin).

  MIC AND ZONE DIAMETER 
BREAkPOINTS

To	decide	on	national	MIC	and	zone	diameter	breakpoints,	
and	in	some	instances	to	describe	national	methods	and	stan-
dards	for	susceptibility	testing,	several	countries	have	break-
point	 committees	 or	 antibiotic	 reference	 groups	 (see below) 
consisting	 of	 clinical	 microbiologists	 and	 infectious	 disease	
specialists,	 and	 sometimes	 pediatricians,	 general	 practitio-
ners,	clinical	pharmacologists	and	representatives	of	the	phar-
maceutical	industries.	Several	of	these	groups	in	Europe	have	
combined	 and	 harmonized	 their	 breakpoints	 as	 part	 of	 the	
European	Committee	on	Antimicrobial	Susceptibility	Testing	
(EUCAST).

The	MIC	and	zone	diameter	breakpoints	published		during	
the	1960s	 and	1970s	were,	with	 a	 few	 exceptions	 (Neisseria 
gonorrhoeae,	M. tuberculosis),	common	for	all	bacterial		species	
and	for	all	clinical	situations.	The	Swedish	Reference	Group	
for	Antibiotics	(SRGA)	was	first	systematically	to		collect	large	 
species-defined	 parallel	 databases	 of	 MIC	 	values	 and	 zone	 
diameter	distributions	for	bacteria	 lacking	 	resistance	mecha-
nisms.	Their	original	database	of	MIC	and	disk		diffusion	zone	
diameter	distributions	was	later	enlarged	considerably	under	
the	 auspices	 of	 EUCAST	 and	 is	 now	 in	 the	 public	 domain	
on	the	internet:	http://www.eucast.org.	The	database	now	con-
sists	of	over	20	000	MIC	distributions	and	some		distributions	
include	as	many	as	120	000	MIC	values.	The		collated	distri-
butions	 include	 contributions	 from	many	 sources,	 including	
individual	investigators,	resistance		surveillance	programs	and	
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companies	from	all	over	the	world.	The	species-defined	data-
base	underlined	two	particular	points:
•	 Unimodal	distributions	of	MICs	or	zone	diameters	for	

any	organism	with	a	particular	antibiotic	were	identical	
irrespective	of	where	in	the	world	and	when	the	isolates	
were	collected,	and	in	non-unimodal	distributions	only	
that	part	of	the	wild-type	distribution	consisting	of	non-
wild-type	strains	was	affected	(Figure	9.1).	Furthermore,	
it	was	evident	that	distributions	of	MICs	or	inhibition	
zone	diameter	values	for	a	species	were	identical	

irrespective	of	whether	the	isolates	were	from	humans	or	
animals.	This	is	illustrated	for	tigecycline	in	Escherichia 
coli in Figure	9.2.7	Distributions	based	on	isolates	from	
different	individuals	and	on	data	from	repeat	testing	of	
the	same	isolate	were	very	similar	(Figure	9.2),	indicating	
limited	biological	variation	among	wild-type	individuals	of	
a	species	in	their	susceptibility	to	an	antimicrobial	agent.

•	 Breakpoints	common	to	all	species	often	failed	in	one	of	
two	principal	ways.	Either	the	breakpoints	would	divide	
biologically	homogenous	populations	of	a	species	in	such	

Fig. 9.1 Escherichia coli ciprofloxacin MIC (mg/L) distributions from the EUCAST website (http://www.eucast.org) where graph A shows all 
available data on 16 247 isolates from 81 data sources and graph B shows data on the 12 836 isolates (same data sources) considered devoid 
of fluoroquinolone resistance mechanisms. The highest MIC value for isolates devoid of resistance mechanisms has been designated by 
EUCAST the ‘epidemiological cut-off value’ or ECOFF (for Esch. coli against ciprofloxacin, the ECOFF is 0.032 mg/L).
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a	way	that	organisms	without	biological	difference	in	their	
relationship	to	the	drug	in	question	would	be	classified	as	
being	different	(this	is	not	only	unhelpful	from	a	clinical	
point	of	view	but	also	detrimental	to	the	reproducibility	
of	susceptibility	results)	or,	because	the	drug	was	very	
active	against	a	certain	species	(e.g.	fluoroquinolones	and	
Neisseria or Haemophilus	spp.),	the	common	breakpoint	
was	so	generous	that	resistance	development	would	go	
undetected.	This	is	especially	true	for	broad-spectrum	
antimicrobials	considered	active	against	both	Gram-positive	
and	Gram-negative	bacteria.	The	solution	to	this	problem	
is	to	make	species-related	adjustments	to	breakpoints	
to	avoid	dividing	wild-type	populations.	This	need	is	
now	recognized	by	most	breakpoint	committees	and	is	
one	of	the	guiding	principles	for	setting	breakpoints	by	
EUCAST.

ANTIBIOTIC BREAkPOINT COMMITTEES 
AND/OR REFERENCE GROUPS FOR 
ANTIBIOTICS

Many	countries	have	their	own	antibiotic	breakpoint	commit-
tees	and/or	reference	groups	for	antibiotics,	e.g.:

•	 BSAC	(British	Society	for	Antimicrobial	Chemotherapy,	
UK;	http://www.bsac.org.uk)

•	 CA-SFM	(Comité	de	l’ántibiogramme	de	la	Société	
Française	de	Microbiologie,	France;	http://www.sfm.asso.fr)

•	 CLSI	(Clinical	and	Laboratory	Standards	Institute,	USA;	
http://www.clsi.org)

•	 CRG	(Commissie	Richtlijnen	Gevoeligheids-bepalingen,	
The	Netherlands)

•	 DIN	(Deutsches	Institut	für	Normung,	Germany;	http://
www.din.de)

•	 NWGA	(Norwegian	Working	Group	on	Antibiotics,	
Norway;	http://www.unn.no/category10274.html)

•	 SRGA	and	SRGA-M	(Swedish	Reference	Group	for	
Antibiotics	and	its	subcommittee	on	methodology,	
Sweden;	http://www.srga.org).

Many	of	the	reference	groups	are	more	than	just		breakpoint	
committees.	Several	publish	guidelines	on	methodology,	on	
quality	assurance	and	on	the	use	of	reference	strains.	Some	
undertake	education	of	 laboratory	personnel,	 	surveillance	
of	 antimicrobial	 resistance	 and	 liaison	 with	 regulatory	
bodies,	 the	 medical	 profession	 and	 the	 pharmaceutical	
industry.

In	2002,	the	national	reference	groups	in	Europe	and	the	
European	 Society	 of	 Clinical	 Microbiology	 and	 Infectious	
Diseases	 (ESCMID;	 http://www.escmid.org)	 co-organized	
a	 joint	 committee,	 EUCAST,	 with	 the	 principal	 purpose	
of	 achieving	 harmonized	 MIC	 breakpoints	 and	 methods	 in	
Europe.	 EUCAST	 is	 funded	 by	 the	 European	 Centre	 for	
Disease	Prevention	and	Control	(ECDC),	ESCMID	and	the	
national	committees.	EUCAST	has	specialist	subcommittees	
on	 antifungal	 susceptibility	 testing,	 expert	 rules	 and	 anaer-
obes.	 In	2009	 the	process	of	harmonization	of	MIC	break-
points	 for	 all	 commonly	 used	 agents	 was	 completed.	 MIC	
breakpoints	for	new	agents	are	now	set	by	EUCAST	as	part	
of	the	licensing	process	for	new	agents	through	the	European	
Medicines	Agency	 (EMEA).	 Reference	 MIC	 methods	 have	
been	 described	 and	 a	 disk	 diffusion	 method	 calibrated	 to	
EUCAST	MIC	breakpoints	has	been	developed.	Full	details	
of	the	EUCAST	structure	and	organization	are	given	on	the	
EUCAST	website	at	http://www.eucast.org.
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TESTS FOR b-LACTAMASE

Various	 methods	 are	 available	 for	 detection	 of	 β-lactamase	
activity	(http://www.bsac.org.uk/_db/_documents/Chapter_6.
pdf).	An	increasing	array	of	PCR	methods	for	specific	detec-
tion or typing of β-lactamases	is	available	but	these	are	rarely	
used	for	routine	purposes.	The	most	commonly	used	routine	
test	 is	the	nitrocefin	test,	which	is	commercially	available	in	
various	formats.	Nitrocefin	is	a	β-lactam	molecule	that	changes	
color	when	hydrolyzed	by	a	β-lactamase.	The	color	change	is	
often	 rapid	 but	 can	 take	 up	 to	 60	 min.	The	 nitrocefin	 test	
works	well	with	H. influenzae,	Moraxella catarrhalis,	N. gonor-
rhoeae,	 N. meningitidis	 and	 Enterococcus faecalis (β-lactamase	
production	 in	 the	 last	 two	 is	 very	 rare).	The	method	 is	 less	
reliable	 with	 Staph. aureus,	 where	 induction	 with	 penicillin	 
or	 oxacillin	 may	 be	 required	 and,	 because	 of	 false-positive	
reactions,	 the	 nitrocefin	 test	 should	 not	 be	 used	 for	 Staph. 
 saprophyticus.	Alternative	 methods	 are	 the	 ‘clover	 leaf ’	 test,	
the	acidometric	method	and	the	iodometric	method.

Enterobacteriaceae	 exhibit	 a	 multitude	 of	 β-lactamases,	
most	of	which	are	cell	bound	and	not	reliably	detected	in	con-
ventional	β-lactamase	tests	unless	induced	and	extracted.	The	
phenotypic	resistance	conferred	by	β-lactamases	depends	on	
the	level	of	expression,	the	substrate	profile	of	the	particular	
enzyme	or	combination	of	enzymes,	and	the	presence	of	other	
complementary	resistance	mechanisms,	such	as	permeability/
efflux.	For	this	reason	the	detection	of	β-lactamase-mediated	
resistance	in	the	clinical	laboratory	is	based	on	phenotypic	sus-
ceptibility	testing	of	penicillins	(with	and	without	β-lactamase	
inhibitors)	and	cephalosporins.

Detection	 of	 resistance	 mediated	 by	 extended-spectrum	
β-lactamases	(ESBLs)	is	usually	based	on	detection	of	resis-
tance	 to	 specific	 indicator	 β-lactams	 –	 for	 example,	 cefo-
taxime	 (or	 ceftriaxone)	 plus	 ceftazidime,	 or	 cefpodoxime	
alone.	 Provided	 breakpoints	 are	 set	 close	 to	 the	 wild-type	
populations	(epidemiological	cut-off	values)	of	relevant	spe-
cies	of	Enterobacteriaceae,	 the	 susceptibility	 test	will	detect	
most	 ESBL-mediated	 resistance.	 Confirmation	 of	 ESBL	
	production	 is	 usually	 based	 on	 detection	 of	 β-lactamase	
	inhibition	by	clavulanate.

AmpC	enzymes	are	mostly	chromosomal	and	are	 induc-
ible in most Enterobacter	 spp.,	 Citrobacter freundii,	 Serratia 
spp.,	Morganella morganii,	Providencia	spp.	and	P. aeruginosa. 
With	Enterobacter	spp.	and	C. freundii,	induction	by	cefoxitin	
antagonizes	 the	 activity	 of	 third-generation	 cephalosporins,	
which	do	not	induce	enzyme	production.	Resistance	is	usu-
ally	obvious	in	strains	with	mutation	to	derepressed	produc-
tion	of	AmpC	enzymes.	The	presence	of	AmpC	enzymes	may	
be	indicated	in	tests	with	boronic	acid,	which	inhibits	AmpC	
activity.

Detection	of	resistance	mediated	by	carbapenemases	can	
be	 challenging	 as	 carbapenem	 MICs	 may	 be	 low.	 As	 with	
ESBLs,	if	breakpoints	are	set	close	to	the	wild-type	popula-
tions	(epidemiological	cut-off	values)	of	relevant	species,	the	
susceptibility	 test	will	detect	most	carbapenemase-mediated	
resistance,	 particularly	 with	 ertapenem.	The	 clover	 leaf	 test	

is	a	particularly	sensitive	method	for	detection	of	carbapen-
emases	 and	 the	 presence	 of	 metallo-enzymes	 can	 be	 indi-
cated	in	tests	based	on	detection	of	β-lactamase	inhibition	by	
EDTA,	although	false	positives	have	been	reported	for	both	
these	methods.

DETECTION OF RESISTANCE GENES 
WITH MOLECULAR TECHNIQUES

Many	 different	 genotypic	 tests	 have	 been	 described	 for	 the	
detection	of	resistance	genes	or	organisms	carrying	resistance	
genes.4	PCR	methods	can	be	used	for	the	detection	of	most	
resistance	mechanisms	–	for	example,	methicillin	resistance	in	
staphylococci	(MRSA,	MRSE)	where	detection	of	the	mecA 
gene	 coding	 for	 PBP	 2a	 classifies	 the	 organism	 as	 resistant	
to	all	currently	marketed	β-lactam	antibiotics	except	ceftobi-
prole;	and	glycopeptide	resistance	mediated	by	the	van genes 
in	enterococci.	PCR	techniques	for	the	detection	of	genes	cod-
ing for β-lactamases,	 aminoglycoside-inactivating	 enzymes,	
macrolide	 resistance	 and	 others	 have	 also	 been	 described.	
Molecular	methods	might	be	used	to	detect	resistant	organ-
isms	 directly	 in	 clinical	 specimens,	 although	 mixtures	 with	
normal	 flora	 that	 may	 contain	 resistance	 genes	 are	 a	 prob-
lem.	This	problem	has	been	largely	overcome	in	one	method	
for	direct	detection	of	MRSA	where	the	PCR	target	 identi-
fies	both	Staph. aureus	and	the	SCCmec	elements	that	include	
the	 mecA	 gene.	Where	 resistance	 is	 sometimes	 equivocal	 in	
	phenotypic	tests,	such	as	with	MRSA	or		glycopeptide-resistant	
enterococci,	PCR	is	a	very	useful	confirmatory	tool,	especially	
in	low-prevalence	areas	where	epidemiological	intervention	in	
the	form	of	sometimes	cumbersome	activities	may	be	under-
taken	to	prevent	dissemination	of	resistance.	Molecular	tests	
are	also	valuable	in	epidemiological	studies	of	the	spread	of	
particular	resistance	genes	and	may	be	used	as	the	reference	
method	 in	 evaluation	 of	 susceptibility	 tests	 for	 some	 resis-
tances.	 However,	 it	 is	 not	 yet	 practical	 routinely	 to	 detect	
the	 very	 wide	 range	 of	 genes	 that	 might	 confer	 resistance.	
Furthermore,	molecular	techniques	will	detect	only	the	genes	
included	 in	 the	 particular	 tests,	 so	 new	 resistance	 genes	 or	
mutations	in	existing	genes	may	be	missed,	and	they	give	no	
indication	of	the	level	of	expression	or	the	effects	of	combina-
tions	of	genes,	which	may	significantly	affect	phenotypic	sus-
ceptibility.	Therefore,	phenotypic	susceptibility	tests	are	most	
commonly	used	to	discriminate	between	resistant	and	suscep-
tible	isolates.

QUALITY ASSURANCE

All	susceptibility	testing	needs	effective	control	to	ensure	the	
quality	of	results.	The	manufacturers	of	media,	antibiotic	disks,	
gradient	strips,	microdilution	plates	with	ready-made	antibi-
otic	concentrations,	etc.,	and	the	producers	of	automated	or	
semi-automated	systems,	have	a	responsibility	to	ensure	that	
their	products	are	of	adequate	quality.	The		laboratory	has	a	
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responsibility	to	ensure	that	the	reagents	and	systems	are	used	
correctly	and	 to	 include	control	 tests	 to	detect	problems	 in	
performance	of	the	tests.

INTERNAL QUALITY CONTROL

Quality	control	must	be	part	of	the	daily	routine	in	the	lab-
oratory.	Well-defined	strains	representing	non-fastidious	and	
fastidious	Gram-negative	and	Gram-positive	bacteria	can	be	
obtained	from	type	culture	collections	(e.g.	ATCC,	NCTC,	
CCUG)	and	from	some	national	antibiotic	reference	groups.	
Most	standardized	methods	recommend	type	strains	of	Esch. 
coli,	Ps. aeruginosa,	Staph. aureus,	E. faecalis,	Str. pneumoniae,	
H. influenzae	and	N. gonorrhoeae	and	that	they	should	be	tested	
daily	(some	methods	permit	less	frequent	testing	when	daily	
testing	has	 shown	 the	method	 to	be	 in	 control)	 against	 the	
panels	of	antibiotics	used	in	the	daily	routine.	Control	strains	
should	be	handled	exactly	 as	patient	 isolates.	The	MICs	or	
the	zone	diameters	 should	be	 recorded	and	may	be	plotted	
in	a	Shewhart	diagram	to	 facilitate	visual	 inspection.	Target	
values	and/or	control	limits	for	control	strains	are	published	
for	all	national	guidelines	and	defined	action	should	be	taken	
if	results	fall	outside	these	limits.

EXTERNAL QUALITY ASSESSMENT

In	 external	 quality	 assessment	 (EQA),	 organisms	 of	 known	
but	undisclosed	susceptibility	are	distributed	by	a	central	lab-
oratory;	participants	test	the	organisms	by	their	routine	proce-
dures	and	send	the	results	back	to	the	central	laboratory.	The	
expected	results	based	on	reference	methods	and	a	summary	
of	the	results	of	all	participants	are	sent	to	participants	so	they	
can	 evaluate	 their	 performance	 in	 relation	 to	 the	 expected	
result	 and	 other	 participants’	 results.	 Most	 EQA	 programs	
distribute	 micro-organisms	 with	 defined	 resistance	 mecha-
nisms	as	well	 as	 fully	 susceptible	 isolates.	The	 international	
external	quality	assessment	scheme	for	clinical	microbiology	
organized	 from	 the	UK	(UK	NEQAS;	http://www.ukneqas.
org.uk)	has	a	wide	coverage,	with	 laboratories	 from	all	over	
Europe	 and	 many	 other	 parts	 of	 the	 world	 as	 subscribers.	
As	well	as	detecting	poor-performing	laboratories,	which	are	
offered	guidance	where	appropriate,	the	UK	NEQAS	scheme	
has	highlighted	inadequate	performance	in	some	areas	of	sus-
ceptibility	 testing,	 such	 as	 penicillin	 resistance	 in	 Str. pneu-
moniae,	 low-level	glycopeptide	resistance	 in	enterococci	and	
β-lactamase-negative	 ampicillin	 resistance	 in	 H. influenzae. 
Associations	have	also	been	demonstrated	between	laboratory	
performance	and	methods	used.5

External	quality	assessment	programs	have	been	criticized	
for	distributing	 strains	 that	 are	not	 challenging	 as	 suscepti-
bility	 is	 too	obvious,	but	strains	with	borderline	susceptibil-
ity	 or	 difficult	 resistances	 are	 now	 commonly	 distributed,	
and	a	small	proportion	of	laboratories	fail	even	when	strains	
are	 obviously	 resistant	 or	 susceptible.	 In	 some	 countries	

	participation	 in	 EQA	 is	 not	 mandatory	 and	 it	 may	 be	 that	 
laboratories	subscribing	to	EQA	programs	are	more	proficient	
than	those	that	do	not.	National	efforts,	including	accredita-
tion	requirements,	 to	encourage	 laboratories	 to	 take	part	 in	
EQA	programs,	are	needed.

ANTIBIOTIC ASSAY

Assays	of	antibiotic	concentrations	in	serum	and	other	body	
fluids	 were	 developed	 with	 the	 introduction	 of	 the	 modern	
aminoglycosides	during	the	1960s	and	1970s.	A	vast	number	
of	articles	described	various	assay	methods	and	nomograms	for	
ensuring	therapeutic	and	non-toxic	concentrations	of	gentam-
icin,	 tobramycin,	amikacin	and	netilmicin.	At	 the	same	time	
the	first	serious	attempts	were	made	to	measure	and	describe	
antimicrobial	tissue	concentrations	and	their	relation	to	ther-
apeutic	effect.	Pharmacokinetic	and	eventually	pharmacody-
namic	modeling	also	depended	on	the	development	of	assays	
for	measuring	the	concentration	of	antimicrobial	drugs.

The	 monitoring	 of	 antimicrobial	 drug	 therapy	 is	 under-
taken	for	four	main	reasons:

•	 To	ensure	therapeutic	concentrations	–	especially	where	
the	therapeutic	margin	is	narrow	(aminoglycosides,	
vancomycin)	or	where	there	are	wide	individual	variations	
in	the	pharmacokinetics	of	the	drug	(e.g.	rifampicin	
[rifampin],	isoniazid).

•	 To	avoid	potentially	toxic	concentrations	(e.g.	
aminoglycosides,	vancomycin).

•	 To	prevent	accumulation	of	drug	(aminoglycosides,	
fluoroquinolones	in	the	elderly)	–	most	often	caused	by	
deteriorating	renal	function.

•	 To	ensure	compliance	and	bioavailability	in	long-term	
oral	therapy.

Apart	from	the	listed	reasons,	it	is	preferable	to	optimize	drug	
therapy	in	very	sick	patients	on	multidrug	therapy	in	whom	
drug	 interactions,	 failing	 renal	 function,	 dialysis	 and	 other	
factors	affecting	pharmacokinetics	may	make	dosing	difficult	
even	at	the	best	of	times.

Clinical	laboratories	that	take	on	drug	monitoring	should	
be	prepared	to	measure	and	advise	on	the	serum	concentra-
tions	of	at	least	one	aminoglycoside	and	vancomycin.	For	both	
these	 classes	 of	 drugs	 clinicians	 trying	 to	 avoid	 potentially	
toxic	serum	levels	run	the	risk	of	underdosing	the	patient.	On	
the	other	hand,	aminoglycoside	therapy	administered	as	part	
of	intensive	care	or	over	longer	periods	is	always	accompanied	
by	some	degree	of	renal	function	deterioration	(i.e.	the	drug	
negatively	affects	its	own	major	pathway	of	elimination).	Toxic	
effects	such	as	further	damage	to	the	proximal	tubular	cells	
and	ototoxicity	due	to	accumulation	of	drug,	common	when	
therapy	goes	beyond	3–5	days,	can	be	counteracted	by	moni-
toring	pre-dose	levels.	Vancomycin	serum	levels	are	measured	
mainly	to	ensure	that	therapeutic	levels	are	attained	but	high	
levels	of	vancomycin	should	be	avoided.	The	reader	is	referred	
to	 the	excellent	publication	Clinical Antimicrobial Assays6 for 
more	detailed	information	on	assay	of	antimicrobial	drugs.
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Chapter

1010 Principles of chemoprophylaxis

S. ragnar Norrby

SURGICAL PROPHYLAXIS

Several surgical procedures (such as abdominal surgery with 
enterotomies, transvaginal surgery and lung surgery) will 
result in spillage of material that contains the normal bacterial 
flora. In other types of surgery the risk of postoperative infec-
tion is increased by the use of foreign material, such as hip 
and knee prostheses. Prophylactic use of antibiotics has been 
found to reduce the incidence of postoperative bacterial infec-
tions in these procedures. In other types of surgery in which 
spillage is not a major problem and where foreign bodies are 
not implanted, advantages of prophylaxis cannot be proven 
and its use is often doubtful. Table 10.1 gives examples of 
types of surgery where antibiotic prophylaxis has been proven 
to be beneficial, where it is routinely used but with no solid 
documentation of efficacy and where it has been proven not 
to reduce the incidence of postoperative infections.1

Correct timing of antibiotic prophylaxis in surgery is 
essential. Treatment should aim at obtaining high antibiotic 
concentration in tissue and tissue fluids during the surgi-
cal procedure, and in particular when there is a high risk of 
contamination (e.g. when an enterotomy is performed). One 
study demonstrated that if antibiotics with short plasma half-
lives were used, administration more than 2 h before or 3 h 
after surgery resulted in poor prophylactic effect.2 Today it is 
agreed that surgical prophylaxis should be perioperative, i.e. it 
should be administered during surgery and terminated when 
the wound is closed.3–7 Prolonged antibiotic prophylaxis is 
costly, gives no further benefits and increases the risk of selec-
tion of antibiotic-resistant bacteria.

An alternative to systemic antibiotic prophylaxis might be 
topical application of antibiotics, which has been proven to be 
effective when chloramphenicol was compared to placebo in 
‘high risk’ wounds.8

ENDOCARDITIS PROPHYLAXIS

It is generally recommended that patients who have had 
endocarditis or known cardiac valvular defects and/or pros-
theses should be considered for antibiotic prophylaxis when 
subjected to certain procedures, including extensive dental 
surgery and treatment, and genitourinary, gastrointestinal 
and respiratory tract surgery (i.e. medical interventions which 
increase the risk of bacteremia and the number of bacteria 
in bacteremia).9 However, the scientific background for using 
antibiotic prophylaxis has recently been questioned.10

The choice of antibiotics in endocarditis prophylaxis 
has been modified in the latest recommendations from the 
American Heart Association.9 For example, the standard regi-
men before dental and respiratory procedures is today 2 g 
amoxicillin 1 h before dental treatment or surgery; in patients 
hypersensitive to penicillin, erythromycin has been replaced 
by clindamycin or azithromycin. The use of amoxicillin is 
further supported by a study in which placebo, amoxicillin, 

Chemoprophylaxis aims at preventing clinical infections and should 
be separated from early treatment. Prophylactic use of antimicrobial 
drugs has been established in several types of surgery to prevent post-
operative infections. In patients with certain heart disorders antibiotic 
treatment is recommended to prevent endocarditis following inva-
sive procedures that may lead to bacteremia (e.g. dental treatment 
and urogenital surgery). Patients who are neutropenic or  otherwise 
immunocompromised often receive prophylactic  antibiotics and/or 
antifungal or antiviral agents to prevent infections.

These are all examples of primary prophylaxis; the aim is to  prevent 
infections occurring. Other examples include prophylactic use of 
anti-malarial drugs in travelers (see Ch. 62) and prophylaxis against 
Pneumocystis jirovecii pneumonia in HIV-infected patients with low 
CD4 lymphocyte counts. Following certain infections in immuno-
compromised patients (e.g. those with AIDS who have had P. jirovecii 
pneumonia or Cryptococcus neoformans meningitis) secondary 
chemoprophylaxis is used to prevent recurrences of the infections 
for as long as the patient remains immunodeficient.
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clindamycin or moxifloxacin was given to patients undergo-
ing dental extractions.11 The frequencies of bacteremia were 
96%, 46%, 85% and 57%, respectively.

PREVENTION OF TRAVELERS’ 
DIARRHEA

Up to 50% of travelers to tropical and subtropical countries will 
develop travelers’ diarrhea. The most common pathogens caus-
ing this condition are strains of Escherichia coli producing entero-
toxin (ETEC), Campylobacter spp., Vibrio  parahaemolyticus, 

Vibrio cholerae, Salmonella enterica serotypes and Shigella spp. In 
addition, diarrhea may be the result of food poisoning with bac-
terial toxins produced by Staphylococcus aureus, Bacillus cereus 
or Clostridium perfringens. Vaccines are available only against V. 
cholerae (one of the cholera vaccines may also give short-term 
protection against ETEC) and Salmonella Typhi.

Chemoprophylaxis using trimethoprim–sulfamethoxazole, 
doxycycline, fluoroquinolones or other antibiotics effectively 
decreases the incidence of travelers’ diarrhea. Arguments 
against such use of antibiotics are the risks of adverse effects 
and of emergence of resistance. However, prophylaxis should be 
considered in individuals with underlying diseases that may be 
complicated by acute diarrhea (e.g. people with diabetes mel-
litus, reactive arthritis or inflammatory bowel disease). Patients 
treated with drugs that reduce the gastric acidity should also be 
considered for prophylaxis because they are at increased risk of 
developing diarrhea due to a defective acidic barrier.

PROPHYLAXIS AGAINST 
MENINGOCOCCAL DISEASE

It is well known that individuals who have had close contact 
with a patient with meningococcal disease are at increased 
risk of developing the disease. Two types of prophylaxis have 
been used. The most common one is to use ciprofloxacin 
or rifampicin (rifampin) in order to eradicate carriage of 
Neisseria meningitidis. Another approach, commonly used in 
Norway, is to treat contacts of a patient with meningococ-
cal disease with penicillin V for 7 days. Such a regimen will 
prevent disease but will not eradicate carriage. For further 
details, see Chapter 50.

CHEMOPROPHYLAXIS IN PATIENTS 
WITH IMMUNE DEFICIENCIES

Prophylactic antibiotics and antiviral drugs are commonly used 
in patients with various types of immune deficiency and are 
summarized in Table 10.2. The use of primary and secondary 
prophylaxis against P. jirovecii pneumonia with trimethoprim–
sulfamethoxazole (which also seems to prevent Toxoplasma 

type of immune deficiency prophylaxis against Drugs used

Organ transplantation (Chapter 40) 
 
 

Pneumocystis jirovecii
Herpes simplex
Cytomegalovirus
Candida infections

Trimethoprim–sulfamethoxazole
Aciclovir
Ganciclovir, aciclovir
Azole antifungals

Neutropenia (Chapter 40) Bacterial infections
Candida infections

Various
Azole antifungals

Asplenia Pneumococcal infections Penicillin V

HIV infection (Chapter 43) 
 
 
 

P. jirovecii  
Toxoplasma gondii
Atypical mycobacteria
Neonatal transmission 

Trimethoprim–sulfamethoxazole
Trimethoprim–sulfamethoxazole
Various
Antiretroviral drugs 

table 10.2 Primary chemoprophylaxis in immunodeficient patients

Procedures for which antibiotic prophylaxis is documented and 
indicated
•	 Esophageal,	gastric	and	duodenal	surgery
•	 Intestinal	surgery	(including	appendectomy)
•	 Acute	laparotomy
•	 Inguinal	hernia	repair
•	 Transurethral	or	transvesical	prostatectomy
•	 Total	hysterectomy
•	 Cesarean	section
•	 Surgical	legal	abortion
•	 Amputations
•	 	Reconstructive	vascular	surgery	(not	surgery	on	the	carotid	arteries)	

with or without the use of grafts
•	 Cardiac	surgery
•	 Pulmonary	surgery

Procedures for which antibiotic prophylaxis is often used but with 
incompletely documented efficacy
•	 Pancreatic	surgery
•	 Liver	surgery	(resection)
•	 Urological	surgery	with	enteric	substitutes
•	 Implanted	urological	prostheses
•	 Transrectal	prostate	biopsy
•	 Hemiplastic	surgery	in	patients	with	cervical	hip	fractures
•	 Back	surgery	with	metal	implantation
•	 Aortic	graft-stents
•	 Neck	surgery

Procedures for which antibiotic prophylaxis is not documented 
or indicated
•	 Biliary	tract	surgery	in	patients	with	normal	bile	ducts	and	no	stents
•	 Endoscopic	examination	of	the	urinary	tract
•	 Reconstructive	urethral	surgery
•	 Arthroscopic	procedures

table 10.1 need for antibiotic prophylaxis in various surgical 
procedures

From the Swedish-Norwegian Consensus Group. Antibiotic prophylaxis in surgery: 
summary of a Swedish-Norwegian consensus conference. Scand J Infect Dis. 
1998;30:547–557.1
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gondii encephalitis) and secondary prophylaxis against C. neo-
formans meningitis have been proven to be effective. Primary 
prophylaxis against fungal infections, especially those caused 
by Candida spp. in HIV-positive patients, seems more doubtful 
since the time during which prophylaxis is used by necessity 
must be long and might result in selection of resistant strains, 
especially when oral treatment with an azole antifungal agent 
such as fluconazole or itraconazole is used. Importantly, it 
has been demonstrated that during effective, so-called ‘highly 
active’ antiretroviral treatment (HAART), pneumocystis pro-
phylaxis can be discontinued without negative effects.12

Another type of prophylaxis in HIV-infected patients that 
has been proven to be effective is the administration of anti-
retroviral drugs to pregnant women and to their newborn 
children in order to prevent intrauterine and neonatal trans-
mission of HIV.
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Antibiotic resistance is a global public health problem.1,2 In Europe 
in 2008 16 countries had developed a national strategy to contain 
antimicrobial resistance and nine countries had an action plan.3 
A core component of most of these strategies is antimicrobial stew-
ardship, which has been defined as a set of measures delivered by a 
multidisciplinary team working in healthcare institutions to optimize 
antimicrobial use amongst patients in order to improve patient out-
comes, ensure cost-effective therapy and reduce adverse sequelae 
of antimicrobial use, including ecological effects such as resistance 
and Clostridium difficile infections.4,5 Targets for antimicrobial stew-
ardship include appropriate antibiotic selection, dosing, route, and 
duration of therapy. Antimicrobial stewardship combined with infec-
tion  prevention measures will limit the emergence and transmission 
of antimicrobial resistance.6

Antibiotic policies are an integral component of antimicrobial 
stewardship programs. The terms ‘guidelines’, ‘formularies’ and ‘poli-
cies’ are often used interchtangeably but they are separate, comple-
mentary components of a strategy for prudent antimicrobial use.

•	 Guidelines provide advice about what drug should be prescribed 
for a specific clinical condition. They may take the form of a care 
pathway or flow chart outlining processes of care, including 
investigations and therapies other than just antimicrobial 
compounds (e.g. oxygenation in a pneumonia guideline). 
National guidelines have been published as templates for local 
consultation and adaptation.7,8

•	 A formulary is a limited list of drugs available for prescription. 
It may include information about available dosing instructions 
and advice about safety or interactions but it does not include 
detailed guidance for use.

•	 An antimicrobial policy contains guidelines about treatment 
of specific conditions. This can also include a limited list of 
antimicrobial agents that are generally available to all prescribers 
– in other words an antimicrobial formulary. In addition to 
guidance, antimicrobial policies may include enforcement 
strategies such as compulsory order forms for restricted drugs.

•	 An antimicrobial management team is a multidisciplinary 
team in which each member is given specific roles and which 
collectively takes responsibility for implementation of local 
policies (see Figure 11.1). To be effective the team must have 

full support from hospital leadership, work closely with infection 
control teams and provide regular feedback to individual 
clinicians and clinical teams about their compliance with 
policies.

There is considerable variation in the use of antibiotic policies and 
control measures in European hospitals.9 Consequently, efforts to 
coordinate and standardize antimicrobial stewardship programs 
across multiple hospitals and primary care organizations have 
been initiated by countries (e.g. Scotland,10 Sweden11) or networks 
such as the European Union antibiotic stewardship program (ABS 
International12).

Antibiotic policies have been used since the 1950s and have 
evolved in complexity over time.13 In 1990 the Drug and Therapeutics 
Bulletin concluded that local prescribing policies are worth the time 
and money they take to produce, improve the quality of prescrib-
ing and reduce overall costs in hospitals and in general practice.14 
Nonetheless, in 1994 only 62% of 427 UK hospitals had a policy for 
antibiotic therapy and 75% had an antibiotic formulary.15 In 2001 the 
House of Lords Select Committee on Science and Technology again 
had to urge the Department of Health to pursue any hospitals that 
did not have a formal prescribing policy.1 A further survey of acute 
healthcare trusts in England in 2004/5 revealed that an antimicrobial 
policy was in place in 89% of responding trusts (109/123).16 This is 
clearly an improvement on the previous survey result but it is disap-
pointing that 11% of responding hospitals had not taken the essen-
tial first step of writing an antibiotic policy. In the USA 100% of 47 
hospitals surveyed in 2000 had an antibiotic formulary.17 However, 
only 47% had written policies for surgical prophylaxis, a key area of 
antibiotic misuse.18

The problems of antibiotic resistance linked to widespread pre-
scribing of antibiotics are even more pressing in developing coun-
tries. In India and Sri Lanka 66% of community prescriptions include 
an antimicrobial; in Bangladesh and Egypt antibiotic use accounts for 
54% and 61%, respectively, of all hospital prescribing.19 The potential 
value of antibiotic policies in such countries and their current role 
have recently been reviewed.20

In this chapter we review the aims of antibiotic policies, the meth-
ods for policy implementation and the evidence that policies achieve 
their aims.
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STIMULI FOR THE INTRODUCTION 
OF ANTIBIOTIC POLICIES

Many of the stimuli for antibiotic policies are common to pol-
icies for other drug groups, but some are unique to antibiot-
ics (Table 11.1). The general advantages of defining a core 
list of drugs that are used regularly have been recognized for 
many years by the World Health Organization.21 The aim is to 
encourage rational prescribing, which is based on knowledge 
of pharmacology, efficacy, safety and cost. Drug  resistance 
amongst microbes is a unique stimulus to control of anti biotic 
prescribing.

PRACTICAL ADVANTAGES  
OF LIMITING THE RANGE OF 
ANTIMICROBIALS PRESCRIBED

In the hospital, the prescription of an antimicrobial by a clini-
cian has implications for nurses, pharmacists and microbiol-
ogists who will all be involved in preparation, administration 
and monitoring of the prescribed drug. Limiting the range of 
drugs used allows the team to become familiar with the nec-
essary processes.22 Many of the staff who take responsibility 
for these processes will rotate through several departments in 
the hospital or will provide cross cover outside working hours. 
Having common policies within and between clinical director-
ates reduces the need for time-consuming retraining of staff as 
they move between clinical units. The need for national guid-
ance about antibiotic prescribing in primary care has also been 
recognized7 in response to earlier evidence of considerable vari-
ation in content and quality across policies in primary care.23

Providers of healthcare are increasingly being asked for 
evidence about quality assurance. Auditing practice is only 
possible if standards of care have been defined. The narrower 
the range of drugs, the easier it is to write and audit detailed 
standards of care. It is also likely that staff will find it easier to 
comply with policies that cover a limited range of drugs.

COST

Antibiotics account for 3–25% of all prescriptions and up to 30% 
of the drug budget in a hospital.24 New drugs are inevitably more 
expensive than old drugs and new drugs will be heavily promoted 
by pharmaceutical companies. One of the aims of antibiotic poli-
cies is to encourage prescribers to continue to use older, more 
familiar drugs unless there are good reasons not to. Intravenous 
antibiotics are usually about 10-fold more expensive than equiv-
alent oral formulations and intravenous administration requires 
additional consumables and staff time.25 Policies that include spe-
cific recommendations about route of administration may reduce 
costs considerably.4 Limiting the range of drugs also reduces the 
range of stock that is sitting on the pharmacy shelves.

QUALITY AND SAFETY OF PRESCRIBING

Prescribing drugs that do not benefit the patient exposes 
them to unnecessary risk and one study found that 26% of 
all adverse drug reactions in a hospital were caused by drugs 
that were prescribed unnecessarily.26 Unnecessary prescrib-
ing of antimicrobials carries additional risks for the patient 
(increased risk of cross infection by resistant organisms or 
C. difficile) and the environment (selection of drug-resistant 
bacteria, e.g. Enterococcus faecalis). Therefore, assessment of 
the quality of prescribing must consider several elements, 
including the risks and benefits of introducing another drug 
and of intravenous versus oral administration. In practice it is 
very difficult to assess the appropriateness of an entire course 

Category Benefits

Knowledge General
Promotes awareness of benefits, risks and cost 
of prescribing
Facilitates educational and training programs within 
the healthcare setting
Reduces the impact of aggressive marketing by the 
pharmaceutical industry
Encourages rational choice between drugs based 
on analysis of pharmacology, clinical effectiveness, 
safety and cost
Specific to antimicrobials
Provides education about local epidemiology of 
pathogens and their susceptibility to antimicrobials
Promotes awareness of the importance of infection 
control

Attitudes General
Acceptance by clinicians of the importance of 
setting standards of care and prescribing
Acceptance of peer review and audit of prescribing
Specific to antimicrobials
Recognition of the complex issues underlying 
antimicrobial chemotherapy
Recognition of the importance of the special 
expertise required for full evaluation of antimicrobial 
chemotherapy:
 Diagnostic microbiology
 Epidemiology and infection control
  Clinical diagnosis and recognition of other 

diseases mimicking infection
 Pharmacokinetics and pharmacodynamics

Behavior General
Increased compliance with guidelines and 
treatment policies
Reduction of medical practice variation
Specific to antimicrobials
Improved liaison between clinicians, pharmacists, 
microbiologists and the infection control team

Outcome General
Standardization and reduction in practice variation 
are key strategies for improving the quality of 
healthcare
Improved efficiency of prescribing by increasing 
sensitivity (patients who can benefit receive 
treatment) and specificity (treatment is not 
prescribed to patients who will not benefit)
Improved clinical outcome
Reduces medicolegal liability
Specific to antimicrobials
Limit collateral damage (emergence and spread 
of drug-resistant strains or superinfection by 
Clostridium difficile, other bacteria or fungi)

table 11.1 General and specific advantages of an antibiotic 
policy
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of treatment, particularly in hospital. What is appropriate on 
one day may be inappropriate the next. This problem has 
been recognized in a practical system for reviewing each day 
of an antibiotic prescription and then computing the propor-
tion of inappropriate days.27 The term ‘inappropriate’ covers a 
multitude of sins and encompasses both undertreatment and 
unnecessary overtreatment. Judgment of appropriateness is 
therefore complex and it is worrying that the few studies of 
interrater reliability show very poor agreement.28 Use of com-
puterized case vignettes may provide a more reliable system of 
assessing inpatient antimicrobial appropriateness.29

Monitoring of community prescribing is challenging, espe-
cially where drugs are freely available over the counter. Self-
medication rates reported include 51% in Ecuador, 70% in 
Thailand, 75% in Brazil, 82% in Ethiopia and 92% in the 
Philippines.19 There are undoubtedly some potential advan-
tages to increasing the availability of antibacterials without 
prescription, such as convenience for the patient, faster initia-
tion of treatment and reduction in primary care workload.30 
However, in the European Union2 and in North America,31 
the risks of increasing access to antibacterials are thought to 
outweigh these benefits.

In the second half of the 20th century there was an inexo-
rable increase in the number of prescriptions for antibiotics in 
the community in developed countries.32 More recently this 
trend has reversed and several countries have reported a signif-
icant reduction in antibiotic prescribing in primary care.11,33–35 
Nonetheless, there is still plenty of room for improvement. 
For example, although the Netherlands has the lowest overall 
use of antibiotics in Europe,36 a detailed investigation sug-
gested that 75% of prescriptions for otitis media in primary 
care might be unnecessary.37 Longitudinal analysis that com-
bines quantitative and qualitative methods is required to 
understand how socioeconomic factors and changes in the 
delivery of care might influence antibiotic use.38,39

Educational training and support is an important com-
ponent of improving the quality and safety of prescribing. 
The skills and competencies required are both technical 
and non-technical.40 These skills are applicable to all profes-
sional prescribers.41 Some of this knowledge can be acquired 
through the use of a range of high-quality educational web-
based resources.42 The British Society for Antimicrobial 
Chemotherapy (BSAC) and the European Society for Clinical 
Microbiology and Infectious Diseases (ESCMID) are col-
laborating on a teaching resource that uses common clini-
cal infection vignettes as a means of learning about infection 
management and use of local policies.43

COLLATERAL DAMAGE FROM 
ANTIBIOTIC USE: RESISTANCE 
AND CROSS-INFECTION

The mechanisms and epidemiology of drug resistance are 
described in Chapter 3. Control of antibiotic resistance has 
always been a strong stimulus to the development of  antibiotic 

policies.13 Antibiotic use stimulates the emergence of resis-
tance but the spread of resistance mainly occurs through 
cross-infection of resistant strains from one patient to another. 
The epidemiology of resistance shows that the probability of 
infection with resistant bacteria is related to both the previ-
ous intensity of antibiotic use in the environment or popu-
lation and the exposure of individual patients who enter the 
environment or population. Previous use facilitates the emer-
gence of resistance in the environment or population, while 
exposure of individual patients facilitates persistence of resis-
tant strains.44 Because acquisition of resistant strains is almost 
always determined by cross-infection, infection control must 
be integrated with antimicrobial stewardship (Figure 11.1).

In addition to antimicrobial resistance, collateral damage 
from antibiotic use includes infection by Clostridium difficile 
and by fungi. The same principles apply to these infections; 
antimicrobial stewardship will only work if it is combined with 
infection control (Figure 11.1).

WHAT INTERVENTIONS CHANGE 
ANTIBIOTIC PRESCRIBING?

The evidence base for antibiotic policies is the subject of 
two Cochrane Systematic Reviews, one of interventions for 
patients in ambulatory care45 and one of interventions for hos-
pital inpatients.46 A variety of resources linked to the hospi-
tal inpatients review can be accessed from the BSAC website 
(http://www.bsac.org.uk), including all publications, addi-
tional details of included studies with microbial outcomes and 
slide sets with explanatory notes.47

The majority of interventions in both reviews were success-
ful: 81 (76%) of 106 interventions on prescribing to hospital 
inpatients46 and 30 (75%) of 40 interventions on prescribing 
in ambulatory care45 were associated with statistically signifi-
cant improvements in the primary outcome. However, these 
two reviews reveal important differences between ambula-
tory and hospital care in the targets for intervention, the types 
of intervention and the outcomes that have been measured 
(Table 11.2).

TARGET FOR THE INTERVENTION

In hospitals, 19 (18%) of the interventions aimed to 
increase the intensity of antibiotic treatment (Table 11.2). 
Examples include ensuring that antibiotics were received by 
patients who would benefit from them48 or reducing time 
from admission to start of antibiotic treatment for patients 
with pneumonia.49 In contrast, none of the interventions 
in ambulatory care aimed to increase the intensity of anti-
biotic treatment (Table 11.2). In hospitals, the common-
est target for intervention was the choice of drug (80%), 
whereas in ambulatory care only 45% of the interventions 
targeted the choice of drug (Table 11.2). In ambulatory care 
the  commonest target for interventions was the  decision to 
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 prescribe an antibiotic, with 26 (65%) of the studies aim-
ing to reduce the proportion of patients who received an 
antibiotic (Table 11.2). In contrast, in secondary care, only 
8 (8%) of the studies targeted the decision to prescribe and 
in three of these the aim was to increase the proportion 
of patients who received effective antibiotic therapy so that 
only 5 (5%) of the studies on hospital inpatients aimed to 
reduce the proportion of patients who received an antibi-
otic. Computerized decision support is a promising method 
for reducing the number of patients who receive unneces-
sary antibiotics50 and one study has clearly shown the poten-
tial for this approach in hospital care.51

TYPE OF INTERVENTION

In hospital, 47 (44%) of the interventions included a restric-
tive component, which limited the choice of professionals 
(Table 11.3). In contrast, in ambulatory care all but two of 
the interventions were persuasive, the two exceptions being 
a restrictive primary care formulary that limited the use of 
fluoroquinolones and an intervention to change the reim-
bursement and organization of services in primary care.45 
The two commonest persuasive interventions used in hospi-
tals were distribution of educational materials and reminders, 
whereas in ambulatory care they were educational meetings 
and educational outreach visits (Table 11.3). Only 10% of 
interventions in either setting used audit and feedback (Table 
11.3). Patient-based interventions were only used in ambu-
latory care (Table 11.3). These were either patient informa-
tion sheets or delayed prescriptions, which allowed patients 

to obtain an antibiotic without reconsulting the doctor if they 
had persistent symptoms (Table 11.3).

DESIGN OF EVALUATION 
OF INTERVENTIONS

The commonest method for evaluation of interventions was 
an interrupted time series (ITS) in hospitals (55% of studies) 
whereas in primary care it was a randomized controlled trial 
(RCT, 63% of studies, see Table 11.2). The Cochrane Effective 
Practice and Organisation of Care Group have recently updated 
their criteria for assessing risk of bias in studies.52 These criteria 
have been applied to the 106 studies in the review of interven-
tions to improve antibiotic use for hospital inpatients (Table 
11.4). ITS was the evaluation design that had the lowest risk of 
bias and was the only design with <50% of studies at high risk 
of bias (Table 11.4). In contrast, 67% of RCTs were at high 
risk of bias and only one RCT had a low risk of bias (Table 
11.4). The reason is that it is virtually impossible to conceal 
allocation and avoid contamination in a trial in which profes-
sionals are randomly assigned to receive an intervention in a 
hospital. This can only realistically be achieved in a large RCT 
that involves multiple hospitals.53 In contrast, in an ITS study, 
the control and intervention periods are separated and stud-
ies will have a low risk of bias provided that they have reliable 
primary outcome measures and enough data to show that the 
intervention effect is likely to be independent of seasonal vari-
ation. Consequently, ITS is usually the best design for evalu-
ation of the impact of an antibiotic policy in a single hospital. 
For research, the strengths of ITS and RCT can be combined 
in a design called a stepped wedge.54

Medical director

Drug and therapeutics
committee

Antimicrobial management

Ward-based clinic

Specialty-based with
responsibility for

antimicrobial prescribing

Dissemination and feedback

Chief executive Infection control manager

Risk management

Clinical governance

Infection control

Microbiologist/infectious
diseases physician

Prescriber

Prescribing support/feedback

Fig. 11.1 Model pathway for implementing improvements in antimicrobial prescribing practice in hospitals. The antimicrobial 
management team has a central coordinating role in feedback of information to individual prescribers, clinical teams and senior 
management. (From Nathwani D. Antimicrobial prescribing policy and practice in Scotland: recommendations for good antimicrobial practice 
in acute hospitals. J antimicrob Chemother. 2006;57:1189–1196, by permission of Oxford University Press.10)
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SUMMARY: WHAT INTERVENTIONS 
CHANGE ANTIBIOTIC PRESCRIBING?

These two reviews of interventions in hospital and ambula-
tory care reinforce the message that there are ‘No magic bul-
lets’, meaning that it is not possible to provide general guidance 
about the most appropriate method for improving professional 
practice in any context.55 Both reviews provide further evi-
dence that the most successful interventions are those which 
involve the professionals who are the targets for change in 
both the development and dissemination phases, and provide 
 concurrent feedback of information about implementation.55–57  

However, this approach requires  considerable investment of 
time by professionals, plus information systems that are capable 
of providing concurrent feedback. Simply providing prescrib-
ers with educational information may be relatively unsuccess-
ful; however, as it requires much less in the way of resources, 
it could be a more cost-effective method for achieving change. 
As in most areas of medicine, the most complex and effective 
intervention available is not necessarily the most appropriate 
and it makes sense to test interventions in order of complexity, 
starting with the simplest.56

In hospitals restrictive interventions were associated 
with a greater immediate impact than persuasive interven-
tions.46 However, the impact of persuasive and  restrictive 

 hospital inpatients ambulatory care

Comparison Number %1 Number %1

Design

Controlled before and after study  15 14 12  30

Controlled clinical trial   3  3  1   3

Randomized clinical trial  30 28 25  63

Interrupted time series  58 55  2   5

Target

Undertreatment of infection  19 18  0   0

Decision to prescribe   8  8 26  65

Choice of drug  89 84 18  45

Timing   9  8  0   0

Duration of treatment  17 16  4  10

Intervention

Persuasive, professional  56 53 40 100

Restrictive, healthcare system  47 44  2   5

Structural   7  7  0   0

Single component  63 59 32  80

Multifaceted  44 42  8  20

Outcome

Antimicrobial use  88 83 38  95

Financial savings  33 31  3   8

Clinical outcome  32 30  2   5

Microbial outcomes  31 29  4  10

Cost of design and implementation  
of the intervention

 13 12  0   0

Total studies 106 40

table 11.2 Comparison of evaluations of interventions to improve antimicrobial prescribing for hospital inpatients and in ambulatory care

1Some studies had more than one target or outcome.
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 interventions was similar after 6 months and after 12 
months there was a suggestion that persuasive interventions 
had greater impact.

In ambulatory care all five studies that included patient-
based interventions (information sheets or delayed anti-
biotic prescriptions) resulted in a statistically significant 
reduction in antibiotic use. The review authors concluded 
that in ambulatory care multifaceted interventions com-
bining physician, patient and public education in a variety 
of venues and formats were the most successful in reduc-
ing antibiotic prescribing for inappropriate indications.45 
However, in hospitals multifaceted interventions were 
not associated with greater impact than single component 
interventions.46

TO WHAT EXTENT DO ANTIBIOTIC 
POLICIES ACHIEVE THEIR SECONDARY 
AIMS?

CAN ANTIBIOTIC POLICIES REDUCE 
HEALTHCARE COSTS?

The literature is full of claims that implementation of anti-
biotic policies reduces healthcare costs, in hospital or in the 
community. However, the Cochrane Systematic Reviews 
revealed significant gaps in the evidence base. In hospital care 
31% of studies estimated the financial savings from reduction 
in use of the target drugs but only 12% of studies included 

  hospital inpatients ambulatory care

Intervention Description Number % Number %

persuasive professional interventions

Distribution of educational 
materials

Distribution of published or printed recommendations for 
clinical care, including clinical practice guidelines, audiovisual 
materials and electronic publications. The materials may 
have been delivered personally or through mass mailings

56 53  4 10

Educational meetings Healthcare providers participating in conferences, lectures, 
workshops or traineeships

14 13 10 25

Educational outreach visits Use of a trained person who meets with providers in their 
practice settings to give information with the intent of 
changing the providers’ practices. The information given 
may have included feedback on the performance of the 
provider(s)

 4  4  8 20

Local opinion leaders Use of providers nominated by their colleagues as 
‘educationally influential’. The investigators must have explicitly 
stated that their colleagues identified the opinion leaders

 2  2  0  0

Patient-mediated 
interventions

New clinical information (not previously available) collected 
directly from patients and given to the provider

 0  0  5 13

Audit and feedback Any summary of clinical performance of healthcare 
over a specified period of time. The summary may also 
have included recommendations for clinical action. The 
information may have been obtained from medical records, 
computerized databases or observations from patients

11 10  4 10

Reminders Patient or encounter-specific information provided verbally, 
on paper or on a computer screen, which is designed 
or intended to prompt a health professional to recall 
information. This would usually be encountered through 
their general education, in the medical records or through 
interactions with peers, and so remind them to perform or 
avoid some action to aid individual patient care. Computer-
aided decision support and drug dosage are included

44 42  3  8

Other types of intervention

Healthcare system Restriction of professional choice through removal of drugs 
from stock, compulsory order forms that limit drugs to specific 
conditions, requiring signed approval by another professional, 
therapeutic substitution of the physician’s original choice of 
antibiotic by another professional, automatic stop order after 
a fixed duration of treatment or prophylaxis
Changes in methods of physician remuneration

47 44  2  5

Structural Inclusion of equipment where technology in question is 
used in a wide range of problems and is not disease specific 
(e.g. rapid laboratory testing or therapeutic drug monitoring)

 8  8  0  0

table 11.3 Types of intervention used to influence antibiotic prescribing
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information about the cost of design and implementation of 
the intervention, which is essential to the overall assessment 
of cost-effectiveness.46

In ambulatory care only three (7.5%) of the studies 
reported the impact of the intervention on total antibiotic 
costs and none reported the impact on other costs (e.g. num-
ber of practice visits). None of the ambulatory care studies 
reported the cost of designing, disseminating or implement-
ing the intervention.

CAN ANTIBIOTIC POLICIES CONTROL 
COLLATERAL DAMAGE?

In hospitals 31 (29%) of the studies provided reliable data 
about microbial outcomes and 24 interventions were asso-
ciated with significant improvement. Studies with microbial 
outcomes are subject to additional risks of bias.58 Nonetheless, 
there are examples of studies with medium or low risk of 
bias that demonstrate sustained reduction in the prevalence 

of antimicrobial-resistant bacteria and C. difficile infections 
associated with change in antibiotic policy (Figure 11.2). 
Unfortunately, some published studies use inappropriate 
statistical methods and report unreliable conclusions about 
the impact of antibiotic policies58,60 – for example, changes 
in a hospital formulary were made to limit an outbreak of 
 vancomycin-resistant enterococci.61 In the published report, 
the effect of this formulary change on other resistant patho-
gens was analyzed with parametric statistics, which are not 
appropriate for microbial outcomes.60 Segmented regression 
analysis shows that the change in antibiotic policy was asso-
ciated with a small but not statistically significant decrease 
in ceftazidime-resistant Klebsiella pneumoniae and  methicillin- 
resistant Staphylococcus aureus (MRSA), whereas there was 
a statistically significant increase in cefotaxime-resistant 
Acinetobacter spp. (Figure 11.3).

In ambulatory care four studies in the systematic review 
included microbial outcomes (one macrolide-resistant strep-
tococci and three penicillin-resistant pneumococci).45 Only 
one of these studies showed that reduction in antibiotic use 

Design Criteria for assessment  
of quality

Description total

risk of bias

Low Medium high

N % N % N %

Studies with a separate 
control group

Was the allocation sequence  
adequately generated?
Was the allocation adequately 
concealed?
Were baseline outcome measurements 
similar?
Were baseline characteristics similar?
Were incomplete outcome data 
adequately addressed?
Was knowledge of the allocated 
interventions adequately prevented 
during the study?
Was the study adequately protected 
against contamination?
Was the study free from selective 
outcome reporting?
Was the study free from other risks 
of bias?

Randomized controlled trial
Participants (patients, doctors, 
healthcare teams, etc.) 
were assigned by random 
allocation (e.g. random number 
generation, coin flips)

30  1  3  9 30 20  67

Controlled clinical trial
Participants (patients, doctors, 
healthcare teams, etc.) were 
assigned by quasi-random 
allocation method (e.g. 
alternation, date of birth, 
patient identifier)

 3  0  0  3 100

Controlled before and after study
Involvement of intervention 
and control groups other 
than by random process, and 
inclusion of baseline period of 
assessment of main outcomes

15  0  1  7 14  93

Interrupted time series Was the intervention independent  
of other changes?
Was the shape of the intervention  
effect pre-specified?
Was the intervention unlikely to affect 
data collection?
Was knowledge of the allocated 
interventions adequately prevented 
during the study?
Were incomplete outcome data 
adequately addressed?
Was the study free from selective 
outcome reporting?
Was the study free from other risks 
of bias?

A change in trend attributable 
to the intervention, with 
repeated measures of the main 
outcomes before and after the 
intervention.

58 25 24 31 29 50  47

table 11.4 Rigorous designs for evaluation of interventions to change practice and organization of care*

*Includes criteria for assessment of quality and the risk of bias in 106 studies of interventions to improve antibiotic prescribing in hospitals. The minimum criteria for any  
design are objective measurement of performance, behavior or health outcomes in a clinical, not test, situation and relevant and interpretable data presented or obtainable.
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was associated with a significant reduction in resistance.62 
There are two possible explanations: 

1. Duration of follow-up: the successful study had 4 years 
of post-intervention data whereas the other three studies 
all had no more than 1 year.

2. Antibiotic resistance in Gram-positive bacteria is not 
associated with much fitness cost, meaning that there is 
little survival advantage for sensitive bacteria even in the 
absence of antibiotic pressure.63,64

In support of this second explanation, a recent study from 
Israel showed that a national restriction of ciprofloxacin use 
was associated with an immediate marked reduction in cip-
rofloxacin resistance in Gram-negative bacteria isolated from 
urine.65 In contrast with Gram-positive bacteria, resistance to 
quinolones in Gram-negative bacteria is associated with con-
siderable fitness cost.66

WHAT IMPACT DO ANTIBIOTIC 
POLICIES HAVE ON CLINICAL 
OUTCOME?

In hospitals, 32 (30%) of the studies included reliable data 
about clinical outcomes. However, in 12 of these studies the 
intervention was either wholly (n = 8) or partially (n = 4) 
designed to increase the intensity of antibiotic treatment. 
Clinical outcomes were measured in only 20 (23%) of 87 

studies that aimed solely to reduce the intensity of antibiotic 
treatment. These studies do provide some reassurance that 
there were no unintended adverse clinical consequences.

In ambulatory care only two (5%) of 40 studies included 
reliable data about clinical outcome: one showed that delayed 
antibiotic prescription for otitis media was associated with a 
1.1-day increase in the duration of symptoms (95% CI; from 
0.5 to 1.5-day increase);67 the other showed that reduction in 
antibiotic prescribing for the common cold had no significant 
impact on symptom score.68 Additional reassurance was pro-
vided by a third study, which showed that a reduction in the 
use of antibiotics for acute bronchitis was not associated with 
any significant increase in repeat office visits or in hospitaliza-
tions for respiratory tract infection.69

DEVELOPMENT, DISSEMINATION  
AND IMPLEMENTATION OF 
ANTIBIOTIC POLICIES

Development of policies should be informed by the wide vari-
ety of resources and information available on the world wide 
web.42 A great deal of information can be captured within a 
simple flow chart, providing an easily accessible reminder to 
prescribers on the walls of a treatment room, in a pocket-
sized antibiotic policy or available on the hospital intranet and 
world wide web.70

Fig. 11.2 Examples of interrupted time series analysis of the impact of antibiotic policy change on the prevalence of Clostridium difficile 
infection and infections with ceftazidime-resistant Enterobacteriaceae per 1000 patient days.59 The segmented regressions analysis of the effect 
size was performed for a systematic review of interventions to change antibiotic prescribing in hospitals.46 (Redrawn from data from Carling P, 
Fung T, Killion A et al. Favorable impact of a multidisciplinary antibiotic management program conducted during 7 years. Infection Control 
and hospital epidemiology. 2003;24:699–706.59)
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A simple but effective model for improvement71 is based on 
three questions:

1. What are we trying to accomplish?
2. How will we know that change is an improvement?
3. What changes can we make that will result in 

improvement?

In order to answer the first question the team must define a 
consensus goal for improvement. The second question requires 
measurement of process or outcome. The third question requires 
tests of change. These should be small, rapid and repeated.48

It is clear that measurement and improvement are inter-
twined; it is impossible to make improvements without mea-
surement.56 There are eight key principles to the use of data to 
improve daily clinical practice:56

1. Seek usefulness, not perfection in the measurement.
2. Use a balanced set of process, outcome and cost measures.
3. Keep measurement simple (think big, start small).
4. Use qualitative and quantitative data.

5. Write down the operational definition of measures.
6. Measure small, representative samples.
7. Build measurement into daily work.
8. Develop a measurement team.

Inclusion of targets for audit of implementation (Box 11.1) 
is a key component of the assessment of evidence-based 
guidelines.72

HOW SHOULD COMPLIANCE WITH 
ANTIBIOTIC POLICIES BE MONITORED?

Hospitals fortunate enough to have sophisticated informa-
tion systems may be able to use these to monitor compliance 
with policies.73 However, this remains the exception rather 
than the rule. Less sophisticated information systems can 
still provide valuable information but there is often no sub-
stitute for collection of data by hand.74 This is not  necessarily 

Fig. 11.3 Examples of interrupted time series analysis of the impact of antibiotic policy change on the prevalence of resistant bacteria.61 The 
segmented regression analysis of the effect size was performed for a systematic review of interventions to change antibiotic prescribing in 
hospitals.46 (A) New cases of ceftazidime-resistant Klebsiella pneumoniae per 1000 discharges. 
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as daunting as it may seem; a 1-day prevalence survey of 
an entire hospital can be achieved in a few hours and may 
be a useful tool to detect deviations from guidelines and 
 provide  physicians with  educational feedback. The European 
Surveillance of Antimicrobial Consumption (ESAC) proj-
ect has adapted a web-based tool for antibiotic surveil-
lance developed in Sweden75 and successfully used this for 
 comparative  surveillance of hospitals in 20 European coun-
tries.76 A variety of staff can be involved in auditing policies, 
including trainee nurses, pharmacists, doctors and medical 
 students.77 Participation in data collection is an educational 

experience and the information can be used to agree care 
bundles of three or four essential processes of care that must 
be completed and documented for every patient to monitor 
antibiotic compliance and review infection management.78 In 
hospitals bacteremia provides a manageable focus for atten-
tion. Review of patients with bacteremia identifies patients 
who are being overtreated, including those with contami-
nated blood cultures. However, about one-third of patients 
reviewed will have inadequate treatment because of delay in 
starting and selection of the wrong drug, dose or route of 
administration.79–81

Change (%) with 95% CI
1 month 6 months 12 months P value

Change Lower Upper Change Lower Upper Change Lower Upper Level Slope

Ceftazidime-resistant  
K. pneumoniae

–35.6 –90.0 18.8 –34.8 –91.9 22.4 –29.1 –89.4 31.2 0.204 0.798

Cefotaxime-resistant 
Acinetobacter

–2.2 –132.6 128.3 70.4 –66.5 207.4 178.0 –0.1 356.0 0.978 0.004
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Fig. 11.3—cont’d (B) New cases of cefotaxime-resistant Acinetobacter spp. per 1000 discharges. (C) Segmented regression analysis of data 
from Figures 11.3A and 11.3B. (Redrawn from data from Landman D, Chockalingam M, Quale JM. Reduction in the incidence of methicillin-
resistant Staphylococcus aureus and ceftazidime-resistant Klebsiella pneumoniae following changes in a hospital antibiotic formulary. 
Clinical Infectious Diseases. 1999;28:1062–1066, The University of Chicago Press.61)
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In primary care routine data about antibiotic prescribing 
are more generally available and can be used to measure the 
impact of prescribing interventions.82 More sophisticated data 
systems that include diagnosis may be required to monitor 
the impact of targeted interventions – for example, to reduce 
prescribing for bronchitis.69 However, as in hospitals, hand 
collection of data may be the only practical method available. 

Community pharmacists have an important potential role in 
the audit of antibiotic prescribing in primary care.83

Data about measures of professional practice or clinical 
outcomes are best displayed as run charts or  statistical pro-
cess control charts (Figure 11.4) as these clearly  demonstrate 
progress over time. Small amounts of data collected regu-
larly can be very informative. The statistical process control 
charts in Figure 11.4 only have one patient observation for 
every data point so each chart only includes data from 17 
patients, yet the charts clearly show the impact of the inter-
vention. Resources for testing change (such as Plan Do Study 
Act cycles), designing and using measures for improvement 
are publicly available on clinical effectiveness websites.84 For 
infrequent events (e.g. number of new MRSA or C. difficile 
infections) the time since the last new infection is a powerful 
method for displaying information.85 Posting of ‘days since 
last infection’ data allows staff to see at a glance the impor-
tance and status of critical infections. In this way, positive 
feedback is provided as infection-free days accrue, and anal-
ysis of cause occurs when the days go back to zero.85

LEGAL IMPLICATIONS OF ANTIBIOTIC 
POLICIES

Having considered the advantages of antibiotic policies, it 
is important to be aware of their legal implications. It is not 
unusual for audits to show that only a minority of  professionals’ 
practice is fully consistent with antibiotic policies. In that case, 
are the majority of professionals guilty of negligence? Moreover, 
is the organization in which the professionals practice also guilty 
of negligence unless it takes action and achieves 100% adher-
ence to policies? Although interventions can improve adher-
ence to policies, the changes are often small.45,46 Even when the 
best methods for development, dissemination and implemen-
tation are used, a majority of professionals may still not adhere 
to the policy.86 The reasons include lack of knowledge, aware-
ness, familiarity, agreement, outcome expectancy and ability to 
overcome the inertia of previous practice.87 Guidelines by their 
very nature consider common problems in typical patients and 
may fail to adequately address the needs of individual patients, 
particularly the elderly and the patient with a complicated 
course.86 Guidelines frequently lack objective parameters, lack 
graded recommendations and do not favor a multidisciplinary 
approach.88 As has already been noted, a major flaw of much of 
the literature on the implementation of antibiotic policies is the 
failure to include measures of clinical outcome (see Table 11.2). 
For all of these reasons 100% concordance between clinical 
practice and guidelines is neither desirable nor achievable.

Written policies and practice guidelines have a major impact 
on courts of law, particularly if they are endorsed by national 
societies or other professional bodies. As a legal standard, their 
testimonial relevance, or ‘weight’ in that respect, is just below 
regulations issued by the primary or secondary lawmaker. The 
legal implication of this position is that presentation of a pol-
icy or guideline in court may overcome expert opinion, results 

Box 11.1 Core indicators for audit from a national guideline 
on surgical prophylaxis18 From Scottish Intercollegiate Guidelines 
Network (SIGN). Antibiotic Prophylaxis in Surgery. Edinburgh 
Royal College of Physicians of Edinburgh 2008 http://www.sign.
ac.uk/pdf/sign104.pdf (15th August 2009, date last accessed).

process measures

Was prophylaxis given for an operation included in local guidelines?

If prophylaxis was given for an operation not included in local guidelines, 

was a clinical justification for prophylaxis recorded in the case notes?

Was the first dose of prophylaxis given within 30 min of the start of 

surgery?

Was the prescription written in the ‘once-only’ section of the drug 

prescription chart?

Was the duration of prophylaxis greater than 24 h?

Outcome measures

Surgical site infection (SSI) rate = number of SSIs occurring 

postoperatively/total number of operative procedures.

Rate of SSIs occurring postoperatively in patients who receive 

inappropriate prophylaxis (as defined in guideline) compared with 

rate of this infection in patients who receive appropriate prophylaxis, 

expressed as a ratio.

Rate of Clostridium difficile infections occurring postoperatively in 

patients who receive inappropriate prophylaxis (as defined in 

guideline) compared with rate of this infection in patients who receive 

appropriate prophylaxis, expressed as a ratio.

Minimum data set for surgical antibiotic prophylaxis

Date

Operation performed

Classification of operation (clean/clean-contaminated/contaminated)

Elective or emergency

Patient weight (especially children)

Any previous adverse reactions/allergies to antibiotics

Justification for prophylaxis (e.g. evidence of high risk of SSI) if prophylaxis 

is given for an operation that is not one of the indications for routine 

prophylaxis

Time of antibiotic administration

Name of antibiotic

Dosage of antibiotic

Route of administration

Time of surgical incision

Duration of operation

Second dosage indicated?

Second dosage given?

Postoperative antibiotic prophylaxis indicated?

Postoperative antibiotic prophylaxis given?

Antibiotic prophylaxis continued for >24 h

Documentation recorded appropriately (in correct place, clarity)

Name of anaesthetist

Name of surgeon

Designation of surgeon



of well-conducted studies and even meta-analysis (particu-
larly if published after the guideline was written). Most courts 
will assign a written policy/guideline a burden of evidence far 
beyond the importance assigned to the policy/guideline by 
those who wrote it or use it. Writers of guidelines, such as the 
Scottish Intercollegiate Guidelines Network, often clearly state 
that the intention is to provide guidance rather than to impose 
stiff regulations. Nonetheless, courts of law may still interpret 
guidelines as minimum standards of care.

Conversely, a court can even declare a policy or guide-
line as insufficient or unacceptable; the court is sovereign to 
decide upon the standard according to its own legal policies – 
which are usually aimed at improving the health of the  public. 

Thus, if the court finds a certain policy, even if approved by 
official bodies, to be insufficient, it can declare it as a non-
standard and set its own standard. The following quote is 
from the book International Medical Malpractice Law: ‘A com-
mon practice (regardless if founded on guidelines) simply 
may not be good enough to fulfill the standard required by 
the law.’89 In 1993 the supreme court of Canada expressed the 
view that ‘conformity with standard practice (based on policy 
or guidelines) in a profession does not necessarily insulate a 
doctor from negligence where the standard of practice itself 
is negligent’.90 In the UK, the House of Lords has stated the 
view that the court can, in rare cases, reach a conclusion that 
a professional standard is not based on a rational  analysis, 
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Fig. 11.4 Instrument panel of three statistical process control charts for hospitalized patients with community-acquired pneumonia. 
Duration of intravenous antibiotic therapy, time to administration of antibiotic therapy and average length of hospital stay were thought to 
be key measures that the pneumonia care team wanted to follow over time. The solid lines represent the mean values plotted over time. 
The dotted lines represent the upper and lower control limits or natural process limits for the measured variables (lower limits in the top and 
middle panels were less than zero and are not shown). The arrows indicate the points at which changes were implemented. The upper and 
lower natural process limits were computed by using the following formula: mean ± 2.66 (average point-to-point variation, also called the 
moving range). This formula is recommended for calculation of process limits when the size of the subgroup is 1; it was chosen because each 
data point is a measurement from a single patient. From Nelson EC, Splaine ME, Batalden PB et al. Building measurement and data collection 
into medical practice. Annals of internal medicine 1998;128:460–466, by permission of the American college of Physicians.56)
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and that the experts express views that are not logical or 
responsible.91 These judgments have important implications 
for antibiotic policy makers. Concerns about antibiotic resis-
tance may be used to justify restriction of antibiotics even 
when there is compelling evidence to suggest that this is not 
in the interests of the individual patient.92 However, a court 
may not agree with this decision; indeed the court is likely to 
decide that a doctor’s primary duty is care of the individual 
patient. The problem of antibiotic resistance confronts pre-
scribers and the healthcare organizations in which they work 
with two conflicting ethical duties: one is their duty of fidel-
ity to the individual patient; the other is their duty of stew-
ardship for the resources that have been entrusted to them.93 
Rigid enforcement of the duty of fidelity would result in pre-
scription of antibiotics to any patient who might conceivably 
have infection and selection of an empirical regimen that cov-
ers all possible pathogens. Such a policy is clearly not in the 
long-term interests of the public. However, would a court of 
law support a healthcare organization that put the long-term 
interests of the public before the interests of the individual 
patient?94

Antibiotic restriction policy has been implied in farm hus-
bandry in view of human infections with resistant mutants 
(e.g. fluoroquinolone-resistant C. jejunii originating in fluo-
roquinolone-fed chickens). A quantitative risk assessment 
model of microbiological risks suggests that these outcomes 
may be more than coincidental: prudent use of animal anti-
biotics may actually improve human health, while total bans 
on animal antibiotics, intended to be precautionary, inadver-
tently may harm human health. Moreover, the ban of fluoro-
quinolones as food additives to chicken in the USA and some 
other jurisdictions was not associated with a decrease in fluo-
roquinolone resistance among other human pathogens, less-
ening the impact of antibiotic restrictive policies in agriculture 
on human disease. A court, when coming to decide on a case 
in which non-human use of antibiotics was associated with 
human harm (except for the case of C.  jejunii), will confront 
great difficulties in obtaining direct evidence for this associa-
tion and may thus have uncertainty in its final decision.

Legislation should also be considered as an instrument for 
helping to achieve the aims of antibiotic policies. Once anti-
microbial drug resistance has been recognized as a concern 
by public health authorities they will ask for legal as well as 
scientific analysis of the problem, and international organi-
zations such as the European Union and the World Health 
Organization will also seek legal solutions.95 However, cooper-
ative initiatives may be more practical and speedy than legis-
lation, at least in the first instance.95 Similarly, at the national 
level, it has been recognized that development of local solu-
tions may be more productive than imposing national legisla-
tion.95 Nonetheless, Fidler provides several practical proposals 
for introducing legislation to help to control antimicrobial 
prescribing:95

1. International legal harmonization of principles for 
prudent antimicrobial drug use will have to include 
monitoring and enforcement, as well as financial, 

technical and legal assistance by industrialized countries 
to developing countries.

2. In the USA, Congress could regulate use of antimicrobial 
drugs by monitoring interstate commerce in these 
products. Congress probably does not have the authority 
to regulate antimicrobial prescription practices directly; 
such authority rests with the states.

3. Perhaps the most powerful US federal strategy would 
be to make implementation of state policies to curb the 
misuse of antimicrobial drugs mandatory before states 
receive federal funds earmarked for public health. In 
countries where governments subsidize the purchase of 
antimicrobial drugs, legislative or regulatory changes in 
these subsidies could lead to a decline in the use of the 
drugs.

4. Fulfillment of legal duties often hinges on 
sufficient resources. In many developing countries public 
health systems may be inadequate. Thus, financial and 
technical leadership is needed from national governments 
towards local authorities and from international 
organizations towards developing countries. A precedent 
can be found in the proposed Convention on the 
Provision of Telecommunication Resources for Disaster 
Mitigation and Relief Operations, which obligates the 
parties, where possible, to lower or remove regulatory 
barriers for using telecommunication resources 
during disasters.

5. Lessons from international environmental efforts suggest 
that international law must play a major role in setting 
international standards for implementation domestically 
and creating the political, technical and financial conditions 
necessary to integrate international and national law.

KEY QUESTIONS ABOUT ANTIBIOTIC 
POLICIES AND ANTIMICROBIAL 
STEWARDSHIP

WHAT IS THE MOST COST-EFFECTIVE 
METHOD FOR IMPLEMENTING 
POLICIES?

It is probably unrealistic to expect a definitive answer to this 
question because of the influence of context as well as the 
knowledge, attitudes and beliefs of both the professionals who 
are the targets for change and the patients that they serve.96 
However, even a partial answer to the question requires more 
basic information about the cost of development, testing and 
implementation of antibiotic policies and other interventions 
(see Table 11.2). In particular, it would be very helpful to 
have more information about the added value of audit and 
feedback for implementation of antibiotic policies (see Table 
11.3). Only 10% of studies in ambulatory or hospital care 
used this, yet the quality improvement literature suggests that 
measurement and feedback are integral to the implementa-
tion of change.56
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WHEN SHOULD RESTRICTIVE 
STRATEGIES BE USED TO IMPLEMENT 
ANTIBIOTIC POLICIES?

Restrictive strategies are perceived as dictatorial or punitive 
and are likely to be less appealing to clinicians.97 It is gener-
ally acknowledged that practice guidelines achieve their great-
est good by expanding medical knowledge, which may not 
be achieved by punitive measures.98 In hospitals the evidence 
suggests that restrictive interventions have greater short-term 
effects but that persuasive interventions may have greater long-
term effects. More data would be helpful but we believe that the 
available evidence already suggests that a case should be made 
for urgency in order to justify restrictive antibiotic policies.

WHAT BALANCING MEASURES SHOULD 
BE USED TO EVALUATE ANTIBIOTIC 
POLICIES?

Now that the evidence base on beneficial effects of anti-
biotic policies is growing, the research and policy agenda 
needs to pay more attention to reassuring the public and 
professionals about unintended consequences of antibiotic 
policies. The few studies that include balancing measures 
clearly show that unintended consequences can happen (see 
Figure 11.3B).
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The number and variety of antimicrobial agents has expanded 
 inexorably since the appearance of the first edition of this book 
nearly 50 years ago and organization of the information on individual 
agents in a way that helps the reader to make sense of the profu-
sion is a continuing challenge. Once again we have tried to present 
the information in a uniform, accessible and succinct manner. The 
authorship reflects the most recent revision based, in most cases, on 
pre-existing text written by different hands for the various editions of 
the book that have appeared over the years.

As always, the aim has been to be as inclusive and up to date as 
possible and we have sought to include all but the most obscure 
compounds that are available worldwide. Compounds used exclu-
sively in veterinary medicine are mentioned by name if appropriate, 
but are not otherwise dealt with.

The amount of detail provided for older or less important drugs 
has been reduced to a short summary of their most important prop-
erties. For the rest we have tried to present the most important infor-
mation in a standard and logical manner, tabulating such information 
as could be easily accommodated in this form. For large groups of 
agents, such as the penicillins, cephalosporins, macrolides, amino-
glycosides and quinolones, the individual drug monographs are pre-
ceded by a general account of the group and its classification.

For the individual monographs, the following conventions have 
been adopted:

Drug names: The recommended International Non-proprietary 
Name (rINN) is used throughout, with the United States Adopted 
Name (USAN) and any other commonly used alternative name given 
at the beginning of each monograph. An exception has been made 
for methicillin (rINN: meticillin), since this antibiotic is no longer gen-
erally available and the original spelling is commonly used in the con-
text of ‘methicillin-resistant Staphylococcus aureus’.

Structures: Simple two-dimensional structures of the most impor-
tant compounds are given, together with the molecular weights and 
those of appropriate salts.

Antimicrobial activity: For antibacterial agents, minimum inhibi-
tory concentration (MIC) values for the most common Gram-positive 
and Gram-negative pathogens are tabulated with members of the 
same drug group appearing in the same Table. Since published MIC 

values differ, sometimes quite widely, depending on the methodol-
ogy used and the source of the micro-organisms tested, those given 
are representative ones, usually based on fully susceptible strains. 
Activity against other relevant pathogens is described in the text. 
Nomenclature of micro-organisms follows current recommendations 
(e.g. all clinically important salmonellae are described as Salmonella 
enterica serotypes rather than individual species).

Acquired resistance: Common mechanisms of acquired resistance 
and its general prevalence are described.

Pharmacokinetics: Basic pharmacokinetic parameters are tabulated: 
oral absorption (if relevant); maximum plasma concentration (C

max
) for 

common dosage forms; plasma half-life; volume of distribution (usu-
ally in liters or, preferably, L/kg); and plasma protein binding. Values 
given normally refer to data from healthy adult volunteers and may be 
altered in disease or at the extremes of age. Unless otherwise stated, 
the plasma half-life is the β-phase value; when the terminal half-life dif-
fers substantially, this is described in the accompanying text. A more 
extensive account of absorption, distribution, metabolism and excre-
tion characteristics is added for the more important compounds.

Interactions: Some important interactions are described, but a 
more extensive account is provided in Section 1 (Ch. 6).

Toxicity and side effects: The most important adverse reactions are 
given. For compounds for which class effects are prominent, this 
information is to be found in the section on general properties of the 
class earlier in the chapter.

Clinical use: The most common uses are listed. Information on the 
mode of use in different clinical settings is dealt with in appropriate 
chapters of Section 3.

Preparations and dosage: Common proprietary names are given, 
but others may be used in individual markets, especially for older 
compounds with many generic forms. Dosages are commonly 
accepted regimens for adults and children. Since recommended dos-
age regimens sometimes vary in different countries, the information 
may differ from that found in local formularies.

Further information: No in-text references are provided, but appro-
priate up-to-date sources of information are listed. Extensive mono-
graphs on many anti-infective drugs can be found in Therapeutic Drugs, 
2nd edn (Dollery, C. ed.), Churchill Livingstone, Edinburgh, 1999.
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The aminoglycoside antibiotics comprise a large group of 
 naturally occurring or semisynthetic polycationic compounds. 
The therapeutically important members of the group have amino 
sugars glycosidically linked to aminocyclitols – cyclic alcohols 
that are also substituted with amino functions. Most are bacte-
ricidal agents and share the same general range of antibacte-
rial activity, pharmacokinetic behavior, a tendency to damage 
one or both branches of the eighth nerve, and a propensity to 
cause renal damage. The degree and nature of toxicity varies 
among  compounds, and for some it is so great as to preclude 
systemic use.

Streptomycin was the first aminoglycoside, identified in 1944 
by Waksman’s group as a natural product of a soil bacterium, 
Streptomyces griseus. This was followed by the discovery of neo-
mycin by the same group in 1949 and of kanamycin by Umezawa 
and his colleagues in 1957. Gentamicin, the most important amin-
oglycoside in use today, was first reported in 1963. Thereafter 
there followed an era in which research on new aminoglyco-
sides concentrated on the chemical modification of known com-
pounds, largely in response to developing resistance.

CLASSIFICATION

In most aminoglycosides in regular clinical use, the amino-
cyclitol moiety is 2-deoxystreptamine; these compounds 
can be subdivided into the neomycin group, in which 
there are carbohydrate substitutions at positions 4 and 5 
of  2-deoxystreptamine, and the kanamycin and gentamicin 
groups, in which the aminocyclitol is 4,6-disubstituted. In 
streptomycin the aminocyclitol ring is another derivative of 
streptamine, streptidine. Several less important compounds 
exhibit other structural variations on the aminoglycoside–
aminocyclitol theme.

2-Deoxystreptamine-containing  
aminoglycosides

Gentamicin 
group 

Kanamycin 
group 

neomycin 
group 

other 
 aminoglycosides/
aminocyclitols

Gentamicin Amikacin Neomycin Astromicin

Isepamicin Arbekacin Paromomycin Spectinomycin

Micronomicin Dibekacin Streptomycin

Netilmicin Kanamycin

Sisomicin Tobramycin   

The nomenclature of the aminoglycoside structure is illus-
trated by that of kanamycin B:

The carbon atoms in the 2-deoxystreptamine ring are labeled 
1 to 6; those in the amino sugar substituted at position 4 are 
labeled 1′ to 6′ and those in the 6-position amino sugar 1″ 
to 6″.

Some natural aminoglycosides consist of mixtures of 
closely related compounds. For example, there are four prin-
cipal gentamicins, three kanamycins and two neomycins, 
often with interbatch variability in the ratio of these within 
pharmaceutical preparations. Moreover, there are close rela-
tionships between some of the differently named compounds. 
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For example, tobramycin is 3′-deoxykanamycin B and the 
substitution of an amino for a hydroxyl group in paromomy-
cin I gives neomycin B. The chemical differences are particu-
larly important in determining sensitivity of the compounds to 
inactivation by bacterial aminoglycoside-modifying enzymes.

ANTIMICROBIAL ACTIVITY

The activity of the more important aminoglycosides against 
common pathogens is summarized in Table 12.1. They are 
active to different degrees against Staphylococcus aureus, 
coagulase-negative staphylococci and Corynebacterium spp., 
but the activity against many other Gram-positive bacteria, 
including streptococci, is generally limited. However, they 
interact synergistically with antibiotics such as penicillin 
against streptococci, enterococci and some other organisms, 
and this combination is used as first-line therapy in entero-
coccal endocarditis (p. 591).

As a group, they are widely active against the Entero-
bacteriaceae and other aerobic Gram-negative bacilli including, 
for some compounds, Pseudomonas aeruginosa. Several, including 
streptomycin, are active against Mycobacterium  tuberculosis and 
some other mycobacteria. Aminoglycosides require a threshold 
membrane potential to cross the bacterial cell membrane and, 
as this is diminished under anaerobic conditions, aminoglyco-
sides are not active against anaerobic bacteria.

They are generally bactericidal in concentrations close to 
the minimum inhibitory concentration (MIC) and the rate of 
killing increases directly with the concentration, up to about 

10 times the MIC value. Activity is increased by low Mg2+ 
and Ca2+ concentrations and diminished under anaerobic or 
hypercapnic conditions.

AMINOGLYCOSIDE TRANSPORT

Diffusion of such highly polar cationic compounds across the 
bacterial cell membrane is very limited and intracellular accu-
mulation of the drugs is brought about by active transport, 
which occurs in three phases:

•	 Initial	energy-independent	binding	of	the	compounds	
to the exterior of the cell, which is inhibited by Ca2+ and 
Mg2+ ions.

•	 Energy-dependent	phase	I	(so	called	because	it	is	
abolished by molecules that inhibit energy metabolism), 
in which the aminoglycosides are driven across the 
cytoplasmic membrane by the negative electrical potential 
difference across the membrane.

•	 A	faster,	energy-dependent	phase	II,	which	starts	after	
aminoglycosides have bound to ribosomes and seems to be 
an effect, rather than a cause, of their action on the cell.

Uptake is adversely affected by low pH and reduced oxygen 
tension as they affect the membrane potential. Consequently, 
activity of the drugs in vitro is reduced in acid media or anaer-
obic conditions and by the presence of divalent cations; the 
 susceptibility of Ps. aeruginosa is particularly sensitive to the 
cation concentration. Because of the effects of pH on activ-
ity, it is hard to be sure that the relatively high MICs seen 
for organisms that require carbon dioxide truly reflect their 
degree of resistance.

table 12.1 Median MICs (mg/L) of aminoglycosides for common pathogenic bacteria

Bacterium Gentamicin netilmicin tobramycin Amikacin Kanamycin neomycin streptomycin spectinomycin

Staphylococcus aureus 0.25 0.25 0.25 1 1 0.5 4 64

Coagulase-negative 
staphylococci

0.03 0.03 0.03 0.25 0.5 0.06 2 32

Streptococcus pyogenes 4 4 16 32 32 16 8 32

Str. pneumoniae 4 8 16 64 64 128 32 8

Enterococcus faecalis 16 8 16 128 64 32 128 64

Neisseria meningitidis 16 16 16 32 32 4 8

N. gonorrhoeae 4 4 4 16 16 16 8 16

Haemophilus influenzae 0.5 0.5 1 1 1 2 2 4

Escherichia coli 0.5 0.5 1 2 4 1 8 8

Klebsiella pneumoniae 0.5 0.5 0.5 2 2 1 4 16

Bacteroides fragilis R R R R R R R R

Mycobacterium tuberculosis R R 1 8 0.5 0.5

M. avium 4 8 4 2

R, resistant; no useful activity at clinically achievable concentrations.
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ACQUIRED RESISTANCE

Resistance in many organisms originally susceptible to the 
older compounds, such as streptomycin and kanamycin, is 
now widespread. Resistance to the more clinically impor-
tant agents such as gentamicin has also increased, but there 
are marked differences even within countries depending on 
antibiotic use policies. Resistance rates for gentamicin in 
North America and Europe have so far generally remained 
low. However, many strains with plasmid-encoded extended-
 spectrum β-lactamases (p. 228–231) and other resistances are 
also aminoglycoside resistant, so outbreaks of infection with 
such strains may result in an increase in aminoglycoside resis-
tance rates.

Bacterial resistance to the aminoglycosides is usually medi-
ated through one, or more, of the three main mechanisms:

•	 Alteration	in	the	ribosomal	binding	of	the	drug
•	 Reduced	uptake
•	 Inactivation	by	specific	aminoglycoside-modifying	

enzymes.

RIBOSOMAL RESISTANCE

Strains of bacteria with ribosomes that have a diminished 
affinity for streptomycin may emerge during therapy with 
streptomycin and the MIC is often in excess of 1000 mg/L. 
Such resistance results from alteration of a single ribosomal 
protein or rRNA, usually in the rpsL gene, and occurs at a 
natural mutational rate of 10-5 per generation in Escherichia 
coli. In contrast, ribosomal resistance to other clinically useful 
amino-glycosides is not encountered during therapy, as resis-
tance usually requires mutations at two or three ribosomal 
binding sites. Ribosomal alterations confer high-level resis-
tance to the aminoglycoside against which they were selected 
(and closely related ones), but not other aminoglycosides. 
Such resistance is not transferable to other bacteria.

REDUCED UPTAKE

Resistance resulting from a diminished ability to accumu-
late aminoglycosides occurs as a result of changes in energy 
metabolism or outer membrane structure, and may be clin-
ically significant. Such resistance is caused by selection of 
chromosomal mutations at several loci during exposure to the 
drug and may lead to cross-resistance to other aminoglyco-
sides, including those resistant to aminoglycoside-modifying 
enzymes. Reversion to wild type occurs rapidly in coliforms 
in the absence of selective pressure. The isolates often show 
altered ability to couple oxidative phosphorylation to elec-
tron transport and the level of resistance conferred is gen-
erally modest; they are frequently slow growing and are of 
reduced pathogenicity. However, in Pseudomonas isolates the 
changes are relatively stable and generally due to changes in 

the MexXY multidrug efflux system. Such isolates are rela-
tively common and are frequently found in isolates from cys-
tic fibrosis patients.

AMINOGLYCOSIDE-MODIFYING 
ENZYMES

Production of modifying enzymes usually confers a high 
degree of resistance and is the most common mechanism 
of resistance. The enzymes are usually plasmid encoded and 
the resistance conferred is frequently transferable. As with 
β-lactamase production, the organisms owe their survival to 
the inactivation of the agent to which they remain intrinsically 
susceptible and a large number of enzymes have been identi-
fied from different bacterial species.

There are three classes of aminoglycoside-modifying 
enzyme, which differ in the nature of the sites modified:

•	 N-acetyltransferases (AAC) modify amino groups
•	 O-phosphotransferases (APH) modify hydroxyl groups
•	 O-nucleotidyltransferases (ANT) modify hydroxyl groups.

The sites of attack of these enzymes on gentamicin are shown 
below:

The position of the group attacked and the ring that carries 
it are indicated by the number of the enzyme: thus AAC(3) 
is the acetyltransferase that modifies the amino group in the 
3-position on the aminocyclitol ring while ANT(2′′) modi-
fies the hydroxyl group at the 2′′-position on an aminosugar. 
If two enzymes act at the same position on the molecule, but 
differ in the aminoglycosides modified, they are distinguished 
by roman numerals. For example, AAC(3)-I confers resistance 
to gentamicin alone, whereas AAC(3)-II confers resistance to 
tobramycin and netilmicin as well as to gentamicin and so on 
(Table 12.2). Many aminoglycoside-modifying enzymes that 
are apparently identical in terms of resistance profile have 
different amino acid sequences. Lower case letters after the 
roman numeral are used to designate the different subgroups: 
thus, AAC(6′)-Ia and AAC(6′)-Ib are two unique proteins 
conferring identical resistance profiles. Finally, lower case ital-
icized letters are used to indicate the gene responsible, so that 
the gene coding for the AAC(6′)-Ia enzyme is aac(6′)Ia.
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Resistance to aminoglycosides results from the interplay 
between the rate of drug inactivation by the modifying enzyme 
and the rate of drug transport. Thus the resistance phenotype 
of a particular isolate depends on the enzyme kinetics, best 
defined by the ratio of Vmax to Km for a given substrate, and 
the rate of drug uptake. Consequently, enzymes that poorly 
inactivate some aminoglycosides, and fail to confer resistance 
to them, may confer clinically relevant resistance when associ-
ated with a change in cell permeability.

The discovery that AAC(6′)-Ib-cr can acetylate fluoroquino-
lones with a piperazinyl moiety (e.g. ciprofloxacin; see Ch. 26) 
and confer resistance to them has led to the identification of 
further bifunctional enzymes and is helping to shed light upon 
the ecological origins of this large family of enzymes, over 50 
different types of which are currently known.

  DISTRIBUTION OF MODIFYING 
ENZYMES

Most aminoglycoside-modifying enzymes are encoded by 
transposable elements in resistant bacteria; however, some are 
chromosomally determined with the presence of the gene, if 
not its expression in terms of resistance profile, characteristic 
of the species. The most notable examples are:

•	 aac(2′)-Ia; characteristic of Providencia stuartii
•	 aac(6′)-Ic; characteristic of Serratia marcescens
•	 aac(6′)-Ii; present in all Enterococcus faecium strains.

The expression of these genes appears to be tightly regulated. 
Thus, although the chromosomal aac(6′)-Ic gene is found in 

all Ser. marcescens strains, most are aminoglycoside susceptible 
with little or no aac(6′)-Ic mRNA detectable.

Certain enzymes may be found in a restricted host range, 
but most are widely distributed throughout clinically impor-
tant bacterial genera. The prevalence of the individual 
enzymes within an individual geographic area usually reflects 
the selective pressure exerted by the aminoglycoside usage 
there. In many instances there is linkage with other resistance 
determinants; for example, most gentamicin resistance seen 
in Staph. aureus relates to methicillin-resistant Staph. aureus 
(MRSA) and is a reflection of the transmissibility of these 
strains rather than the use of gentamicin.

Since the prevalence of the enzymes differs widely with 
geographic area and over relatively short time periods, reflect-
ing antibiotic prescribing habits and the opportunities for 
resistant organisms to spread, it is imperative that the local 
prevalence of resistance to individual agents be established 
when choosing between aminoglycosides. This is particularly 
important for the treatment of severe sepsis of undetermined 
origin. Identification of aminoglycoside-modifying enzymes 
can often be deduced with varying degrees of confidence from 
the resistance patterns of the organisms. However, molecu-
lar diagnostic products that can be used to identify the most 
prevalent enzymes are becoming available and it is likely that 
more accurate identification will soon be within the capacity 
of many laboratories. Moreover, most of the gene sequences 
have been published, and departments with appropriate 
expertise can develop polymerase chain reaction (PCR)-based 
diagnostic tests for locally troublesome enzymes.

Genome sequences have identified several putative amino-
glycoside resistance genes, even in organisms known to be 

table 12.2 Range of activity of enzymes that modify 2-deoxystreptamine-containing aminoglycosides

enzyme Kanamycin A neomycin Amikacin tobramycin Gentamicin netilmicin sisomicin

APH(3′)-I, II, IV, VII + + – 0 0 0 0

APH(3′)-III & VI + + + 0 0 0 0

APH(3′)-V – + – 0 0 0 0

APH(2′′) + 0 – + + – 0

ANT(4′) + + + + 0 0 0

ANT(2′′) + 0 – + + – 0

AAC(3)-I & VI – – – – + – –

AAC(3)-II ± – – + + + –

AAC(3)-III + + – + + – –

AAC(3)-IV ± + – + + + +

AAC(2′) 0 + 0 + + + 0

AAC(6′)-I + + + + Variablea + 0

AAC(6′)-II + – – + + + 0

aGentamicin C
1a

, C
2
 and sisomicin +, gentamicin C

1
 ±/–.

+, Modified; ±, poorly modified; –, not modified; 0, substituent necessary for modification absent.
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sensitive to these drugs, suggesting a complex evolutionary 
history for these enzymes. Most of the genes that have been 
characterized in vitro do not code for bona fide resistance 
enzymes, but a substantial reservoir of potential aminoglyco-
side resistance genes may exist within bacterial genomes.

PHARMACOKINETICS

Aminoglycosides are highly polar molecules that carry a net 
positive charge. Less than 1% of an oral dose is absorbed from 
the gut, but this may be clinically significant in the presence 
of renal failure or where gut inflammation leads to increased 
uptake. Absorption is rapid from intramuscular sites and serous 
cavities. Plasma protein binding is low (<10%), and aminogly-
cosides are distributed into the extracellular water and some 
serous fluids (ascites, pleural fluid), with volumes of distribu-
tion of about 0.25 L/kg. Intracellular penetration is low, as is 
penetration into cerebrospinal fluid (CSF) and aqueous humor, 
although concentration in these fluids may be higher when 
inflammation is present. There is extensive binding to tissues, 
principally renal, which accounts for initial incomplete excre-
tion of aminoglycosides and prolonged excretion after dosing 
is terminated. The plasma half-lives are typically about 2 h, 
but this varies between individuals and particularly when renal 
function is impaired. Excretion is almost entirely as unchanged 
drug by glomerular filtration, which gives high concentration 
of active antibiotic in the urine with normal dosages, and no 
clinically relevant metabolites are known. When renal function 
is impaired, aminoglycoside excretion is reduced and accumu-
lation can occur.

Because of their low protein binding, relatively small vol-
umes of distribution and small molecular size, aminoglyco-
sides are readily removed by hemodialysis, during which their 
half-life is reduced to about 4 h from the 50 h typically seen 
in end-stage renal failure. Some 50% of the drug is removed 
during a 3–4 h hemodialysis session. Removal by peritoneal 
dialysis is much less efficient, the half-life being around 36 h.

Aminoglycosides are inactivated by many β-lactam anti-
biotics with which they combine chemically. This is clinically 
relevant if the antibiotics are mixed for infusion or, possibly, 
in renal failure, where the long half-life of both antibiotics 
may allow time for this interaction.

BLOOD CONCENTRATIONS AND 
DOSAGE ADJUSTMENTS

Aminoglycosides cause exposure-dependent ototoxicity and 
nephrotoxicity, with the risk of toxicity increasing with the 
exposure and, in particular, with sustained rather than tran-
siently high concentrations. Consequently, therapeutic drug 
monitoring to ensure exposure does not exceed target lev-
els should be used in all patients receiving more than 48 h 
of systemic therapy. Monitoring is often driven by concerns 
of toxicity rather than by the need to ensure that adequate 

 exposure is attained. This is slightly curious, as it has been an 
improved understanding of the pharmacodynamics of amino-
glycosides and the factors driving outcome that has led to the 
widespread adoption of once daily administration. However, 
at present almost all approaches to therapeutic drug monitor-
ing of gentamicin are based on detection of elevated concen-
trations in the pre-dose sample and none adequately detects 
subtherapeutic concentrations in such a sample.

In both in-vitro and animal models, the measure that most 
strongly correlates with outcome is the ratio of the maximum 
serum concentration (Cmax) to the MIC, with enhanced killing 
seen up to Cmax:MIC ratios of 8–10. There is evidence to sug-
gest that the ratio of the area under the time– concentration 
curve (AUC) to MIC also affects outcome and is important 
(see Ch. 4). For the assessment of therapeutic concentrations, 
a post-dose sample is needed, with a satisfactory peak concen-
tration defined as a concentration of 10× the MIC. Although 
it might be expected that a therapeutic concentration should 
be achieved in most patients, and post dose monitoring is not 
needed in practice it is often not attained, particularly in criti-
cally ill patients with severe sepsis. In such patients, volumes 
of distribution are increased, due to capillary leakage and fluid 
loading, and the peak concentration is lowered. Monitoring of 
post-dose concentrations in this patient group may help to 
identify subtherapeutic concentrations.

Since aminoglycosides penetrate poorly into adipose tissue, 
dosage based on total body weight can give excessive plasma 
concentrations in obese patients. Appropriate dosage adjust-
ment should be made in patients who are 30% or more over 
ideal body weight. Likewise, in patients with an abnormally 
low percentage of fat, increased volumes of distribution, and 
lower peak concentrations, may be seen. These effects occur 
in children and to a lesser extent in patients with cystic fibro-
sis, where volumes of distribution may be increased by 50% 
or more due to body morphology. As a result, peak gentami-
cin concentrations may be depressed in patients with a high 
lean body weight and the assay of post-dose samples is helpful 
in identifying significant underdosing.

Although high clearance leading to low AUC exposure is a 
known issue in patients with burns, and cystic fibrosis, where 
abnormally high renal clearances and volume of distribution 
changes often require increased doses, it is rarely considered in 
other patient populations. Consequently, in patients with high 
renal clearances, such as the young and previously fit, lower than 
expected drug exposure may occur. Unfortunately, the use of a 
peak sample will fail to identify such patients, as a concentration 
of 10× the MIC will usually be attained, and the only reliable 
way to identify them is by the use of two post-dose samples, one 
taken at 1 h post and the other taken 6–14 h post dose.

Alteration in the pharmacokinetics of these drugs requir-
ing dose adjustment may also be anticipated in patients with 
physiologically (e.g. newborns and the elderly) or patholog-
ically (e.g. patients with oliguria or systemic hypotension) 
impaired renal function. In children a number of distinct phys-
iological processes occur. At birth, aminoglycoside  volumes of 
 distribution approximate to the volume of the extracellular 
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water at 0.5–0.8 L/kg, and decrease over the first 3 months of 
life to a value of about 0.4 L/kg during childhood and to a value 
the same as adults by late childhood (12 years). Similarly, renal 
function at birth is low at 40 mL/min/1.73 m2 but increases 
rapidly over the first 2 weeks of life and then more slowly to 
reach, or exceed, adult values of 100 mL/min/1.73 m2 by the 
age of 3 months. Although renal function is much lower in pre-
term infants, there is considerable interpatient variability, and 
measures based solely on gestational age often poorly predict 
actual renal function.

Since patients receiving a course of an aminoglycoside must 
be subject to blood monitoring, access to a rapid and reliable 
assay service is essential. Although nomograms have been rec-
ommended for initial dosage calculation before and during 
therapy, because of interindividual variation, continuing ther-
apy needs to be monitored. The size and exact time of all doses 
must be recorded, as must the exact time of blood samples for 
assays, since this information is essential to the correct inter-
pretation of the assay results. A laboratory method should be 
used that gives accurate and rapid (<1 h) results.

TOXICITY AND SIDE EFFECTS

A wide range of adverse effects can occur following the admin-
istration of aminoglycosides, ototoxicity and nephrotoxicity 
being the most important. There are differences in the abso-
lute and relative frequencies of these adverse effects between 
the various aminoglycosides.

OTOTOXICITY

Aminoglycosides are potentially ototoxic to both the cochlear 
and vestibular functions of the eighth cranial nerve, with such 
damage usually being permanent. To damage the hair cells, 
which are the sensory cells involved, the aminoglycoside must 
accumulate in the endolymph and possibly the perilymph. 
Accumulation is caused by persisting and high plasma concen-
trations, which prevent aminoglycoside from diffusing back 
into plasma. Consequently, ototoxicity has been associated 
with impaired renal function. Once damage to the hair cells 
has occurred it may continue to increase in severity for up to 
4 weeks after the drug has been stopped. Vestibulotoxicity is 
manifest by vertigo, especially on rising out of bed, ataxia and 
oscillopsia. Cochleotoxicity presents as deafness, particularly 
to high tones. Ototoxicity is potentiated by previous amino-
glycoside exposure, and concomitant exposure to loop diuret-
ics and other drugs, and to noise.

Although ototoxicity can occur in all patients receiving 
amino-glycosides, an enhanced susceptibility to cochlear toxic-
ity has been linked to an A–G substitution in location 1555 of 
the mitochondrial ribosomal ribonucleic acid (RNA); a second 
mutation involving a thymidine deletion in the 12S ribosomal 
RNA gene can predispose patients to auditory  toxicity. These 
patients may experience ototoxicity at relatively normal drug 

exposures. Genetic testing may be useful in prospectively iden-
tifying them before starting therapy, but it may be more valuable 
in the subsequent review of patients who develop ototoxicity.

NEPHROTOXICITY

Aminoglycosides accumulate in the renal cortex to cause 
nephrotoxicity. The frequency with which this occurs depends 
on many factors related to the clinical state of the patient, the 
agent itself, and the way it is administered. Unlike ototoxicity, 
which is largely specific to aminoglycosides, the diagnosis of 
nephrotoxicity is made uncertain because of the many causes 
of diminished renal function.

Nephrotoxicity is associated with poorer outcomes and it is 
important to detect the onset as soon as practicable in order 
to decide on the clinical value of continuing aminoglycoside 
therapy. Serial measurement of plasma creatinine should be 
made daily or not less than every 3 days, depending on the 
clinical state of the patient. Since the plasma concentration 
of creatinine can vary from day to day, measuring the clear-
ance of the aminoglycoside itself may give an earlier indica-
tion of the onset of nephrotoxicity. Other indicators of renal 
damage, such as urinary phospholipid, renal enzymes or β2-
microglobulin, are currently not in widespread routine use.

Rates of nephrotoxicity vary greatly, but may reach 60% in 
patients on intensive care. A longer dosage interval lowers the 
rate by allowing more time for the drug to clear from renal tis-
sue between doses. The problem is more frequently associated 
with treatment for more than 7 days. Simultaneous exposure 
to other potentially nephrotoxic drugs, such as vancomy-
cin, amphotericin B, cephalosporins, angiotensin- converting 
enzyme inhibitors and non-steroidal anti- inflammatory 
agents, increases the likelihood of nephrotoxicity. Iodinated 
contrast media have also been implicated. Patient factors 
increasing the frequency of nephrotoxicity include hypoten-
sion, shock, hypovolemia and diabetes.

Renal damage is produced to very different degrees by the 
various aminoglycosides and is related to the accumulation 
of high concentrations in the renal cortex. The frequency of 
nephrotoxicity after systematic administration differs mark-
edly, from around 2% to 60% depending on the patient pop-
ulation, dosage and criteria of renal damage. Gentamicin 
is generally regarded as more nephrotoxic than netilmicin 
because of its lower excretion rate and higher degree of net 
reabsorption. The abnormal persistence of aminoglycosides 
in the plasma between doses may be the earliest and most sen-
sitive indication of the onset of renal impairment.

If acute tubular necrosis develops it usually does so towards 
the end of the first week of treatment, while the drugs are accu-
mulated at tissue binding sites. The appearance of brush bor-
der membrane fragments in the urine or new cylindruria are 
strongly correlated with decline of renal function. Restoration 
of function usually occurs if the drug is discontinued.

Risk factors include dosage and duration of therapy, plasma 
concentration and renal function. Age has emerged in some 
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studies as the dominant or even sole independent determi-
nant of toxicity risk. Renal damage is probably more likely 
and more severe with simultaneous use of other agents that 
act on the kidney, including some diuretics and cisplatin.

NEUROMUSCULAR BLOCKADE

Aminoglycosides can produce neuromuscular blockade, 
probably by functioning as membrane stabilizers in the same 
way as curare. The effect is relatively feeble, and is rarely seen 
in those with normal neuromuscular function. However, anti-
biotics are customarily given in much larger amounts than 
curare, and patients who are also receiving muscle relaxants 
or anesthetics, or who are suffering from myasthenia gravis, 
are at special risk. Analogous effects, which can be reversed 
by calcium, have been described on the gut and uterus.

CLINICAL USE

Aminoglycosides are the mainstay of the treatment of severe 
sepsis caused by enterobacteria and some other Gram-negative 
aerobic bacilli. For the treatment of severe sepsis of undeter-
mined cause they are often administered in combination with 
agents active against Gram-positive or anaerobic bacteria as 
appropriate. Some are also used for a number of specialized 
infections, including endocarditis, respiratory infections and 
tuberculosis.

Gentamicin, tobramycin or amikacin are most com-
monly used. There is no clear choice on the grounds of toxic-
ity because differences between the various members of the 
group are of no proven clinical relevance. Differences in in-
vitro activity depend largely on the local prevalence of par-
ticular resistance mechanisms.

Gentamicin is a sensible choice for the treatment of sus-
pected or confirmed infections caused by Gram-negative 
bacilli unless resistance is a major problem. It is often used 
as first-choice therapy for patients without renal functional 
deficit. Tobramycin may have some advantage for proven 
Ps. aeruginosa or Acinetobacter infections. Amikacin is preferred 
if there is resistance to other aminoglycosides. These drugs can 
be combined with a β-lactam antibiotic and metronidazole as 
appropriate for microbiologically undiagnosed severe infec-
tion, unless microbiological or epidemiological evidence indi-
cates a high probability of resistance in any individual case. 
However, aminoglycoside monotherapy appears to be as effec-
tive as combination therapy in areas with a low prevalence of 
resistance.
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GENTAMICIN GROUP

GENTAMICIN

A mixture of fermentation products of Micromonospora purpu-
rea supplied as the sulfate. In the commercial product gentam-
icins C1, C1a, C2 and C2a make up the bulk of the antimicrobial 
activity and are required to be present in certain propor-
tions for therapeutic use. Minute amounts of  gentamicin C2b 
(micronomicin) are also present.
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 ANTIMICROBIAL ACTIVITY

Activity against common pathogenic bacteria is shown in Table 
12.1 (p. 146). It is active against staphylococci, but streptococci 
are at least moderately resistant. Gram-positive bacilli, includ-
ing Actinomyces and Listeria spp., are moderately susceptible, 
but clostridia and other obligate anaerobes are resistant. There 
is no clinically useful activity against mycobacteria. It is active 
against most enterobacteria, including Citrobacter, Enterobacter, 
Proteus, Serratia and Yersinia spp., and against some other aer-
obic Gram-negative bacilli including Acinetobacter, Brucella, 
Francisella and Legionella spp., although its in-vitro activity 
against intracellular parasites such as Brucella spp. is of doubt-
ful usefulness. It is active against Ps. aeruginosa and other mem-
bers of the fluorescens group, but other pseudomonads are 
often resistant and Flavobacterium spp. are always resistant.

The MIC for susceptible strains of Ps. aeruginosa can vary 
more than 300-fold with the Mg2+ content of the medium. 
Activity against Ps. aeruginosa is also significantly lower in serum 
or sputum than in ion-depleted broth, as a result both of bind-
ing (more in sputum than in serum) and antagonism by ions.

The action is bactericidal and increases with pH, but to dif-
ferent degrees against different bacterial species. Marked bac-
tericidal synergy is commonly demonstrable with β-lactam 
antibiotics, notably with ampicillin or benzylpenicillin against 
E. faecalis, and with vancomycin against streptococci and 
staphylococci. Bactericidal synergy with β-lactam antibiotics 
can also be demonstrated in vitro against many Gram-negative 
rods, including Ps. aeruginosa. Antagonism with chlorampheni-
col occurs in vitro, but this is of doubtful clinical significance.

Like other aminoglycosides, gentamicin is degraded in the 
presence of high concentrations of some β-lactam agents.

 ACQUIRED RESISTANCE

Resistant strains of staphylococci, enterobacteria, Pseudomonas 
and Acinetobacter spp. have been reported from many centers, 
often from burns and intensive care units where the agent has 

been used extensively. Overall prevalence rates of resistance 
in various countries range from 3% to around 50% for Gram-
negative organisms. Countries in which control of the pre-
scription of antibiotics is lax often have very high rates.

Acquired resistance in Gram-negative organisms is usually 
caused by aminoglycoside-modifying enzymes. The preva-
lence of the different enzymes varies geographically. ANT(2″) 
is most common in the USA, but in Europe various forms 
of AAC(3), particularly AAC(3)-II, are common. ANT(2″) 
is also common in the Far East, usually accompanied by 
AAC(6′). Strains that owe their resistance to a non-specific 
decrease in uptake of aminoglycosides have been involved 
in outbreaks of hospital-acquired infection, and are cross-
 resistant to all aminoglycosides.

Resistance in staphylococci and high-level resistance in 
enterococci is usually caused by the bifunctional APH(2″)-
AAC(6′) enzyme. Other aminoglycoside-modifying enzymes 
do not contribute greatly to gentamicin resistance. Gentamicin-
resistant staphylococci began to emerge in the mid-1970s. Rates 
of resistance in the UK are around 2.5% in methicillin-sensitive 
Staph. aureus, 9% in MRSA and 23–73% in coagulase-negative 
staphylococci depending on methicillin susceptibility.

High-level resistance to gentamicin (MIC >2000 mg/L) in 
E. faecalis is widespread, accounting for around one-third of 
blood culture isolates in some places. Penicillin does not exert 
synergistic bactericidal activity against such strains, although the 
combination of penicillin with streptomycin may remain active. 
High-level gentamicin resistance in E. faecium is much less 
 common, but has been reported in the UK, the USA and Asia.

 PHARMACOKINETICS

C
max

 1 mg/kg intramuscular 

 80 mg intramuscular

 5 mg/kg infusion

4–7.6 mg/L after 0.5–1 h

4–12 mg/L after 0.5–2 h

>10 mg/L after 1 h

Plasma half-life (mean) 2 h

Volume of distribution 0.25 L/kg

Plasma protein binding <10%

Absorption

Gentamicin is almost unabsorbed from the alimentary tract, 
but well absorbed after intramuscular injection.

Wide variations are observed in the peak plasma concen-
trations and half-lives of the drug after similar doses, but indi-
vidual patients tend to behave consistently. Some patients 
with normal renal function develop unexpectedly high, or 
unexpectedly low, peak values on conventional doses. Severe 
sepsis appears to be a significant factor in reducing the peak 
concentration, and anemia is a significant factor in raising it. 
The mechanisms involved in these effects seem to be princi-
pally related to volume of distribution changes.

Intravenous infusion over 20–30 min achieves concentra-
tions similar to those after intramuscular injection. The peak 
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plasma concentration increases proportionally with dose and 
there is dose linearity in the AUC. Despite the very high bron-
chial concentrations achieved, nebulised administration does 
not give rise to detectable plasma concentrations.

There is a marked effect of age: in children up to 5 years 
the peak plasma concentration is about half, and for children 
between 5 and 10 years about two-thirds, of the concentra-
tion produced by the same dose per kg in adults. This differ-
ence can be eliminated to a large extent by calculating dosage 
not on the basis of weight but on surface area, which is more 
closely related to the volume of the extracellular fluid in which 
gentamicin is distributed.

Some febrile neutropenic patients do not differ from nor-
mal subjects in their pharmacokinetics, but in others, as in 
patients with cystic fibrosis, gentamicin clearance is enhanced 
and dosage adjustment is necessary.

Absorption of around half the dose is achieved by addition 
to the dialysate in patients on continuous ambulatory perito-
neal dialysis (CAPD).

Distribution

Gentamicin does not enter cells so intracellular organisms are 
protected from its action. Fat contains less extracellular fluid 
than other tissues and pharmacokinetic comparisons indicate 
that the volume of distribution in obese patients approximates 
to the lean body mass plus 40% of the adipose mass.

Sputum

Access to the lower respiratory tract is limited. Rapid intra-
venous infusion produces high but short-lived intrabronchial 
concentrations, while intramuscular injection produces lower 
but more sustained concentrations.

CSF

It does not reach the CSF in useful concentrations after sys-
temic administration. In patients receiving 3.5 mg/kg per day 
plus 4 mg intrathecally, CSF concentrations of 20–25 mg/L 
have been found. Formulations specifically designed for 
intrathecal use should be used, owing to issues with the excip-
ients present.

Serous fluids and exudates

Concentrations in pleural, pericardial and synovial fluids are 
less than half the simultaneous plasma concentrations but 
may rise in the presence of inflammation. In cirrhotic patients 
with bacterial peritonitis treated with 3–5 mg/kg per day, con-
centrations of 4.2 mg/L were found in the peritoneal fluid 
with a fluid to serum ratio of 0.68. The maximum concentra-
tion in inflammatory exudate is less than that in the plasma, 
partly because it is reversibly bound in purulent exudates, but 
it persists much longer.

Other tissues

Concentrations in skin and muscle, as judged from assay of 
decubitus ulcers excised 150 min after patients had received 

80 mg intramuscularly, were 5.8 and 6.5 mg/kg, respectively, 
the serum concentrations at that time being 5.1 and 5.4 mg/L.

Peak concentrations in bone exceed 5 mg/L and closely 
mirror the pharmacokinetic profile in blood. Penetration var-
ies from 28% to 47% depending on the method used.

Concentrations in fetal blood are about one-third of that in 
the maternal blood.

excretion

The initial plasma half-life is about 2 h, but a significant pro-
portion is eliminated much more slowly, the terminal half-
life being of the order of 12 days. There is much individual 
variation.

Gentamicin accumulates in the renal cortical cells, and 
over the first day or two of treatment only about 40% of 
the dose is recovered. The renal clearance is around 60 mL/
min. Subsequently it is excreted virtually unchanged in the 
urine, principally by glomerular filtration. In severely oliguric 
patients some extrarenal elimination by unidentified routes 
evidently occurs. Urinary concentrations of 16–125 mg/L 
are found in patients with normal renal function receiving 
1.5 mg/kg per day. In the presence of severe renal impairment, 
urinary concentrations as high as 1000 mg/L may be found. 
The clearance of the drug is linearly related to that of creati-
nine, and this relationship is used as the basis of the modified 
dosage schedules that are required in patients with impaired 
renal function in order to avoid accumulation of the drug. 
Concentrations in bile are less than half the  simultaneous 
plasma concentration.

Hemodialysis can remove the drug at about 60% of the 
rate at which creatinine is cleared, but the efficiency of dif-
ferent dialyzers varies markedly. Peritoneal dialysis removes 
about 20% of the administered dose over 36 h – a rate that 
does not add materially to normal elimination (see Ch. 5).

 TOXICITY AND SIDE EFFECTS

ototoxicity

Vestibular function is usually affected, but labyrinthine 
damage has been reported in about 2% of patients, usu-
ally in those with peak plasma concentrations in excess of 
8 mg/L. Symptoms range from acute Ménière’s disease to 
tinnitus and are usually permanent. Deafness is unusual but 
may occur in patients treated with other potentially oto-
toxic agents. In an extensive study, the overall incidence of 
ototoxicity was 2%. Vestibular damage accounted for two-
thirds of this and impaired renal function was the main 
determinant.

nephrotoxicity

Some degree of renal toxicity has been observed in 5–10% of 
patients. Among 97 patients receiving 102 courses of the drug 
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in dosages adjusted in relation to renal function, nephrotox-
icity was described as definite in 9.8% and possible in 7.8%. 
In patients treated for 39–48 days, serum creatinine increased 
initially, but renal function recovered after 3–4 weeks despite 
continuing treatment. However, many patients are treated for 
severe sepsis associated with shock or disseminated intravas-
cular coagulopathy, or from other disorders that are them-
selves associated with renal failure. In critically ill patients 
with severe sepsis, treatment has been complicated by neph-
rotoxicity in 23–37%.

Autoradiographic localization indicates that gentamicin is 
very selectively localized in the proximal convoluted tubules, 
and a specific effect on potassium excretion may both indi-
cate the site of toxicity and provide an early indication of 
renal damage. Accumulation of the drug and excretion of 
proximal tubular enzymes may precede any rise in the serum 
creatinine.

Alanine aminopeptidase excretion is an unreliable predic-
tor of renal damage. β2-Microglobulin excretion may indicate 
decreased tubular function both before and during treat-
ment. Excretion of the protein has also been shown to parallel 
increases in elimination half-life in patients on well-controlled 
therapy in whom reduction of creatinine clearance occurred, 
although the serum creatinine concentration remained within 
normal limits.

other effects

Neuromuscular blockade is possible but unlikely in view of 
the small amounts of the drug administered. Intrathecal injec-
tion may result in radiculitis, fever and persistent pleocyto-
sis. Significant hypomagnesemia may occur, particularly in 
patients also receiving cytotoxic agents.

 CLINICAL USE

In severe sepsis of unknown origin, gentamicin has been tra-
ditionally combined with other agents. However, monother-
apy has been shown to be as effective as combination therapy. 
In systemic Ps. aeruginosa infections it is advisable to com-
bine gentamicin with an antipseudomonal penicillin or cepha-
losporin, owing to likelihood of gentamicin resistance.

Gentamicin drops are used for conjunctival infections and for 
infections of the external ear. The drug is also used in ortho-
pedic surgery in bone cements. In these applications sys-
temic concentrations achieved are negligible and toxicities are 
restricted to local effects.

In the elderly and those with renal impairment the dosage 
must be suitably modified.

 Further information
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NETILMICIN

Molecular weight (free base): 475.58.

Suspected or documented Gram-negative septicemia, particularly when 

shock or hypotension is present

Enterococcal endocarditis (with a penicillin)

Respiratory tract infection caused by Gram-negative bacilli

Urinary tract infection

Bone and soft-tissue infections, including peritonitis, burns complicated 

by sepsis and infected surgical and traumatic wounds

Serious staphylococcal infection when other conventional antimicrobial 

therapy is inappropriate

preparations and dosage

Proprietary names: Genticin, Cidomycin.

Preparations: Injection, various topical.

Dosage: Adult: i.m., i.v. infusion 3–5 mg/kg per day in three divided doses 

or 5–7 mg/kg infusion in a single dose once daily. 1 mg/kg every 8 h when 

used with a β-lactam antibiotic in the treatment of endocarditis.

Neonate: i.v. infusion, <32 weeks postmenstrual age, 4–5 mg/kg as 

a single dose every 36 h; ≥32 weeks postmenstrual age, 4–5 mg/kg as a 

single dose every 24 h; or <29 weeks postmenstrual age, 2.5 mg/kg every 

24 h; 29–35 weeks postmenstrual age, 2.5 mg/kg every 18 h; >35 weeks 

postmenstrual age, 2.5 mg/kg every 12 h.

Child: 1 month–18 years, 7 mg/kg as a single daily dose and adjust dose 

on the basis of serum concentrations; or 1 month–12 years, 2.5 mg/kg 

every 8 h; 12–18 years 2 mg/kg every 8 h.

Widely available.
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The semisynthetic 1-N-ethyl derivative of sisomicin supplied 
as the sulfate salt.

 ANTIMICROBIAL ACTIVITY

The susceptibility of common pathogenic bacteria is shown 
in Table 12.1 (p. 146). It is active against a wide range of 
enterobacteria as well as many Acinetobacter, Pseudomonas, 
Citrobacter, Proteus and Serratia spp. Staphylococci, includ-
ing methicillin-resistant and coagulase-negative strains, are 
usually susceptible. Nocardiae are inhibited by 0.04–1 mg/L. 
Providencia spp. and anaerobic bacteria are generally 
resistant.

It is active against some gentamicin-resistant strains, partic-
ularly those that synthesize ANT(2″) or AAC(3)-I. It exhibits 
typical aminoglycoside properties: bactericidal activity at or 
close to the MIC; greater activity at alkaline pH; depression of 
activity against Pseudomonas by divalent cations; and synergy 
with β-lactam antibiotics. Bactericidal synergy can be demon-
strated regularly with benzylpenicillin against viridans strep-
tococci and E. faecalis, but seldom against E. faecium, which 
characteristically synthesizes AAC(6′), to which netilmicin is 
susceptible.

 ACQUIRED RESISTANCE

It is resistant to ANT(2″), AAC(3)-I and AAC(3)-III, but 
sensitive to AAC(6′) (Table 12.2, p. 148). AAC(3)-II con-
fers resistance, but generally to a lesser degree than to 
gentamicin.

Resistance rates are generally about the same as, or a little 
lower than, those for gentamicin.

 PHARMACOKINETICS

Cmax 1 mg/kg intramuscular 

 2 mg/kg intravenous 30-min infusion 

 5 mg/kg

4–6 mg/L after 0.5–1 h

c. 12 mg/L end infusion

>10 mg/L after 1 h

Plasma half-life 2–2.5 h

Volume of distribution 0.25 L/kg

Plasma protein binding <10%

The pharmacokinetics are similar to those of gentamicin. 
In patients receiving 200 mg (2.2–3.6 mg/kg) intramuscu-
larly every 8 h for 10 days, a mean peak plasma concentration 
of around 14 mg/L was found. Peak concentrations of about 
10 mg/L were found in children with pyelonephritis treated 
with 5 mg/kg per day, compared with peaks of about 5 mg/L 
in children given 2 mg/kg every 8 h. The serum half-life is lin-
early inversely related to creatinine clearance in patients with 
renal impairment. Plasma concentrations decreased by 63% 
during hemodialysis. In older patients with a mean creatinine 
clearance of 63 mL/min, the half-life was 6.2 h after a dose of 
2 mg/kg.

In the newborn, intramuscular injection of 2.5 mg/kg 
produced peak plasma concentrations of 1–5 mg/L 1 h after 
the dose, with a plasma half-life of 4 h. In newborns given 
6 mg/kg per day, plasma concentrations were 7.4–13.2 mg/L 
after 2 h. Half-lives were greater (mean 6.7 h) than in those 
of >36 weeks postmenstrual age (mean 4.6 h), and pre-dose 
concentrations were 2.1 and 1.6 mg/L, respectively, sug-
gesting that a lower daily dose (4.5 mg/kg) may be appro-
priate. Children with cystic fibrosis had a higher total body 
clearance.

Distribution

Netilmicin is distributed in the extracellular water and in 
patients with cystic fibrosis the apparent volume of distribu-
tion seems not to be increased.

Very little reaches the CSF even in the presence of inflam-
mation. Concentrations of 0.13–0.45 mg/L were found in 
patients without meningeal inflammation following an intrave-
nous dose of 400 mg. In patients with meningitis, the drug was 
undetectable, although concentrations of 0.2–5 mg/L could be 
found later in the course of treatment in some cases.

excretion

It is excreted unchanged in the urine in the glomerular fil-
trate, with some tubular reabsorption. Over the first 6 h, about 
50% and by 24 h about 80% of the dose appears. No metabo-
lites are known and it is likely that this represents binding to 
 tissues. Clearance on hemodialysis is similar to that reported 
for gentamicin.

 TOXICITY AND SIDE EFFECTS

It is considered to be less nephrotoxic than gentamicin, a 
difference not easily explained since the renal clearance and 
renal and medullary concentrations of the drugs appear to 
be similar. Both vestibular and cochlear toxicity appear to be 
low and vestibular toxicity without audiometric abnormal-
ity is rare. In some patients, plasma concentrations up to 
30 mg/L over periods exceeding 1 week have not resulted in 
ototoxicity. Evidence of some renal toxicity in the excretion 
of granular casts has occurred fairly frequently in patients 
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receiving 7.5 mg/kg per day, and is more likely to occur 
in the elderly and in those receiving higher doses or lon-
ger courses. In patients treated for an average of 35 days 
with 2.4–6.9 mg/kg per day, there was no effect on initially 
normal renal function, even in the elderly. Long-term treat-
ment led to an increase in elimination half-life from 1.5 to 
1.9 h. Nephrotoxicity has been observed in some diabetic 
patients. Overall estimates of the frequency of nephro-
toxicity have ranged from 1% to 18%. Increases in serum 
transaminase and alkaline phosphatase concentrations have 
been seen in some patients without other evidence of hepatic 
impairment.

Once-daily dosing is thought to be safer than twice or three 
times daily dosing.

 CLINICAL USE

 Further information

Craig WA, Gudmundsson S, Reich RM. Netilmicin sulfate: a comparative evaluation 
of antimicrobial activity, pharmacokinetics, adverse reaction and clinical effi-
cacy. Pharmacotherapy. 1983;3:305–315.

Ettlinger JJ, Bedford KA, Lovering AM, Reeves DS, Speidel BD, MacGowan AP. 
Pharmacokinetics of once-a-day netilmicin (6 mg/kg) in neonates. J Antimicrob 
Chemother. 1996;38:499–505.

Dahlager JI. The effect of netilmicin and other aminoglycosides on renal function. 
A survey of the literature on the nephrotoxicity of netilmicin. Scand J Infect Dis. 
1980;23(suppl):96–102.

Manoharan A, Lalitha MK, Jesudason MV. In vitro activity of netilmicin against 
 clinical isolates of methicillin resistant and susceptible Staphylococcus aureus. 
Natl Med J India. 1997;10:61–62.

OTHER GENTAMICIN GROUP 
AMINOGLYCOSIDES

 ISEPAMICIN

Hydroxyamino propionyl gentamicin B. A semisynthetic 
derivative of gentamicin B, modified to render it more resis-
tant to microbial inactivation.

In-vitro activity is comparable to or slightly greater than 
amikacin against Staph. aureus and most enterobacteria; it is 
much more active against Ser. marcescens, Enterobacter spp. 
and Klebsiebella pneumoniae. It is also active in vitro against 
the Mycobacterium avium complex and Nocardia asteroides. It 
is less susceptible than amikacin or gentamicin to inactivation 
by β-lactam antibiotics. It retains activity against some strains 
resistant to most other aminoglycosides.

Pharmacokinetics in neonatal, pediatric, adult, elderly and 
renally impaired patients are similar to those of other amino-
glycosides. In adult volunteers the plasma half-life was 2.1 h. 
Clearance is reduced in neonates and the elderly. A 7.5 mg/kg 
once-daily dosage is recommended for children less than 16 
days old. No dosage adjustment is required for the elderly unless 
renal function is impaired. Clearance is proportional to creati-
nine clearance in patients with chronic renal impairment, and it 
is eliminated by hemodialysis.

It has been used in respiratory tract infections, urinary 
tract infections and intra-abdominal infections, in adults and 
children. It appears to be as effective and well tolerated as 
amikacin. It is available in Japan.

  MICRONOMICIN (SAGAMICIN; 
 GENTAMICIN C

2b
)

Antibacterial and pharmacokinetic properties are similar to 
those of its precursor gentamicin C1a but it is more resistant to 
AAC(6′). Dosage is similar to that for gentamicin, and should 
be controlled by blood level determinations. It is available in 
Japan.

  SISOMICIN (SISSOMICIN; 
RICKAMICIN)

A fermentation product of Micromonospora inyoensis. A dehydro 
derivative of gentamicin C1a, supplied as the sulfate salt.

It is virtually identical to gentamicin in activity and phar-
macokinetic behavior. An intramuscular dose of 1–1.5 mg/kg 
achieves a peak plasma concentration of 1.5–9.0 mg/L after 
0.5–1 h. It is widely distributed in body water, but concentra-
tions in CSF are low, even in the presence of inflammation. 
The plasma half-life is 2.5 h and protein binding is <10%.

It is eliminated almost completely over 24 h in the glom-
erular filtrate. Excretion decreases proportionately with renal 

Severe infections (including septicemia, lower respiratory tract infections, 

urinary tract infections, peritonitis, endometritis) caused by susceptible 

strains of Gram-negative bacilli and staphylococci

preparations and dosage

Proprietary names: Netromycin.

Preparation: Injection.

Dosage: Adults: i.m., i.v., i.v. infusion 4–6 mg/kg per day in a single dose 

or divided doses every 8–12 h. In severe infections up to 7.5 mg/kg per 

day in divided doses every 8 h, reduced as soon as is clinically indicated, 

usually within 48 h.

Children: 6–7.5 mg/kg per day, divided into three equal doses and 

administered every 8 h. This should be reduced to 6 mg/kg per day as 

soon as clinically indicated.

Infants and neonates (>1 week of age): 7.5–9 mg/kg per day, divided into 

three equal doses and administered every 8 h. Premature and full-term 

neonates (<1 week of age): 6 or 4.5 mg/kg per day, as a single daily dose 

or divided into two equal doses every 12 h.

No longer widely available.
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impairment and because of the virtual identity of the behavior 
of the two compounds, a gentamicin nomogram can be used 
to adjust dosage. About 40% of the dose is eliminated during 
a 6-h dialysis period, during which the elimination half-life 
falls to about 8 h.

Mild and reversible impairment of renal function occurs in 
about 5% of patients. Nephrotoxicity is more likely to be seen 
in those with pre-existing renal disease or treated concurrently 
with other potentially nephrotoxic drugs. Ototoxicity mainly 
affecting vestibular function has been found in about 1% of 
patients. Neuromuscular blockade and other effects common 
to aminoglycosides including rashes, paresthesiae, eosino-
philia and abnormal liver function tests have been described.

Its uses are identical to those of gentamicin, which it closely 
resembles. It is of limited availability.

KANAMYCIN GROUP

AMIKACIN

Molecular weight: 585.61 (free base); 683.68 (sulfate).

A semisynthetic derivative of kanamycin A, in which the 
1-amino group of the deoxystreptamine moiety is replaced by 
a hydroxyaminobutyric acid group. Supplied as the sulfate.

 ANTIMICROBIAL ACTIVITY

The activity against common pathogenic bacteria is shown in 
Table 12.1 (p. 146). Among other organisms, Acinetobacter, 
Alkaligenes, Campylobacter, Citrobacter, Hafnia, Legionella, 
Pasteurella, Providencia, Serratia and Yersinia spp. are usually 
susceptible in vitro. Stenotrophomonas maltophilia, many non-
aeruginosa pseudomonads and Flavobacterium spp. are resis-
tant. M. tuberculosis (including most streptomycin-resistant 
strains) and some other mycobacteria (including M. fortuitum 
and the M. avium complex) are susceptible; most other myco-
bacteria, including M. kansasii, are resistant. Nocardia asteroi-
des is susceptible.

It exhibits typical aminoglycoside characteristics, including 
an effect of divalent cations on its activity against Ps.  aeruginosa 
analogous to that seen with gentamicin and synergy with 
β-lactam antibiotics.

 ACQUIRED RESISTANCE

Amikacin is unaffected by many of the modifying enzymes 
that inactivate gentamicin and tobramycin (Table 12.2, 
p. 148) and is consequently active against staphylococci, 
enterobacteria and Pseudomonas that owe their resistance 
to the production of those enzymes. However, AAC(6′), 
ANT(4′) and some forms of APH(3′) can confer resistance; 
because these enzymes generally do not confer gentamicin 
resistance, amikacin-resistant strains can be missed in rou-
tine susceptibility tests when gentamicin is used as the rep-
resentative aminoglycoside.

There have been reports of resistance arising during treat-
ment of infections due to Serratia spp. and Ps. aeruginosa. 
Outbreaks of infection with multiresistant strains of entero-
bacteria and Ps. aeruginosa have occurred after extensive use, 
particularly in burns units. Bacteria that owe their resistance 
to the expression of ANT(4′) have been described in Staph. 
aureus, coagulase-negative staphylococci, Esch. coli, Klebsiella 
spp. and Ps. aeruginosa. In E. faecalis, resistance to penicillin–
aminoglycoside synergy has been associated with plasmid-
mediated APH(3′). Resistance in Gram-negative organisms is 
usually caused by either reduced accumulation of the drug or, 
more commonly, by the aminoglycoside-modifying enzymes 
AAC(6′) or AAC(3)-VI. The latter enzyme is usually found in 
Acinetobacter spp., but has also been found, encoded by a trans-
poson, in Prov. stuartii. One type of AAC(6) is chromosomally 
encoded by Ser. marcescens, though not usually expressed.

The prevalence of resistance to amikacin remains low 
(<5%) in many countries but can change rapidly with 
increased usage of the drug. However, the spread of extended 
spectrum β-lactamases belonging to the TEM and SHV fami-
lies may result in an increase in amikacin resistance that is 
not associated with use, since most strains that produce such 
enzymes also produce AAC(6′).

 PHARMACOKINETICS

C
max

 7.5 mg/kg intramuscular 

 500 mg 30-min infusion

 15 mg/kg 30-min infusion

c. 30 mg/L after 1 h

35–50 mg/L end infusion

>50 mg/L after 1 h

Plasma half-life 2.2 h

Volume of distribution 0.25–0.3 L/kg

Plasma protein binding 3–11%

It is readily absorbed after intramuscular administration. 
Rapid intravenous injection of 7.5 mg/kg produced concen-
trations in excess of 60 mg/L shortly after injection.

Most pharmacokinetic parameters follow an almost linear 
correlation when the once-daily doses (15 mg/kg) are compared 
with the traditional 7.5 mg/kg twice daily. In patients on CAPD, 
there was no difference in mean peak plasma concentration or 
volume of distribution whether the drug was given intravenously 
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or intraperitoneally. However, in patients with significant burn 
injuries, doses should be increased to 20 mg/kg.

In infants receiving 7.5 mg/kg by intravenous injection, 
peak plasma concentrations were 17–20 mg/L. No accumu-
lation occurred on 12 mg/kg per day for 5–7 days. There was 
little change in the plasma concentration or the half-life (1.7 
and 1.9 h) on the third and seventh days of a period over 
which 150 mg/m2 was infused over 30 min every 6 h. When 
the dose was raised to 200 mg/m2 the concentration never fell 
below 8 mg/L. The plasma half-life was longer in babies of 
lower birth weight and was still 5–5.5 h in babies aged 1 week 
or older. The importance of dosage control in the neonate is 
emphasized by the findings that there is an inverse relation-
ship between post-conception age and plasma elimination 
half-life, though in extremely premature babies the weight of 
the child is also a significant predictor of half-life.

Distribution

The apparent volume of distribution indicates distribution 
throughout the extracellular water. Following an intravenous 
bolus of 0.5 g, peak concentrations in blister fluid were around 
12 mg/L, with a mean elimination half-life of 2.3 h. In patients 
with impaired renal function, penetration and peak concentra-
tion increased linearly with decrease in creatinine clearance.

In patients with purulent sputum, a loading dose of 4 mg/kg 
intravenously plus 8 h infusions of 7–12 mg/kg produced spu-
tum concentrations around 2 mg/L, with a mean sputum:serum 
ratio of 0.15. With brief infusions over 10 min for 7 days, spu-
tum concentrations of around 9% of the simultaneous serum 
values have been found.

Concentrations in the CSF of adult volunteers receiving 
7.5 mg/kg intramuscularly were less than 0.5 mg/L and virtu-
ally the same in patients with meningitis. Rather higher, but 
variable, concentrations up to 3.8 mg/L have been found in 
neonatal meningitis.

Amikacin crosses the placenta, and concentrations of 
0.5–6 mg/L have been found in the cord blood of women 
receiving 7.5 mg/kg in labor. Concentrations of 8 mg/L and 
16.8 mg/L were reached in the fetal lung and kidney, respec-
tively, after a standard dose of 7.5 mg/kg given to healthy 
women before therapeutic abortion.

excretion

Only 1–2% of the administered dose is excreted in the bile, 
with the remainder excreted in the urine, producing uri-
nary concentrations of 150–3000 mg/L. Renal clearance is 
70–84 mL/min, and this, with the ratio of amikacin to crea-
tinine clearance (around 0.7), indicates that it is filtered and 
tubular reabsorption is insignificant. Accumulation occurs in 
proportion to reduction in renal function, although there may 
be some extrarenal elimination in anephric patients. The mean 
plasma half-life in patients on hemodialysis was around 4 h, 
while that on peritoneal dialysis was 28 h.

In patients receiving 500 mg/kg preoperatively, concentra-
tions in gallbladder wall reached 34 mg/L and in bile 7.5 mg/L 

in some patients. In patients given 500 mg intravenously 12 h 
before surgery and 12 hourly for four doses thereafter, the 
mean bile:serum ratio 1 h after the dose was around 0.4.

 TOXICITY AND SIDE EFFECTS

ototoxicity

Neurosensory hearing loss (mainly high-tone deafness) and 
labyrinthine injury have been detected, but have seldom been 
severe. High-frequency hearing loss and vestibular impair-
ment have been described in about 5% of patients and con-
versational loss in about 0.5%; more in patients monitored 
audiometrically (29%) and by caloric testing (19%).

Patients with high-tone hearing loss have generally received 
more drug and for longer than patients without; in patients 
receiving long-term treatment for tuberculosis no other factors 
were associated with the development of ototoxicity. On multi-
ple daily dosing, over half the patients with peak serum concen-
trations exceeding 30 mg/L or trough concentrations exceeding 
10 mg/L developed cochlear damage; here, the main contribu-
tory factor was previous treatment with other aminoglycosides.

nephrotoxicity

Impairment of renal function, usually mild or transient, has 
been observed in 3–13% of patients, notably in the elderly or 
those with pre-existing renal disorders or treated concurrently 
or previously with other potentially nephrotoxic agents.

other reactions

Adverse effects common to aminoglycosides occur, includ-
ing hypersensitivity, gastrointestinal disturbances, headache, 
drug fever, peripheral nervous manifestations, eosinophilia, 
mild hematological abnormalities and disturbed liver func-
tion tests without other evidence of hepatic derangement.

 CLINICAL USES

Amikacin is principally used for the treatment of infections 
caused by organisms resistant to other aminoglycosides 
because of their ability to degrade them. Peak concentra-
tions on 15 mg/kg once daily administration should exceed 
45 mg/L, and trough concentration of <5 mg/L should be 
maintained to achieve therapeutic effects.

Severe infection (including septicemia, neonatal sepsis, osteomyelitis, 

septic arthritis, respiratory tract, urinary tract, intra-abdominal, peritoneal 

and soft tissue infections) caused by susceptible micro-organisms

Sepsis of unknown origin (combined with a β-lactam or anti-anaerobe 

agent as appropriate).

Mycobacterial infection
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 Further information

Conil JM, Georges B, Breden A, et al. Increased amikacin dosage requirements 
in burn patients receiving a once-daily regimen. Int J Antimicrob Agents. 
2006;28:226–230.

Edson RS, Terrel CL. The aminoglycosides. Mayo Clin Proc. 1999;74:519–528.
Fujimura S, Tokue Y, Takahashi H, et al. Novel arbekacin- and amikacin-modifying 

enzymes of methicillin-resistant Staphylococcus aureus. FEMS Microbiol Lett. 
2000;190:299–303.

Gonzalez LS, Spencer JP. Aminoglycosides: a practical review. Am Fam Physician. 
1998;58:1811–1820.

Guggenheim M, Zbinden R, Handschin AE, Gohritz A, Altintas MA, Giovanoli P. 
Changes in bacterial isolates from burn wounds and their antibiograms: a 
20-year study (1986–2005). Burns. 2009;35:553–560.

Kenyon CF, Knoppert DC, Lee SK, Vandenberghe HM, Chance GW. Amikacin 
pharmacokinetics and suggested dosage modifications for the preterm infant. 
Antimicrob Agents Chemother. 1990;34:265–268.

Lima Da Costa D, Erre JP, Pehourq F, Aran JM. Aminoglycoside ototoxicity and the 
medial efferent system: II. comparison of acute effects of different antibiotics. 
Audiology. 1998;37:162–173.

KANAMYCIN

A fermentation product of Streptomyces kanamyceticus formu-
lated as the sulfate. Commercial preparations contain a mix-
ture of kanamycins A, B and C, predominantly kanamycin 
A; the content of kanamycin B is required to be less than 3% 
(BP) or less than 5% (USP).

 ANTIMICROBIAL ACTIVITY

The susceptibility of common pathogenic bacteria is shown in 
Table 12.1 (p. 146). It is active against staphylococci, includ-
ing methicillin-resistant strains. Other aerobic and anaero-
bic Gram-positive cocci and most Gram-positive rods are 
resistant, but M. tuberculosis is susceptible. It is widely active 
against most aerobic Gram-negative rods, except Burkholderia 
cepacia and Sten. maltophilia. Treponema pallidum, Leptospira 
and Mycoplasma spp. are all resistant.

 ACQUIRED RESISTANCE

Resistance is usually plasmid borne and due to enzymatic 
inactivation of the drug by enzymes that also inactivate gen-
tamicin or tobramycin (Table 12.2, p. 148). Resistance due to 
reduced permeability is also encountered.

 PHARMACOKINETICS

C
max

 500 mg intramuscular c. 15–20 mg/L after 1 h

Plasma half-life 2.5 h

Volume of distribution 0.3 L/kg

Plasma protein binding Low

Absorption and distribution

Very little is absorbed from the intestinal tract. The peak plasma 
concentration in the neonate is dose related: concentrations of 
8–30 mg/L (mean 18 mg/L) have been found 1 h after a 10 mg/kg 
dose. The drug is confined to the extracellular fluid. The con-
centration in serous fluids is said to equal that in the plasma, 
but it does not enter the CSF in therapeutically useful concen-
trations even in the presence of meningeal inflammation.

excretion

It is excreted almost entirely by the kidneys, almost exclu-
sively in the glomerular filtrate. Up to 80% of the dose appears 
unchanged in the urine over the first 24 h, producing concen-
trations around 100–500 mg/L. It is retained in proportion to 
reduction in renal function. Less than 1% of the dose appears 
in the bile. In patients receiving 500 mg intramuscularly pre-
operatively, concentrations of 2–23 mg/L have been found in 
bile and 8–14 mg/kg in gallbladder wall.

 TOXICITY AND SIDE EFFECTS

Intramuscular injections are moderately painful, and minor 
side effects similar to those encountered with streptomycin 
have been described. Eosinophilia in the absence of other 

preparations and dosage

Proprietary name: Amikin.

Preparation: Injection.

Dosage: Adults i.m., i.v., i.v. infusion 15 mg/kg per day in a single dose or 

in two divided doses.

Neonate: 15 mg/kg per day. Alternatively, an initial loading dose of  

10 mg/kg followed by 15 mg/kg per day in two divided doses.

Child: 1 month–18 years, 7.5 mg/kg every 12 h. Alternatively, 1 month–

12 years, 7.5 mg/kg every 12 h or 12–18 years, 7.5 mg/kg every 12 h, 

increasing to every 8 h in serious sepsis. Maximum accumulated dose 15 g.

The dosage must be reduced if renal function is impaired, and in elderly 

patients.

Widely available.
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manifestations of allergy occurs in up to 10% of patients. 
Other manifestations of hypersensitivity are rare.

As with other aminoglycosides, the most important toxic 
effects are on the eighth nerve and much less frequently on 
the kidney. Renal damage is seen principally in patients with 
pre-existing renal disease or treated concurrently or sequen-
tially with other potentially nephrotoxic agents. The drug 
accumulates in the renal cortex, producing cloudy swelling, 
which may progress to acute necrosis of proximal tubular 
cells with oliguric renal failure. Less dramatic deterioration 
of renal function, particularly exaggeration of the potential 
nephrotoxicity of other drugs or of existing renal disease, is 
of principal importance because it increases the likelihood of 
ototoxicity.

Vestibular damage is uncommon but may be severe and 
prolonged. Hearing damage is usually bilateral, and typically 
affects frequencies above the conversational range. Acute toxic-
ity is most likely in patients in whom the plasma concentration 
exceeds 30 mg/L, but chronic toxicity may be seen in patients 
treated with the drug over long periods. Auditory toxicity may 
be potentiated by concurrent treatment with potent diuretics 
like ethacrynic acid. If tinnitus – which usually heralds the onset 
of auditory injury – develops, the drug should be withdrawn.

Neuromuscular blockade is seen particularly in patients 
receiving other muscle relaxants or suffering from myasthenia 
gravis and may be reversed by neostigmine.

 CLINICAL USE

Formerly used for severe infection with susceptible organisms, 
it has largely been superseded by other aminoglycosides.

 Further information

Davis RR, Brummett RE, Bendrick TW, Himes DL. Dissociation of maximum concen-
tration of kanamycin in plasma and perilymph from ototoxic effect. J Antimicrob 
Chemother. 1984;14:291–302.

TOBRAMYCIN

Nebramycin factor 6; 3′-deoxy kanamycin B. Molecular 
weight (free base): 467.52.

A natural fermentation product of Streptomyces tenebraeus, 
supplied as the sulfate in various preparations.

 ANTIMICROBIAL ACTIVITY

The susceptibility of common pathogenic organisms is shown 
in Table 12.1 (p. 146). In-vitro activity against Ps. aeruginosa 
is usually somewhat greater than that of gentamicin; against 
other organisms activity is similar or a little lower. Other 
Pseudomonas species are generally resistant, as are streptococci 
and most anaerobic bacteria. Other organisms usually sus-
ceptible in vitro include Acinetobacter, Legionella and Yersinia 
spp. Alkaligenes, Flavobacterium spp. and Mycobacterium spp. 
are resistant. It exhibits bactericidal activity at concentrations 
close to the MIC and bactericidal synergy typical of amino-
glycosides in combination with penicillins or cephalosporins.

 ACQUIRED RESISTANCE

It is inactivated by many aminoglycoside-modifying enzymes 
that inactivate gentamicin (Table 12.2, p. 148). However, 
AAC(3′)-I does not confer tobramycin resistance and 
AAC(3′)-II confers a lower degree of tobramycin resistance 
than of gentamicin resistance. Conversely, ANT(4′) confers 
tobramycin but not gentamicin resistance, as do some types 
of AAC(6′). Overproduction of APH(3′), conferring a low 
degree of resistance to tobramycin (MIC 8 mg/L), but not 
gentamicin (MIC 2 mg/L), was ascribed to ‘trapping’ rather 
than phosphorylation.

Resistance rates are generally similar to those of gentami-
cin, although they may vary locally because of the prevalence 
of particular enzyme types.

 PHARMACOKINETICS

C
max

 80 mg intramuscular 

 1 mg/kg intravenous

 5 mg/kg

3–4 mg/L after 30 min

6–7 mg/L after 30 min

>10 mg/L after 1 h

Plasma half-life 1.5–3 h

Volume of distribution c. 0.25 L/kg

Plasma protein binding <30%

preparations and dosage

Proprietary name: Kantrex.

Preparations: Injection, ophthalmic, capsules.

Dosage: Adults, i.m. injection 250 mg every 6 h, or 500 mg every 12 h. 

Adults and children, i.v. infusion, 15–30 mg/kg per day in 2–4 divided 

doses. The dosage should be reduced in renal impairment.

Widely available. No longer available in the UK.
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The pharmacokinetic behavior after systemic administration 
closely resembles that of gentamicin. In patients treated for 
prolonged periods with 2.5 mg/kg intravenously every 12 h, 
average peak steady-state values were 6.5 mg/L after 30 weeks 
and 7.1 mg/L after 40 weeks. Continuous intravenous infusion 
of 6.6 mg/h and 30 mg/h produced steady-state  concentrations 
of 1 and 3.5–4.5 mg/L, respectively. Higher concentrations 
(10–12 mg/L) have been obtained by bolus injection over 
about 3 min. Peak concentrations of around 50 mg/L have 
been reported in cystic fibrosis patients given 9 mg/kg once 
daily. Ten minutes after a 300 mg dose of tobramycin solution 
for inhalation, mean concentration of drug in the sputum of 
cystic fibrosis patients was 1.2 mg/g and ranged from 0.04 to 
1.4 mg/g. The systemic availability of nebulized drug is very 
variable (6–27%). In general, the concentration found in the 
sputum of cystic fibrosis patients is high when administered by 
inhalation, but varies widely depending on individual airway 
pathology and nebulizer efficiency.

In the neonate, peak plasma concentrations of 4–6 mg/L 
have been found 0.5–1 h after doses of 2 mg/kg. Mean plasma 
elimination half-lives of 4.6–8.7 h were inversely proportional 
to the birth weight and creatinine clearance. The half-life was 
found to be initially extremely variable (3–17 h) in infants 
weighing 2.5 kg at birth, but considerably more stable (4–8 h) 
at the end of therapy 6–9 days later.

b-Lactam inactivation

In common with other aminoglycosides, tobramycin inter-
acts with certain β-lactam agents, but is said to be stable in 
the presence of ceftazidime, imipenem and aztreonam. Of 
the penicillins tested, piperacillin caused least inactivation in 
vitro.

Distribution

The volume of distribution slightly exceeds the extracellular 
water volume; it increases in patients with ascites, and is rela-
tively smaller in morbidly obese patients. In tracheostomized 
or intubated patients given a loading dose of 1 mg/kg and 
then intravenous infusions every 8 h of 2–3.5 mg/kg, average 
concentrations in the bronchial secretions were 0.7 mg/L with 
a mean secretion:serum ratio of 0.18. In patients with cystic 
fibrosis receiving 10 mg/kg of the drug per day, the bronchial 
secretions may contain 2 mg/L or more.

Concentrations are low in peritoneal fluid but can rise to 
60% of the plasma concentration in peritonitis and in synovial 
fluid. Tobramycin crosses the placenta, and concentrations of 
0.5 mg/L have been found in the fetal serum when the mother 
was receiving a dose of 2 mg/kg. Penetration into the CSF 
resembles that of gentamicin.

excretion

It is eliminated in the glomerular filtrate and is unaffected by 
probenecid. Renal clearance is 90 mL/min. About 60% of the 
administered dose is recovered from the urine over the first 

10 h, producing urinary concentrations after a dose of 80 mg 
of 90–500 mg/L over the first 3 h. The nature of the extra-
renal disposal of the remaining 40% of the drug has not been 
established. The total body clearance is increased in patients 
with cystic fibrosis and the plasma half-life is shorter, which 
may necessitate higher dosage (15 mg/kg per day) for opti-
mum blood concentrations. Renal clearance is increased in 
younger burn patients. In patients with impaired renal func-
tion, urinary concentrations of the drug are depressed and the 
plasma half-life prolonged in proportion to the rise in serum 
creatinine, reaching 6–8 h at a creatinine concentration of 
350 μmol/L. Dosage in patients with impaired renal function 
may be based on the procedures used for gentamicin since 
behavior of the two drugs is virtually identical. About 70% of 
the drug is removed by hemodialysis over 12 h, but the effi-
ciency of different dialyzers varies markedly.

 TOXICITY AND SIDE EFFECTS

ototoxicity

The effect is predominantly on the auditory branch of 
the eighth nerve; vestibular function is seldom affected. 
Experimental evidence suggests that comparable effects on 
cochlear electrophysiology and histology require doses about 
twice those of gentamicin. In patients, electrocochleography 
has shown an immediate and dramatic reduction of cochlear 
activity when the serum tobramycin concentration exceeded 
8–10 mg/L, but there were no associated symptoms and func-
tion recovered fully as the drug was eliminated. Clinical oto-
toxicity is rare and most likely to be seen in patients with renal 
impairment, or treated concurrently or sequentially with other 
potentially ototoxic agents.

nephrotoxicity

Renal impairment with proteinuria, excretion of granular 
casts, oliguria and rise of serum creatinine have been noted in 
1–2% of patients. Some evidence of nephrotoxicity has been 
found in about 10% of patients, depending on the sensitiv-
ity of the tests employed. In patients treated with a 120 mg 
loading dose and 80 mg every 8 h, renal enzyme excretion 
increased and there was a small but significant reduction in 
chrome-EDTA clearance even when the clinical condition 
improved. It has been suggested that intermittent dosage with 
large but infrequent plasma peaks may be less toxic than, and 
as efficacious as, continuous dosing. Tobramycin appears to 
be less nephrotoxic than gentamicin in critically ill patients.

The likelihood of toxicity is thought to increase with pre-
existing renal impairment and higher or more prolonged dos-
age, but in a comparison of patients treated with 8 mg/kg 
per day for Pseudomonas endocarditis with those treated with 
3 mg/kg per day for Gram-negative sepsis there was no evi-
dence of renal impairment in either group. Although there 
was audiological evidence of high-frequency loss in some 
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patients receiving the higher dosage, there was no sustained 
loss of conversational hearing. There seems to be no signifi-
cant effect of age: in patients aged 20–39 years the mean elim-
ination half-life of the drug at the end of treatment was 2.3 h 
while in those aged 60–79 years it was 2.4 h. Evidence of renal 
toxicity may be found in 20% of severely ill patients.

other reactions

Other toxic manifestations are rare. Local reactions some-
times occur at the site of injection. Rashes and eosinophilia 
in the absence of other allergic manifestations are seen. Voice 
alterations and tinnitus were rare in cystic fibrosis patients 
receiving tobramycin by inhalation. Increased transaminase 
levels may occur in the absence of other evidence of hepatic 
derangement.

 CLINICAL USE

For practical purposes use is identical to that of gentamicin, 
except possibly for Pseudomonas infection, where it has some-
what greater activity against gentamicin-susceptible and some 
gentamicin-resistant strains. Its value as a substitute for gen-
tamicin in the speculative treatment of severe undiagnosed 
infection is offset by its lower activity against other organisms 
that may be implicated.

It has been used extensively to treat Ps. aeruginosa infec-
tions in patients with cystic fibrosis.

The dosage should be reduced in renal impairment. Dosage 
should be controlled in all patients by blood level determi-
nations; these should be done at least weekly in patients on 
long-term treatment.

 Further information

Bonsignore CL. Inhaled tobramycin (TOBI). Pediatr Nurs. 1998;24:258–259.
Burdette SD, Limkemann AJ, Slaughter JB, Beam WB, Markert RL. Serum 

 concentrations of aerosolised tobramycin in medical, surgical and trauma 
patients. Antimicrob Agents Chemother. 2009;53:4568.

Geller EG, Pitlick WH, Nardella PA, Tracewell WG, Ramsey BW. Pharmacokinetics 
and bioavailability of aerosolized tobramycin in cystic fibrosis. Chest. 
2002;122:219–226.

Jacoby GA, Blaser MJ, Santanam P, et al. Appearance of amikacin and tobramycin 
resistance due to 4′-aminoglycoside nucleotidyltransferase [ANT(4′)-II] in Gram-
negative pathogens. Antimicrob Agents Chemother. 1990;34:2381–2386.

Lima da Costa L, Erre JP, Pehourq F, Aran JM. Aminoglycoside ototoxicity and the 
medial efferent system: II. Comparison of acute effects of different antibiotics. 
Audiology. 1998;37:162–173.

Mann HJ, Canafax DM, Cipolle RJ, et al. Increased dosage requirements of 
tobramycin and gentamicin for treating Pseudomonas aeruginosa pneumonia 
in patients with cystic fibrosis. Pediatr Pulmonol. 1985;1:238–243.

Robinson P. Cystic fibrosis. Thorax. 2001;56:237–241.
Winslade NE, Adelman MH, Evans EJ, Schentag JJ. Single-dose  accumulation 

 pharmacokinetics of tobramycin and netilmicin in normal volunteers. 
Antimicrob Agents Chemother. 1987;31:605–609.

OTHER KANAMYCIN GROUP 
AMINOGLYCOSIDES

 ARBEKACIN (HABEKACIN)

The 1-N-(4-amino-2-hydroxybutyryl) derivative of dibekacin, 
to which it bears the same relation as amikacin bears to kana-
mycin A. Supplied as the sulfate.

Activity and stability to aminoglycoside-modifying enzymes 
are comparable with those of amikacin. It is active against 
many strains of methicillin-resistant Staph. aureus, either alone 
or in combination with β-lactam or other agents. Synergy with 
ampicillin has been observed for high-level gentamicin- and 
vancomycin-resistant enterococci.

A 3 mg/kg intravenous dose achieved a peak concentration 
of c. 8 mg/L after 1 h. The plasma half-life is about 2 h and 
protein binding 3–12%.

About 85% of the dose can be recovered from urine over 
48 h. It is retained in renal failure, but moderately well removed 
by hemodialysis with a plasma half-life of 2–4 h. Peak concen-
trations of 10.9 mg/L and trough concentrations of 1.7 mg/L 
have been reported in patients treated for MRSA infection 
where Cmax:MIC ratios of >25 and AUC:MIC ratios of >186 
were associated with improved cure rates, and both Cmin and 
AUC were associated with the incidence of nephrotoxicity.

Toxicity and side effects are typical of the aminoglycoside 
class. It is used in severe infection cause by susceptible micro-
organisms, but is not widely available.

 Further information

Fukuoka N, Aibiki M. Recommended dose of arbekacin, an aminoglycoside against 
methicillin-resistant Staphylococcus aureus, does not achieve desired serum 
concentration in critically ill patients with lowered creatinine clearance. J Clin 
Pharm Ther. 2008;33:521–527.

preparations and dosage

Proprietary names: Nebcin, Tobradex, Tobrex, TOBI.

Preparations: Injections, topical and inhalation formulations.

Dosage: Adults i.m., i.v. 5 mg/kg per day in a single dose or in three 

divided doses.

Neonate: i.v. infusion, <32 weeks postmenstrual age, 4–5 mg/kg as a single 

dose every 36 h; ≥32 weeks postmenstrual age, 4–5 mg/kg as a single dose 

every 24 h. Alternatively, if <7 days old, 2 mg/kg every 12 h; if 7–28 days old, 

2–2.5 mg/kg every 8 h.

Child: 1 month–18 years, 7 mg/kg as a single daily dose and adjust dose on 

the basis of serum concentrations. Alternatively, 1 month–12 years, 2–2.5 

mg/kg every 8 h, or 12–18 years, 1 mg/kg (5 mg/kg in severe cases) every 8 h.

Cystic fibrosis: adults and children, 300 mg inhaled twice daily.

Widely available.

Severe infections caused by susceptible micro-organisms

Ps. aeruginosa infections, including chronic pulmonary infections in cystic 

fibrosis (administration by injection or nebulizer)



 NEOMyCIN GROUP  163

Sato R, Tanigawara Y, Kaku M, Aikawa N, Shimizu K. Pharmacokinetic–
pharmacodynamic relationship of arbekacin for treatment of patients infected 
with methicillin-resistant Staphylococcus aureus. Antimicrob Agents Chemother. 
50:3763–3769.

Tanigawara Y, Sat R, Morita K, Kaku M, Aikawa N, Shimizu K. 
Population  pharmacokinetics of arbekacin in patients infected with 
 methicillin-resistant Staphylococcus aureus. Antimicrob Agents Chemother. 
2006;50:3754–3762.

 DIBEKACIN

3′,4′-Dideoxy kanamycin B. A semisynthetic aminoglycoside 
closely related to the natural compound tobramycin (3′-deoxy 
kanamycin B). Supplied as the sulfate.

It is active against staphylococci including methicillin-
resistant strains, a wide range of enterobacteria, Acinetobacter 
and Pseudomonas spp. It is also active against M. tuberculosis 
and the M. avium complex (MICs 4–16 mg/L). It exhibits 
the usual aminoglycoside properties of bactericidal activity 
at concentrations close to the MIC and bactericidal synergy 
with selected β-lactam antibiotics.

Absence of hydroxyl groups present in the parent kana-
mycin B renders dibekacin resistant to phosphorylation 
by APH(3′). It is also resistant to some forms of ANT(4′). 
However, the type of this enzyme, ANT(4′), found in 
some Gram-positive organisms modifies dibekacin at the 
2″-hydroxyl group; nevertheless dibekacin has much greater 
activity than tobramycin against organisms that produce the 
enzyme.

A 1 mg/kg intravenous bolus dose achieves a peak plasma 
concentration of around 5 mg/L. The plasma half-life is 
2.3 h. Protein binding is 3–12%. It is eliminated princi-
pally by the renal route, 75–80% of the dose appearing in 
the urine in the first 24 h. Elimination is inversely related to 
renal function. In patients maintained on chronic hemodi-
alysis, the half-life rises to 54 h between dialyses and falls to 
6–7 h on dialysis.

Toxic effects are those typical of aminoglycosides with a 
frequency similar to or less than those of gentamicin.

It is used for severe infections caused by susceptible micro-
organisms, especially those resistant to established aminogly-
cosides, but availability is limited.

  BEKANAMYCIN (KANAMYCIN B; 
KANENDOMYCIN)

A component of the mixture of kanamycins produced by 
Streptomyces kanamyceticus. It is approximately twice as active 
as kanamycin A and is twice as toxic. It is not active against 
amikacin-resistant strains of MRSA. It is poorly active against 
Ps. aeruginosa.

The pharmacokinetics and uses are similar to those of 
kanamycin. A 0.5% ophthalmic solution has been used to 
treat gonococcal ophthalmia neonatorum. It is available in 
Japan.

NEOMYCIN GROUP

NEOMYCIN

Fradiomycin. Molecular weight (sulfate): 711.7; (free base): 
614.7.

Neomycins A, B and C are fermentation products of 
Streptomyces fradii. The product marketed as ‘neomycin’ is 
a mixture of neomycin B and its isomer, neomycin C, sup-
plied as the sulfates. Neomycin B is available alone under the 
name framycetin for topical use. It is required to contain not 
more than 3% neomycin C and not more than 1% neomy-
cin A. Buffered aqueous solutions (pH 7) are stable at room 
temperature.

 ANTIMICROBIAL ACTIVITY

The susceptibility of common pathogenic bacteria is shown 
in Table 12.1 (p. 146). Among other organisms susceptible 
in vitro (MIC 4–8 mg/L) are Pasteurella, Vibrio, Borrelia and 
Leptospira spp. It is active against M. tuberculosis, including 
streptomycin-resistant strains. Synergy has been reported 
with polymyxin B. The bactericidal effect is enhanced at alka-
line pH.

 ACQUIRED RESISTANCE

Resistance is acquired in a stepwise fashion and staphylococci 
may become resistant as a result of prolonged topical use. The 
use of neomycin–bacitracin–polymyxin mixtures may con-
tribute to this, as many strains resistant to neomycin are also 
resistant to bacitracin. Resistant enterobacteria may appear 
in the feces of patients treated orally and in those treated for 
prolonged periods; most have been found to possess multi-
ple transferable antibiotic resistance. Cross-resistance with 
kanamycin is often due to the synthesis of APH(3′), although 
AAC(6′) some forms of AAC(3) and ANT(4′) also modify 
both neomycin and kanamycin. Resistant strains of Staph. 
aureus are usually more resistant to kanamycin than to neo-
mycin. The rare enzyme AAC(1) confers resistance to neomy-
cin and paromomycin, but not to other aminoglycosides.
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 PHARMACOKINETICS

C
max

 0.5 g intramuscular 20 mg/L after 1 h

Plasma half-life 2–3 h

Volume of distribution 0.25–0.35 L/kg

Plasma protein binding Low

Very little is absorbed after oral administration and more 
than 95% is eliminated unchanged in the feces. Peak plasma 
concentrations of less than 4 mg/L have been found after an 
oral dose of 3 g. Distribution and excretion resemble that of 
streptomycin, but the toxicity of neomycin precludes systemic 
administration except in the most extreme cases.

 TOXICITY AND SIDE EFFECTS

Neomycin is the most likely of all the aminoglycosides to 
damage the kidneys and the auditory branch of the eighth 
nerve (Table 12.3). This has almost entirely restricted it to 
topical and oral use.

Irreversible deafness may develop even if the drug is 
stopped at the first sign of damage. Loss of hearing may occur 
as a result of topical applications to wounds or other denuded 
areas, particularly if renal excretion is impaired. Instillation 
of ear drops containing neomycin can result in deafness. This 
generally develops in the second week of treatment and is usu-
ally reversible.

Rashes have been described in 6–8% of patients treated 
topically and these patients may be rendered allergic to 
other aminoglycosides. Nausea and protracted diarrhea may 
follow oral administration. Sufficient drug may be absorbed 
from the gut on prolonged oral administration to produce 
deafness but not renal damage. Intestinal malabsorption and 
superinfection have been seen in patients receiving 4–9 g 
per day and may develop in patients receiving as little as 3 g 
of the drug per day. Precipitation of bile salts by the drug 
may impair the hydrolysis of long-chain triglycerides. Large 
doses instilled into the peritoneal cavity at operation may be 

absorbed, with resultant systemic toxicity, and patients con-
currently exposed to anesthetics and muscle relaxants are 
liable to suffer neuromuscular blockade, which is reversible 
by neostigmine.

 CLINICAL USE

Use is discouraged because of the possibility of promoting the 
appearance of aminoglycoside-resistant strains, and because 
of the risk of absorption with the consequent danger of sys-
temic toxicity or neuromuscular blockade.

 Further information

Langman AW. Neomycin ototoxicity. Otolaryngol Head Neck Surg. 
1994;110:441–444.

Lima da Costa L, Erre JP, Pehourq F, Aran JM. Aminoglycoside ototoxicity and the 
medial efferent system: II. Comparison of acute effects of different antibiotics. 
Audiology. 1998;37:162–173.

Tempera G, Mangiafico A, Genovese C, et al. In vitro evaluation of the 
 synergistic activity of neomycin–polymyxin B association against 
 pathogens responsible for otitis externa. Int J Immunopathol Pharmacol. 
2009;22:299–302.

table 12.3 Relative toxicity indexa of aminoglycosides

 Vestibular Auditory renal

Streptomycin 4 1 <1

Neomycin 1 4 4

Kanamycin 1 2 1

Gentamicin 3 2 2

Tobramycin 2 2 2

a1–4: least to most toxic.
Based on Price KE, Godfrey JC, Kawaguchi H 1974 Advances in Applied Microbiology 
18: 191–307.

preparations and dosage

neomycin

Proprietary names: Mycifradin, Nivemycin.

Preparations: Tablets, elixir, topical.

Dosage: Adults, oral, 1 g every 4 h for a maximum of 72 h. 

Children 6–12 years, 250–500 mg every 4 h.

Widely available.

Framycetin (neomycin B)

Proprietary name: Soframycin.

Preparations: Tablets, topical ophthalmic, aural.

Dosage: Adult, oral, 2–4 g per day in divided doses.

Widely available in topical preparations.

Superficial infections with staphylococci and Gram-negative bacilli 

(topical; alone or in combination with bacitracin, chlorhexidine or 

polymyxin)

Treatment of staphylococcal nasal carriers (topical, in combination with 

chlorhexidine or bacitracin)

Eye infections (topical; alone or in combination)

Otitis externa (alone or with a corticosteroid)

Gut decontamination before abdominal surgery (oral)

Prophylaxis after urinary tract instrumentation (instillation)
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PAROMOMYCIN

Aminosidine, catenulin, crestomycin, hydroxymycin, esto-
mycin, monomycin A, neomycin E, paucimycin. Molecular 
weight (free base): 615.63.

A fermentation product of Streptomyces rimosus var. paromo-
mycinus, supplied as the sulfate. The commercial product is a 
mixture of the two isomeric paromomycins I and II, which are 
closely related to neomycin.

The antibacterial activity is almost identical to that of neo-
mycin. Since it differs from neomycin in having a hydroxyl 
rather than an amino group at the 6′-position it is not sen-
sitive to AAC(6′) modifying enzymes. It is active against 
M. tuberculosis, including multidrug-resistant strains, and the 
M. avium complex.

Unlike other aminoglycosides, paromomycin is active 
against some protozoa, including Entamoeba histolytica, 
Cryptosporidium parvum, Leishmania spp., Giardia lamblia and 
Trichomonas vaginalis. It also exhibits activity against the tape-
worms Taenia saginata, Taenia solium, Diphyllobothrium latum 
and Hymenolepis nana.

It closely resembles neomycin in pharmacokinetic behavior 
and liability to produce deafness and intestinal malabsorption.

 CLINICAL USE

Its antiprotozoal activity has attracted some attention, but it 
has largely been superseded by more active and less toxic com-
pounds. Success in treating nitroimidazole-resistant trichomo-
niasis with topical paromomycin has been reported. Trials in 
India and East Africa of parenteral paromomycin alone, or 
in combination with sodium stibogluconate, for treatment of 
 visceral leishmaniasis have shown promising results.

 Further information

Chappuis F, Sundar S, Hailu A, et al. Visceral leishmaniasis: what are the needs for 
diagnosis, treatment and control? Nat Rev Microbiol. 2007;5:873–882.

Donald PR, Sirgel FA, Kanyok TP, et al. Early bactericidal activity of paramomy-
cin (aminosidine) in patients with smear-positive pulmonary tuberculosis. 
Antimicrob Agents Chemother. 2000;44:3285–3287.

Kayok TP, Reddy MV, Chinnaswamy J, Danziger LH, Gangadharam PR. Activity of 
aminosidine (paromomycin) for Mycobacterium tuberculosis and Mycobacterium 
avium. J Antimicrob Chemother. 1994;33:323–327.

Murray HW. Treatment of visceral leishmaniasis (kala-azar): a decade of progress 
and future approaches. Int J Infect Dis. 2000;4:158–177.

Nyirjesy P, Sobel JD, Weitz MV, Leaman DJ, Gelone SP. Difficult-to-treat trichomo-
niasis: results with paromomycin cream. Clin Infect Dis. 1998;26:986–988.

OTHER AMINOGLYCOSIDES 
AND AMINOCYCLITOLS

STREPTOMYCIN

Molecular weight (free base): 581.58.

A fermentation product of Streptomyces griseus. It is available 
in some countries as the calcium chloride or as the hydrochlo-
ride, but usually supplied as the sulfate. Solutions are stable 
for long periods if refrigerated.

 ANTIMICROBIAL ACTIVITY

Activity against common bacterial pathogens is shown in Table 
12.1 (p. 146). It is less active than gentamicin group com-
pounds against most micro-organisms within the  spectrum, 

preparations and dosage

Proprietary names: Gabbroral.

Preparations: Capsules, syrup, topical.

Dosage: Adult, oral dosage, 25–35 mg/kg per day in three divided doses with 

meals for 5–10 days; adult, i.m. dosage, 16–20 mg/kg per day for 21 days.

Limited availability. Available in the USA and continental Europe, but not 

in the UK.

Intestinal amebiasis (oral)

Cutaneous leishmaniasis (topical) and visceral leishmaniasis 

(intramuscular)

Nitroimidazole-resistant trichomoniasis (topical)
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but it is particularly active against mycobacteria, including 
M. kansasii and most strains of M. ulcerans. Brucella (MIC 
0.5 mg/L), Francisella, Pasteurella spp. and Yersinia pestis are 
susceptible.

It is actively bactericidal, the speed of killing increasing 
progressively with concentration. The antibacterial activ-
ity is greatest in a slightly alkaline medium (pH 7.8) and is 
considerably reduced below pH 6.0. It is so sensitive to the 
effect of pH that the natural acidity of a solution of strepto-
mycin sulfate may be sufficient to depress its antibacterial 
activity.

 ACQUIRED RESISTANCE

In contrast to most other aminoglycosides, high level resis-
tance can result from a single-step mutation in the gene 
encoding ribosomal protein S12 (rpsL), which alters the pro-
tein so that binding is reduced. Resistance in some clinical 
isolates of M. tuberculosis is associated either with missense 
mutations in the rpsL gene, or with base substitutions at posi-
tion 904 in the 16S rRNA.

Resistance can also be caused by aminoglycoside-
modifying enzymes: phosphotransferases that modify the 
3″-hydroxyl group in both Gram-negative and Gram-
positive organisms; a phosphotransferase that modifies the 
6-hydroxyl group in Pseudomonas spp.; and a nucleotidyl-
transferase that modifies the 3″-hydroxyl group in Gram-
negative organisms.

Increase in resistance often occurs within a few days (for 
M. tuberculosis a few weeks) of the beginning of treatment, and 
resistance of many species is now common. Primary strepto-
mycin resistance in M. tuberculosis is much more common in 
the Far East and less developed countries than in the UK and 
USA. However, several clusters of multidrug- resistant tuber-
culosis have been identified among hospital patients with 
AIDS in the USA.

Strains of streptococci and enterococci showing moder-
ate resistance (MIC 6–500 mg/L) exhibit synergy with pen-
icillin, but strains showing high levels of resistance (MIC 
>500 mg/L) have ribosomes that are resistant to streptomy-
cin and simultaneous treatment with penicillin is without 
effect.

It is not uncommon to find strains of bacteria, includ-
ing M. tuberculosis, that are actually favored by the presence 
of the antibiotic or completely dependent on it. Isolated 
ribosomes from streptomycin-dependent Esch. coli show a 
change in the same single ribosomal protein that determines 
resistance and synthesize peptides only in the presence of 
the drug.

Streptomycin-resistant bacteria usually remain sensitive to 
other aminoglycosides. Enterococci with high-level resistance 
to gentamicin, and consequent resistance to gentamicin–β-
lactam synergy, may show synergy between the β-lactam and 
streptomycin.

 PHARMACOKINETICS

C
max

 1 g intramuscular 26–58 mg/L after 0.5–1.5 h

Plasma half-life 2.4–2.7 h

Volume of distribution 0.3 L/kg

Plasma protein binding 35%

Absorption

Absorption from the intestinal tract is negligible. In patients 
treated for tuberculosis considerable interindividual variabil-
ity of Cmax has been observed following both intramuscular 
and intravenous administration due to differences in distribu-
tion volume and, in the case of intramuscular administration, 
rate of absorption. In patients over the age of 40 years, excre-
tion is delayed and in older subjects commonly incomplete at 
24 h. In such patients a dose of 0.75 g intramuscularly pro-
duces peak plasma concentrations around 25–60 mg/L with a 
half-life up to 9 h.

Distribution

Streptomycin diffuses fairly rapidly into most body tissues, 
but is distributed only in the extracellular fluid. It appears in 
the peritoneal fluid in concentrations of about one-quarter 
to one-half those present in the blood, and in pleural fluid 
the concentrations may equal those in the blood. It does not 
penetrate into the CSF or thick-walled abscesses, but sig-
nificant amounts are usually present in tuberculous cavities. 
Concentrations in cord blood are similar to those in maternal 
blood.

excretion

It is rapidly excreted by glomerular filtration and is unaffected 
by agents that block tubular secretion. The renal clearance is 
1.8–4.2 L/h and 30–90% of the dose is usually excreted in 
the first 24 h. Concentrations in the urine often reach 400 
mg/L after doses of 0.5 g. In oliguria, the plasma half-life is 
prolonged and dosage must be reduced if toxic concentra-
tions are to be avoided. Plasma half-life during hemodialysis 
approaches that in normal renal function.

 TOXICITY AND SIDE EFFECTS

Pain and irritation at the site of injection are common, 
and sterile inflammatory reactions or peripheral neuritis 
from direct involvement of a nerve sometimes occur. Many 
patients experience circumoral paresthesia, vertigo and 
ataxia, headaches, lassitude and ‘muzziness in the head’. 
Renal dysfunction is rare but has been described in patients 
receiving 3–4 g per day.
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ototoxicity

The most common serious toxic effect is vestibular dis-
turbance, which is related to total dosage and excessive 
blood concentrations, and hence to the age of the patient 
and the state of renal function. In older patients the risk of 
damage is higher and compensation is less than in young 
patients. Persistence of the drug in the perilymph after 
the plasma concentration has fallen may play an impor-
tant part in such ototoxicity. There is no significant rela-
tion between incidence of dizziness and peak streptomycin 
concentration, but a highly significant relation to plasma 
concentrations exceeding 5 mg/L at 24 h. The risk to hear-
ing is much less, but damage sometimes occurs after only 
a few doses. Congenital hearing loss or abnormalities in 
the caloric test or audiogram have been described several 
times in children born to women treated with streptomy-
cin in pregnancy. There is considerable individual vari-
ation in susceptibility to its toxic effects, which may be 
partly genetically determined.

Allergy

In addition to eosinophilia unassociated with other allergic 
manifestations, rashes and drug fever occur in about 5% of 
treated patients. These are usually trivial and respond to anti-
histamine treatment, so that in most cases therapy can be 
continued, although this should be done with caution, since 
occasionally severe and even fatal exfoliative dermatitis may 
develop. Skin sensitization is also common in nurses and dis-
pensers who handle streptomycin and may lead to severe der-
matitis, sometimes associated with periorbital swelling and 
conjunctivitis. Reactions most frequently develop between 
4 and 6 weeks, but may appear after the first dose or after 
6 months’ treatment. Patients who develop hypersensitiv-
ity during prolonged therapy can generally be desensitized 
by giving 20 mg prednisolone daily plus 10 daily increments 
from 0.1 to 1.0 g streptomycin when normal dosage will usu-
ally be tolerated, or by giving increased doses of streptomycin 
every 6 h.

neuromuscular blockade

It is rare for neuromuscular blockade to develop in those 
whose neuromuscular mechanisms are normal, but patients 
who are also receiving muscle relaxants or anesthetics, or are 
suffering from myasthenia gravis are at special risk.

other effects

Rare neurological manifestations include peripheral neuritis 
and optic neuritis with scotoma. Other rare effects have been 
aplastic anemia, agranulocytosis, hemolytic anemia, throm-
bocytopenia, hypocalcemia and severe bleeding associated 
with a circulating factor V antagonist.

 CLINICAL USE

The most important use of streptomycin is in the treatment of 
tuberculosis (see Ch. 58). Depression of vestibular function by 
streptomycin has been used in the treatment of patients suf-
fering from Ménière’s disease.

 Further information

Akaho E, Maekawa T, Uchinashi M, Kanamori R. A study of streptomycin blood 
level information of patients undergoing hemodialysis. Biopharm Drug Dispos. 
2002;23:47–52.

Bagger-Sjoback D. Effect of streptomycin and gentamicin on the inner ear. Ann 
N Y Acad Sci. 1997;830:120–129.

de Jager P, van Altena R. Hearing loss and nephrotoxicity in long-term aminoglyco-
side treatment in patients with tuberculosis. Int J Tuberc Lung Dis. 2002;6:622–627.

Gill V, Cunha BA. Tularemia pneumonia. Semin Respir Infec. 1997;12:61–67.
Honore N, Cole ST. Streptomycin resistance in mycobacteria. Antimicrob Agents 

Chemother. 1994;38:238–242.
Peloquin CA, Berning SE, Nitta AT, et al. Aminoglycoside toxicity: daily versus 

thrice-weekly dosing for treatment of mycobacterial diseases. Clin Infect Dis. 
2004;38:1538–1544.

Shea JJ. The role of dexamethasone or streptomycin perfusion in the treatment of 
Ménière’s disease. Otolaryngol Clin North Am. 1997;30:1051–1059.

Zhu M, Burman WJ, Jaresko GS, et al. Population pharmacokinetics of intravenous 
and intramuscular streptomycin in patients with tuberculosis. Pharmacotherapy. 
2001;21:1037–1054.

SPECTINOMYCIN

Aminospectacin; actinospectacin. Molecular weight (free base): 
332.35.
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preparations and dosage

Proprietary names: Many generic forms.

Preparation: Injection.

Dosage: Tuberculosis: Adults, i.m., 1 g per day (750 mg per day for adults 

>40 years of age or <50 kg body weight). Children, i.m., 15 mg/kg per day 

(maximum 1 g). Can also be given intravenously.

Widely available.

Tuberculosis (in combination with other antituberculosis drugs)

Infections caused by M. kansasii (in combination with other 

antimycobacterial agents)

Plague and tularemia, including tularemia pneumonia

Bacterial endocarditis (in combination with a penicillin)

Brucellosis

Whipple’s disease (in combination with other antibiotics)
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An aminocyclitol that lacks an aminoglycosidic function and 
which is a fermentation product of Streptomyces spectabilis and 
Streptomyces flavopersicus. It is supplied as the dihydrochloride 
and the sulfate.

 ANTIMICROBIAL ACTIVITY

Its activity is modest (Table 12.1, p. 146) and markedly 
affected by medium composition and pH. It exerts only mod-
erate activity against Gram-positive organisms. It is widely 
active against enterobacteria, but Providencia spp. are resis-
tant. Anaerobic bacteria are also resistant.

Of particular interest is its activity against N. gonorrhoeae, 
including β-lactamase-producing strains. Among other sexu-
ally acquired organisms, Ureaplasma urealyticum is susceptible, 
but Chlamydia trachomatis and T. pallidum are resistant.

For most organisms, the minimum bactericidal concentra-
tion (MBC) is at least four times the MIC and it is regarded 
as essentially bacteristatic. In contrast, it is bactericidal for 
gonococci at concentrations close to the MIC, which is of the 
order of 2–16 mg/L for both penicillin-susceptible and resis-
tant strains.

 ACQUIRED RESISTANCE

N. gonorrhoeae strains resistant to spectinomycin have emerged 
in South East Asia, the USA and the UK; the resistance of 
UK isolates was not attributable to aminoglycoside-modify-
ing enzymes. In most countries where its use remains low the 
prevalence of resistance in gonorrhea is also low.

Acquired resistance in enterobacteria, enterococci and staph-
ylococci can be caused by nucleotidyltransferases that modify 
the drug at position 9. The enzyme from Gram-negative organ-
isms ANT(3″) (9) also modifies streptomycin at position 3″, 
thus conferring cross-resistance to the two drugs. There is no 
enzymatic cross-resistance with 2- deoxystreptamine-containing 
aminoglycosides.

 PHARMACOKINETICS

C
max

 25 mg/kg intramuscular 60–80 mg/L after 1 h

Plasma half-life 2–3 h

Volume of distribution 10–13.4 L

Plasma protein binding <10%

It is poorly absorbed on oral administration. It is almost com-
pletely excreted unchanged in the urine over 48 h, concen-
trations on conventional dosage reaching 1 g/L. Excretion 

is prolonged in renal impairment, and is unaffected by 
probenecid.

 TOXICITY AND SIDE EFFECTS

Transient headache, dizziness, pain at the site of injection and 
occasional fever have been described. No evidence of ototox-
icity or renal toxicity has been found in volunteers receiving 
doses of 2 g every 6 h for 3 weeks, amounts much in excess of 
those used therapeutically.

 CLINICAL USE

 Further information

Farhi D, Hotz C, Poupet H, et al. Neisseria gonorrhoeae antibiotic resistance in 
Paris, 2005 to 2007: implications for treatment guidelines. Acta Derm Venereol. 
2009;89:484–487.

Ison CA. Antimicrobial agents and gonorrhoea: therapeutic choice, resistance and 
susceptibility testing. Genitourin Med. 1996;72:253–257.

Moran JS, Levine WC. Drugs of choice for the treatment of uncomplicated gono-
coccal infections. Clin Infect Dis. 1995;20(suppl 1):S47–S65.

ASTROMICIN

A pseudodisaccharide aminoglycoside produced by 
Micromonospora olivoasterospora. Formulated as the sulfate.

Intrinsic activity is similar to that of amikacin for most 
groups of organisms, but activity against Ps. aeruginosa is rela-
tively poor. It is resistant to many aminoglycoside- modifying 
enzymes, but is sensitive to AAC(3) and the APH(2″)/AAC(6′) 
bifunctional enzyme.

preparations and dosage

Proprietary names: Trobicin, Trobicine.

Preparation: Injection.

Dosage: Deep i.m. injection adults, 2 g as a single dose, or 4 g in two 

separate i.m. sites in those difficult to treat and in areas of resistance. 

Children, i.m., 40 mg/kg as a single dose (maximum dose, 2 g per day).

Widely available.

Gonorrhea in penicillin-allergic patients or due to penicillin-resistant 

strains (single-dose treatment)
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Peak concentrations of 10–12 mg/L were found in the 
blood following 200 mg intravenous or intramuscular admin-
istration to volunteers. The plasma half-life was 1.5–2 h. Over 
85% of the drug was recovered in urine during the 8 h follow-
ing administration.

Toxicity and side effects are similar to those observed with 
other aminoglycosides. Where the drug is available it is used 
instead of amikacin in the treatment of infections caused by 
susceptible organisms.

 Further information

Matsuhashi Y, Yoshida T, Hara T, Kazuno Y, Inouye S. In vitro and in vivo antibac-
terial activities of dactimicin, a novel pseudodisaccharide aminoglycoside, 
compared with those of other aminoglycoside antibiotics. Antimicrob Agents 
Chemother. 1985;27:589–594.

Nakashima M, Takiguchi Y, Inoue A, Kobayashi S.A, phase I. study on intravenous 
drip infusion of astromicin. Jpn J Antibiot. 1986;39:1543–1572.
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David Greenwood

β-Lactam antibiotics: 
cephalosporins

All cephalosporins are based on cephalosporin C, which was discov-
ered by Edward Abraham and his colleagues in Oxford as a minor 
component of the antibiotic complex produced by Cephalosporium 
acremonium, a mold cultivated from a Sardinian sewage outfall by 
Giuseppe Brotzu in 1948. Interest in cephalosporin C was fuelled 
by its stability to staphylococcal β-lactamase (shared by all subse-
quent cephalosporins), which was causing concern at the time, and 
they probably owe their continued development to this property. 
Over 100 semisynthetic cephalosporins have since been marketed, 
although not all have survived into present-day use.

In all cephalosporins the β-lactam ring is fused to a six-membered 
dihydrothiazine ring in place of the five-membered thiazolidine ring 
of penicillins (see pp. 226–227). The basic 7-aminocephalosporanic 
acid skeleton can be modified at a number of positions.
•	 Alterations at the C-3 position tend to affect the pharmacokinetic 

and metabolic properties.
•	 Introduction of a methoxy group at C-7 yields a cephamycin 

with enhanced stability to β-lactamases, including the 
cephalosporinases of certain Bacteroides spp.

•	 Changes at the 7-amino position alter, in general, the 
antibacterial activity or β-lactamase stability or both.

Other compounds conveniently considered alongside the cepha-
losporins, since their properties are very similar, include:

•	 the oxacephems, in which the sulfur of the dihydrothiazine ring 
is replaced by oxygen

•	 the carbacephems, in which the sulfur is replaced by carbon.

CLASSIFICATION

As new cephalosporins have become available they have been 
loosely classified into ‘generations’, but these descriptions 
are too simplistic, and are to be discouraged. The following 
grouping is adopted here:

•	 Group 1: Parenteral compounds of moderate antimicrobial 
activity and susceptible to hydrolysis by a wide variety of 
enterobacterial β-lactamases.

•	 Group 2: Oral compounds of moderate antimicrobial 
activity and moderately resistant to some enterobacterial 
β-lactamases.

•	 Group 3: Parenteral compounds of moderate 
antimicrobial activity resistant to a wide range of 
β-lactamases. Some are available as esters for oral 
administration.

•	 Group 4: Parenteral compounds with potent 
antimicrobial activity and resistance to a wide range 
of β-lactamases.

•	 Group 5: Oral compounds (often achieved 
by esterification) resistant to a wide range of 
β-lactamases. Most exhibit potent activity against 
enterobacteria; activity against Gram-positive cocci 
is variable.

•	 Group 6: Parenteral compounds with activity  
against Pseudomonas aeruginosa. They vary widely in  
their spectrum of activity against other bacterial  
species.

•	 Group 7: Compounds characterized by activity against 
methicillin-resistant staphylococci.

Although the ‘generation’ categories often used are impre-
cise, ‘first-generation’ compounds roughly correspond to 
Groups 1 and 2; ‘second-generation’ to group 3; ‘third-
generation’ to groups 4–6. Certain group 6 and 7 com-
pounds are sometimes allocated to so-called ‘fourth and 
fifth generations’.

Some cephalosporins, including cefalonium and cefaloram 
(group 1) and cefquinone and ceftiofur (group 4) are used 
only in veterinary medicine and are not discussed further 
here.
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ANTIMICROBIAL ACTIVITY

Most cephalosporins are active against staphylococci other 
than methicillin-resistant strains, including those producing 
β-lactamase. The degree of activity varies among different 
members of the group. Streptococci, including pneumococci, 
are susceptible but Enterococcus faecalis, Ent. faecium and 
L. monocytogenes are virtually completely resistant. Streptococcus 
pneumoniae strains with reduced susceptibility to penicillins 
are also less susceptible to the cephalosporins. Many Gram-
negative species including neisseriae, Haemophilus influenzae, 
Escherichia coli, salmonellae, some klebsiellae and Proteus mira-
bilis are sensitive to varying degrees. Inoculum-related effects 
are common, particularly when compounds of groups 1 and 2 
are tested against Gram-negative bacilli. Ps. aeruginosa is sen-
sitive only to group 6 compounds. Except for cephamycins, 
activity against many anaerobes is unreliable. Mycobacteria, 
mycoplasmas, chlamydiae and fungi are resistant.

Cephalosporins are usually bactericidal at concentrations 
above the minimum inhibitory concentration (MIC) and bac-
tericidal synergy is commonly demonstrable with aminogly-
cosides and a number of other agents.

ACQUIRED RESISTANCE

The most important form of resistance is that due to the elab-
oration of β-lactamases (pp. 228–231). All cephalosporins 
are relatively stable to staphylococcal β-lactamase, but resis-
tance among Gram-negative genera is a good deal more com-
plicated. The chromosomal β-lactamase of Esch. coli, which 
has virtually no hydrolytic activity against ampicillin, slowly 
degrades some group 1 cephalosporins and is responsible for 
the inoculum effect observed with Esch. coli. Chromosomal 
β-lactamases of Bacteroides fragilis are also more active against 
cephalosporins than against penicillins, but cephamycins and 

oxacephems are unusual in their stability to these enzymes. 
Cephalosporins exhibit considerable variation in stability to 
the enzymes of genera with an inducible, or derepressible, 
chromosomal β-lactamase and to plasmid-mediated enzymes 
of Gram-negative bacilli (pp. 230–231).

The resistance of Gram-negative bacilli does not depend 
solely on β-lactamase formation. It varies also with the extent 
to which the antibiotic can penetrate the outer cell membrane 
and reach the site of enzyme formation. This property, known 
as crypticity, can be measured by comparing the enzyme activ-
ity of intact and disrupted cells. Resistance may also result 
from a change in the biochemical target of the antibiotic (i.e. 
the penicillin-binding proteins).

PHARMACOKINETICS

Group 2 agents are well absorbed, with bioavailability often 
exceeding 85%. The bioavailability of some of the agents in 
other groups is enhanced by prodrug formulation. These 
agents tend to have improved absorption following food, 
whereas food has little or a deleterious effect on the absorp-
tion of group 2 compounds.

Cephalosporins are usually well distributed, achieving high 
concentrations in the interstitial fluid of tissues and in serous 
cavities. Penetration into the eye and the cerebrospinal fluid 
(CSF) is poor, though some cephalosporins achieve adequate 
levels in the CSF in the presence of meningeal inflammation. 
They cross the placenta.

Compounds that carry an acetoxymethyl group at C-3, 
such as cefalotin and cefotaxime, are susceptible to mamma-
lian esterases that remove the acetyl group to form the corre-
sponding hydroxymethyl derivative with reduced antibacterial 
activity. The relevance (if any) of deacetylation to therapy has 
not been established.

Cephalosporins are generally excreted into urine by glomer-
ular filtration and tubular secretion; elimination is depressed by 

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6 Group 7

Cefacetrile Cefaclor Cefbuperazone* Cefmenoxime Cefcapene Cefepime Ceftaroline

Cefaloridine Cefadroxil Cefmetazole* Cefodizime Cefdinir Cefoperazone Ceftobiprole

Cefalotin Cefalexin Cefminox* Cefotaxime Cefditoren Cefozopran

Cefamandole Cefatrizine Cefotetan* Ceftizoxime Cefetamet Cefpimizole

Cefapirin Cefprozil Cefotiam Ceftriaxone Cefixime Cefpiramide

Cefazolin Cefradine Cefoxitin* Flomoxef† Cefpodoxime Cefpirome

Cefonicid Cefroxadine Cefuroxime Latamoxef† Cefteram Cefsulodin

Ceforanide Loracarbef‡   Ceftibuten Ceftazidime   

*7-Methoxycephalosporin (cephamycin).
†7-Methoxyoxacephem.
‡1-Carbacephem.
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probenecid and renal failure. Most are rapidly eliminated with 
plasma half-lives of 1–2 h but some are more persistent. The 
less active metabolites resulting from removal of acetoxymethyl 
groups at C-3 are also excreted in the urine. Some excretion is 
via the bile, and certain compounds, notably cefoperazone and 
cefpiramide, are preferentially excreted by this route.

TOXICITY AND SIDE EFFECTS

HYPERSENSITIVITY

Hypersensitivity occurs in 0.5–10% of patients, mostly in the 
form of rashes, eosinophilia, drug fever and serum sickness. In 
addition to immediate reactions, a maculopapular rash with or 
without fever, lymphadenopathy and eosinophilia may appear 
after several days’ treatment. As with penicillins, allergy to 
cephalosporins is probably based on major and minor anti-
genic determinants, but they are less well characterized than 
with penicillins. Clinical reactions to cephalosporins in peni-
cillin-allergic patients are uncommon and severe reactions are 
very rare. About 10% of such reactions are said to occur, gen-
erally in patients who react to a variety of drugs. Nonetheless, 
the generally accepted advice is that cephalosporins should 
not be given to patients who have previously suffered a well-
documented severe reaction to penicillins. Specific allergy to 
cephalosporins also occurs, but there is no evidence that the 
compounds differ markedly in allergenicity.

HEMATOLOGIC TOXICITY

Rare reversible abnormalities of platelet function and coagu-
lation resulting from several different mechanisms have been 
described. Thrombocytopenia and neutropenia are occasionally 
seen.

Although penicillins have long been associated with clot-
ting abnormalities, it was cephalosporins that brought bleed-
ing associated with β-lactam antibiotics into prominence when 
cefamandole, cefoperazone, latamoxef and other compounds 
with a methylthiotetrazole side chain at the C-3 position 
were found to induce severe hypoprothrombinemia, espe-
cially in patients who were malnourished, had renal failure or 
were treated for prolonged periods. The deficiency is readily 
reversed by vitamin K

1.

OTHER ADVERSE REACTIONS

Pain at the site of intramuscular injection and phlebitis at the 
site of intravenous administration is fairly common. Candida 
overgrowth with vaginitis has been a feature of some studies.

Diarrhea occurs in about 5% of patients and pseudomem-
branous colitis has been described. Changes in bowel flora, 
accompanied by emergence of resistant organisms, including 
Clostridium difficile, are particularly likely with those agents 

which are extensively excreted in the bile and because of their 
non-absorption achieve substantial fecal concentrations.

Rare disturbances of renal function appear to have the 
direct toxic or allergic origins described for penicillins. Claims 
that the nephrotoxicity of cephalosporins is potentiated by 
aminoglycosides have been disputed.

As with other β-lactam antibiotics, central nervous system 
(CNS) disturbances may occur if they are given in excessive 
doses, particularly to patients with renal failure. Transient 
abnormalities of liver function tests without other evidence of 
hepatotoxicity and gastrointestinal disturbances also occur.

In addition to hypoprothrombinemia (see above) cepha-
losporins with a methylthiotetrazole side chain may cause a 
disulfiram-like reaction, evidently due to inhibition of alde-
hyde dehydrogenase. Patients should be advised to avoid alco-
hol during and 3 days after treatment with these agents.

CLINICAL USE

GROUP 1

Group 1 cephalosporins are no longer widely used. They are 
not reliable for the treatment of severe respiratory tract infec-
tion, severe undiagnosed sepsis or meningitis. They should be 
avoided in the treatment of diseases where H. influenzae or 
enterococci may be implicated.

GROUP 2

The older oral agents have had widespread use for the treat-
ment of upper respiratory, urinary, soft tissue and various 
other infections. They are possible alternatives to benzylpeni-
cillin in allergic patients for the treatment of streptococcal, 
pneumococcal and staphylococcal infections.

GROUPS 3 AND 4

The properties of the β-lactamase-stable cephalosporins 
strongly commend them for the treatment of severe sepsis of 
unknown or mixed bacterial origin. It is not established that 
the superior activity in vitro of group 4 over group 3 com-
pounds is reflected in greater clinical efficacy. Despite the 
difference in potency, it is customary to give similar doses 
of compounds in both groups, partly because the very high 
activity seen against enterobacteria is not exhibited against 
staphylococci. They have been successfully used in hospital-
acquired pneumonia, particularly that due to enterobacteria. 
They are inactive against Legionella pneumophila, Mycoplasma 
pneumoniae and Coxiella burnetii.

Group 4 agents now have an established place in the treat-
ment of meningitis due to many enterobacteria, β-lactamase-
producing H. influenzae and penicillin-resistant pneumococci. 
They are not effective in the treatment of meningitis due to 



L. monocytogenes, Enterobacter, Ps. aeruginosa or Serratia spp. 
Despite their in-vitro potency, they do not appear to offer any 
advantage over established therapy in the treatment of menin-
gitis due to Neisseria meningitidis. Their activity and resistance 
to β-lactamases has led to their successful use for the treat-
ment of infection due to β-lactamase-producing gonococci.

GROUP 5

Those oral compounds may replace the group 2 agents if 
resistance to the earlier compounds becomes significant. The 
relatively lower activity of cefixime and ceftibuten against 
Gram-positive cocci suggests they should be used with cau-
tion in infections with these organisms.

GROUPS 6 AND 7

Ceftazidime has been widely used in serious infection due to 
Ps. aeruginosa. Cefsulodin and cefoperazone are indicated only 
in proven or highly suspected pseudomonas infection and in 
combination with an appropriate aminoglycoside. Other group 
6 compounds are appropriate for use in patients with severe 
infections caused by bacteria with plasmid and chromosomally 
mediated β-lactamases. Their main use is in hospital-acquired 
infections or in serious problems in the neutropenic patient.

The newer group 7 compounds have been specifically devel-
oped for their action against methicillin-resistant staphylococci.

 Further information

Asbel LE, Levison ME. Cephalosporins, carbapenems, and monobactams. Infect Dis 
Clin North Am. 2000;14:435–437.

Marshall WF, Blair JE. The cephalosporins. Mayo Clin Proc. 1999;74:187–195.
Moreno E, Macías E, Dávila I, Laffond E, Ruiz A, Lorente F. Hypersensitivity reactions 

to cephalosporins. Expert Opin Drug Saf. 2008;7:295–304.
Nathwani D. Place of parenteral cephalosporins in the ambulatory setting: clinical 

evidence. Drugs. 2000;59(suppl 3):37–46.
Pichichero ME. A review of evidence supporting the American Academy of 

Pediatrics recommendation for prescribing cephalosporin antibiotics for 
 penicillin-allergic patients. Pediatrics. 2005;115:1048–1057.

Wise R. Antibacterial agents: oral cephalosporins. Prescribers Journal. 1994;34:110–115.

GROUP 1 CEPHALOSPORINS

CEFALOTIN

Cephalothin. Molecular weight (sodium salt): 418.4.

A semisynthetic cephalosporin supplied as the sodium salt.

 ANTIMICROBIAL ACTIVITY

Its activity against common pathogenic bacteria is shown in 
Table 13.1. Cefalotin is active against staphylococci, includ-
ing β-lactamase-producing strains. Streptococci, including 
 penicillin-sensitive pneumococci, but not enterococci, are 
highly susceptible. It is active against a range of enterobacte-
ria, but is hydrolyzed by many enterobacterial β-lactamases. 
Pasteurella and Vibrio spp., H. influenzae, Bordetella and Brucella 
spp. are moderately resistant. Campylobacter, Citrobacter, 
Enterobacter, Pseudomonas and Listeria spp. are resistant. Most 
anaerobes, with the exception of B. fragilis, are susceptible: 
Treponema pallidum and Leptospira spp. are susceptible, but 
mycobacteria and mycoplasma are resistant.

 PHARMACOKINETICS

C
max

 1 g intravenous

 1 g intramuscular

30 mg/L after 15 min

15–20 mg/L after 0.5–1 h

Plasma half-life c. 0.8 h

Volume of distribution 0.26 L

Plasma protein binding 60–70%

Distribution

Intramuscular administration is commonly painful and it is 
normally given intravenously. Continuous infusion of 12 g 
per day produces steady-state plasma levels of 10–30 mg/L. 
Penetration into the CSF is very poor, rising in the presence of 
inflammation to less than 2 mg/L after a 2 g intravenous dose. 
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  Cefamandole Cefalotin Cefazolin

Staphylococcus aureus 0.5–1 0.25–0.5 0.25–0.5

Streptococcus pyogenes 0.06–1 0.1 0.1–0.25

Str. pneumoniae 0.06–16 0.06–0.1 0.1

Enterococcus faecalis 32–R 32 R

Neisseria gonorrhoeae 0.06 0.25–2 0.1–0.5

N. meningitidis 0.1–0.5 0.5  

Haemophilus influenzae 0.25–2 4–8 2–8

Escherichia coli 0.5–4 4–8 0.5–4

Klebsiella pneumoniae 0.5–2 4 1–4

Pseudomonas aeruginosa R R R

Bacteroides fragilis R 32–64 16–32

table 13.1 activity of group 1 cephalosporins against common 
pathogenic bacteria: mic (mg/L)

R, resistant (MIC >64 mg/L).
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Concentrations in sputum are 10–25% of the corresponding 
serum levels. An intravenous dose of 1 g produces a concen-
tration in bone around 4 mg/kg.

Metabolism and excretion

It is deacetylated by hepatic esterases. The metabolite has 
about 20% of the activity of the parent compound and 
accounts for 20–30% of concentrations in serum and urine.

Urinary concentrations of 500–2000 mg/L are achieved 
during the first 6 h after a 1 g dose. Excretion is depressed 
by probenecid, indicating significant tubular secretion, and 
by renal failure although, because of metabolism, the plasma 
half-life of the drug is only moderately prolonged to about 
3 h, while that of the principal metabolite rises to 12 h or 
more. Impaired tubular secretion is responsible for the ele-
vated levels of the drug found in newborn and premature 
infants. Biliary excretion is trivial and liver disease has little 
effect on its half-life or plasma protein binding.

 TOXICITY AND SIDE EFFECTS

In volunteers receiving very large doses (8 g per day for 
2–4 weeks) a serum-sickness-like illness developed. Positive 
Coombs’ reactions associated with red cell agglutination, but 
very seldom with hemolysis, are common. Thrombocytopenia 
and leukopenia have been described. Coagulopathy with pro-
longed prothrombin time has been encountered in patients 
with renal failure or very high plasma levels resulting from 
excessive dosage. Evidence has been cited of exaggeration of 
pre-existing renal disease or renal damage, perhaps enhanced 
by simultaneous administration of aminoglycosides or furo-
semide (frusemide), in which direct tubular injury or allergic 
nephritis may have been involved.

 CLINICAL USE

It has been used in staphylococcal and streptococcal infections 
in penicillin-allergic patients, but is no longer recommended.

 Further information

Anonymous. Cephalothin (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C147–C149.

CEFAZOLIN

Cephazolin. Molecular weight (sodium salt): 476.5.

A semisynthetic cephalosporin supplied as the sodium salt.

 ANTIMICROBIAL ACTIVITY

Activity against common pathogenic bacteria is shown in 
Table 13.1. Enterobacter, Klebsiella, Providencia, Serratia spp. 
and Pr. vulgaris are all resistant. B. fragilis is resistant, but 
other anaerobes are susceptible.

 PHARMACOKINETICS

C
max

 1 g intramuscular

 1 g intravenous bolus

65–70 mg/L at 1 h

180–200 mg/L end infusion

Plasma half-life 1.5–2.0 h

Volume of distribution c. 10 L

Plasma protein binding 75–85%

Distribution

The volume of distribution is the smallest of the cepha-
losporins in group 1, perhaps an indication of relative con-
finement to the plasma space. It crosses inflamed synovial 
membranes, but the levels achieved are well below those 
of the simultaneous serum levels and entry to the CSF is 
poor. In patients receiving 10 mg/kg by intravenous bolus, 
mean concentrations in cancellous bone were 3.0 mg/kg 
when the mean serum concentration was 33 mg/L, giv-
ing a bone:serum ratio of 0.09. Some crosses the placenta, 
but the concentrations found in the fetus and membranes 
are low.

Metabolism and excretion

It is not metabolized. Around 60% of the dose is excreted 
in the urine within the first 6 h, producing concentrations 
in excess of 1 g/L. Excretion is depressed by probenecid. 
The renal clearance is around 65 mL/min and declines in 
renal failure, when the half-life may rise to 40 h, although lev-
els in the urine sufficient to inhibit most urinary pathogens 
are still found. It is moderately well removed by hemodialysis 
and less well by peritoneal dialysis.

preparations and dosage

Proprietary name: Keflin.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 0.5–1 g every 4–6 h; up to 12 g per day in severe 

infections. Children, 50–150 mg/kg per day in divided doses.

No longer widely available.
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Levels sufficient to inhibit a number of enteric organisms 
likely to infect the biliary tract are found in T-tube bile (17–31 
mg/L after a 1 g intravenous dose), but this is principally due 
to the high serum levels of the drug and the total amounts 
excreted via the bile are small.

 TOXICITY AND SIDE EFFECTS

Side effects are those common to other cephalosporins 
(p. 172), including rare bleeding disorders and encephalopa-
thy in patients in whom impaired excretion or direct instil-
lation leads to very high CSF levels. Neutropenia has been 
described and hypoprothrombinemic bleeding has been 
attributed to the side chain.

 CLINICAL USE

Cefazolin has been widely used in surgical prophylaxis, 
especially in biliary tract (because of the moderately high 
concentrations achieved in bile), orthopedic, cardiac and 
gynecological surgery.

 Further information

Anonymous. Cefazolin (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C89–C93.

Ortiz A, Martin-Llonch N, Garron MP, et al. Cefazolin-induced encephalopathy 
in uremic patients. Rev Infect Dis. 1991;13:772–774.

Periti P, Mazzei T, Orlandini F, et al. Comparison of the antimicrobial prophylactic 
efficacy of cefotaxime and cephazolin in obstetric and gynaecological surgery: 
a randomised multicentre study. Drugs. 1988;35:133–138.

Thompson JR, Garber R, Ayers J, Oki J. Cefazolin-associated neutropenia. Clin 
Pharm. 1987;6:811–814.

OTHER GROUP 1 CEPHALOSPORINS

 CEFACETRILE

Its spectrum resembles that of cefalotin. Following an intra-
muscular dose of 1 g, a peak plasma concentration around 
15 mg/L is achieved at 1 h. About 25% is bound to plasma 

protein. Penetration into the CSF is limited. About 80% of 
the drug is excreted in the urine, producing concentrations 
in excess of 1 g/L, 25% of which is in the desacetylated form. 
Clearance is depressed by probenecid and in renal failure. 
Little is excreted in the bile.

Manifestations of hypersensitivity in patients not known 
to be allergic to β-lactam antibiotics are common. It is no 
longer used.

 CEFALORIDINE (CEPHALORIDINE)

Its activity and spectrum are similar to those of cefalotin. 
A 1 g intramuscular dose produces peak plasma levels of 
20–40 mg/L at 1 h. The plasma half-life is 1.5 h. It is about 
20% bound to plasma protein. In the presence of inflamma-
tion, CSF concentrations are around 25% of simultaneous 
plasma levels.

It is excreted unchanged in the urine, mainly in the glom-
erular filtrate. Moderate doses produce many hyaline casts in 
the urine and large doses sometimes cause proximal tubu-
lar necrosis, occasionally leading to oliguria and renal failure. 
Renal toxicity is enhanced by furosemide and ethacrynic acid. 
It is no longer used.

 CEFAMANDOLE

A semisynthetic cephalosporin supplied as the nafate, an 
antibacterially inactive ester hydrolyzed in the body to cefa-
mandole. It is active against common pathogenic bacteria 
(Table 13.1), but there is considerable strain variation in 
susceptibility. It is somewhat more stable than other group 1 
agents to enterobacterial β-lactamases. Acinetobacter, 
Serratia and Pseudomonas spp. are often resistant. Some 
anaerobic Gram-negative rods are susceptible but B.  fragilis 
is resistant.

A 1 g intramuscular dose achieves a plasma concentration 
of 20–35 mg/L after 1 h. It is widely distributed in body tis-
sues. CSF levels are poor in the absence of meningeal inflam-
mation. Therapeutically effective concentrations (c. 9 mg/kg) 
are found in bone after an intravenous dose of 2 g. Protein 
binding is 65–80%.

Renal excretion with a plasma half-life of around 
50 min is mainly by both glomerular and tubular routes. 
A small amount is excreted in the bile and concentrations 
around 150–250 mg/L are found in T-tube bile follow-
ing a 1 g intravenous dose. Only about 5% is removed by 
hemodialysis.

Cefamandole is one of the analogs containing the methyl-
thiotetrazole side chain associated with bleeding (p. 172). 
Rare renal damage or enhancement of existing renal damage 
has been described. Thrombophlebitis on intravenous admin-
istration is relatively common.

preparations and dosage

Proprietary name: Kefzol.

Preparation: Injection.

Dosage: Adults, i.m., i.v., i.v. infusion 0.5–2 g every 6–12 h, up to 12 g per 

day in severe infections. Children, 25 mg/kg per day in divided doses, 

increasing to 100 mg/kg per day in severe infection.

Widely available.
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Experience in the treatment of a variety of infections and 
for surgical prophylaxis has been mixed and it is no longer 
recommended.

 Further information

Anonymous. Cefamandole (nafate). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C86–C88.

 CEFAPIRIN

Its antibacterial spectrum is almost identical to that of cefa-
lotin, but it is more labile to staphylococcal β-lactamase. 
Intramuscular injections can be painful. A peak plasma con-
centration of 15–25 mg/L is obtained 0.5 h after intramuscular 
injection of 1 g. The plasma half-life is 0.4–0.8 h. It is c. 50% 
plasma protein bound and metabolized to the desacetyl form. 
The metabolite accounts for almost half the drug in the urine. 
Less than 1% of the dose appears in the bile.

A serum-sickness-like illness analogous to that seen with 
cefalotin has been observed. It is no longer used.

 CEFONICID

Activity against Gram-positive and Gram-negative organisms 
in vitro is depressed by the presence of 50% serum. It is highly 
bound to plasma protein (98%) and has an extended plasma 
half-life of 4.5–5 h. A 1 g intramuscular dose achieves a mean 
peak plasma concentration of around 83 mg/L. Following a 
1 g intravenous bolus dose, mean peak plasma concentrations 
of 130–300 mg/L have been reported. In patients treated for 
community-acquired pneumonia, concentrations of 2–4 mg/L 
have been found in sputum.

It is predominantly excreted by renal secretion, 83–89% 
being recovered unchanged in the urine over 24 h. Plasma 
half-life is linearly related to creatinine clearance. As a 
result of its high protein binding it is not removed by 
hemodialysis.

It is generally well tolerated; pain on injection, rash and 
positive Coombs’ test are reported in some patients. It has 
been used to treat respiratory, soft tissue and urinary infec-
tions. Available in Italy.

 Further information

Saltier E, Brogden RN. Cefonicid. A review of its antibacterial activity, pharmaco-
logical properties and therapeutic use. Drugs. 1986;32:222–259.

 CEFORANIDE

A semisynthetic parenteral cephalosporin with activity broadly 
similar to that of cefalotin. Its activity in vitro is significantly 
reduced in the presence of serum. A 1 g intravenous dose 

achieves a concentration of c. 135 mg/L at the end of infu-
sion. The response after 0.25, 0.5 and 1 g intravenous doses 
is essentially linear. A 1 g intramuscular dose produces mean 
peak values of around 70 mg/L. Plasma protein binding is 
around 85%.

It is almost entirely eliminated in the urine with a half-
life of about 2.5 h, 80–95% being recovered in the first 12 h. 
The half-life is inversely related to renal function, rising 
to around 20 h when the creatinine clearance falls below 
5 mL/min. About half the dose is removed by hemodialysis 
over 6 h.

It is generally well tolerated; phlebitis and pain at the site 
of injection are reported in some patients with occasional 
transient neutropenia and increased transaminase levels. 
It has been used principally for the treatment of infections 
due to Gram-positive cocci, including staphylococcal and 
streptococcal soft-tissue infections, but is no longer widely 
available.

 Further information

Campoli-Richards DM, Lackner TE, Monk JP. Ceforanide. A review of its anti-
bacterial activity, pharmacokinetic properties and clinical efficacy. Drugs. 
1987;34:411–437.

GROUP 2 CEPHALOSPORINS

CEFACLOR

Molecular weight (monohydrate): 385.8.

A semisynthetic oral cephalosporin available as the mono-
hydrate. Aqueous solutions are stable at room temperature 
and 4°C for 72 h at pH 2.5 but rapidly lose activity at pH 7. 
A delayed-release formulation is available.

 ANTIMICROBIAL ACTIVITY

Its activity against common pathogenic bacteria is shown 
in Table 13.2. It is less resistant than other group 2 cepha-
losporins to staphylococcal β-lactamase. It is active against 
N. gonorrhoeae and H. influenzae and against most entero-
bacteria, but it is susceptible to common enterobacterial 
β-lactamases. Pr. vulgaris and Providencia, Acinetobacter and 
Serratia spp. are resistant. B. fragilis and clostridia are resis-
tant but other anaerobes are commonly susceptible.
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 PHARMACOKINETICS

Oral absorption c. 90%

C
max

 250 mg oral c. 6–7 mg/L after 50 min

Plasma half-life 0.5–1 h

Volume of distribution 0.37 L

Plasma protein binding 25%

absorption

Food intake increases the time taken to reach peak plasma 
levels and reduces the peak by 25–50%. The actual amount 
absorbed is unaffected. In children receiving 15 mg/kg per 
day (maximum daily dose 1 g) the mean peak serum level was 
16.8 mg/L at 0.5–1 h. There is no accumulation of the drug 
during repeated administration.

Distribution

In patients receiving 500 mg every 8 h for 10 days, concen-
trations were 0–1.7 (mean 0.5) mg/L in mucoid sputum and 
0–2.8 (mean 1.0) mg/L in purulent sputum. In children with 
chronic serous otitis media receiving 15 mg/kg per day, the 
mean peak concentration in middle ear secretion was 3.8 mg/L 
within 30 min of the dose when the mean simultaneous serum 
concentration was 12.8 mg/L.

Metabolism and excretion

No metabolites have been identified, but the drug probably 
chemically degrades in serum. About half of the dose is recov-
ered from the urine in the first 6 h and 70% in 24 h. Probenecid 
prolongs the plasma levels but in renal insufficiency the plasma 
half-life is only moderately increased. In patients with creati-
nine clearance values of 5–15 mL/min the mean plasma elimi-
nation half-life rose to 2.3 h and the 24 h urinary excretion fell 

to less than 10%. In patients requiring intermittent hemodialy-
sis and receiving 500 mg every 8 h for 10 days, the half-life rose 
to 2.9 h. Dialysis removed 34% of the dose.

 TOXICITY AND SIDE EFFECTS

Apart from mild gastrointestinal disturbance, the drug is 
well tolerated. Transiently increased transaminase levels and 
symptomatic vaginal candidosis have been noted. Clusters of 
a serum sickness-like illness have been described in children.

 CLINICAL USE

Uses are similar to those of other group 2 cephalosporins. 
It is among the few suitable for use in respiratory infections 
because of its activity against H. influenzae.

 Further information

Anonymous. Cefaclor. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C83–C86.

Meyers BR. Cefaclor revisited. Clin Ther. 2000;22:154–166.
Verhoef J. Cefaclor in the treatment of skin, soft tissue and urinary tract infections: 

a review. Clin Ther. 1988;11(suppl A):71–82.

table 13.2 activity of group 2 cephalosporins against common pathogenic bacteria: mic (mg/L)

 Cefaclor Cefadroxil Cefatrizine Cefalexina Cefprozil Loracarbef

Staphylococcus aureus 2–4 2–4 0.5–1 2–4 0.25–4 1–8

Streptococcus pyogenes 0.25 0.1–0.5 0.03–0.1 0.5–2 0.06–0.25 0.12–1

Str. pneumoniae 0.5–1 1 0.25–0.5 2 0.06–0.25 0.5–2

Enterococcus faecalis R R R R 16 R

Neisseria gonorrhoeae 0.1–0.5 4 0.25–0.5 0.5–4 0.12–0.25 0.004–1

Haemophilus influenzae 1–2 16–32 2–8 8–32 0.006–8 0.5–2

Escherichia coli 2–8 8–16 2–8 8 1–4 1–2

Klebsiella pneumoniae 4–8 8–16 8 8 1–64 1–8

Pseudomonas aeruginosa R R R R R R

Bacteroides fragilis R R R R R R

aCefradine and cefroxadine have almost identical activity. R, resistant (MIC >64 mg/L).

preparations and dosage

Proprietary name: Distaclor.

Preparations: Tablets, suspension, capsules.

Dosage: Adults, oral, 250–500 mg every 8 h, depending on severity 

of infection (maximum dose, 4 g per day). Children >1 month, 20 mg/kg 

per day in divided doses every 8 h. In more severe infections, 40 mg/kg 

per day in divided doses (maximum dose, 1 g per day).

Widely available.
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CEFADROXIL

Molecular weight (monohydrate): 381.4.

p-Hydroxycephalexin, available as the mono- and trihydrate.

 ANTIMICROBIAL ACTIVITY

Resembles closely that of cefalexin (Table 13.2).

 PHARMACOKINETICS

Oral absorption >90%

C
max

 250 mg oral

 500 mg oral

c. 9 mg/L after 1.2 h

c. 18 mg/L after 1.2 h

Plasma half-life 1–1.5 h

Plasma protein binding 20%

Absorption is little affected by administration with food. 
Distribution is similar to that of cefalexin. It is eliminated 
unchanged by glomerular filtration and tubular secretion; 
90% of the dose appears in the urine over 24 h, most in the 
first 6 h, producing concentrations exceeding 500 mg/L.

 TOXICITY AND SIDE EFFECTS

Side effects described are those common to oral cephalosporins.

 CLINICAL USE

It has been used for various community-acquired infections 
for which oral cephalosporins are appropriate.

 Further information

Miller LM, Mooney CJ, Hansbrough JF. Comparative evaluation of cefaclor versus 
cefadroxil in the treatment of skin and skin structure infections. Curr Ther Res. 
1989;46:405–410.

Tanrisever B, Santella PJ. Cefadroxil. A review of its antibacterial, pharmacokinetic 
and therapeutic properties in comparison with cephalexin and cephradine. 
Drugs. 1986;32(suppl 3):1–16.

CEFALEXIN

Cephalexin. Molecular weight (monohydrate): 365.4.

 ANTIMICROBIAL ACTIVITY

Activity against common pathogens is shown in Table 13.2. 
It is resistant to staphylococcal β-lactamase. Gram-positive 
rods and fastidious Gram-negative bacilli, such as Bordetella 
spp. and H. influenzae, are relatively resistant. It is active 
against a range of enterobacteria, but it is degraded by 
many enterobacterial β-lactamases. Citrobacter, Edwardsiella, 
Enterobacter, Hafnia, Providencia and Serratia spp. are all 
resistant. Gram-negative anaerobes other than B. fragilis are 
susceptible. Because of its mode of action (p. 13) it is only 
slowly bactericidal to Gram-negative bacilli.

 PHARMACOKINETICS

Oral absorption >90%

C
max

 500 mg oral c. 10–20 mg/L after 1 h

Plasma half-life 0.5–1 h

Volume of distribution 15 L

Plasma protein binding 10–15%

absorption and distribution

It is almost completely absorbed when given by mouth, the 
peak concentration being delayed by food. Intramuscular 
preparations are not available: injection is painful and pro-
duces delayed peak plasma concentrations considerably lower 
than those obtained by oral administration.

In synovial fluid, levels of 6–38 mg/L have been described 
after a 4 g oral dose, but penetration into the CSF is poor. 
Useful levels are achieved in bone (9–44 mg/kg after 1 g orally) 
and in purulent sputum. Concentrations of 10–20 mg/L have 
been found in breast milk. Concentrations in cord blood 
 following a maternal oral dose of 0.25 g were minimal.
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preparations and dosage

Proprietary name: Baxan.

Preparations: Capsules, suspension, tablets.

Dosage: Adults, oral, ≥40 kg, 0.5–1 g every 12 h. Children <1 year,  

25 mg/kg per day in divided doses; children 1–6 years, 250 mg every 12 h; 

children >6 years, 500 mg every 12 h.

Widely available.
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Metabolism and excretion

It is not metabolized. Almost all the dose is recoverable from 
the urine within the first 6 h, producing urinary concentra-
tions exceeding 1 g/L. The involvement of tubular secretion 
is indicated by the increased plasma peak concentration and 
reduced urinary excretion produced by probenecid. Renal 
clearance is around 200 mL/min and is depressed in renal 
failure, although a therapeutic concentration is still obtained 
in the urine. It is removed by peritoneal and hemodialysis. 
Some is excreted in the bile, in which therapeutic concentra-
tions may be achieved.

 TOXICITY AND SIDE EFFECTS

Nausea, vomiting and abdominal discomfort are relatively 
common. Pseudomembranous colitis has been described and 
overgrowth of Candida with vaginitis may be troublesome. 
Otherwise, mild hypersensitivity reactions and biochemical 
changes common to cephalosporins occur. Very rare neurolog-
ical disturbances have been described, particularly in patients 
in whom very high plasma levels have been achieved. There 
are rare reports of Stevens–Johnson syndrome and toxic epi-
dermal necrolysis.

 CLINICAL USE

As for group 2 cephalosporins (p. 172). It should not be used 
in infections in which H. influenzae is, or is likely to be, impli-
cated. It should not be used as an alternative to penicillin in 
syphilis.

 Further information

Anonymous. Cephalexin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C144–C146.

Speight TM, Brogden RN, Avery GS. Cephalexin: a review of its antibacterial, 
 pharmacological and therapeutic properties. Drugs. 1972;3:9–76.

CEFPROZIL

Molecular weight (monohydrate): 407.5.

A semisynthetic oral cephalosporin formulated as the 
monohydrate.

 ANTIMICROBIAL ACTIVITY

Activity against Gram-positive cocci and Gram-negative 
bacilli is better than that of cefadroxil (which it structur-
ally resembles) but is not as good as that of group 5 agents 
(Tables 13.2 and 13.5). It is moderately stable to hydrolysis 
by the common plasmid-mediated β-lactamases, but is hydro-
lyzed by the chromosomal enzymes of Gram-negative bacilli 
(p. 230).

 PHARMACOKINETICS

Oral absorption >90%

C
max

 250 mg oral

 500 mg oral

5–7 mg/L after 1 h

10 mg/L after 1

Plasma half-life 1–1.4 h

Volume of distribution 15–201

Plasma protein binding 35–45%

absorption and distribution

It is almost completely absorbed and well distributed, pen-
etrating well into tonsillar and other tissues and inflam-
matory exudate. Absorption is unaffected by food or 
antacids and there is no accumulation on multiple dosing 
regimens.

Metabolism and excretion

Most of the dose is excreted unchanged in urine, though 
about 20% is found in feces. Urinary concentrations after a 
500 mg oral dose usually exceed 1 g/L. The elimination half-
life is prolonged in patients with renal impairment, reaching 
6 h in anuric patients. About half the drug is removed in 3 h 
by hemodialysis.

 TOXICITY AND SIDE EFFECTS

It is well tolerated. Diarrhea and gastrointestinal discomfort 
may occur. There have been a few reports of pseudomembra-
nous colitis and serum sickness-like reactions.

preparations and dosage

Proprietary names: Keflex, Ceporex.

Preparations: Capsules, tablets, suspension.

Dosage: Adults, oral, 1–2 g per day in divided doses; for severe infections, 

increase dose to 1 g every 8 h or 3 g every 12 h. Children, 25–50 mg/kg per 

day in 2–3 divided doses, for severe infection increase dose to 100 mg/kg 

per day in 4 divided doses (maximum dose, 4 g per day).

Widely available.
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 CLINICAL USE

It has been used for various infections for which oral cepha-
losporins are appropriate.

 Further information

Anonymous. Cefprozil (monohydrate). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C118–C120.

Barriere SL. Review of in vitro activity, pharmacokinetic characteristics, safety, 
and clinical efficacy of cefprozil, a new oral cephalosporin. Ann Pharmacother. 
1993;27:1082–1089.

Wise R. Comparative microbiological activity and pharmacokinetics of cefprozil. 
Eur J Clin Microbiol Infect Dis. 1994;13:839–845.

Wiseman LR, Benfield P. Cefprozil. A review of its antibacterial activity, pharmaco-
kinetic properties, and therapeutic potential. Drugs. 1993;45:295–317.

OTHER GROUP 2 CEPHALOSPORINS

 CEFATRIZINE

A semisynthetic cephalosporin formulated for oral use. The 
spectrum is similar to that of cefalexin but it is more active 
against H. influenzae (Table 13.2). Wide strain variations in 
susceptibility have been reported.

It is only partially absorbed when given by mouth. A 
500 mg oral dose achieves a concentration of c. 6 mg/L after 
1–2 h. The normal half-life of 2.5 h is extended to 5.5 h 
in end-stage renal failure. Distribution resembles that of 
cefalexin. It crosses the placenta readily. Plasma protein 
binding is 40–60%.

Urinary recovery in 6 h is 35% of an oral dose, produc-
ing urinary levels of 50–1500 mg/L. It is presumed that the 
remainder is metabolized, but no metabolites have been 
identified.

Apart from some mild diarrhea, it is well tolerated. It is 
available in Japan.

 Further information

Pfeffer M, Gaver RC, Ximinez J. Human intravenous pharmacokinetics and 
absolute oral bioavailability of cefatrizine. Antimicrob Agents Chemother. 
1983;24:915–920.

Santella PJ, Tanrisever B. Cefatrizine: a clinical overview. Drugs Exp Clin Res. 
1985;11:441–445.

 CEFRADINE

Cephradine. A semisynthetic cephalosporin available in both 
oral and injectable forms. The antibacterial spectrum and 
susceptibility to β-lactamases are almost identical to those of 
cefalexin (Table 13.2).

It is almost completely absorbed when given by mouth. A 
500 mg oral dose achieves a concentration of about 18–20 
mg/L after 1 h. The peak is delayed and reduced by food, but 
the half-life is not altered. Intramuscular administration of 
1 g results a plasma concentration of 10–12 mg/L within 2 h. 
The plasma half-life is around 1 h and protein binding low.

Concentrations of up to 40% of those simultaneously 
found in the serum have been demonstrated in lung tissue. 
Penetration into the CSF is poor. Levels in sputum were 
about 20% of those simultaneously present in the plasma fol-
lowing a 1 g oral dose and similar levels have been found in 
bone. Breast milk concentrations approaching 1 mg/L have 
been found after 500 mg orally every 6 h and similar concen-
trations have been found in amniotic fluid. Cord blood con-
centration is said to be similar to that in the maternal blood.

It is excreted unchanged in the urine mostly in the first 6 h, 
achieving concentrations exceeding 1 g/L. Probenecid mark-
edly increases the plasma concentration and delays the peak. 
There is some biliary excretion.

The parenteral forms may give rise to local pain or throm-
bophlebitis. Other side effects common to cephalosporins 
have been described. In some patients Candida vaginitis has 
been troublesome.

Clinical use is similar to that of cefalexin, but it has been 
largely superseded by later cephalosporins.

 Further information

Anonymous. Cephradine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C150–C152.

 CEFROXADINE

Cefroxadine is closely related to cefradine, the structure differ-
ing only by the presence of a methoxy group replacing methyl 

preparations and dosage

Proprietary name: Cefzil.

Preparations: Tablets, suspension.

Dosage: Adults, oral, 250–500 mg every 12–24 h depending on infection 

being treated. Children, 7.5–15 mg/kg every 12 h.

Available in the UK, USA and continental Europe.

preparations and dosage

Proprietary name: Velosef.

Preparations: Capsules, syrup, injection.

Dosage: Adults, oral, 250–500 mg every 6 h, or 0.5–1 g every 12 h (maximum 

dose, 4 g per day). Children, 25–100 mg/kg per day in 2–4 divided doses.

Adults, i.m., i.v., 2–8 g per day in divided doses depending on severity of 

infection. Children, 50–100 mg/kg per day in four divided doses; more 

serious illnesses may require 200–300 mg/kg per day.

Widely available.
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at the C-3 position. The antimicrobial spectrum is identi-
cal to that of cefradine and cefalexin (Table 13.2). A dose of 
1 g as film-coated tablets produced mean peak plasma levels 
of 25 mg/L at 1 h. Absorption is depressed and delayed by 
administration with food. The plasma elimination half-life is 
0.8 h, rising to 40 h in end-stage renal failure and falling to 
3.4 h during hemodialysis. Around 85% of an oral dose is 
excreted unchanged in the urine. It is available in Japan.

 Further information

Gerardin A, Lecaillon JB, Schoeller JP, Humbert G, Guibert J. Pharmacokinetics of 
cefroxadine (CGP 9000) in man. J Pharmacokinet Biopharm. 1982;10:15–26.

Lecaillon JB, Hirtz JL, Schoeller JP, Humbert G, Vischer W. Pharmacokinetic 
 comparison of cefroxadine (CGP 9000) and cephalexin by simultaneous 
 administration to humans. Antimicrob Agents Chemother. 1980;18:656–660.

 LORACARBEF

An oral carbacephem, with carbon replacing sulfur in the 
fused ring structure. Its structure and properties are other-
wise closely related to those of cefaclor, but it has improved 
chemical stability. Activity and stability to β-lactamases cor-
respond closely to those of cefaclor (Table 13.2).

It is almost completely absorbed by the oral route, but 
food delays absorption. A 500 mg oral dose achieves a serum 
concentration of around 16 mg/L after 1.3 h. Adequate con-
centrations are achieved for the treatment of upper respira-
tory tract infection. Sputum concentrations have been found 
to be around 2% of the corresponding plasma level. The 
plasma half-life is about 1 h and protein binding is 25%.

Most of the dose is excreted unchanged in the urine, 60% 
within 12 h. The elimination half-life is increased in patients 
with impaired renal function. Probenecid delays excretion.

Diarrhea is the most prominent side effect, occurring in 
about 4% of patients. Other gastrointestinal upsets are also 
reported. It has been used for the oral treatment of upper 
respiratory tract infection, skin and soft-tissue infections, and 
uncomplicated urinary tract infection caused by sensitive 
organisms, but is not widely available.

 Further information

Anonymous. Loracarbef. In: Dollery C, ed. Therapeutic Drugs. 2nd ed.Edinburgh: 
Churchill Livingstone; 1999:L89–L95.

Brogden RN, McTavish D. Loracarbef: a review of its antimicrobial activity, pharma-
cokinetic properties and therapeutic efficacy. Drugs. 1993;45:716–736.

GROUP 3 CEPHALOSPORINS

CEFOXITIN

Molecular weight (sodium salt): 449.4.

A semisynthetic cephamycin available as the sodium salt for 
intramuscular or intravenous injection.

 ANTIMICROBIAL ACTIVITY

Its activity against common pathogenic bacteria is shown in 
Table 13.3. Most Gram-positive bacilli are susceptible, but 
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table 13.3 activity of group 3 cephalosporins against common pathogenic bacteria: mic (mg/L)

 Cefbuperazone Cefmetazole Cefminox Cefotetan Cefotiam Cefoxitin Cefuroxime

Staphylococcus aureus 8 1 8–16 8–16 1 2–8 1–4

Streptococcus pyogenes 2–8 0.5 4–8 1 0.03 0.25–1 0.03–0.1

Str. pneumoniae 2–4 0.5 0.5–2 2 0.25 1–2 0.03–0.1

Enterococcus faecalis R R R R R R R

Neisseria gonorrhoeae  0.5 0.5–1 0.5–1 0.1 0.1–0.5 0.06–0.1

N. meningitidis  0.25  0.1 0.06 0.25 0.06

Haemophilus influenzae 1 4–8 0.25–2 1–4 0.5 2–4 0.5

Escherichia coli 0.25 1–2 0.25–2 0.1–0.5 0.1 2–8 1–4

Klebsiella pneumoniae 0.5 1–2 0.5–1 0.1–0.5 0.5 2–8 2–4

Pseudomonas aeruginosa R R R R R R R

Bacteroides fragilis 2 4–R 0.5–4 4–32 R 4–32 4–64

R, resistant (MIC >64 mg/L).
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L. monocytogenes is resistant. It is resistant to many Gram-
negative β-lactamases and is active against organisms elabo-
rating them, including some Citrobacter, Providencia, Serratia 
and Acinetobacter spp. Enterobacter spp. are resistant. It is 
moderately active against Bacteroides spp., but considerable 
strain variation in susceptibility occurs.

 ACQUIRED RESISTANCE

Resistant strains of Bacteroides, some of which produce 
β-lactamases that hydrolyze cefoxitin, have been described. 
Resistance may be transferable to other Bacteroides spp. It is a 
potent inducer of chromosomal cephalosporinases of certain 
Gram-negative bacilli (p. 230) and can antagonize the effect 
of cefotaxime and other β-lactam agents.

 PHARMACOKINETICS

C
max

 500 mg intramuscular

 1 g intravenous

11 mg/L after 20 min

c. 150 mg/L end injection

Plasma half-life 0.7–1 h

Volume of distribution c. 10 L

Plasma protein binding 65–80%

absorption

It is not absorbed when given orally, but is very rapidly 
absorbed from intramuscular sites. Doubling the dose approx-
imately doubles the plasma level. It is absorbed from supposi-
tories to varying degrees depending on the adjuvants: peak 
serum levels around 9.8 mg/L have been obtained after a dose 
of 1 g, giving a bioavailability of around 20%. In infants and 
children treated with 150 mg/kg per day, mean serum concen-
trations 15 min after intravenous and intramuscular adminis-
tration were 81.9 and 68.5 mg/L, with elimination half-lives 
of 0.70 and 0.67 h, respectively.

Distribution

About 20% of the corresponding serum levels are found in 
sputum. In patients given 1 g by intravenous bolus preopera-
tively, concentrations in lung tissue at 1 h were around 13 mg/g. 
Penetration into normal CSF is very poor; even in patients 
with purulent meningitis CSF concentrations seldom exceed 
6 mg/L. In children with meningitis receiving 75 mg/kg every 
6 h, peak concentrations of 5–6 mg/L were found around 1 h 
after the dose. In patients receiving 2 g intravenously before 
surgery, the mean penetrance into peritoneal fluid was 86%. 
In patients receiving 2 g intramuscularly before hysterec-
tomy, mean concentrations in pelvic tissue were 7.8 mg/g. 
Breast milk contained 5–6 mg/L after a 1 g intravenous dose. 
Concentrations up to 230 mg/L have been found in bile after 
2 g intravenously.

Metabolism and excretion

Less than 5% of the drug is desacetylated and in a few sub-
jects deacylation of 1 or 2% of the dose to the antibacterially 
inactive descarbamyl form also occurs.

It is almost entirely excreted in the urine by both glom-
erular filtration and tubular secretion, 80–90% being found 
in the first 12 h after a parenteral dose, producing concentra-
tions in excess of 1 g/L. Furosemide, in doses of 40–160 mg, 
had no effect on the elimination half-life of doses of 1 or 2 g. 
Probenecid delays the plasma peak and decreases the renal 
clearance and urine concentration. The renal clearance has 
been calculated variously to lie between 225 and 330 mL/
min. The plasma half-life increases inversely with creatinine 
clearance to reach 24 h in oliguric patients, with correspond-
ing reduction in total body clearance. In patients on perito-
neal dialysis, peritoneal clearance accounted for only 7.5% of 
mean plasma clearance and the mean plasma half-life during 
6 h dialysis was 7.8 h.

 TOXICITY AND SIDE EFFECTS

Reactions are those common to cephalosporins. Pain on 
intramuscular, and thrombophlebitis on intravenous, injec-
tion occur. Substantial changes can occur in the fecal flora, 
with virtual eradication of susceptible enterobacteria and 
 non-fragilis Bacteroides, and appearance of, or increase in, 
yeasts, enterococci and other resistant bacteria including 
C. difficile. Development of meningitis due to H. influenzae and 
Str. pneumoniae in patients treated for other infections has been 
observed.

 CLINICAL USE

As for other group 3 cephalosporins, with particular emphasis 
on mixed infections including anaerobes, notably abdominal 
and pelvic sepsis. In considering its use, its low activity against 
aerobic Gram-positive cocci should be noted.

 Further information

Anonymous. Cefoxitin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C106–C109.

preparations and dosage

Proprietary name: Mefoxin.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 1–2 g every 6–8 h (maximum dose, 12 g per day 

in 4–6 divided doses). Children <1 week, 20–40 mg/kg every 12 h; children 

1–4 weeks, 20–40 mg/kg every 8 h; children >1 month, 20–40 mg/kg 

every 6–8h (maximum dose, 200 mg/kg per day).

Widely available.
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Brogden RN, Heel RC, Speight TM, Avery GS. Cefoxitin: a review of its antibacterial 
activity, pharmacological properties and therapeutic use. Drugs. 1979;17:1–37.

Goodwin CS. Cefoxitin 20 years on: is it still useful? Rev Med Microbiol. 
1995;6:146–153.

CEFUROXIME

Molecular weight (sodium salt): 446.4.

A semisynthetic cephalosporin supplied as the sodium salt, or 
as the acetoxyethyl ester (cefuroxime axetil).

 ANTIMICROBIAL ACTIVITY

Activity against common pathogenic bacteria is shown in 
Table 13.3. The methoximino side chain provides stability 
to most Gram-negative β-lactamases and it is active against 
most enterobacteria, including many multiresistant strains. 
Acinetobacter spp., S. marcescens and Ps. aeruginosa are resis-
tant, although some Burkholderia cepacia strains are suscepti-
ble. Some anaerobic Gram-negative rods are susceptible, but 
B. fragilis is resistant. The minimum immobilizing concen-
tration for the Nichol’s strain of T. pallidum is 0.01 mg/L.

 PHARMACOKINETICS

Oral absorption (axetil) 40–50%

C
max

 500 mg intramuscular

 0.75 g intravenous infusion

 500 mg oral (axetil)

c. 18–25 mg/L after 0.5–1 h

c. 50 mg/L end infusion

6–9 mg/L after 1.8–2.5 h

Plasma half-life 1.1–1.4 h

Volume of distribution 11–15 L

Plasma protein binding 30%

absorption

The acetoxyethyl ester (cefuroxime axetil) is rapidly hydro-
lyzed on passage through the intestinal mucosa and in the 
portal circulation to liberate cefuroxime, acetaldehyde and 
acetic acid. No unchanged ester is detectable in the systemic 
circulation. Absorption is independent of dose in the range 
0.25–1 g, and there is no accumulation on repeated dosing.

Bioavailability is improved after food to around 50%. In 
elderly subjects receiving doses of 500 mg every 8–12 h, peak 
plasma levels were 5.5 mg/L after 1.5–2 h in the fasting state, 
rising to 7.6 mg/L after 20 min when the dose was adminis-
tered with food.

Distribution

In patients with severe meningeal inflammation, the mean 
CSF concentration after a 1.5 g intravenous dose was in the 
range 1.5–3.7 mg/L. In about one-third of patients with nor-
mal CSF, no drug could be detected and in the remainder  
concentrations were 0.2–1 mg/L. In children treated for menin-
gitis with 50 or 75 mg/kg, the CSF:serum ratios were 0.07 and 
0.10, respectively. Concentrations in pleural drain fluid after 
thoracic surgery approximated to serum levels at 2 h after doses 
of 1 or 1.5 g and exceeded serum levels at 4 h, when they were 
still around 10 mg/L. Levels in pericardial fluid were similar, 
with fluid:serum ratios of 0.44 between 0.5 and 2 h. In patients 
receiving 1.5 g by intravenous bolus preoperatively, concen-
trations around 22 mg/g were found in subcutaneous tissue at 
about 5 h with an elimination half-life of about 1.5 h.

Mean bone:serum ratios in the femoral head after 750 mg 
intramuscular and 1.5 g intravenous bolus injections were 0.14 
and 0.23, respectively. In patients with chronic otitis media 
treated with 0.75 g every 8 h for 6–8 days, peak concentra-
tions in the middle ear of 0.7–1.7 mg/L were reached about 
2 h after the dose. In patients given 750 mg intramuscularly 
on five consecutive days the mean sputum concentration rose 
from 0.57 mg/L on the first day to 1.15 mg/L on the third.

excretion

The drug is excreted unchanged in the urine mostly within 
6 h of administration, producing concentrations exceeding 
1 g/L. About 45–55% of the drug is excreted by tubular secre-
tion, so that the administration of probenecid increases the 
serum peak and prolongs the plasma half-life. Renal clear-
ance is slightly affected by the route of administration but lies 
between 95 and 180 L/min. The plasma half-life is prolonged 
in the elderly up to 2.4 h.

 TOXICITY AND SIDE EFFECTS

It is well tolerated with little pain or phlebitis on injection. 
Minor hypersensitivity reactions and biochemical changes 
common to cephalosporins are described.

The axetil ester may cause diarrhea and, in some cases, 
vomiting. Changes in the bowel flora, sometimes with the 
appearance of C. difficile, have been reported in about 15% of 
patients. Vaginitis is reported in about 2% of female patients.

 CLINICAL USE

It has been used successfully to treat urinary, soft-tissue 
and pulmonary infections, as well as septicemia, and as a 
 single-dose treatment (with probenecid) of gonorrhea due 
to β-lactamase-producing strains. It has been widely used for 
surgical prophylaxis.
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 Further information

Anonymous. Cefuroxime (sodium and axetil). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:C135–C140.

Brogden RN, Heel RC, Speight TM, Avery GS. Cefuroxime: a review of its anti-
bacterial activity, pharmacological properties and therapeutic use. Drugs. 
1979;17:233–266.

Dellamonica P. Cefuroxime axetil. Int J Antimicrob Agents. 1994;4:23–36.
Perry CM, Brogden RN. Cefuroxime axetil. A review of its antibacterial activity, 

pharmacokinetic properties and therapeutic efficacy. Drugs. 1996;52:125–158.

OTHER GROUP 3 CEPHALOSPORINS

 CEFBUPERAZONE

A semisynthetic cephamycin antibiotic with properties simi-
lar to those of cefoxitin, but somewhat more active against 
B. fragilis and enterobacteria. It is not hydrolyzed by common 
β-lactamases and as a result its activity is not affected by inoc-
ulum size. Its activity against common pathogenic bacteria is 
shown in Table 13.3. It is not active against cefoxitin-resistant 
strains. It is available in Japan.

 Further information

Del Bene VE, Carek PJ, Twitty JA, Burkey LI. In vitro activity of cefbuperazone 
compared with that of other new β-lactam agents against anaerobic Gram-
negative bacilli and contribution of β-lactamase to resistance. Antimicrob 
Agents Chemother. 1985;27:817–820.

 CEFMETAZOLE

A semisynthetic cephamycin antibiotic. Activity against com-
mon pathogenic bacteria is shown in Table 13.3. It is active 
against Pr. mirabilis, Pr. vulgaris, Morganella morganii, Yersinia spp. 

and most anaerobes. S. marcescens is moderately susceptible, 
but Ps. aeruginosa and E. faecalis are resistant. It is active against 
Mycobacterium fortuitum and some strains of M. chelonei. It is 
resistant to a wide range of β-lactamases.

The serum concentration at the end of a 1 g intravenous 
infusion is around 77 mg/L. Plasma protein binding is 68%. It 
is principally excreted in the urine with a plasma half-life of c. 
1.3 h; 70% is recovered over the first 6 h. In patients whose 
creatinine clearance is less than 10 mL/min, plasma levels are 
elevated and the plasma half-life is increased to around 15 h.

Side effects associated with the methylthiotetrazole group 
at position C-3 have been reported. Uses are similar to those 
of cefoxitin, but it is not widely available.

 Further information

Cornick NA, Jacobus NV, Gorbach SL. Activity of cefmetazole against anaerobic 
bacteria. Antimicrob Agents Chemother. 1987;31:2010–2012.

Schentag JJ. Cefmetazole sodium: pharmacology, pharmacokinetics, and clinical 
trials. Pharmacotherapy. 1991;11:2–19.

 CEFMINOX

A semisynthetic cephamycin. Activity is similar to that of 
cefoxitin and cefotetan, but the activity against enterobacte-
ria and B. fragilis is somewhat better (Table 13.3). C. difficile  
is inhibited by 4–16 mg/L. It is stable to the common 
β-lactamases of enterobacteria and Bacteroides spp.

A 15-min intravenous infusion of 1 g achieves a serum con-
centration of 30 mg/L after 1 h. The plasma half-life is c. 2 h 
and around 68% is protein bound.

Its safety profile and uses are similar to those of other 
cephamycins. It is available in Japan.

 Further information

Inouye S, Goi H, Watanabe T, et al. In vitro and in vivo antibacterial activities of a 
new semisynthetic cephalosporin compared with those of five cephalosporins. 
Antimicrob Agents Chemother. 1984;26:722–729.

Watanabe S, Omoto S. Pharmacology of cefminox, a new bactericidal cephamy-
cin. Drugs Exp Clin Res. 1990;16:461–467.

 CEFOTETAN

A semisynthetic cephamycin formulated as the disodium salt 
for intravenous administration. The activity is similar to that 
of cefoxitin, but cefotetan exhibits more potent activity against 
enterobacteria and more modest activity against Staph. aureus 
(Table 13.3).

A 1 g intravenous dose achieves a serum concentration of 
140–180 mg/L. There is no evidence of accumulation on a 
dosage of 1 g every 12 h. Tissue fluid concentrations are about 
30% of the simultaneous serum level. The plasma half-life is 
about 3 h and protein binding is around 88%.

preparations and dosage

Cefuroxime

Proprietary name: Zinacef.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 750 mg every 6–8h; 1.5 g every 6–8h in severe 

infections. Children, 30–100 mg/kg per day in 3–4 divided doses;  

50–60 mg/kg every 8 h for severe infections. Neonates, 30–100 mg/kg 

per day in 2–3 divided doses.

Widely available.

Cefuroxime axetil

Proprietary name: Zinnat.

Preparations: Tablets, suspension, sachets.

Dosage: Adults, oral, 250–500 mg every 12 h depending on severity of 

infection. Children 3 months to 2 years, 10 mg/kg (maximum 125 mg) 

twice daily; >2 years 15 mg/kg (maximum 250 mg) twice daily.

Widely available.
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About 85% of the drug is eliminated in the urine over 
24 h. Accumulation in renal failure is inversely related to 
the creatinine clearance, the plasma half-life rising to 20 h 
in patients requiring hemodialysis. During hemodialysis the 
half-life falls to around 7.5 h and on peritoneal dialysis it falls 
to 15.5 h, 5–10% of the dose being recovered in the dialysate 
over 24 h.

Side effects are those typical of the group. Anaphylaxis has 
been described. Because of the methylthiotetrazole side chain 
there is some risk of hypoprothrombinemia, and disulfiram-
like reactions can occur. Marked changes in the bowel flora, 
with appearance of C. difficile, have been reported. Uses are 
similar to those of other cephamycins, but it is not widely 
available.

 Further information

Ward A, Richards DM. Cefotetan. A review of its antibacterial activity, pharmacoki-
netic properties and therapeutic use. Drugs. 1985;30:382–426.

 CEFOTIAM

A semisynthetic cephalosporin formulated as the dihydrochlo-
ride for injection and as a prodrug ester, cefotiam hexetil, for 
oral administration. Activity is similar to that of cefuroxime, 
but it is somewhat more active against a range of enterobac-
teria (Table 13.3).

A 30-min intravenous infusion of the dihydrochloride 
produces a peak serum concentration of 35 mg/L; the cor-
responding concentration after a 1 g intramuscular dose is 
17 mg/L. Oral absorption of the hexetil ester is around 65%. 
Food delays absorption of the ester. The plasma half-life is 
0.6–1.1 h. Around 40% is bound to plasma protein.

Urinary excretion is almost complete 4 h after the end 
of intravenous infusion, but only 50–67% is recovered 
unchanged; there is substantial non-renal elimination and 
some evidence of saturation of renal tubular excretion at 
doses above 2 g. In anuria the plasma elimination half-life 
rises to 13 h and plasma and renal clearances parallel creati-
nine clearance. A small amount is excreted in bile. In patients 
with cholelithiasis given 0.5 or 1 g intravenously, mean con-
centrations in gallbladder bile and gallbladder wall 30 min 
after the dose were around 17 and 32 mg/L, respectively. In 
patients with normal liver function, hepatic bile concentra-
tions can exceed 1 g/L.

It is generally well tolerated and has been used successfully 
to treat lower respiratory infections, skin and soft-tissue infec-
tion. It is not widely used, but is available in Japan and some 
other countries.

 Further information

Brogard JM, Jehl F, Willemin B, Lamalle AM, Blickle JF, Monteil H. Clinical pharma-
cokinetics of cefotiam. Clin Pharmacokinet. 1989;17:163–174.

Imada A, Hirai S. Cefotiam hexetil. Int J Antimicrob Agents. 1995;5:85–99.

GROUP 4 CEPHALOSPORINS

CEFOTAXIME

Molecular weight (sodium salt): 478.5.

A semisynthetic cephalosporin available as the sodium salt for 
parenteral administration.

 ANTIMICROBIAL ACTIVITY

The aminothiazoyl and methoximino groups at the 7-amino 
position confer, respectively, potent activity against many 
Gram-negative rods and cocci (Table 13.4) and stability to 
most β-lactamases. Ps. aeruginosa, Sten. maltophilia and other 
pseudomonads are often resistant. Brucella melitensis and some 
strains of Nocardia asteroides are susceptible. Activity against 
L. monocytogenes and B. fragilis is poor.

 ACQUIRED RESISTANCE

Many enterobacteria resistant to other β-lactam agents are 
susceptible, but selection of resistant strains with  derepressed 
chromosomal molecular class C cephalosporinases (see  
p. 230) may occur. Gram-negative bacilli producing variants 
of the TEM enzymes (pp. 230–231) are resistant.

 PHARMACOKINETICS

C
max

 500 mg intramuscular 10–15 mg/L after 0.5–1 h

 1 g intravenous (15-min infusion) 90 mg/L end infusion

Plasma half-life c. 1 h

Volume of distribution 32–37 L

Plasma protein binding c. 40%

Distribution

It is widely distributed, achieving therapeutic concentrations 
in sputum, lung tissue, pleural fluid, peritoneal fluid, pros-
tatic tissue and cortical bone. In patients receiving 2 g every 
8 h, mean CSF concentrations in aseptic meningitis were 
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0.8 mg/L. Levels of 2–15 mg/L can be found in the CSF 
in the presence of inflammation after doses of 50 mg/kg by 
intravenous infusion over 30 min. A single intraventricular 
dose of 40 mg/kg produced levels at 2, 4 and 6 h of 6.4, 5.7 
and 4.5 mg/L, respectively.

Metabolism

About 15–25% of a dose is metabolized by hepatic esterases to 
the desacetyl form, which may have some clinical importance 
because of its concentration in bile and accumulation in renal 
failure. Desacetylcefotaxime has about 10% of the activity of 
the parent against enterobacteria, less against Staph. aureus. 
Its half-life in normal subjects is around 1.5 h.

excretion

Elimination is predominantly by the renal route, more than 
half the dose being recovered in the urine over the first 24 h, 
about 25% as the desacetyl derivative. Excretion is depressed 
by probenecid and declines in renal failure with accumulation 
of the metabolite. In patients with creatinine clearances in the 
range 3–10 mL/min, the plasma half-life rose to 2.6 h while 
that of the metabolite rose to 10 h.

 TOXICITY AND SIDE EFFECTS

Minor hematological and dermatological side effects com-
mon to group 4 cephalosporins have been described. 
Superinfection with Ps. aeruginosa in the course of treatment 
has occurred. Occasional cases of pseudomembranous colitis 
have been reported.

 CLINICAL USES

Cefotaxime is widely used in neutropenic patients, respira-
tory infection, meningitis, intra-abdominal sepsis, osteomy-
elitis, typhoid fever, urinary tract infection, neonatal sepsis 
and gonorrhea.

 Further information

Anonymous. Cefotaxime (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C100–C106.

Brogden RN, Spencer CM. Cefotaxime. A reappraisal of its antibacterial activity 
and pharmacokinetic properties, and a review of its therapeutic efficacy when 
administered twice daily for the treatment of mild to moderate infections. 
Drugs. 1997;53:483–510.

Prasad K, Kumar A, Singhal T, Gupta PK. Third generation cephalosporins versus 
conventional antibiotics for treating acute bacterial meningitis. Cochrane 
Database Syst Rev. 2007;(4) CD001832.

Todd PA, Brogden RN. Cefotaxime: an update of its pharmacology and therapeu-
tic use. Drugs. 1990;40:608–651.

table 13.4 activity of group 4 cephalosporins against common pathogenic bacteria: mic (mg/L)

 Cefmenoxime Cefodizime Cefotaxime Ceftizoxime Ceftriaxone Latamoxef

Staphylococcus aureus 2–4 2–8 2–4 2–4 4 8–16

Streptococcus pyogenes 0.03 0.06–0.1 0.03–0.06 0.03 0.03 1

Str. pneumoniaea 0.06 0.03–0.25 0.1 0.1 0.25 1

Enterococcus faecalis R 8–R R R R R

Neisseria gonorrhoeae <0.01–0.03 0.008 <0.01–0.03 <0.01–0.03 <0.0 1–0.06 0.03–0.1

N. meningitidis <0.01 0.008 0.01 <0.01 <0.01 <0.01

Haemophilus influenzae 0.03 0.008 <0.01–0.03 0.03 <0.01–0.03 0.1

Escherichia coli 0.06–0.1 0.1–1 0.03–0.1 0.03 0.06–0.1 0.1–0.25

Klebsiella pneumoniae 0.03 0.1–2 0.03–0.1 0.01 0.03–0.06 0.1–0.25

Pseudomonas aeruginosa 16–32 R 8–32 32–64 16–32 4–16

Bacteroides fragilis 8–64 8–R 2–32 8–64 16–64 0.5–4

a Penicillin-resistant strains are often less susceptible. R, resistant (MIC >64 mg/L).

preparations and dosage

Proprietary name: Claforan.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 1–2 g every 8–12 h depending on severity of 

infection (maximum dose, 12 g per day). Neonates, <7 days, 25 mg/kg 

every 12 h; 7–21 days, 25 mg/kg every 8 h; 21–28 days, 25 mg/kg every 

6–8 h; children >1 month, 50 mg/kg every 8–12 h (every 6 h in severe 

infections and meningitis; maximum 12 g daily).

Widely available.
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CEFTRIAXONE

Molecular weight (disodium salt) 600.6.

A semisynthetic cephalosporin supplied as the disodium salt.

 ANTIMICROBIAL ACTIVITY

Activity is almost identical to that of cefotaxime (Table 13.4). 
Most β-lactamase-producing enterobacteria are highly sus-
ceptible, as are streptococci (but not enterococci) and fastidi-
ous Gram-negative bacilli, although brucellae are less sensitive 
(MIC 0.25–2 mg/L). Treatment failure has been reported in 
tularemia. Ps. aeruginosa, mycoplasmas, mycobacteria and L. 
monocytogenes are resistant.

 ACQUIRED RESISTANCE

It is hydrolyzed by some chromosomal enzymes, includ-
ing those of Enterobacter spp. and B. fragilis. Derepression of 
chromosomal β-lactamase production can cause resistance in 
some species of Gram-negative bacilli in vitro and has been 
observed in patients.

 PHARMACOKINETICS

C
max

 500 mg/L intramuscular

  1 g intravenous (15–30-min infusion)

c. 40 mg/L after 2 h

c. 120–150 mg/L end infusion

Plasma half-life 6–9 h

Volume of distribution 0.15 L/kg

Plasma protein binding 95%

Distribution

It penetrates well into normal body fluids and natural and 
experimental exudates. In children treated for meningitis with 
50 or 75 mg/kg intravenously over 10–15 min, mean peak CSF 
concentrations ranged from 3.2 to 10.4 mg/L, with lower val-
ues later in the disease. In patients receiving 2 g before sur-
gery, concentrations in cerebral tissue reached 0.3–12 mg/L. 
In patients with pleural effusions of variable etiology given 
a 1 g intravenous bolus, concentrations of 7–8.7 mg/L were 
found at 4–6 h. In patients with exacerbations of rheumatoid 
arthritis receiving the same dose, joint fluid contained concen-
trations close to those in the serum, but with wide individual 

variation. Tissue fluid:serum ratios have varied from around 
0.05 in bone and muscle to 0.39 in cantharides blister fluid. 
The apparent volume of distribution is increased in patients 
with cirrhosis where the drug rapidly enters the ascitic fluid, 
but its elimination kinetics are unaffected.

It rapidly crosses the placenta, maternal doses of 2 g intra-
venously over 2–5 min producing mean concentrations in cord 
blood of 19.5 mg/L, a mean cord:maternal serum ratio of 0.18; 
and in amniotic fluid 3.8 mg/L, a fluid:maternal serum ratio of 
0.04. The plasma elimination half-life appears to be somewhat 
shortened in pregnancy (5–6 h). Some appear in the breast 
milk, the milk:serum ratio being about 0.03–0.04, secretion 
persisting over a long period with a half-life of 12–17 h.

Metabolism and excretion

It is not metabolized. Biliary excretion is unusually high, 
10–20% of the drug appearing in the bile in unchanged form, 
with concentrations up to 130 mg/g in biopsied liver tissue 
from patients receiving 1 g intravenously over 30 min. The 
insoluble calcium salt may precipitate in the bile leading to 
pseudolithiasis. About half the dose appears in the urine over 
the first 48 h, somewhat more (c. 70%) in neonates. Excretion 
is almost entirely by glomerular filtration, since there is only 
a small effect of probenecid on the excretion of the drug. The 
half-life is not linearly correlated with creatinine clearance in 
renal failure and, in keeping with the low free plasma fraction, 
it is not significantly removed by hemodialysis. The volume of 
distribution is not affected by renal failure.

 TOXICITY AND SIDE EFFECTS

Reactions are those common to other cephalosporins. Mention 
has been made of thrombocytopenia,  thrombocytosis, leuko-
penia, eosinophilia abdominal pain, phlebitis, rash, fever and 
increased values in liver function tests. Diarrhea is common and 
suppression of the aerobic and anaerobic fecal flora has been 
associated with the appearance of resistant bacteria and yeasts.

Biliary pseudolithiasis due to concretions of insoluble cal-
cium salt has been described in adults but principally in chil-
dren. The precipitates can be detected in a high proportion 
of patients by ultrasonography and can occasionally cause 
pain, but resolve on cessation of treatment. The drug is bet-
ter avoided in patients with pre-existing biliary disease, but 
the principal hazard appears to be misdiagnosis of gallbladder 
disease and unnecessary surgery.

 CLINICAL USES

Uses are similar to those of cefotaxime, the long half-life offer-
ing the advantage of once-daily administration. It is used in 
the treatment of acute bacterial meningitis and as an alterna-
tive to rifampicin (rifampin) in the prophylaxis of meningo-
coccal disease.
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 Further information

Anonymous. Ceftriaxone (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C130–C135.

Brogden RN, Ward A. Ceftriaxone: a reappraisal of its antibacterial activity and 
pharmacokinetic properties, and an update on its therapeutic use with 
 particular reference to once-daily administration. Drugs. 1988;35:604–645.

Gums JG, Boatwright DW, Camblin M, Halstead DC, Jones ME, Sanderson 
R. Differences between ceftriaxone and cefotaxime: microbiological 
 inconsistencies. Ann Pharmacother. 2008;42:71–79.

Lopez AJ, O’Keefe P, Morrissey M, Pickleman J. Ceftriaxone-induced cholelithiasis. 
Ann Intern Med. 1991;115:712–714.

Monte SV, Prescott WA, Johnson KK, Kuhman L, Paladino JA. Safety of ceftriaxone 
at extremes of age. Expert Opin Drug Saf. 2008;7:515–523.

Yuk JH, Nightingale CH, Quintiliani R. Clinical pharmacokinetics of ceftriaxone. Clin 
Pharmacokinet. 1989;17:223–235.

OTHER GROUP 4 CEPHALOSPORINS

 CEFMENOXIME

A semisynthetic cephalosporin supplied as the hydrochloride. 
Its activity is very similar to that of cefotaxime (Table 13.4). A 
500 mg intramuscular injection achieves a plasma concentra-
tion of 15 mg/L after 40 min. A concentration of 200 mg/L is 
attained after intravenous administration of 1 g. The plasma 
half-life is c. 1 h. Around 77% is protein bound. Probenecid 
increases peak plasma levels and extends the plasma half-life 
to 1.8 h. Therapeutic concentrations are achieved in CSF. 
There is a degradation product with a long half-life (around 
40 h), but 80–92% of the drug is recovered unchanged from 
the urine. In patients with renal insufficiency, no significant 
relation was found between creatinine clearance and peak 
serum concentrations but there was a linear relationship 
with plasma half-life and total body clearance. About 10% 
of the dose appears in the feces, mostly extensively degraded, 
 possibly by the fecal flora.

Toxicity, side effects and clinical use are those common to 
group 4 cephalosporins.

 Further information

Campoli-Richards DM, Todd PA. Cefmenoxime. A review of its antibacterial activ-
ity, pharmacokinetic properties and therapeutic use. Drugs. 1987;34:188–221.

 CEFODIZIME

Activity is typical of the group (Table 13.4) but its overall 
activity is somewhat less than that of cefotaxime against enter-
obacteria. There has been some interest in its immunomodu-
lating properties, which affect a number of functions.

A 1 g intramuscular dose achieves a plasma concentration 
of 55–60 mg/L after about 1.5 h. The plasma half-life is around 
3.5 h. Protein binding is c. 88%. It penetrates into lung, spu-
tum, serous fluids and prostate. Excretion is mainly renal with 
about 60% of the dose appearing in the urine over 12 h in 
adults and 80–90% in children. Elimination is inversely cor-
related with creatinine clearance.

It is well tolerated apart from some pain at the site of injec-
tion, mild gastrointestinal upset and rash in a few patients. It 
has been used mainly to treat respiratory and urinary tract 
infection.

 Further information

Anonymous. Cefodizime (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C96–C100.

Barradell LB, Brogden RN. Cefodizime: a review of its antibacterial activity, pharma-
cokinetic properties and therapeutic use. Drugs. 1992;44:800–834.

 CEFTIZOXIME

A semisynthetic cephalosporin supplied as the sodium salt. The 
properties are very similar to those of cefotaxime, but it lacks 
the acetoxymethyl group at position C-4 and is therefore not 
subject to deacetylation. Activity against common pathogenic 
bacteria (Table 13.4) is very similar to that of cefotaxime.

A 500 mg intramuscular injection achieves a plasma con-
centration of around 14 mg/L. A concentration of 85–90 mg/L 
is produced 30 min at the end of a 30-min intravenous infu-
sion. The plasma half-life is 1.3–1.9 h. Protein binding is 
30%. It is well distributed. In children with meningitis receiv-
ing 200–250 mg/kg per day in four equally divided doses for 
14–21 days, mean CSF concentrations 2 h after a dose were 
6.4 mg/L on day 2 and 3.6 mg/L on day 14.

About 70–90% of the dose is recovered in the urine in the first 
24 h, principally by glomerular filtration. Probenecid increases 
the plasma half-life by about 50%. In patients receiving 1 g 
intravenously over 30 min, the plasma elimination half-life rose 
to 35 h when the corrected creatinine clearance was <10 mL/
min. It is partly removed by peritoneal and hemodialysis.

Adverse reactions and clinical use are similar to those of 
cefotaxime.

 Further information

Anonymous. Ceftizoxime sodium. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C125–C130.

Richards DM, Heel RC. Ceftizoxime. A review of its antibacterial activity, 
 pharmacokinetic properties and therapeutic use. Drugs. 1985;29:281–329.

preparations and dosage

Proprietary name: Rocephin.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 1 g per day as a single dose, 2–4 g once or twice 

each day in severe infections. Neonates, i.v. infusion, 20–50 mg/kg once 

daily; children >1 month, 50 mg/kg once daily, increased up to 80 mg/kg 

in severe infections and meningitis; older children weighing >50 kg, 1 g 

daily, increased to 2–4 g daily in severe infections and meningitis.

Widely available.
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 FLOMOXEF

An oxa-cephem which differs from latamoxef in the side 
chains carried at the 7-amino and C-3 positions, but which 
retains the 7-methoxy group that confers β-lactamase stabil-
ity. The methyl group of the methylthiotetrazole side chain of 
latamoxef has been modified to hydroxymethyl in an attempt 
to avoid the undesirable side effects, while the side chain at 
the 7-amino position is F2-CH-S-CH2-.

Activity is similar to that of latamoxef, but activity against 
Staph. aureus is improved and it is claimed to be a poor inducer 
of penicillin-binding protein 2′, which is associated with resis-
tance in methicillin-resistant strains.

Intravenous injection of 2 g achieves a peak plasma con-
centration of around 50 mg/L, falling to 2.6 mg/L after 6 h. 
The plasma half-life is about 50 min. It appears to be well dis-
tributed and penetrates moderately well into lung, mucosal 
tissue of the middle ear and bone.

Flomoxef does not seem to be prone to the effects on plate-
let function of latamoxef and it has a less marked effect on 
vitamin K metabolism. It does not cause a disulfiram-like 
reaction with alcohol.

It is available in Japan, where it appears safe and effective 
in a wide range of infections.

 Further information

Ito M, Ishigami T. The meaning of the development of flomoxef and clinical expe-
rience in Japan. Infection. 1991;19(suppl 5):S253–S257.

Lee CH, Su LH, Tang YF, Liu JW. Treatment of ESBL-producing Klebsiella pneumo-
niae bacteraemia with carbapenems or flomoxef: a retrospective study and 
laboratory analysis of the isolates. J Antimicrob Chemother. 2006;58:1074–1077.

Shimada M, Takenaka K, Sugimachi K. A comprehensive multi-institutional study 
of empiric therapy with flomoxef in surgical infections of the digestive organs. 
The Kyushu Research Group for Surgical Infection. J Chemother. 1994;6:251–256.

 LATAMOXEF

Moxalactam. A semisynthetic 7-methoxyoxacephem, sup-
plied as the disodium salt. Activity against common patho-
genic bacteria is shown in Table 13.4. It is generally slightly 
less active than cefotaxime, especially against Staph. aureus, 
but unlike other group 4 cephalosporins it exhibits fairly good 
activity against B. fragilis. Other Bacteroides spp. are generally 
less susceptible. The 7-methoxy substitution, also found in 
cephamycins such as cefoxitin, confers resistance to hydroly-
sis by a wide range of β-lactamases including those of Staph. 
aureus, various enterobacteria and B. fragilis. Resistance, pre-
dominantly in Enterobacter spp., Ps. aeruginosa and Ser. marc-
escens due to induction of chromosomal enzymes (p. 230), has 
been found in vitro and in some patients.

A 500 mg intramuscular injection achieves a serum con-
centration of 12–22 mg/L after 1.2 h. Infusion of 1 g over 
30 min results in a concentration of 60 mg/L. The plasma 
half-life is c. 2 h and plasma protein binding 40–50%. There is 

reasonably good penetration into serous fluids, the concen-
tration in ascitic fluid reaching 75% and in pleural fluid 50% 
of the concentration simultaneously present in the serum. 
Levels of 5–35 mg/L have been obtained in inflamed menin-
ges. Sputum levels are of the order of 2 mg/L following 1 g of 
the drug intravenously.

Renal elimination accounts for 90% of the clearance, but 
significant concentrations are found in the feces. Excretion is 
depressed in renal failure. Hemodialysis removes 48–51% of 
the drug in 4 h; peritoneal dialysis has little or no effect.

Increased bleeding and decreases in platelet function asso-
ciated with the methylthiotetrazole side chain are sufficiently 
common to have been cited as reasons for restricting use of 
the agent. Use is contraindicated in patients on anticoagulant 
therapy. Uses are similar to those of group 4 cephalosporins. 
It is generally less successful in the treatment of infections due 
to Gram-positive organisms.

 Further information

Anonymous. Moxalactam disodium. In: Dollery C, ed. Therapeutic Drugs, 2nd ed. 
Edinburgh: Churchill Livingstone; M232–M235.

Carmine AA, Brogden RN, Heel RC, Romankiewicz JA, Speight TM, Avery GS. 
Moxalactam (latamoxef). A review of its antibacterial activity, pharmacokinetic 
properties and therapeutic use. Drugs. 1983;26:279–333.

GROUP 5 CEPHALOSPORINS

CEFDITOREN

Molecular weight (pivoxil ester): 620.73

A semisynthetic cephalosporin formulated for oral use as the 
pivaloyloxymethyl ester, cefditoren pivoxil.

 ANTIMICROBIAL ACTIVITY

Activity against common pathogens is shown in Table 13.5. 
It exhibits good activity against staphylococci, streptococci 
(but not enterococci), H. influenzae and M. catarrhalis, includ-
ing β-lactamase-producing strains. Isolates of Str. pneumoniae 
exhibiting reduced susceptibility to penicillin are less suscep-
tible (MIC 0.125–2 mg/L). Most enterobacteria, including 
many Enterobacter, Citrobacter, Serratia and Proteus spp., are 
susceptible. It is not active against Ps. aeruginosa, Sten. malto-
philia or atypical respiratory pathogens such as Chlamydophila 
pneumoniae and M. pneumoniae. It is stable to staphylococcal 
and common enterobacterial β-lactamases.
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 PHARMACOKINETICS

Oral absorption c. 70%

C
max

 200 mg oral c. 1.8 mg/L after 1.5–3 h

Plasma half-life 0.8–1.3 h

Volume of distribution 9.3 L

Plasma protein binding 88%

After oral administration the pivaloyl ester is rapidly 
cleaved by esterases in the gut wall. Ingestion with food 
improves the bioavailability. Plasma concentrations are 
raised in elderly patients. There is no accumulation on 
repeated dosing.

It is excreted unchanged in the urine with a half-life of 
around 1.5 h, achieving a concentration of 150–200 mg/L 
within 4 h. Dosage adjustment is recommended in patients 
with deteriorating renal function.

 TOXICITY AND SIDE EFFECTS

In common with other pivoxil esters it may cause carnitine 
deficiency. Other side effects are those common to cepha-
losporins, mainly gastrointestinal disturbance.

 CLINICAL USE

It has been advocated for community-acquired upper and 
lower respiratory tract infections and skin infections.

 Further information

Balbisi A. Cefditoren: a new aminothiaxolyl cephalosporin. Pharmacotherapy. 
2002;22:1278–1293.

Darkes MJ, Plosker GL. Cefditoren pivoxyl. Drugs. 2002;62:319–336.
Wellington K, Curran MP. Spotlight on cefditoren pivoxil in bacterial infections. 

Treat Respir Med. 2005;4:149–152.

CEFIXIME

Molecular weight (anhydrous): 453.4; (trihydrate): 507.5.

An oral cephalosporin formulated as the anhydrous com-
pound or the trihydrate.

 Cefdinir Cefditoren Cefixime Cefpodoxime Ceftibuten

Staphylococcus aureus 0.002–1 1 4–16 0.5 32

Streptococcus pyogenes <0.06–0.25 ≤0.01 0.01–0.25 0.06 8–16

Str. pneumoniae 0.03–0.5 0.01 0.01–0.25 0.06 0.5–32

Enterococcus faecalis 2–R R R R R

Neisseria gonorrhoeae 0.002–0.06 ≤0.025 0.01–0.1 <0.06 0.008–0.06

Haemophilus influenzae 0.25–1 0.01 0.06–0.25 0.06–0.12 0.01–1

Escherichia coli 0.008–1 0.25 0.25–8 0.25 0.25 0.01–16

Klebsiella pneumoniae 0.008–0.5 0.25–1 0.01–1 0.12 0.12

Pseudomonas aeruginosa R R 2–32 R R

Bacteroides fragilis R 4–32 R R R

table 13.5 activity of group 5 cephalosporins against common pathogenic bacteria: mic (mg/L)

R, resistant (MIC >64 mg/L).
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 preparations and dosage

Proprietary name: Spectracef.

Preparation: 200 mg tablets.

Dosage: 400 mg every 12 h for 10 days.

Available in USA and Japan; not available in the UK.
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 ANTIMICROBIAL ACTIVITY

Activity against common pathogenic bacteria is shown in 
Table 13.5. It is active against N. gonorrhoeae, M. catarrha-
lis, H. influenzae and a wide range of enterobacteria, includ-
ing most strains of Citrobacter, Enterobacter and Serratia spp. 
Its antistaphylococcal activity is poor. It is not active against 
Acinetobacter spp., Ps. aeruginosa or B. fragilis. It is resistant to 
hydrolysis by common β-lactamases.

 PHARMACOKINETICS

Oral absorption c. 50%

C
max

 400 mg oral 4–5.5 mg/L after 4 h

Plasma half-life 3–4 h

Volume of distribution 0.1 L/kg

Plasma protein binding 60–70%

absorption and distribution

Oral absorption is slow and incomplete, but is unaffected by 
aluminum magnesium hydroxide. Penetration into canthari-
des blister fluid was very slow but exceeded the plasma level. 
CSF concentrations are poor even in the presence of menin-
geal inflammation, reaching an average of around 0.22 mg/L 
in children with meningitis.

Metabolism and excretion

It is not metabolized and is excreted unchanged in urine 
(mainly by glomerular filtration) and in bile, in which con-
centrations exceeding 100 mg/L have been found. Less than 
20% of an oral dose is recovered from the urine over 24 h, fall-
ing to less than 5% in patients with severe renal impairment, 
with a corresponding increase in plasma concentration. It is 
not removed by peritoneal or hemodialysis.

 TOXICITY AND SIDE EFFECTS

It is well tolerated, but diarrhea is fairly common and 
pseudomembranous colitis has been reported. Other side 
effects common to cephalosporins are occasionally seen.

 CLINICAL USE

Cefixime has been used successfully in uncomplicated cys-
titis, upper and lower respiratory tract infections and vari-
ous other infections. Its failure to provide adequate cover for 
staphylococci should be noted.

 Further information

Anonymous. Cefixime. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C93–C96.

Brogden RN, Campoli-Richards DM. Cefixime: a review of its  antibacterial 
activity, pharmacokinetic properties and therapeutic potential. Drugs. 
1989;38:524–550.

Markham A, Brogden RN. Cefixime. A review of its therapeutic efficacy in lower 
respiratory tract infections. Drugs. 1995;49:1007–1022.

Symposium. Clinical pharmacology and efficacy of cefixime. Pediatr Infect Dis J. 
1987;6:949–1009.

Wu DHA. Review of the safety profile of cefixime. Clin Ther. 1993;15:1108–1119.

CEFPODOXIME

Molecular weight (proxetil ester): 557.6.

A semisynthetic cephalosporin supplied as the prodrug ester, 
cefpodoxime proxetil.

 ANTIMICROBIAL ACTIVITY

The hydrolysis product is very similar to cefotaxime and it 
shares its potent, broad-spectrum activity (Table 13.5). It 
is stable to a wide range of plasmid-mediated β-lactamases. 
It induces the chromosomal β-lactamases of Ps. aeruginosa, 
Enterobacter spp., S. marcescens and Citrobacter spp., but is a 
less potent inducer than cefoxitin.

 preparations and dosage

Proprietary name: Suprax.

Preparations: Tablets, suspension.

Dosage: Adults, oral, 200–400 mg per day as a single dose or in two 

divided doses. Children >6 months, 8 mg/kg per day (maximum 400 mg) 

as a single dose or in two divided doses.

Widely available.
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 PHARMACOKINETICS

Oral absorption c. 50%

C
max

 200 mg oral 2.1 mg/L after 3 h

Plasma half-life c. 2.2 h

Volume of distribution c. 35 L

Plasma protein binding 20–30%

absorption and distribution

The ester is rapidly hydrolyzed to the parent compound in 
the small intestine. Bioavailability increases to 65% if taken 
with food, but antacids and H2-receptor antagonists reduce 
absorption. Unabsorbed drug is hydrolyzed and excreted in 
the feces.

It is well distributed and penetrates well into tissues 
(including lung tissue) and inflammatory exudate to achieve 
concentrations inhibitory to common pathogens.

Metabolism and excretion

The hydrolyzed prodrug is not subject to further metabo-
lism. About 80% of the absorbed compound (30–40% of the 
original dose) appears in the urine over 24 h. Excretion is by 
glomerular filtration and tubular secretion; probenecid delays 
secretion and increases the peak plasma concentration.

 TOXICITY AND SIDE EFFECTS

The drug is well tolerated, but gastrointestinal disturbance 
with diarrhea is common. Pseudomembranous colitis has 
been reported occasionally. Other side effects are those com-
mon to cephalosporins.

 CLINICAL USE

Cefpodoxime has been used principally for the treatment of 
upper and lower respiratory tract infections in children and 
adults.

 Further information

Anonymous. Cefpodoxime proxetil. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C113–C117.

Frampton JE, Brogden RN, Langtry HD, Buckley MM. Cefpodoxime proxetil: a 
review of its antibacterial activity, pharmacokinetic properties and therapeutic 
potential. Drugs. 1992;44:889–917.

Fulton B, Perry CM. Cefpodoxime proxetil: a review of its use in the  
management of bacterial infections in paediatric patients. Paediatr Drugs. 
2001;3:137–158.

Moore EP, Speller DCE, White LO, Wilkinson PJ. Cefpodoxime proxetil: a  
third-generation oral cephalosporin. J Antimicrob Chemother. 
1990;26(suppl E):1–100.

Todd WM. Cefpodoxime proxetil: a comprehensive review. Int J Antimicrob Agents. 
1994;4:37–62.

OTHER GROUP 5 CEPHALOSPORINS

 CEFCAPENE

A semisynthetic cephalosporin formulated for oral adminis-
tration as the prodrug ester, cefcapene pivoxil. Activity and 
uses are similar to those of cefditoren.

Available in Japan.

 CEFDINIR

An oral cephalosporin similar in structure to cefixime, but 
with a slightly modified side chain at the 7-amino position. 
Activity is similar to that of cefixime, but it is more active, 
especially against staphylococci (Table 13.5). It is not hydro-
lyzed by staphylococcal or the common plasmid-mediated 
enterobacterial β-lactamases. An enhancing effect on phago-
cytosis has been demonstrated in vitro.

Oral absorption is about 35%. A 200 mg oral dose achieves 
a plasma concentration of 1 mg/L after c. 3 h. Absorption is 
reduced after a fatty meal. Concentrations equal to or higher 
than corresponding plasma levels were present in blister fluid 
6–12 h after administration of an oral dose. The plasma half-
life is 1.5 h. Protein binding is 60–70%. A total of 12–20% 
of the dose was excreted in the urine within 12 h, the renal 
elimination declining with increasing dose. The elimination 
half-life and peak plasma concentration are increased in renal 
failure. About 60% of the drug is removed by hemodialysis.

Side effects and uses are those common to oral 
cephalosporins.

 Further information

Guay DR. Cefdinir: an expanded-spectrum oral cephalosporin. Ann Pharmacother. 
2000;34:1469–1477.

Perry CM, Scott LJ. Cefdinir: a review of its use in the management of mild-to-
moderate bacterial infections. Drugs. 2004;64:1433–1464.

 preparations and dosage

Proprietary name: Orelox, Vantin.

Preparations: Tablets, suspension.

Dosage: Adults, oral, 200–400 mg every 12 h depending on infection 

being treated. Children, 8 mg/kg per day in two divided doses.

Widely available.
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 CEFETAMET

A semisynthetic cephalosporin formulated for oral use as the 
prodrug ester, cefetamet pivoxyl. It is less active than cefa-
clor and cefadroxil against Staph. aureus, but as active against 
streptococci and more active against enterobacteria, H. influ-
enzae and N. gonorrhoeae, including β-lactamase-producing 
strains. L. monocytogenes, C. difficile, Sten. maltophilia and Burk. 
cepacia are all resistant. It is resistant to hydrolysis by common 
plasmid-mediated enzymes.

The absolute bioavailability is about 50%. The plasma peak 
is delayed by food. Binding to plasma protein is about 20%. 
The volume of distribution approximates to the extracellu-
lar water. It is excreted into urine with a half-life of 2–2.5 h, 
principally in the glomerular filtrate. Elimination is linearly 
related to creatinine clearance. Side effects and uses are simi-
lar to those of other group 5 cephalosporins.

 Further information

Bryson HM, Brogden RN. Cefetamet pivoxil: a review of its antibacterial activity, 
pharmacokinetic properties and therapeutic use. Drugs. 1993;45:589–621.

 CEFTERAM

A semisynthetic cephalosporin formulated for oral adminis-
tration as the prodrug ester, cefteram pivoxil. Activity is simi-
lar to that of cefixime, but with slightly better activity against 
staphylococci and some Gram-negative rods.

Available in Japan.

 CEFTIBUTEN

A semisynthetic cephalosporin formulated as the dihydrate 
for oral administration.

Activity against common pathogens is shown in Table 13.5. 
It exhibits good activity against many Gram-negative bacilli, 
but its activity against Gram-positive cocci is very poor. It 
is stable to hydrolysis by the common plasmid-mediated 
β-lactamases, but not derepressed chromosomal enzymes (see 
p. 230).

It is rapidly and almost completely absorbed by mouth and 
is excreted in the urine with a half-life of 1.5–3 h. An oral dose 
of 400 mg achieves a peak plasma concentration of around 
15 mg/L. Binding to plasma proteins is 65–77%.

Side effects mostly consist of mild gastrointestinal symp-
toms and mild liver function test changes. Clinical trials have 
mainly been conducted in urinary tract and respiratory tract 
infections which, despite the poor in-vitro activity against 
Str. pneumoniae, have shown ceftibuten to be as efficacious as 
comparator agents.

 Further information

Guay DR. Ceftibuten: a new expanded-spectrum oral cephalosporin. Ann 
Pharmacother. 1997;31:1022–1033.

Owens RC, Nightingale CH, Nicolau DP. Ceftibuten: an overview. Pharmacotherapy. 
1997;17:707–720.

Wiseman LR, Balfour JA. Ceftibuten. A review of its antibacterial activity,  
pharmacokinetic properties and clinical efficacy. Drugs. 1994;47:784–808.

GROUP 6 CEPHALOSPORINS

CEFEPIME

Molecular weight (dihydrochloride monohydrate): 571.5.

A semisynthetic parenteral cephalosporin formulated as the 
hydrochloride with arginine as a pH stabilizer.

 ANTIMICROBIAL ACTIVITY

Its activity against common pathogens (Table 13.6) is com-
parable to that of group 4 cephalosporins, but it is somewhat 
more active against Ps. aeruginosa. Like cefpirome it has low 
affinity for the molecular class C cephalosporinases of many 
Gram-negative rods (p. 230) and is consequently active against 
most strains of Citrobacter spp., Enterobacter spp., Serratia spp. 
and Ps. aeruginosa that are resistant to cefotaxime and ceftazi-
dime. It has poor activity against L. monocytogenes and against 
anaerobic organisms.

 PHARMACOKINETICS

C
max

 2 g intravenous (30-min infusion) c. 160 mg/L end infusion

Plasma half-life c. 2 h

Volume of distribution 14–20 L

Plasma protein binding 10–19%

 preparations and dosage

Proprietary name: Cedax.

Preparations: Capsules, suspension.

Dosage: Adults and children >10 years (>45 kg), oral, 400 mg per day as a 

single dose. Children >6 months, 9 mg/kg per day as a single dose.

Available in USA and Japan; not available in the UK.
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It is well distributed. Penetration into tissues, including lung, 
appears to be similar to that of other aminothiazoyl cepha-
losporins. Very low concentrations are achieved in CSF in the 
absence of meningeal inflammation. It is secreted in breast 
milk.

It is partially metabolized, but 85% of the dose is excreted 
unchanged in the urine, achieving a concentration approach-
ing 1 g/L within 4 h of a 1 g intravenous dose. Dosage adjust-
ment is required in patients with impaired renal function, 
but hepatic impairment does not affect the pharmacokinetic 
properties.

 TOXICITY AND SIDE EFFECTS

It is generally well tolerated, adverse events being those typi-
cal of the group.

 CLINICAL USE

It is used in the treatment of serious infections, particularly 
those in which resistant Gram-negative pathogens are known 
or suspected to be involved.

 Further information

Barradell LB, Bryson HM. Cefepime: a review of its antibacterial activity, pharma-
cokinetic properties and therapeutic use. Drugs. 1994;47:471–505.

Brown EM, Finch RG, White LO. Cefepime: a β-lactamase-stable extended-spec-
trum cephalosporin. J Antimicrob Chemother. 1993;32(suppl B):1–214.

Wynd MA, Paladino JA. Cefepime: a fourth-generation parenteral cephalosporin. 
Ann Pharmacother. 1996;30:1414–1424.

CEFTAZIDIME

Molecular weight (anhydrous): 546.6; (pentahydrate): 636.7.

A semisynthetic parenteral cephalosporin formulated as the 
pentahydrate.

 ANTIMICROBIAL ACTIVITY

Its activity against common pathogenic bacteria is shown in 
Table 13.6. Its activity is comparable to that of cefotaxime 
and ceftizoxime, but it is more active against Ps. aeruginosa, 
including almost all gentamicin-resistant strains, and Burk. 
cepacia. It is, however, less active against Staph. aureus. It is 

 Cefoperazone Cefpiramide Cefsulodin Ceftazidime Cefepime Cefpirome

Staphylococcus aureus 1–4 1 2–4 4–8 2–4 0.5–1

Streptococcus pyogenes 0.1 0.1 2 0.1–0.25 0.1 0.03

Str. pneumoniaea 0.1–0.25 0.1 4–8 0.25 <0.05 <0.05

Enterococcus faecalis 64–R R R R R 4–R

Neisseria gonorrhoeae 0.06  4–8 0.06–0.1 0.1 0.03

N. meningitidis 0.06  4–8 <0.01   

Haemophilus influenzae 0.1 0.5 32 0.1  0.1

Escherichia coli 0.1–2 0.5 64–R 0.1 0.1–0.5 0.1–0.5

Klebsiella pneumoniae 0.5–8 2 64–R 0.1 0.1–0.5 0.1–0.5

Pseudomonas aeruginosa 4–8 2 2 1–4 8–16 2–8

Bacteroides fragilis 16–32 R R 16–64 R R

table 13.6 activity of group 6 cephalosporins against common pathogenic bacteria: mic (mg/L)

aPenicillin-resistant strains are often less susceptible. R, resistant (MIC >64 mg/L).
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 preparations and dosage

Proprietary name: Maxipime.

Preparation: Injection.

Dosage: Adult, i.m., i.v., 1–6 g per day in 2–3 divided doses.

Available in USA, most of Europe and Japan; not available in the UK.
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stable to a wide range of β-lactamases, but is hydrolyzed by 
some TEM variants (see pp. 230–231).

 PHARMACOKINETICS

C
max

 500 mg intramuscular

 2 g intravenous (20-min infusion)

18–20 mg/L

185 mg/L end infusion

Plasma half-life 1.5–2 h

Volume of distribution 16 L

Plasma protein binding c. 10%

No accumulation was seen in subjects receiving 2 g every 12 
h over 8 days. In premature infants given 25 mg/kg every 12 
h, mean peak plasma concentrations were 77 mg/L after intra-
venous and 56 mg/L after intramuscular administration, with 
plasma elimination half-lives of 7.3 and 14.2 h, respectively. 
Postnatal age was the most important determinant of elimina-
tion rate, which was halved after 5 days. In newborn infants 
given 50 mg/kg intravenously over 20 min, mean peak plasma 
concentrations varied inversely with gestational age from 102 
to 124 mg/L, with half-lives of 2.9–6.7 h.

Distribution

The concentration into serous fluids reaches 50% or more of 
the simultaneous serum level. In patients given 1 g intrave-
nously during abdominal surgery, detectable concentrations 
appeared within a few minutes in the peritoneal fluid, reach-
ing a peak around 67 mg/L with a half-life of 0.9 h. Following 
a similar intravenous dose, a mean peak of 9.4 mg/L was 
reached at 2 h in ascitic fluid. Concentrations in middle ear 
fluid after 1 g intravenously were broadly comparable to those 
of the plasma.

In patients with meningitis, CSF concentrations of 2–30 
mg/L have been found 2–3 h after doses of 2 g intravenously 
over 30 min given every 8 h for four doses. Concentrations are 
substantially less in the absence of meningitis. Concentrations 
of 3–27 mg/g were found in patients with intracranial abscesses 
treated with 0.5–2 g every 8 h. Concentrations around 0.4 mg/g 
in skin, 0.6 mg/g in muscle and 0.2 mg/g in fatty tissue have 
been found in patients given 2 g intravenously over 5 min 
preoperatively. A similar dose has produced mean  prostate 
tissue:serum ratios of around 0.14. Effective concentrations 
are achieved in bone: in patients given 1 g intravenously mean 
bone concentrations were 14.4 mg/kg 35–40 min after the 
dose. There is secretion in breast milk, peak concentrations 
being around 5 mg/L at about 1 h in patients receiving 2 g 
intravenously every 8 h.

Metabolism and excretion

No metabolites have been detected. Elimination is almost 
exclusively renal, predominantly via the glomerular filtrate, 
with 80–90% of the dose appearing in the urine in the first 

24 h. Elimination half-life is inversely correlated with creati-
nine clearance: as the values fall to 2–12 mL/min, the mean 
plasma half-life rises to 16 h. In patients maintained on hemo-
dialysis the half-life fell to 2.8 h on dialysis. No accumulation 
occurred over 10 days in severe renal impairment on a daily 
dose of 0.5–1 g.

Concentrations of 6.6–58 mg/L have been found in bile 
25–160 min after the dose at times when the mean serum 
concentration was 77.4 mg/L. In T-tube bile there was con-
siderable interpatient variation, with mean concentrations of 
34 mg/L at 1–2 h after the dose. No accumulation occurs 
in patients with impaired hepatic function, but the presence 
of ascites, low plasma albumin and accumulation of protein-
binding inhibitors may increase the volume of distribution.

 TOXICITY AND SIDE EFFECTS

It is generally well tolerated. Preparations containing argin-
ine have replaced those with sodium carbonate, which causes 
pain on intramuscular injection. Reactions common to cepha-
losporins have been observed in some patients, including pos-
itive antiglobulin tests without hemolysis, raised liver function 
test values, eosinophilia, rashes, leukopenia, thrombocytope-
nia and diarrhea, occasionally associated with toxigenic 
C. difficile.

Failure of therapy has been associated with superinfection 
with resistant organisms, including Staph. aureus, enterococci 
and Candida. Resistance caused by induction of chromosomal 
β-lactamases may emerge in Ps. aeruginosa, Ser. marcescens or 
Enterobacter spp.

 CLINICAL USE

It is used, often combined with an aminoglycoside, to treat 
a wide range of severe urinary, respiratory and wound infec-
tions, mostly due to enterobacteria or Ps. aeruginosa. Reference 
is made to its use in pneumonia, septicemia, meningitis (espe-
cially if caused by Ps. aeruginosa), peritonitis, osteomyelitis, 
neonatal sepsis, burns and melioidosis. Concern has been 
expressed at the relative frequency with which failure is asso-
ciated with superinfection or the emergence of resistance.

 preparations and dosage

Proprietary names: Fortum, Kefadim, Ceptaz, Fortaz.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 1–6 g per day in divided doses, depending on 

severity of infection. Neonates and children 25 mg/kg (neonates <7 days 

every 24 h; 7–21 days, every 12 h, older infants and children, every 8 h). 

The dose may be doubled in severe infection to a maximum of 6 g/day in 

children >1 month (9 g in cystic fibrosis).

Widely available.
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 Further information

Anonymous. Ceftazidime. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C120–C125.

Boogaerts MA, Demuynck H, Mestdagh N, et al. Equivalent efficacies of mero-
penem and ceftazidime as empirical monotherapy of febrile neutropenic 
patients. J Antimicrob Chemother. 1995;36:185–200.

De Pauw BE, Deresinski SC, Feld R, Lane Allman EF, Donnelly JP, Elahi N. 
Ceftazidime compared with piperacillin and tobramycin for the empiric treat-
ment of fever in neutropenic patients with cancer: a multicenter randomized 
trial. Ann Intern Med. 1994;120:834–844.

Fong IN, Tomkins KB. Review of Pseudomonas aeruginosa meningitis with special 
emphasis on treatment with ceftazidime. Rev Infect Dis. 1985;7:604–612.

Rains CP, Bryson HM, Peters DH. Ceftazidime: an update of its antibacterial activity, 
pharmacokinetic properties and therapeutic efficacy. Drugs. 1995;49:577–617.

OTHER GROUP 6 CEPHALOSPORINS

 CEFOPERAZONE

A semisynthetic parenteral cephalosporin. It is unstable, los-
ing activity on storage even at –20°C. A formulation with sul-
bactam is available in some countries (see p. 241). Activity 
against common pathogenic bacteria is shown in Table 13.6. 
It exhibits moderate activity against carbenicillin-sensitive 
strains of Ps. aeruginosa. Activity against Burk. cepacia and 
Sten. maltophilia is unreliable. It is much less stable to entero-
bacterial β-lactamases than most other cephalosporins of 
groups 4–6 and consequently has unreliable activity against 
many species, including β-lactamase-producing strains of  
H.  influenzae and N. gonorrhoeae. It is active against 
Achromobacter, Flavobacterium, Aeromonas and associated 
non-fermenters. Past. multocida is extremely susceptible (MIC 
<0.01–0.02 mg/L). It exhibits modest activity against most 
Gram-negative anaerobes, but not B. fragilis. Sulbactam 
increases activity against many, but not all, enterobacteria and 
non-fermenters, and almost all B. fragilis.

A 2 g intravenous infusion achieves a peak plasma con-
centration of 250 mg/L. The plasma half-life is 1.5–2 h. Over 
85% is bound to plasma proteins. It achieves therapeutic con-
centrations in tissue and inflammatory exudates. Variable low 
levels are found in the sputum up to 1.5% of simultaneous 
serum levels. Penetration into CSF is unreliable even in the 
presence of meningeal inflammation.

The bile is a major route of excretion, accounting for 
almost 20% of the dose. About 20–30% is eliminated in urine, 
almost entirely by glomerular filtration. Clearance is effec-
tively unchanged by renal failure or dialysis.

Side effects associated with the methylthiotetrazole side 
chain have been reported. Diarrhea has been notable in some 
studies. Marked suppression of fecal flora, with the appearance 
of C. difficile, has occasionally been found. There is a 5–10% 
incidence of mild transient increases in liver function tests.

Its potential toxicity and the availability of compounds 
with better β-lactamase stability and more reliable anti-
pseudomonal activity have undermined its popularity.

 Further information

Brogden RN, Carmine A, Heel RC, Morley PA, Speight TM, Avery GS. Cefoperazone: 
a review of its in vitro antimicrobial activity, pharmacological properties and 
therapeutic efficacy. Drugs. 1981;22:423–460.

Symposium. Evaluation of cefoperazone. Rev Infect Dis. 1983;5(suppl 1):S108– 
S209.

 CEFOZOPRAN

An aminothiazole cephalosporin formulated as the hydrochlo-
ride. Activity is similar to that of ceftazidime, but it is more 
active against methicillin-susceptible staphylococci (MIC 1 
mg/L). Representative MICs against Gram-negative species 
are: Esch coli 0.25 mg/L; K. pneumoniae 1 mg/L; Ps. aeruginosa 
1–8 mg/L. Activity against Acinetobacter spp., Sten. maltophilia 
and B. fragilis group is poor.

A 20-min infusion of 1.5 g achieved a plasma concentra-
tion of around 125 mg/L at the end of infusion. Almost 90% 
of the dose was excreted in the urine over 24 h. The mean ter-
minal half-life was around 2 h. Adverse reactions appear to be 
typical of those of other group 6 cephalosporins.

It is available in Japan.

 Further information

Iwahi T, Okonogi K, Yamazaki T, et al. In vitro and in vivo activities of SCE-2787, a 
new parenteral cephalosporin with a broad antibacterial spectrum. Antimicrob 
Agents Chemother. 1992;36:1358–1366.

Paulfeuerborn W, Muller HJ, Borner K, Koeppe P, Lode H. Comparative phar-
macokinetics and serum bactericidal activities of SCE-2787 and ceftazidime. 
Antimicrob Agents Chemother. 1993;37:1835–1841.

 CEFPIMIZOLE

A semisynthetic parenteral cephalosporin. It exhibits modest 
activity compared to other antipseudomonal cephalosporins. 
Like cefoperazone, it is susceptible to many enterobacterial 
β-lactamases. In volunteers receiving 0.1–1 g intramuscu-
larly, mean peak plasma concentrations reached 15–20 and 
35–40 mg/L, respectively. There was no accumulation when 
the dose was repeated every 8 h for 7 days. No metabolites 
have been detected. The plasma elimination half-life is 1.8–
2.1 h. The principal route of elimination is renal, 70–80% 
being recovered unchanged in the urine.

Significant pain at the site of infection has been a promi-
nent adverse event. It is no longer widely available.

 CEFPIRAMIDE

A semisynthetic parenteral cephalosporin. It exhibits a broad 
range of activity, which includes Ps. aeruginosa, though the 
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overall activity is rather modest (Table 13.6). It is moderately 
stable to most β-lactamases but less so than ceftazidime or 
cefpirome.

In volunteers given 0.5 or 1 g by intravenous bolus, the mean 
plasma concentration shortly after injection was around 150 or 
300 mg/L, respectively. There was no accumulation when the 
same doses were repeated every 12 h for 11 doses. It is highly 
bound to plasma protein (c. 95%). The mean plasma half-life 
is around 5 h. Less than one-quarter of the dose appears in the 
urine over 24 h; the rest is excreted in bile and high concentra-
tions are found in feces. Renal impairment has little effect on 
elimination in patients with normal liver function.

Diarrhea may be associated with marked suppression of 
gut flora resulting from biliary excretion of the drug. The mol-
ecule includes a C-3 methylthiotetrazole side chain and side 
effects associated with that substituent are to be expected.

It is available in Japan.

 Further information

Conte JE. Pharmacokinetics of cefpiramide in volunteers with normal or impaired 
renal function. Antimicrob Agents Chemother. 1987;31:1585–1588.

Nakagawa K, Koyama M, Matsui H, et al. Pharmacokinetics of cefpiramide (SM-
1652) in humans. Antimicrob Agents Chemother. 1984;25:221–225.

 CEFPIROME

A semisynthetic aminothiazoyl cephalosporin formulated as 
the sulfate for parenteral administration. Activity against com-
mon pathogens (Table 13.6) is similar to that of cefotaxime 
and ceftriaxone, but it is more active against Ps. aeruginosa. 
Unlike other cephalosporins it exhibits activity against some 
strains of enterococci (MIC 4–16 mg/L), but this is of doubt-
ful clinical benefit. It is generally very stable to β-lactamases. 
It is active against strains of Enterobacter spp., Citrobacter spp., 
Hafnia spp., Providencia spp., Ser. marcescens and Pr. vulgaris 
producing molecular class C cephalosporinases (see p. 230). 
Sten. maltophilia is resistant.

A 1 g intramuscular injection produces a plasma con-
centration of 25 mg/L after 1.6–2.3 h. A similar intravenous 
dose achieves a peak concentration of 97 mg/L. The plasma 
 half-life is 1.4–2.3 h and protein binding is around 10%. It 
is well distributed, achieving therapeutic concentrations in 
tissues and exudates. It penetrates poorly into CSF in the 
absence of meningeal inflammation, but concentrations 
around 2–4 mg/L have been found in patients with purulent 
meningitis.

Little, if any, of the drug is metabolized and most is excreted 
unchanged in the urine within 12 h, mainly by glomerular fil-
tration. Clearance declines in proportion to renal function. 
Around 60% of the drug is removed in 3 h by hemodialysis. 
Low concentrations are found in breast milk.

Side effects are those common to other cephalosporins. 
Diarrhea is common and occasional cases of pseudomembra-
nous colitis have been reported.

It is mainly used in the treatment of serious sepsis, particu-
larly nosocomial infections in which resistant Gram-negative 
pathogens are known or suspected to be involved. It is not 
widely available, but is marketed in Japan.

 Further information

Anonymous. Cefpirome. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C109–C113.

Wiseman LR, Lamb HM. Cefpirome. A review of its antibacterial activity, pharma-
cokinetic properties and clinical efficacy in the treatment of severe nosocomial 
infections and febrile neutropenia. Drugs. 1997;54:117–140.

 CEFSULODIN

A semisynthetic parenteral cephalosporin supplied as the 
sodium salt. Activity against Ps. aeruginosa contrasts strikingly 
with poor activity against many other organisms (Table 13.6). 
Anaerobic Gram-negative rods, Gram-positive rods and cocci 
are all resistant. It is stable to many β-lactamases, including the 
Ps. aeruginosa chromosomal enzyme, and is a poor substrate 
for the enzymes of Enterobacter spp. and Morg. morganii. It is 
slowly hydrolyzed by TEM β-lactamases and more rapidly by 
the enzymes of some carbenicillin-resistant strains of Ps. aerug-
inosa, with which distinct inoculum effects may be seen.

A 500 mg intravenous bolus dose achieves a plasma con-
centration of c. 70 mg/L at the end of the injection; the corre-
sponding intramuscular dose achieves a peak concentration of 
around 15 mg/L. The plasma half-life is 1.5 h. About 15–30% 
is protein bound.

There is some metabolism of the drug, but the main route 
of excretion is via the kidneys, most appearing in the urine 
in the first 6 h. The plasma half-life is linearly related to cre-
atinine clearance, rising to a mean of 10–13 h in patients 
where clearance was <10 mL/min, falling to around 2 h on 
hemodialysis.

It is well tolerated, apart from nausea and vomiting in some 
subjects. It has been used in severe pseudomonas infections, 
usually in combination with an aminoglycoside, but treatment 
has been complicated on a number of occasions by the emer-
gence of resistance or superinfection.

It is available in Japan.

 Further information

Wright DB. Cefsulodin. Drug Intell Clin Pharm. 1986;20:845–849.
Young LS. Pseudomonas aeruginosa – biology, immunology and therapy: a  

cefsulodin symposium. Rev Infect Dis. 1984;6(suppl 3):S603–S776.
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CEFTOBIPROLE

Molecular weight: 534.57 (base); 712.64 (medocaril ester).
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A semisynthetic cephalosporin formulated as the water-
 soluble medocaril prodrug for intravenous administration.

 ANTIMICROBIAL ACTIVITY

The most important property distinguishing it from older 
cephalosporins is activity against methicillin-resistant staphy-
lococci, a property conferred by a high affinity for penicillin-
binding protein 2′ (2a). MICs for methicillin-resistant strains 
are nevertheless somewhat higher than those seen with fully 
susceptible strains. A similar situation exists with coagulase-
negative staphylococci and with Str. pneumoniae, for which 
strains with reduced susceptibility to penicillin are less sus-
ceptible than fully resistant strains, while remaining within 
therapeutically achievable levels.

Otherwise activity approximates to that of cephalosporins 
of group 4 (Table 13.7). Activity against Ps. aeruginosa is mod-
est and much reduced against ceftazidime-resistant strains.

 ACQUIRED RESISTANCE

It is hydrolyzed by extended spectrum β-lactamases of enter-
obacteria (see p. 230), which are therefore resistant. The pros-
pects for the emergence of resistance during extensive clinical 
use are presently unclear, though increased resistance in 
Staph. aureus appears to be difficult to induce under labora-
tory conditions.

 PHARMACOKINETICS

C
max

 500 mg (667 mg prodrug) 

intravenous (30-min infusion)

c. 35 mg/L end infusion

Plasma half-life c. 3 h

Volume of distribution 18.4 L

Plasma protein binding 16%

The prodrug is rapidly hydrolyzed in plasma to release the 
active form together with diacetyl (2,3-butanediol) and CO2. 
Distribution approximates to the extracellular fluid volume in 
adults. There is no accumulation on repeat dosing in subjects 
with normal renal function.

It is chiefly excreted in urine by glomerular filtration. A uri-
nary concentration exceeding 1 g/L is achieved within the first 
2 h of a 500 mg (active drug equivalent) dose and 80–90% of 
active drug can be recovered within 24 h.

 TOXICITY AND SIDE EFFECTS

Limited studies have so far revealed no unexpected side 
effects. Nausea, vomiting and altered taste sensation appear 
to be the most common.

 CLINICAL USE

In countries in which approval has been granted, use is presently 
limited to complicated infections of skin and skin structures.

 Further information

Anderson SD, Gums JG. Ceftobiprole: an extended-spectrum anti- methicillin-
resistant Staphylococcus aureus cephalosporin. Ann Pharmacother. 
2008;42:806–816.

 Ceftobiprole Ceftaroline

Staphylococcus aureus  
(methicillin-sensitive)

 
0.25–0.5

 
0.25

Staph. aureus  
(methicillin-resistant)

 
1–2

 
0.5–1

Streptococcus pyogenes 0.06 0.008–0.03

Str. pneumoniae 0.015–0.25 0.008–0.12

Enterococcus faecalis 4 2–4

Neisseria gonorrhoeae 0.06 No data

Haemophilus influenzae 0.06 0.015–0.03

Escherichia coli 0.03–0.06 0.06–0.5

Klebsiella pneumoniae 0.03–0.12 0.06–0.25

Pseudomonas aeruginosa 2–8 0.5–R

Bacteroides fragilis R No data

table 13.7 activity of group 7 cephalosporins against common 
pathogenic bacteria: mic (mg/L)

R, resistant (MIC >64 mg/L).
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 preparations and dosage

Proprietary names: Zeftera, Zevtera.

Preparation: Infusion.

Dosage: i.v. infusion (1–2 h), 500 mg (667 mg medocaril prodrug) every 12 h.

Limited availability. Available in Canada.
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Pillar CM, Aranza MK, Shah D, Sahm DF. In vitro activity profile of ceftobiprole, an 
anti-MRSA cephalosporin, against recent Gram-positive and Gram-negative iso-
lates of European origin. J Antimicrob Chemother. 2008;61:595–602.

Schmitt-Hoffmann A, Nyman L, Roos B, et al. Multiple-dose pharmacokinetics and 
safety of a novel broad-spectrum cephalosporin (BAL5788) in healthy volun-
teers. Antimicrob Agents Chemother. 2004;48:2576–2580.

Schmitt-Hoffmann A, Roos B, Schleimer M, et al. Single-dose  pharmacokinetics 
and safety of a novel broad-spectrum cephalosporin (BAL5788) in healthy 
 volunteers. Antimicrob Agents Chemother. 2004;48:2570–2575.

Vidaillac C, Rybak MJ. Ceftobiprole: first cephalosporin with activity against methi-
cillin-resistant Staphylococcus aureus. Pharmacotherapy. 2009;29:511–525.

OTHER GROUP 7 CEPHALOSPORINS

 CEFTAROLINE

A semisynthetic cephalosporin formulated as the water- soluble 
fosamil acetate prodrug for intravenous administration.

Its properties are similar to those of ceftobiprole, with 
which it shares an enhanced affinity for penicillin-binding 
protein 2′ (2a) of methicillin-resistant Staph. aureus. Activity 
against common bacterial pathogens is shown in Table 13.7. 
It is hydrolyzed by extended-spectrum β-lactamases and is not 

active against Amp-C derepressed strains of Gram-negative 
bacilli (see p. 230). 

C
max

 600 mg intravenous (1-h infusion) 19 mg/L end infusion

Plasma half-life 2.6 h

Volume of distribution 0.37 L/kg

Plasma protein binding <20%

Like ceftobiprole, ceftaroline fosamil is rapidly hydrolyzed in 
plasma after intravenous infusion and excreted principally in urine. 
In preliminary clinical studies it appears to be well tolerated.

 Further information

Brown SD, Traczewski MM. In vitro antimicrobial activity of a new cephalosporin, 
ceftaroline and determination of quality control ranges for MIC testing. 
Antimicrob Agents Chemother. 2009;53:1271–1274.

Ge Y, Biek D, Talbot GH, Sahm DF. In vitro profiling of ceftaroline against a  
collection of recent bacterial clinical isolates from across the United States. 
Antimicrob Agents Chemother. 2008;52:3398–3407.

Zhanel GG, Sniezek G, Schweizer F, et al. Ceftaroline: a novel broad-spectrum 
cephalosporin with activity against methicillin-resistant Staphylococcus aureus. 
Drugs. 2009;69:809–831.
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β-Lactam antibiotics: penicillins

The penicillin class of antibiotics comprises a large group of bicyclic 
penam compounds (pp. 226–227) differing in the nature of the acyl 
side chain attached to the fused β-lactam–thiazolidine ring system. 
Most are semisynthetic derivatives of the penicillin nucleus, 6-amin-
openicillanic acid (6-APA), prepared synthetically by the addition of 
acyl side chains at the 6-amino group.

Fleming reported the discovery of penicillin as the compound 
responsible for the antibacterial activity displayed by the mold 
Penicillium notatum in 1929, but it was not until 1940 that Florey 
and his collaborators at Oxford produced enough crude penicillin 
to start therapeutic tests in mice. Preliminary human trials followed 
in 1941. Later studies showed that the product derived from indus-
trial fermentations of Penicillium chrysogenum was a family of closely 
related compounds differing only in the nature of the acyl side chain. 
These natural penicillins consisted of penicillins F (pentenylpenicillin), 
G (benzylpenicillin), K (heptylpenicillin) and X (p-hydroxybenzylpeni-
cillin). From this family, benzylpenicillin (penicillin G) was selected as 
the penicillin most suitable for clinical development based on bio-
logical properties and ease of  commercial production.

The limitations of benzylpenicillin as an antibacterial agent soon 
led to efforts to produce novel penicillins with superior properties. In 
early work acidic side-chain precursors that could be incorporated 
during biosynthesis were added during the fermentation. However, 
only a limited number of side chains could be introduced; the only 
penicillin produced by this process with any advantage over peni-
cillin G was phenoxymethylpenicillin (penicillin V), the product of 
fermentations to which phenoxyacetic acid had been added as a 
precursor. This change conferred stability to gastric acid, allowing 
it to be administered orally.

The first semisynthetic penicillins, prepared by chemical substi-
tution of the p-hydroxy group of the naturally occurring  penicillin X 
(p-hydroxybenzylpenicillin) were, unfortunately, no better than peni-
cillin G. A similar approach to modify the amino group of p-aminoben-
zylpenicillin was also unsuccessful, but research on this compound 
led to the important identification in 1957 of the penicillin nucleus, 
6-aminopenicillanic acid (6-APA). It was later obtained more easily 
by removal of the benzylpenicillin side chain by microbial enzymes 
or by chemical modification, the process now used for commercial 
production.

The significance of the identification of 6-APA is that numerous 
semisynthetic penicillins can be prepared by adding acyl side-chain 
structures to the 6-amino group of the molecule. With the excep-
tions of penicillin G and penicillin V, the penicillins in clinical use are 
all derived from 6-APA, and display advantages over benzylpenicil-
lin in antibacterial activity, stability to bacterial β-lactamases or phar-
macokinetic properties. Attempts to further modify the penicillin 
nucleus have been disappointing. Only two clinically useful com-
pounds resulted: mecillinam (amdinocillin), in which the side chain 
is joined in an amidino linkage; and temocillin, in which a  6-methoxy 
group has been incorporated in the β-lactam ring. After the late 
1970s, research emphasis in the β-lactam field switched from penicil-
lins to other β-lactam agents, notably the cephalosporins, cephamy-
cins, carbapenems, penems, monobactams and penicillanic acid 
sulfones (Ch. 15), and the development of novel penams appears to 
have come to a halt.

CLASSIFICATION

Following the isolation of 6-APA, objectives in penicillin 
research were:

•	 synthesis	of	narrow-spectrum	penicillins	similar	to	
benzylpenicillin	in	activity	but	with	superior	oral	
absorption

•	 preparation	of	penicillins	stable	to	staphylococcal	
β-lactamase	and	active	against	benzylpenicillin-
resistant	staphylococci	(excluding	methicillin-resistant	
staphylococci)

•	 development	of	penicillins	with	broader	spectra	of	
antibacterial	activity	than	benzylpenicillin	and	stability	
to	plasmid-encoded	class	A	β-lactamases	(p.	230).

The	first	two	objectives	were	achieved	with	some	success	but	
with	 the	 third	 there	was	 less	 success,	 in	 that	 the	 extended-
spectrum	 penicillins	 (with	 the	 exception	 of	 temocillin)	 are	
largely	 inactive	 against	 β-lactamase-producing	 bacteria,	
although	some	have	achieved	clinical	success	when		combined	
with β-lactamase	inhibitors	(pp.	239–244).
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MODE OF ACTION

Penicillins	 and	 other	 β-lactam	 antibiotics	 prevent	 synthesis	
of	the	bacterial	cell	wall	(pp.	12–13),	a	structure	that	is	not	
found	in	mammalian	cells	–	a	feature	responsible	for	the	low	
toxicity	and	the	consequent	clinical	popularity	of	this	class	of	
antibiotics.

ACQUIRED RESISTANCE

Bacteria	 may	 exhibit	 resistance	 to	 penicillins	 and	 other	
β-lactam	antibiotics	by	several	mechanisms	(see also	Ch.	3):

•	 Acquisition	of	penicillin-binding	proteins	(PBPs)	
with	reduced	affinity	for	penicillin.	This	is	a	frequent	
cause	of	resistance	in	Gram-positive	bacteria	such	
as	staphylococci,	pneumococci	and	enterococci.	
This	mechanism	may	also	be	responsible	for	low-
level penicillin resistance in H. influenzae	and	viridans	
streptococci.

•	 The	production	of	a	bacterial	enzyme,	β-lactamase,	that	
opens the β-lactam	ring,	causing	inactivation	of	the	antibiotic.

•	 Modification	of	outer	membrane	proteins	(porins)	in	
Gram-negative	bacteria,	preventing	passage	of	penicillins	
into	the	bacterial	cell.	Efflux	mechanisms	have	been	
described	in	which	bacteria	pump	out	β-lactam	antibiotics.

Bacteria	 frequently	 display	 more	 than	 one	 resistance	
	mechanism	–	for	example,	methicillin-resistant	staphylococci	
typically	 produce	 β-lactamase	 but	 demonstrate	 resistance	

	primarily	due	to	altered	PBPs;	Gram-negative	bacteria	may	
produce	β-lactamases	in	organisms	with	efflux	mechanisms	
or	altered	outer	membrane	proteins.

Methicillin-resistant	 strains	 of	 Staphylococcus aureus 
(MRSA)	are	considered	to	be	resistant	to	all	β-lactam	anti-
biotics,	 with	 the	 exception	 of	 some	 newer	 cephalosporins,	
and	are	frequently	multiresistant.	The	prevalence	of	MRSA	is	
variable,	with	very	low	incidence	in	some	countries	of	north-
ern	Europe,	but	high	incidence	in	Japan	and	other	countries.	
In	 the	USA	the	 frequency	 increased	 from	2.4%	 in	1975	 to	
64%	in	2007.	Although	largely	confined	to	hospitals,	MRSA	
is	increasingly	seen	in	community	settings.

When	 benzylpenicillin	 was	 introduced,	 all	 streptococci	
were	sensitive	to	its	action,	and	this	situation	remains	largely	
unchanged.	However,	pneumococci	exhibiting	 reduced	sus-
ceptibility	are	now	common,	although	the	criteria	for	penicil-
lin	resistance	differ	in	the	USA	and	Europe	(Table	14.1).

The	interpretive	criteria	for	non-meningitis	isolates	defined	
by	the	FDA	in	2008	is	based	on	clinical	experience	showing	
that	high	doses	of	penicillin	provide	efficacious	drug	concen-
trations,	except	in	cerebrospinal	fluid	(CSF).	The	EUCAST	
or	FDA	pre-2008	definitions	are	generally	used	for	epidemio-
logical	purposes.

Until	 the	1980s,	 clinical	 isolates	of	Streptococcus pneumo-
niae	were	uniformly	susceptible	to	penicillin,	except	for	a	few	
reports	 from	South	Africa	and	elsewhere.	By	1998,	24%	of	
invasive	pneumococci	isolated	in	the	USA	displayed	reduced	
susceptibility	to	penicillin	and	often	to	other	classes	of	antibi-
otics.	The	frequency	of	isolation	of	penicillin-resistant	pneu-
mococci	in	Europe	was	51%	in	Hungary	(1990)	and	9%	in	

The	penicillins	in	clinical	use	may	be	divided	into	six	major	
groups:

•	 Group 1:	Benzylpenicillin	and	its	long-acting	parenteral	forms.
•	 Group 2:	Orally	absorbed	penicillins	similar	to	

benzylpenicillin.
•	 Group 3:	Penicillins	that	are	relatively	stable	to	

staphylococcal	β-lactamase,	but	which	have	no	useful	
activity	against	Gram-negative	bacilli.	Several	are	
structurally	related	isoxazoylpenicillins.

•	 Group 4:	Compounds	with	enhanced	activity	against	
certain	Gram-negative	bacilli,	including	many	

enterobacteria	and	Haemophilus influenzae,	but	which	are	
inactivated	by	staphylococcal	and	many	enterobacterial	
β-lactamases.	They	include	several	aminopenicillins,	such	
as	ampicillin	and	amoxicillin,	and	the	amidinopenicillin	
mecillinam.	Esters	and	condensates	of	ampicillin	and	a	
mecillinam	ester,	pivmecillinam,	have	been	developed	to	
improve	oral	absorption	of	the	parent	compounds.

•	 Group 5: Penicillins active against Pseudomonas aeruginosa.	
These	include	carboxypenicillins	(and	their	orally	absorbed	
esters)	and	acyl	or	acylureido	derivatives	of	ampicillin.

•	 Group 6: Penicillins resistant to enterobacterial β-lactamase.

Group 1 Group 2 Group 3 Group 4 Group 5 Group 6

Benzylpenicillin Azidocillina Cloxacillinb Amoxicillin Apalcillina Temocillin

Benzathine penicillin Phenethicillina Dicloxacillinb Ampicillin Aspoxicillin

Clemizole penicillina Phenoxymethyl penicillin Flucloxacillinb Ciclacillin Azlocillina,c

Procaine penicillin Propicillina Methicillina Epicillina Carbenicillina,d

Nafcillin Mecillinam Mezlocillina,c

Oxacillinb Piperacillinc

Ticarcillind

aNo longer available  bisoxazolylpenicillins cacyureidopencillins dcarboxypenicillins.
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the	UK	(1998).	Introduction	of	the	heptavalent	pneumococ-
cal	 vaccine	 in	 2000	 caused	 a	 dramatic	 decrease	 in	 isolates	
of	pneumococci	 insusceptible	 to	penicillin,	especially	 in	 the	
elderly	and	young	children,	in	countries	with	effective	vacci-
nation	programs.

As	 with	 pneumococci,	 enterococci	 were	 initially	 perceived	
always	to	be	susceptible	to	ampicillin	and	benzylpenicillin,	but	
resistant	strains	are	now	common.	Resistance	is	less	prevalent	
among	the	most	common	species,	Enterococcus faecalis, in which 
β-lactamase	has	been	reported	at	a	low	frequency.	In	Enterococcus 
faecium,	the	next	most	common	enterococcal	species,	high-level	
penicillin	resistance	due	to	modified	PBPs	is	usual.

IMPERMEABILITY RESISTANCE

β-Lactam	antibiotics	cross	the	outer	membrane	to	reach	PBPs	
in	Gram-negative	bacteria	through	porin	proteins	(p.	27;	see	
also Figure	2.1,	p.11).	Alterations	in	porin	production	can	lead	to	
decreased	permeability	and	concomitant	β-lactam	resistance.	
Porin	deficiencies	coupled	with	high	β-lactamase	production	
have	been	 reported	 in	clinical	 isolates	of	Enterobacteriaceae	
such	as	Enterobacter cloacae	and	Serratia marcescens	that	produce	
cephalosporinases.	Resistance	due	to	decreased		permeability	
is	also	important	among	Ps. aeruginosa strains, which possess 
a	less	permeable	membrane	and	contain	efflux	pump	mech-
anisms	 for	 β-lactam	 antibiotics,	 coupled	 with	 production	 of	
chromosomally	mediated	β-lactamase	activity.	Because	Gram-
positive	bacteria	lack	an	outer	membrane,	this	mechanism	of	
resistance	does	not	apply.

EFFLUX-MEDIATED RESISTANCE

Efflux	 mechanisms	 for	 β-lactam-containing	 antimicrobial	
agents	were	described	in	the	1990s.	These	multidrug,	active	
efflux	mechanisms	have	been	best	 studied	 in	Ps. aeruginosa, 
where an operon consisting of mexA–mexB–oprM	is	involved	
in	an	energy-dependent	pumping	out	of	diverse	agents	such	
as	 tetracyclines,	 fluoroquinolones	 and	 chloramphenicol,	 as	
well	as	penicillins.	Related	pumps	have	also	been	identified	in	
the	pseudomonads	and	Gram-negative	bacteria.

TOXICITY AND SIDE EFFECTS

HYPERSENSITIVITY REACTIONS

Penicillins	 and	 other	 β-lactam	 agents	 are	 among	 the	 safest	
antibacterial	agents	used	therapeutically.	The	most	important	
untoward	reactions	are	those	resulting	from	hypersensitivity.	
Although	serious	or	life-threatening	reactions	are	rare,	allergic	
reactions	present	a	more	serious	problem	with	benzylpenicil-
lin	than	with	other	antibiotics.	There	is	cross-reaction	among	
penicillins,	 and	 the	agent	 to	which	 the	patient	 reacts	 is	not	
necessarily	the	sensitizing	agent.

The	 most	 dangerous	 form	 of	 drug	 allergy	 is	 acute	 ana-
phylactic	 shock,	which	may	develop	between	a	 few	minutes	
and	 30	 minutes	 after	 administration.	 It	 is	 characterized	 by	
profound	 circulatory	 collapse,	 nausea,	 vomiting,	 abdominal	
pain,	 severe	 bronchospasm	 and	 coma,	 and	 may	 be	 rapidly	
fatal.	Anaphylaxis	is	said	to	occur	in	0.005–0.05%	of	treated	
patients,	with	a	mortality	rate	of	approximately	10%.

The	most	common	manifestations	of	hypersensitivity	are	
various	 skin	 eruptions,	 usually	 maculopapular	 with	 itching	
but	sometimes	urticarial	or	mixed,	and	occasionally	purpu-
ric.	Peni	cillins	 should	not	be	 applied	 to	 the	 skin	 as	 topical	
preparations	are	likely	to	lead	to	contact	dermatitis	or	local	
swelling.	Rashes	occur	in	1–7%	of	patient	courses	of	penicil-
lin.	Although	reactions	can	occur	after	any	route	of	admin-
istration,	 the	 severe	 forms	 are	 much	 more	 common	 after	
injections	 than	 after	 oral	 administration.	A	 serum	 sickness	
form	of	allergy	can	arise	7–10	days	after	treatment	(earlier	in	
previously	sensitized	patients).

Some	patients	develop	allergic	reactions	only	after	repeated	
administration	 of	 penicillin	 but	 in	 others	 reactions	 develop	
after	the	initial	treatment,	often	as	a	result	of	non-medicinal	
exposure	to	penicillin	in	the	environment.

Anaphylaxis	 is	 much	 less	 common	with	penicillins	 other	
than	benzylpenicillin.	Ampicillin,	however,	is	much	more	likely	
to	produce	rashes	(9.5%),	which	may	be	severe,	especially	in	
patients	with	coexisting	viral	infections	caused	by	cytomega-
lovirus	or	Epstein–Barr	virus,	notably	infectious	mononucleo-
sis.	It	has	been	claimed	that	this	propensity	is	not	exhibited	to	
the	same	degree	by	amoxicillin,	ciclacillin	or	mecillinam.

Organization  Source of isolate MIC (mg/L)

Susceptible Intermediate resistant

FDA (pre-2008) Any ≤0.06 0.12–1 >2
 (post-2008) Meningitis ≤0.06 Not defined >0.12

 Non-meningitis ≤2 4 >8

EUCAST Any ≤0.06 0.12–2 >4

table 14.1 Interpretive criteria for susceptibility of Str. pneumoniae to penicillin

FDA, United States Food and Drug Administration; EUCAST, European Committee on Antimicrobial Susceptibility Testing; MIC, minimum inhibitory concentration.
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 ALLERgENS

The principal antigen responsible for these reactions is  
generated	by	opening	the	β-lactam	ring,	allowing	the	carbo-
nyl	group	to	react	with	the	amino	groups	of	proteins.	This	
benzylpenicilloyl	 hapten,	 accounting	 for	 95%	 of	 tissue-
bound	penicillin,	 is	 the	major	determinant	for	hypersensi-
tivity.	A	number	of	other	reactions	within	and	between	the	
molecules	can	occur,	leading	to	the	‘minor	determinants’	–	
minor	components	of	the	complex	mixtures,	but	potentially	
important	 determinants	 of	 penicillin	 allergy.	 Penicillins	
with	different	side	chains	have	different	sensitizing	capaci-
ties	and	may	lead	to	different	populations	of	antibodies	in	
treated	patients.

 DETECTION AND CONTROL

Many	 patients	 without	 a	 history	 of	 penicillin	 allergy	 have	
circulating	 antibodies	 to	 the	drug,	 and	 their	 presence	 is	 of	
no	prognostic	value.	Skin	testing	for	cutaneous	reactivity	to	
specific	IgE	is	the	most	widely	accepted	test	used	to	detect	
patients	likely	to	suffer	immediate	hypersensitivity	reactions	
to	penicillins.	Only	about	10%	of	the	patients	who	claim	to	
have	 a	 history	 of	 penicillin	 hypersensitivity	 respond	 posi-
tively	to	the	determinants	used	in	skin	testing.	This	testing,	
currently	 the	 most	 accepted	 and	 reliable	 testing	 method,	
uses	 all	 relevant	 antigens,	 including	both	major	 and	minor	
determinants.

The	use	of	benzylpenicillin	itself	for	testing	is	generally	
regarded	as	hazardous	because	it	may	lead	to	a	severe	reac-
tion	in	the	highly	susceptible	patient	and	may	sensitize	the	
previously	 non-allergic	 individual.	 For	 this	 reason,	 agents	
such	 as	 penicilloyl–polylysine,	 in	which	 the	 amino	 groups	
of	an	artificial	peptide	are	virtually	saturated	with	penicil-
loyl	residues,	are	used.	As	there	are	other	antigens	involved,	
excellent	 predictive	 performance	 has	 been	 claimed	 for	
	penicilloyl–polylysine	 plus	 a	 ‘minor	 determinant’	 mixture.	
A	positive	penicillin	 skin	 test	 indicates	 that	a	patient	 is	at	
risk	 for	 immediate	hypersensitivity;	 a	negative	 test	 cannot	
preclude	a	future	hypersensitivity	reaction	upon	subsequent	
therapy	with	penicillin.	 It	 is	 extremely	 rare,	however,	 that	
life-threatening	reactions	occur	 in	patients	with	a	negative	
skin	test.

The	management	of	penicillin	reactions	relies	on	the	use	of	
antihistamines,	corticosteroids	and,	in	anaphylaxis	or	danger-
ous	angioedema,	adrenaline	(epinephrine).	It	has	sometimes	
been	recommended	that	allergic	patients	may	be	successfully	
treated	with	the	co-administration	of	corticosteroids	or	anti-
histamines,	 together	 with	 penicillin,	 where	 that	 is	 the	 most	
appropriate	agent.	However,	this	has	major	risks,	as	it	is	possi-
ble	that	any	allergic	reaction	to	the	penicillin	would	be	masked	
by	the	action	of	these	agents.

  CROSS-REACTIONS wITH 
CEPHALOSPORINS

About	 3–9%	 of	 penicillin-allergic	 patients	 are	 cross-allergic	
to	 cephalosporins;	 specific	 allergy	 to	 cephalosporins	 in	 the	
absence	 of	 reactions	 to	 penicillin	 also	 occurs,	 albeit	 rarely.	
It	 is	 generally	 recommended	 that	 cephalosporins	 should	be	
avoided	in	patients	with	a	clear	history	of	severe	reaction	to	
penicillin.	Cross-reactivity	between	penicillins	and	carbapen-
ems	is	even	less	frequent,	while	the	monobactam	aztreonam	
(p.	237)	is	only	very	weakly	immunogenic	and	does	not	show	
cross-reactivity	with	penicillin.

OTHER REACTIONS

Leukopenia	has	occurred	in	patients	receiving	various	peni-
cillins,	 including	 methicillin	 and	 piperacillin.	 Neutropenia	
in	 patients	 treated	 with	 benzylpenicillin	 for	 bacterial	 endo-
carditis	is	related	both	to	high	dosage	(18	g	per	day)	and	to	
low	neutrophil	counts	before	treatment.	Prolonged	bleeding	
times	due	to	platelet	abnormalities	have	been	noted,	particu-
larly	with	carboxypenicillins	and,	to	a	lesser	extent,	with	acyl-
ureidopenicillins.	 Various	 nephrotoxic	 manifestations	 have	
been	described	with	carbenicillin,	dicloxacillin	and	methicil-
lin,	 and	 reversible	 abnormalities	 of	 liver	 function	 tests	with	
carboxypenicillins	and	less	frequently	acylureidopenicillins.

Because	penicillins	are	often	administered	in	large	doses	as	
sodium	salts,	sodium	overload	and	hypokalemia	may	develop.	
Large	doses	of	penicillins,	especially	in	patients	with	impaired	
renal	function,	may	result	in	convulsions.	Access	to	the	cen-
tral	nervous	system	of	neurotoxic	concentrations	is	related	to	
lipophilicity	and	protein	binding	of	the	compounds.

 Further information
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gROUP 1: BENZYLPENICILLIN AND ITS 
LONg-ACTINg PARENTERAL FORMS

Benzylpenicillin,	 the	 first	 naturally	 produced	 penicillin,	
is	 poorly	 absorbed	 orally	 and	 must	 be	 given	 by	 injection.	
Because	the	plasma	half-life	is	short,	insoluble	salts	of	peni-
cillin	were	prepared	that	act	as	intramuscular	depots	for	the	
release	of	penicillin	into	the	bloodstream.	Repository	penicil-
lins	that	are	in	use	include	procaine	penicillin	and	benzathine	
penicillin.

BENZYLPENICILLIN

Penicillin	G.	Molecular	weight	(free	acid):	334.4.

Archetypal	penicillin	produced	by	P. chrysogenum;	supplied	as	
the	 highly	 soluble	 potassium	 or	 sodium	 salts	 for	 intramus-
cular	or	intravenous	administration.	Potency	has	traditionally	
been	expressed	in	units	(1	unit	=	0.6	μg),	but	use	of	milligram	
or	gram	quantities	is	now	preferred.

 ANTIMICROBIAL ACTIVITY

Activity	 against	 common	 pathogenic	 bacteria	 is	 shown	 in	
Table	14.2.	It	has	intrinsic	activity	against	almost	all	Gram-
positive	 pathogens,	 but	 is	 no	 longer	 effective	 against	 most	
staphylococci.	 Most	 species	 of	 streptococci	 are	 susceptible,	
including	group	B	streptococci,	an	 important	cause	of	neo-
natal	 infections.	 Enterococci	 are	 more	 resistant	 than	 strep-
tococci.	Other	 susceptible	Gram-positive	organisms	 include	
non-β-lactamase-producing	 Bacillus anthracis	 and	 Listeria 

 monocytogenes.	 The	 spirochetes	 Borrelia burgdorferi	 and	
Treponema pallidum	are	also	susceptible.

The	 aerobic	 Gram-negative	 cocci	 Neisseria gonorrhoeae 
and	 N. meningitidis	 were	 initially	 highly	 susceptible	 to	 ben-
zylpenicillin,	but	β-lactamase-producing	strains	of	gonococci	
are	 now	 common.	 H. influenzae	 and	 Moraxella catarrha-
lis	 are	usually	 resistant	due	 to	 β-lactamase	production.	The	
Enterobacteriaceae	 and	 most	 other	 aerobic	 Gram-negative	
bacilli	are	resistant,	as	a	result	of	β-lactamase	production	or	
the	impermeability	of	the	bacterial	cell	wall.	Other	resistant	
organisms	 include	 mycobacteria,	 mycoplasmas,	 Nocardia 
spp.,	rickettsiae	and	chlamydiae.

Anaerobic	 Gram-positive	 cocci	 are	 susceptible	 in	
the absence of β-lactamase	 production.	 Most	 clostridia	
strains	 are	 susceptible,	 but	 resistance	 can	 be	 observed.	
Anaerobic	 Gram-negative	 bacilli	 vary	 in	 their	 sensitivity:	
the Bacteroides fragilis	 group	 is	 resistant	 as	 the	 result	 of	
β-lactamase	action,	but	many	Prevotella	and	Fusobacterium 
spp.	are	susceptible.

Benzylpenicillin	exhibits	concentration-dependent	bacteri-
cidal	activity	against	growing	organisms.	Killing	of	highly	sus-
ceptible	Gram-positive	cocci	seldom	proceeds	to	eradication,	
with	 measurable	 numbers	 of	 survivors	 (‘persisters’),	 which	
are	fully	susceptible	on	retesting.	Some	strains	of	streptococci	
(including	group	B)	and	pneumococci	show	very	large	num-
bers	of	persisters,	resulting	in	a	large	difference	between	the	
minimum	inhibitory	concentration	(MIC)	and	the	minimum	
bactericidal	concentration	(MBC),	a	phenomenon	known	as	
‘tolerance’.

Combination	with	aminoglycosides	results	in	pronounced	
bactericidal	synergy.

 Benzylpenicillin phenoxymethylpenicillin

Staphylococcus aureus 
(methicillin-susceptible)

0.03 0.06 

Streptococcus pyogenes 0.02 0.02

Str. pneumoniae 0.02 0.02

Enterococcus faecalis 4 2

Neisseria gonorrhoeae 0.02 0.1

N. meningitidis 0.06 0.25

Haemophilus influenzae 0.25 2

Escherichia coli 64 R

Klebsiella pneumoniae R R

Pseudomonas  
aeruginosa

R R 

Bacteroides fragilis 32 ND

table 14.2 Activity of benzylpenicillin and 
phenoxymethylpenicillin against non-β-lactamase-producing 
strains of pathogenic bacteria; modal MIC (mg/L)

R, resistant (MIC >64 mg/L).
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 ACQUIRED RESISTANCE

Staph. aureus	 was	 originally	 highly	 susceptible	 to	 benzyl-
penicillin,	 but	 at	 least	 85–90%	 of	 clinical	 isolates	 are	 now	
β-lactamase-producing	strains.	Most	clinical	isolates	of	coag-
ulase-negative	staphylococci	are	also	resistant.	β-Lactamase-
producing	strains	of	E. faecalis	produce	an	enzyme	identical	to	
staphylococcal	penicillinases,	but	these	strains	are	increasingly	
uncommon.	The	 emergence	 of	 penicillin-resistant	 staphylo-
cocci,	 enterococci	and	pneumococci,	due	 to	 the	acquisition	
of	mosaic	PBPs	with	decreased	binding	 affinity	 for	penicil-
lin,	 has	 been	 described	 worldwide.	 Most	 strains	 of	 penicil-
lin-resistant	Gram-positive	clinical	 isolates	also	demonstrate	
reduced	 susceptibility	 to	 other	 β-lactam	 agents	 but,	 in	 rare	
cases,	cross-resistance	is	not	seen	for	all	cephalosporins.

Strains	of	N. gonorrhoeae	for	which	the	MIC	of	benzylpeni-
cillin	increased	from	0.06	mg/L	to	>2	mg/L	appeared	in	the	
1970s,	as	the	result	of	the	production	of	modified	PBPs	with	
reduced	affinity	for	β-lactam	antibiotics;	fully	resistant	strains	
producing	TEM-1	β-lactamase	also	emerged.	Currently	peni-
cillin	resistance	occurs	in	more	than	60%	of	isolates	in	some	
parts	of	the	world.

 PHARMACOkINETICS

Oral absorption 2–25%

C
max

 0.6 g intramuscular

 3 g intravenous (3–5 min)

12 mg/L

400 mg/L

Plasma half-life 0.5 h

Volume of distribution 0.2–0.7 L/kg

Plasma protein binding 60%

absorption

Benzylpenicillin	is	unstable	in	acid	and	destroyed	in	the	stom-
ach.	As	 a	 result,	 plasma	 concentrations	 obtained	 after	 oral	
administration	are	variable,	and	are	depressed	by	administra-
tion	with	food.	It	is	absorbed	from	serous	cavities,	joints	and	
the	 subarachnoid	 space.	 It	 is	 not	 absorbed	 following	 appli-
cations	to	the	skin,	which	should	be	avoided	because	of	the	
	likelihood	of	sensitization.

Distribution

The	drug	is	widely	distributed	in	most	tissues	and	body	fluids.	
Highest	levels	are	found	in	the	kidney,	with	lower	levels	in	the	
liver,	skin	and	intestines.	Low	concentrations	appear	in	saliva	
and	in	maternal	milk.	It	does	not	enter	uninflamed	bone	or	
the	CSF.	Its	entry	is	limited	by	its	low	pKa	(2.6),	which	results	
in	its	almost	complete	ionization	and	very	low	lipid–water	par-
tition	coefficient	at	pH	7.4.	When	the	meninges	are	inflamed,	
the	 concentrations	 obtained	 in	 CSF	 are	 around	 5%	 of	 the	
plasma	level.	In	uremia,	accumulated	organic	acids	may	enter	

the	CSF	and	compete	for	transport	of	penicillin,	causing	the	
concentration	to	reach	convulsive	levels.

It	 diffuses	 into	 wound	 exudates	 and	 experimental	 tran-
sudates	 when	 the	 serum	 level	 is	 high,	 and	 enters	 glandular	
secretions	and	the	 fetal	circulation,	whence	 it	 is	excreted	 in	
increased	concentrations	into	the	amniotic	fluid.

Metabolism and excretion

About	40%	is	metabolized	in	the	liver,	mainly	to	penicilloic	
acid.	After	oral	dosing,	unabsorbed	drug	is	largely	degraded	
by	 colonic	 bacteria	 and	 little	 activity	 remains	 in	 the	 feces.	
Concentrations	2–4	 times	 those	of	 the	plasma	are	 found	 in	
bile,	but	60–90%	is	excreted	in	the	urine,	largely	in	the	first	
hour.	Probenecid	causes	a	doubling	of	the	peak	concentration	
and	prolongation	of	the	plasma	half-life.	Other	drugs,	includ-
ing	aspirin,	sulfonamides	and	some	non-steroidal	anti-inflam-
matory	drugs	and	diuretics,	may	prolong	the	half-life.

 TOXICITY AND SIDE EFFECTS

Benzylpenicillin	has	low	toxicity,	except	for	the	nervous	sys-
tem	(into	which	it	does	not	normally	penetrate),	where	it	 is	
one	of	the	most	active	convulsants	among	the	β-lactam	agents.	
Excessively	 high	 intravenous	 doses	 may	 induce	 convulsions	
and	 intrathecal	 doses	 should	 never	 exceed	 12	 mg	 (20	 000	
units)	in	adults	or	3	mg	(5000	units)	in	a	child	as	a	single	daily	
dose.	 Inadvertent	 intravascular	 administration,	 especially	
direct	 injection	 into	 arteries,	 can	 cause	 serious	 neurotoxic	
damage,	including	hyperreflexia,	myoclonic	twitches,	seizures	
and	coma.

Massive	 intravenous	 doses	 of	 the	 sodium	 or	 potassium	
salts	 can	 lead	 to	 severe	 or	 fatal	 electrolyte	 disturbances.	 In	
patients	treated	with	large	doses	of	the	potassium	salt	(60	g	
or	more	per	day),	hyponatremia,	hyperkalemia	and	metabolic	
acidosis	can	develop.

Thrombocytopenia	 and	 platelet	 dysfunction	 resulting	 in	
coagulopathy	and	involving	several	different	mechanisms	have	
been	described.	Neutropenia	associated	with	fever	and	aller-
gic	rash	appears	to	be	related	to	total	dose,	usually	in	excess	of	
90	g.	Although	it	can	be	very	severe,	in	most	patients	recovery	
occurs	within	a	few	days	of	withdrawal	of	treatment.

Large	doses	(24	g	[40	megaunits]	per	day	intravenously),	
or	smaller	doses	given	to	patients	with	impaired	renal	func-
tion,	may	interfere	with	platelet	function.

The	 most	 dramatic	 untoward	 response	 is	 	anaphylactic	
shock	due	 to	 allergy	 (p.	202).	 In	 addition	 to	 the	generalized	
allergic	 reactions,	 particular	 organs	 may	 be	 damaged	 by	 a	
variety	 of	 immunological	 mechanisms.	 Hemolytic	 anemia	
occurs	 only	 in	 patients	 who	 have	 been	 treated	 previously	
with	penicillin,	and	again	receive	a	prolonged	course	of	large	
doses	(commonly	12	g	per	day).	Reversible	hemolysis	is	due	
to	 the	action	of	anti-penicillin	 immunoglobulin	G	(IgG)	on	
cells	 that	 have	 absorbed	 the	 antibiotic.	 Nephritis,	 result-
ing	in	dysuria,	pyuria,	proteinuria,	azotemia	and	histological	 
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evidence	of	nephritis	of	allergic	origin,	is	only	rarely	seen,	usu-
ally	in	patients	receiving	large	doses	(12–36	g	[20–60	mega-
units]	per	day).

 CLINICAL USE

 Further information

Anonymous. Penicillin G (sodium or potassium). In: Dollery C, ed. Therapeutic 
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Ducas J, Robson HG. Cerebrospinal fluid penicillin levels during therapy for latent 
syphilis. J Am Med Assoc. 1981;246:2583–2584.

Hovhannisyan G, von Schoen-Angerer T, Babayan K, Fenichiu O, Gaboulaud V. 
Antimicrobial susceptibility of Neisseria gonorrhoeae strains in three regions of 
Armenia. Sex Transm Dis. 2007;34:686–688.

Kim KS. Clinical perspectives on penicillin tolerance. J Pediatr. 1988;112:509–514.
Nicholls PJ. Neurotoxicity of penicillin. J Antimicrob Chemother. 1980;6:161–164.
Overbosch D, van Gulpen C, Hermans J, Mattie H. The effect of probenecid on the 

renal tubular excretion of benzylpenicillin. Br J Clin Pharmacol. 1988;25:51–58.
Schoth PE, Welters EC. Penicillin concentration in serum and CSF during high-

dose intravenous treatment for neurosyphilis. Neurology. 1987;37:1214–1216.
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COMPOUNDS LIBERATINg 
BENZYLPENICILLIN

Antimicrobial	 activity	 and	 systemic	 effects	 of	 the	 long-
acting	 forms	 are	 due	 to	 the	 liberation	 of	 benzylpenicillin.	
Intramuscular	injection,	particularly	of	benzathine	penicillin,	
may	produce	local	pain	or	tenderness,	and	accidental	 intra-
vascular	 injection	 of	 procaine	 penicillin	 may	 produce	 acute	
agitation,	hallucinations	and	collapse.

Long-acting	forms	have	their	principal	use	in	the	treatment	
of	gonorrhea	and	syphilis,	and	in	the	follow-on	treatment	of	
patients	 requiring	 prolonged	 therapy	 after	 initial	 treatment	
with	benzylpenicillin.	They	are	also	used	 in	 the	prophylaxis	
of	rheumatic	fever.

 BENZATHINE PENICILLIN

N, N′-dibenzolylethylene	 diamine	 dipenicillin	 salt	 of	
benzylpenicillin.	 It	 is	 poorly	 soluble	 (1:6000)	 in	 water.	
Available	as	an	 intramuscular	preparation	and	 in	various	
mixtures	 with	 benzyl-	 and	 procaine	 penicillins.	 It	 has	 a	
local	 anesthetic	 effect	 comparable	 with	 that	 of	 procaine	
penicillin.

It	is	slowly	absorbed	after	intramuscular	injection,	yielding	
very	low	plasma	concentrations:	a	dose	of	1.2	mega-units	pro-
duces	mean	plasma	concentrations	of	0.1/0.02/0.002	mg/L	1,	
2	and	4	weeks	after	injection.

 Further information

Kaplan EL, Berries X, Speth J, Siefferman T, Guzman B, Quesny F. Pharmacokinetics 
of benzathine penicillin G: serum levels during the 28 days after intramuscular 
injection of 1 200 000 units. J Pediatr. 1989;115:146–150.

Peter G, Dudley MN. Clinical pharmacology of benzathine penicillin G. Pediatr 
Infect Dis. 1985;4:586–591.

 CLEMIZOLE PENICILLIN

A	long-acting	preparation	of	benzylpenicillin	with	the	antihis-
tamine,	clemizole,	given	by	deep	intramuscular	injection.	It	is	
of	very	limited	availability.

 preparations and dosage

Proprietary names: Crystapen, Pfizerpen and numerous generic forms.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 600 mg to 1.2 g per day in 2–4 divided doses; adult 

meningitis, up to 14.4 g per day may be given in divided doses; bacterial 

endocarditis, 4.8 g per day or more in divided doses. Children, 1 month to 

18 years, 25 mg/kg every 6 h (50 mg/kg every 4–6 h in severe infection); 

neonates preterm or <7 days, 25 mg/kg every 12 h (double in severe 

infection), 7–28 days, 25 mg/kg every 8 h (double in severe infection). 

Meningitis in neonates and children: neonates ≤7 days old, 75 mg/kg every 

8 h; neonates >7 days old, 90–120 mg/kg per day in three divided doses; 

children 1 month to 12 years, 150–300 mg/kg per day in 4–6 divided doses 

(maximum 2.4 g/dose). Intrathecal, see manufacturer’s literature.

Widely available.

 preparations and dosage

Proprietary name: Permapen.

Preparation: Intramuscular injection.

Dosage: Varies according to infection being treated.

Limited availability; not available in the UK.

Serious infections caused by streptococci (including Str. pneumoniae) 

other than meningitis caused by penicillin-resistant pneumococci

Serious infections caused by susceptible strains of staphylococci

Meningococcal septicemia and meningitis

Gonococcal infections caused by susceptible strains

Syphilis (including neurosyphilis) and other spirochetal infections

Anthrax

Actinomycosis

Clostridial infections

Diphtheria (adjunctive therapy to antitoxin and for prevention of carrier state)

Infections with other susceptible organisms, including Listeria 

monocytogenes, Pasteurella multocida, Erysipelothrix insidiosa and 

Fusobacterium
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 PROCAINE PENICILLIN

The	procaine	salt	of	benzylpenicillin.	Poorly	soluble	(1:200	in	
water).	Administered	intramuscularly	as	a	suspension	of	crys-
tals	which	slowly	dissolve	at	the	site	of	the	injection.

It	must	not	be	given	intravenously.	Intramuscular	admin-
istration	produces	 a	 flat	 sustained	plasma	 concentration	of	
penicillin,	 which	 is	 much	 lower	 than	 that	 achieved	 by	 an	
equivalent	 dose	 of	 benzylpenicillin,	 with	 plasma	 levels	 still	
detectable	24	h	later.	An	injection	of	0.6	g	yields	a	peak	plasma	
concentration	of	1–2	mg	benzylpenicillin/L	after	2–4	h.	Free	
procaine	is	detectable	in	the	plasma	within	30	min.

Very	severe	and	potentially	fatal	reactions	resembling	those	
of	 anaphylactic	 shock,	 but	 non-allergic	 in	 character,	 may	
occur,	probably	due	to	accidental	entry	into	the	vascular	sys-
tem	at	 the	 site	of	 injection	and	blockage	of	pulmonary	and	
cerebral	 capillaries	 by	 crystals	 of	 the	 suspension.	 Reactions	
due	to	 liberated	procaine	may	 include	acute	anxiety,	hyper-
tension,	tachycardia,	vomiting,	audiovisual	hallucinations	and	
acute	psychotic	disturbance.	The	most	severe	reactions	 lead	
to	convulsions	and	cardiac	arrest.	Other	reactions	are	those	to	
liberated	benzylpenicillin.

 Further information

Shann F, Linnemann V, Gratten M. Serum concentration of penicillin after intra-
muscular administration of procaine, benzyl and benethamine penicillin in 
 children with pneumonia. J Pediatr. 1987;110:299–302.

Silber TJ, D’Angelo L. Psychosis and seizures following the injection of penicillin G 
procaine. Am J Dis Child. 1985;139:335–337.

gROUP 2: ORALLY ABSORBED 
PENICILLINS RESEMBLINg 
BENZYLPENICILLIN

The	first	natural	penicillin	to	be	identified	as	a	useful	oral	
agent	 was	 phenoxymethylpenicillin	 (penicillin	 V),	 pro-
duced	by	the	addition	of	phenoxyacetic	acid	as	a	precur-
sor	 in	 the	 fermentation.	 Penicillin	V	 is	 more	 acid	 stable	
than	benzylpenicillin	and	is	absorbed	after	oral	adminis-
tration,	producing	therapeutically	useful	plasma	penicillin	
concentrations.	 After	 the	 identification	 of	 the	 penicillin	
nucleus,	 6-APA,	 a	 number	 of	 penicillin	V	 analogs	 were	
developed,	with	claims	for	superior	oral	absorption	char-
acteristics.	 The	 most	 important	 of	 these	 semisynthetic	

penicillins	 were	 phenethicillin	 (the	 immediate	 homolog	
of	 penicillin	 V)	 and	 propicillin,	 which	 were	 both	 suc-
cessful	 in	 the	 clinic,	 but	 are	 no	 longer	 readily	 avail-
able.	 Other	 orally	 active	 penicillins	 of	 this	 type	 include	
phenbenicillin	 (phenoxybenzylpenicillin)	 and	 azidocillin	
(d-azidobenzylpenicillin).

The	phenoxypenicillins	exhibit	lower	activity	than	benzyl-
penicillin	against	Gram-positive	cocci	and	are	distinctly	 less	
active	against	Gram-negative	bacteria.	All	group	2	penicillins	
lack	stability	to	β-lactamase.

In	general,	 the	absorption	efficiency	of	 these	compounds	
increases	in	parallel	with	molecular	weight.	The	peak	plasma	
levels	obtained	from	the	phenoxypenicillins	are	well	in	excess	
of	those	required	to	inhibit	the	organisms	for	which	benzyl-
penicillin	is	normally	used.

Phenoxymethylpenicillin	is	the	only	member	of	this	group	
to	 be	 considered	 here.	 Most	 of	 the	 related	 compounds	 are	
now	obsolete.

PHENOXYMETHYLPENICILLIN

Penicillin	V.	Molecular	weight	(free	acid):	350.4;	(potassium	
salt):	388.5.

A	naturally	occurring	penicillin	produced	by	P. chrysogenum in 
media	containing	phenoxyacetic	acid	as	a	precursor.	It	is	sup-
plied	as	the	potassium	salt	for	oral	administration.

 ANTIMICROBIAL ACTIVITY

The	antibacterial	spectrum	and	level	of	activity	are	similar	to	
that	of	benzylpenicillin	(Table	14.2).	Enteric	Gram-negative	
bacilli	are	highly	resistant.

 PHARMACOkINETICS

Oral absorption 40–70%

C
max

 250 mg oral 2 mg/L after 1 h

Plasma half-life c. 0.5 h

Volume of distribution 0.2 L/kg

Plasma protein binding 80%

absorption

Owing	to	acid	stability,	 it	 is	not	destroyed	 in	 the	stomach,	
but	 absorption	 is	 variable,	 about	 30%	 remaining	 in	 the	
feces.	Absorption	is	better	after	administration	in	the		fasting	
state.

 preparations and dosage

Proprietary names: Bicillin and numerous generic forms.

Preparation: Intramuscular injection.

Dosage: Adults, i.m., 300 mg (plus 60 mg benzylpenicillin) every 12–24 h.

Widely available. No longer available in UK.
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Metabolism and excretion

It	is	fairly	extensively	metabolized	and	degraded	in	the	bowel.	
Some	60%	of	the	dose	 is	excreted	 in	the	urine,	25%	in	the	
unchanged	form	and	the	remainder	as	metabolites.

 TOXICITY AND SIDE EFFECTS

Those	common	to	penicillins	(pp.	202–203).	As	with	all	peni-
cillins,	 patients	with	 a	history	of	hypersensitivity	 to	penicillins	
should	be	treated	cautiously,	as	serious	anaphylactic	responses	
may	occur.

 CLINICAL USE

It	 may	 be	 prescribed	 for	 many	 indications	 for	 which	 ben-
zylpenicillin	 is	 suitable,	 including	 streptococcal	 pharyngitis	
and	skin	sepsis,	but	 is	not	recommended	for	 initial	 therapy	
of	 serious	 infections.	 It	 is	 useful	 for	 continuation	 therapy	
after	initial	control	of	the	disease	by	parenteral	benzylpenicil-
lin	when	prolonged	treatment	 is	required.	It	has	been	used	
prophylactically	in	recurrent	pneumococcal	meningitis	after	
head	injury	and	in	rheumatic	fever.	It	is	not	appropriate	for	
infections	caused	by	H. influenzae	or	Gram-negative	bacte-
ria,	and	is	not	recommended	for	the	treatment	of	gonorrhea,	
syphilis	or	leptospirosis.

 Further information

Anonymous. Penicillin V (potassium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:P36–P38.

Leung AK, Kellner JD. Group A beta-hemolytic streptococcal pharyngitis in 
 children. Adv Ther. 2004;21:277–287.

Overbosch D, Mattie H, vanFurth R. Comparative pharmacodynamics and  clinical 
pharmacokinetics of phenoxymethyl penicillin and pheneticillin. Br J Clin 
Pharmacol. 1985;19:657–668.

gROUP 3: ANTISTAPHYLOCOCCAL 
b-LACTAMASE-STABLE PENICILLINS

The	members	of	this	group	include	methicillin,	nafcillin	and	
four	 isoxazolylpenicillins:	 oxacillin,	 cloxacillin,	 dicloxacil-
lin	and	 flucloxacillin.	All	have	 less	 intrinsic	 	microbiological	

	activity	 than	 benzylpenicillin,	 but	 they	 are	 stable	 to	
	staphylococcal	β-lactamase	and,	as	a	result,	display	improved	
activity	 against	 penicillinase-producing	 strains	 of	 Staph. 
aureus.	Oxacillin	is	rather	less	stable	to	hydrolysis	by	staph-
ylococcal	 β-lactamase	 than	 the	 other	 compounds,	 with	 the	
order	of	stability:	methicillin	>nafcillin	>cloxacillin,	dicloxa-
cillin	and	flucloxacillin	>oxacillin.

Methicillin	has	been	replaced	in	clinical	practice	because	
of	low	activity,	poor	oral	absorption	and	a	propensity	to	cause	
interstitial	 nephritis.	 Cloxacillin	 and	 flucloxacillin	 are	 used	
clinically	in	Europe	and	elsewhere,	whereas	nafcillin,	oxacillin	
and	dicloxacillin	are	preferred	in	North	America.

 ANTIMICROBIAL ACTIVITY

The	 compounds	 are	 active	 against	 staphylococci,	 strep-
tococci,	 gonococci	 and	 meningococci	 but	 have	 no	 useful	
activity	against	enterococci,	H. influenzae or enterobacteria 
(Table	14.3).

 ACQUIRED RESISTANCE

The prevalence of strains of Staph. aureus	resistant	to	methi-
cillin	(MRSA;	pp.	35–36)	has	risen	rapidly.	Although	MRSA	
and	 other	 methicillin-resistant	 staphylococci	 produce	 large	
amounts	 of	 β-lactamase,	 resistance	 is	 due	 primarily	 to	 the	

 preparations and dosage

Proprietary names: Numerous generic forms.

Preparations: Tablets, oral solution.

Dosage: Adults, oral, 250–500 mg every 6 h. Doses can be doubled. 

Children <1 year, 62.5 mg every 6 h; children 1–5 years, 125 mg every 6 h; 

children 6–12 years, 250 mg every 6 h.

Widely available.

 Cloxacillina Methicillin Nafcillin

Staphylococcus aureus 
(methicillin-susceptible)

0.25 1 0.1 

Staph. epidermidis 0.25 1 0.1

Streptococcus pyogenes 0.06 0.25 0.06

Str. pneumoniae 0.12 0.25 0.1

Enterococcus faecalis 16 16–32 16

Neisseria gonorrhoeae 0.1 0.1–0.5 2

N. meningitidis 0.25 0.25 8

Haemophilus influenzae 8–16 2 4

Escherichia coli R R R

Klebsiella pneumoniae R R R

Pseudomonas  
aeruginosa

R R R 

Bacteroides fragilis R R R

table 14.3 Activity of group 3 penicillins against susceptible 
strains of pathogenic bacteria: modal MIC (mg/L)

aActivities of dicloxacillin, flucloxacillin and oxacillin are similar.
R, resistant (MIC >64 mg/L).
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acquisition	 of	 the	 supplementary	 PBP	 2a	 with	 low	 affinity	
for	methicillin	and	almost	all	other	β-lactam	antibiotics.	The	
bacterial	population	may	be	heterogeneous	in	its	response	to	
β-lactam	compounds,	and	only	a	small	minority	of	cells	may	
appear	to	be	resistant	in	conventional	media.	The	population	
can	 be	 rendered	 homogeneously	 resistant	 by	 growth	 either	
at	30°C	or	in	a	medium	containing	an	excess	of	electrolytes,	
such	as	5%	NaCl;	or	by	lowering	the	pH.	For	these	reasons,	
standard	susceptibility	testing	may	not	detect	MRSA	and	the	
use	of	large	inocula	plus	media	supplemented	with	NaCl	and/
or	incubation	at	30°C	is	recommended.	Oxacillin	is	the	peni-
cillin	of	choice	for	detection	of	these	strains,	although	the	use	
of	the	cephamycin	cefoxitin	(p.	181)	may	also	increase	testing	
sensitivity.

MRSA	are	resistant	to	almost	all	β-lactam	agents,	includ-
ing	 imipenem	and	meropenem,	and	many	 isolates	are	also	
resistant	 to	 other	 antistaphylococcal	 antibiotics,	 with	 the	
exception	 of	 vancomycin	 and	 the	 related	 glycopeptide	 tei-
coplanin.	 Some	 newer	 agents,	 including	 quinupristin–	
dalfopristin	(p.	334),	linezolid	(p.	301),	daptomycin	(p.	361)	
and	tigecycline	(p.	354)	include	MRSA	in	their	spectrum	of	
activity.

 PHARMACOkINETICS

Methicillin	is	the	most	metabolically	stable	and	least	protein	
bound	of	 the	group	3	penicillins.	Nafcillin	 is	 relatively	 acid	
labile	 and	 poorly	 and	 variably	 absorbed	when	dosed	orally.	
Isoxazolylpenicillins	 are	 absorbed	 from	 the	 gut	 to	 varying	
degrees,	 although	 they	 are	 all	 absorbed	 considerably	 better	
than	nafcillin.	The	mean	peak	plasma	levels	of	cloxacillin	are	
about	 twice	 those	 resulting	 from	 similar	 doses	 of	 oxacillin;	
those	of	dicloxacillin	and	flucloxacillin	are	about	twice	those	
of	cloxacillin.	Plasma	levels	are	depressed	when	they	are	given	
with	food.

Oxacillin	is	metabolized	to	a	greater	extent	than	dicloxa-
cillin	or	 flucloxacillin.	All	are	highly	protein	bound.	Levels	
obtained	 by	 intravenous	 bolus	 injection	 of	 isoxazolylpeni-
cillins	 are	 higher	 than	 those	 produced	 by	 the	 extensively	
metabolized	 nafcillin,	 but	 this	 advantage	 is	 offset	 by	 their	
higher	protein	binding.	Overall,	dicloxacillin	and	flucloxacil-
lin	are	superior	to	oxacillin	and	cloxacillin	for	oral	adminis-
tration.	Flucloxacillin	is	better	absorbed	and	provides	more	
unbound	drug	than	dicloxacillin.

They	are	widely	distributed	in	the	extracellular	fluid	and	
serous	fluids,	but	as	highly	protein-bound	agents	their	access	
to	 blister	 fluid	 is	 limited,	 though	 their	 persistence	 there	 is	
prolonged.	They	 do	 not	 enter	 normal	 CSF,	 but	 their	 entry	
is	 somewhat	 erratically	 increased	 by	 inflammation,	 nafcillin	
penetrating	better	than	others.

Little	 of	 these	 drugs	 appears	 in	 the	 bile,	 and	 they	 are	
excreted	principally	unchanged	in	the	urine	by	both	glomeru-
lar	filtration	and	tubular	secretion	to	produce	very	high	uri-
nary	levels.	Plasma	half-lives	are	prolonged	by	probenecid	and	
in	the	newborn	and,	with	the	exception	of	oxacillin,	in	renal	

failure.	Patients	with	cystic	fibrosis	clear	the	drugs	unusually	
rapidly.

 TOXICITY AND SIDE EFFECTS

As	 with	 all	 penicillins,	 serious	 anaphylactic	 responses	 may	
occur,	 but	 acute	 anaphylaxis	 is	 much	 less	 common	 than	
with	 benzylpenicillin.	 Most	 side	 effects	 are	 similar	 to	 those	
observed	for	other	penicillins.	Pseudomembranous	colitis	has	
been	reported.	Renal	damage	(generally	reversible)	has	been	
described,	usually	in	patients	receiving	large	doses.

 CLINICAL USE

The	only,	but	important,	therapeutic	use	for	these	agents	is	
in	the	treatment	of	proven	staphylococcal	infection	or	(usu-
ally	in	combination	therapy)	where	staphylococcal	infection	
is	 suspected,	 and	 the	 causative	 organism	 is	 susceptible	 to	
the	 agent.	The	oral	 drugs	 are	 valuable	 in	 the	 treatment	of	
staphylococcal	infections	of	soft	tissues	and	as	continuation	
therapy	in	infections	of	bone	and	joints.	Empirical	penicillin	
usage	should	be	avoided	in	regions	with	high	MRSA	infec-
tion	rates.

 Further information

Abbanat D, Macielag M, Bush K. Novel antibacterial agents for the 
 treatment of serious Gram-positive infections. Expert Opin Investig Drugs. 
2003;12:379–399.

Rayner C, Munckhof WJ. Antibiotics currently used in the treatment of infections 
caused by Staphylococcus aureus. Intern Med J. 2005;35(suppl 2):S3–S16.

CLOXACILLIN

Molecular	weight	(free	acid):	435.9.

A	 semisynthetic	 isoxazolylpenicillin	 supplied	 as	 the	 sodium	
salt	for	oral	or	parenteral	administration.

 ANTIMICROBIAL ACTIVITY

Cloxacillin	 is	 active	 against	 most	 Gram-positive	 cocci,	 but	
E. faecalis	 is	 relatively	 resistant	 (Table	 14.3).	 It	 inhibits	
β-lactamase-producing	 strains	 of	 staphylococci	 (MIC	 0.1–
0.25	mg/L),	but	 is	not	active	against	MRSA.	Other	suscep-
tible	 bacteria	 include	 N. gonorrhoeae, N. meningitidis	 and	
	Gram-positive	anaerobes	(MIC	0.1–0.25	mg/L).	H.  influenzae, 

CH3

CONH

O
O

N

CI

N

CH3

CH3

COOH

S



210 ChApTEr 14 β-LACTAM ANTIbIOTICs:  pENICILLINs

Enterobacteriaceae	 and	 Ps. aeruginosa are resistant, as are 
Gram-negative	anaerobes.	The	compound	is	highly	bound	to	
serum	protein	and	activity	in	vitro	is	substantially	diminished	
in	the	presence	of	serum.

 ACQUIRED RESISTANCE

Cloxacillin	 exhibits	 complete	 cross-resistance	 with	 other	
group	3	penicillins.	Penicillin-tolerant	 strains	are	also	 toler-
ant	to	cloxacillin.

 PHARMACOkINETICS

Oral absorption 40–60%

C
max

 500 mg oral 8 mg/L (fasting) after 1 h

 500 mg intramuscular 15 mg/L after 0.5–1 h

Plasma half-life 0.5 h

Plasma protein binding 93–95%

absorption and distribution

Cloxacillin	is	moderately	well	absorbed	by	mouth	but	absorp-
tion	is	depressed	by	food.	Being	highly	protein	bound,	it	dif-
fuses	poorly	into	normal	interstitial	fluid,	serous	cavities	and	
CSF,	but	enters	pus	and	inflamed	bones	and	joints.	It	crosses	
the	placenta.

Metabolism and excretion

Some	inactivation	occurs	 in	the	 liver	and	about	10%	of	the	
plasma	content	is	in	the	form	of	metabolites.

About	10%	of	an	oral	dose	is	excreted	in	the	bile,	but	the	
main	route	of	excretion	is	renal.	Around	30%	of	an	oral	dose	
and	40–60%	of	an	 intramuscular	dose	appears	 in	 the	urine	
as	active	antibiotic,	with	10–20%	in	the	form	of	metabolites.	
Excretion	is	by	both	glomerular	filtration	and	tubular	secre-
tion	and	is	depressed	by	probenecid,	which	elevates	and	pro-
longs	the	plasma	concentration.	Excretion	is	impaired	in	renal	
failure	and	there	is	some	accumulation	of	metabolites.

 TOXICITY AND SIDE EFFECTS

In	addition	to	hypersensitivity	common	to	penicillins,	nausea	
and	diarrhea	may	occur	on	oral	dosage,	but	are	usually	mild.	
Other	effects	are	similar	to	those	of	benzylpenicillin.

 CLINICAL USES

Clinical	uses	are	those	of	group	3	penicillins	(p.	209).

 Further information

Bergeron MG, Desaulnier SD, Lessard C, et al. Concentrations of fusidic acid, 
 cloxacillin and cefamandole in sera and atrial appendages of patients 
 undergoing cardiac surgery. Antimicrob Agents Chemother. 1985;27:928–932.

Spino M, Chai RP, Isles AF, et al. Cloxacillin absorption and disposition in cystic 
fibrosis. J Pediatr. 1984;105:829–835.

DICLOXACILLIN

Molecular	weight	(free	acid):	470.4.

A	semisynthetic	isoxazolylpenicillin	which	differs	from	clox-
acillin	by	 an	 additional	 chlorine	 atom.	 It	 is	 supplied	 as	 the	
sodium	monohydrate	for	oral	administration.

 ANTIMICROBIAL ACTIVITY

Its	activities	are	generally	similar	to	those	of	other	isoxazolyl-
penicillins	 (Table	 14.2).	 It	 is	 very	 highly	 bound	 to	 serum	
protein,	 and	 its	 activity	 in	 the	 presence	 of	 human	 serum	
in	 vitro	 is	 depressed	 to	 a	 greater	 extent	 than	 that	 of	 other	
isoxazolylpenicillins.

 PHARMACOkINETICS

Oral absorption c. 50%

C
max

, 250 mg oral 9 mg/L after 1 h

 500 mg intramuscular 14–16 mg/L after 0.5–1 h

Plasma half-life 0.5 h

Plasma protein binding 95–97%

absorption

Absorption	in	the	very	young	is	poor	and	unpredictable.

 preparations and dosage

Proprietary names: Orbenin (and other generic formulations).

Preparations: Capsules, injection, oral solution.

Dosage: Adults, oral, 250–500 mg every 6 h; i.m, i.v., 250–500 mg every 

4–6 h, the dose may be doubled in severe infections. Children <2 

years, all routes, quarter adult dose; children 2–12 years, all routes, half 

adult dose.

Widely available; not available in the UK.
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Metabolism and excretion

Dicloxacillin	 is	partly	metabolized	 in	 the	 liver	and	about	
10%	of	the	circulating	drug	is	in	the	form	of	metabolites.	
Some	 50–70%	 of	 a	 dose	 is	 excreted	 in	 the	 urine,	 about	
20%	as	metabolites.	It	is	eliminated	both	in	the	glomeru-
lar	filtrate	and	by	tubular	secretion,	and	plasma	concentra-
tions	are	raised	by	probenecid.	Parent	drug	and	increased	
proportions	 of	 metabolites	 accumulate	 in	 renal	 failure.	
Elimination	is	increased	through	enhanced	tubular	secre-
tion	in	patients	with	cystic	fibrosis.

 TOXICITY AND CLINICAL USE

Phlebitis	is	common	after	intravenous	injection.	Its	toxicity	
is	otherwise	similar	to	that	of	other	penicillins		(pp.	202–203).	
Clinical	uses	are	those	of	the	group	3	penicillins	(p.	209).

 Further information

Lofgren S, Bucht G, Hermansson B, Holm SE, Winblad B, Norrby SR. Single-dose 
pharmacokinetics of dicloxacillin in healthy subjects of young and old age. 
Scand J Infect Dis. 1986;18:365–369.

Pacifici GM, Viani A, Taddeuchi-Brunelli G, Rizzo G, Carrai M. Plasma protein 
 binding of dicloxacillin: effects of age and disease. Int J Clin Pharmacol Ther 
Toxicol. 1987;25:622–626.

FLUCLOXACILLIN

Floxacillin.	 Molecular	 weight	 (free	 acid):	 453.9;	 (sodium	
salt):	494.9.

A	semisynthetic	 isoxazolylpenicillin	that	differs	from	diclox-
acillin	by	 the	 substitution	of	 a	 fluorine	 atom	 for	 a	 chlorine	
atom.	It	is	supplied	as	the	sodium	salt	for	oral	or	parenteral	
administration	and	as	a	suspension	of	the	magnesium	salt	in	
a	syrup	formulation.

 ANTIMICROBIAL ACTIVITY

Its	antibacterial	activity	is	almost	identical	to	that	of	cloxacil-
lin	(Table	14.3).	There	is	complete	cross-resistance	with	other	
penicillinase-stable	penicillins.

 PHARMACOkINETICS

Oral absorption c. 80%

C
max

 250 mg (oral) 11 mg/L after 0.5–1 h

Plasma half-life 2 h

Plasma protein binding 95%

absorption and distribution

It	 is	 well	 absorbed	 after	 oral	 administration	 and	 penetrates	
rapidly	 into	extravascular	exudates.	 Its	high	protein	binding	
limits	its	diffusion,	notably	into	the	normal	CSF.

Metabolism and excretion

Flucloxacillin	is	partly	metabolized	in	the	liver	and	about	10%	
of	the	plasma	concentration	is	made	up	of	metabolites.	It	is	
more	slowly	eliminated	than	cloxacillin.	Some	appears	in	the	
bile	but	about	50–80%	of	an	oral	dose	is	recovered	from	the	
urine,	about	20%	as	metabolites.

 TOXICITY AND SIDE EFFECTS

In	patients	treated	by	intravenous	infusion,	about	5%	devel-
oped	phlebitis	by	the	first	and	15%	by	the	second	day,	after	
which	the	proportion	rose	dramatically.	Side	effects	are	other-
wise	those	common	to	penicillins	(pp.	202–203).

 CLINICAL USE

Uses	are	those	of	group	3	penicillins	(p.	209).

preparations and dosage

Proprietary names: Diclocil.

Preparations: Capsules, oral suspension.

Dosage: Adults, oral, 125–250 mg every 6 h. Children, oral, 12.5–25 mg/kg 

per day in divided doses. Doses can be doubled in severe infections.

Available in continental Europe and the USA.

preparations and dosage

Proprietary name: Floxapen.

Preparations: Capsules, oral solution, injection.

Dosage: Adults, oral, i.m., i.v., 500 mg to 1 g every 6 h, the dose may be 

doubled in severe infections. Endocarditis, 12 g per day in six divided 

doses. Children <2 years, any route, quarter adult dose; children 2–10 

years, any route, half adult dose.

Widely available; not available in the USA.
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 Further information

Anonymous. Floxacillin (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:F57–F62.

Basker MJ, Edmondson RA, Sutherland R. Comparative stabilities of penicillins 
and cephalosporins to staphylococcal β-lactamase and activities against Staph 
aureus. J Antimicrob Chemother. 1980;6:333–341.

Bergan T, Engeset A, Olszewski W, Ostby N, Solberg R. Extravascular  penetration 
of highly protein-bound flucloxacillin. Antimicrob Agents Chemother. 
1986;30:729–732.

Bergdahl S, Eriksson M, Finkel Y. Plasma concentration following oral 
 administration of di- and flucloxacillin in infants and children. Pharmacol 
Toxicol. 1987;60:233–234.

NAFCILLIN

Molecular	weight	(free	acid):	414.4.

A	 semisynthetic	 penicillin	 supplied	 as	 the	 sodium	 salt	 for	
	parenteral	use.

 ANTIMICROBIAL ACTIVITY

The	 antibacterial	 spectrum	 is	 similar	 to	 that	 of	 the	 isox-
azolylpenicillins	but	 it	 is	more	 active	 against	 streptococci	
and	pneumococci	(Table	14.3,	p.	208).	Activity	in	vitro	is	
depressed	in	the	presence	of	serum.	It	is	more	stable	than	
the	 isoxazolylpenicillins	 to	 staphylococcal	 β-lactamase.	
There	 is	 complete	 cross-resistance	 with	 other	 group	 3	
penicillins.

 PHARMACOkINETICS

Oral absorption c. 35%

C
max

 1 g intramuscular

 500 mg intravenous

8 mg/L after 1 h

 30 mg/L after 5 min

Plasma half-life 0.5 h

Plasma protein binding 90%

absorption and distribution

Nafcillin	 is	 poorly	 absorbed	 after	 oral	 administration,	 and	
absorption	 is	 further	 depressed	 if	 the	 drug	 is	 given	 with	
food.	Most	dosing	is	now	intravenous.	Penetration	into	tis-
sues	is	similar	to	that	of	the	isoxazolylpenicillins.	Penetration	
into	 normal	 meninges	 is	 low,	 but	 is	 higher	 in	 inflamed	
meninges.

Metabolism and excretion

About	60–70%	is	inactivated	in	the	liver.	Following	intramus-
cular	 administration,	 about	 30%	 appears	 in	 the	 urine,	 pro-
ducing	 concentrations	 up	 to	 1000	 mg/L.	Administration	 of	
probenecid	reduces	the	urinary	excretion	and	raises	and	pro-
longs	the	plasma	level.	About	8%	of	the	dose	is	excreted	in	
the	bile.

 TOXICITY AND SIDE EFFECTS

There	 is	 cross-allergenicity	 with	 other	 penicillins.	 Its	 side	
effects	are	similar	to	the	penicillins.	Pseudomembranous	coli-
tis	has	been	reported.

 CLINICAL USE

Uses	are	those	of	group	3	penicillins	(p.	209).	Nafcillin	has	
been	particularly	recommended	for	the	treatment	of	staphy-
lococcal	bacteremia	caused	by	susceptible	strains.

 Further information

Banner W, Gooch WM, Burckart G, Korones SB. Pharmacokinetics of 
 nafcillin in infants with low birth weights. Antimicrob Agents Chemother. 
1980;17:691–694.

Paradisi F, Corti G, Messeri D. Antistaphylococcal (MSSA, MRSA, MSSE, MRSE) 
 antibiotics. Med Clin North Am. 2001;85:1–17.

Stevens DL. The role of vancomycin in the treatment paradigm. Clin Infect Dis. 
2006;42(suppl 1):S51–S57.

OXACILLIN

Molecular	weight	(free	acid):	401.5.

A	 semisynthetic	 penicillin	 currently	 supplied	 primarily	 for	
intravenous	administration.	The	 first	of	 the	 isoxazolyl	 series	
of β-lactamase-resistant	penicillins.

preparations and dosage

Proprietary name: Nallpen.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 0.5–1.5 g every 4–6 h. Children, 25 mg/kg every 

12 h; neonates, 10 mg/kg every 12 h.

Available in the USA.
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 ANTIMICROBIAL ACTIVITY

Its	 spectrum	 and	 activity	 are	 those	 of	 isoxazolylpenicillins	
(Table	14.3,	p.	208).	There	is	complete	cross-resistance	and	
tolerance	with	other	group	3	penicillins.	Oxacillin	is	frequently	
used	to	replace	methicillin	for	standardized	susceptibility	test-
ing	to	detect	resistant	staphylococci.

 ACQUIRED RESISTANCE

In	addition	to	methicillin-resistant	strains	producing	the	low	
affinity	PBP	2a,	rare	methicillin-susceptible	isolates	of	Staph. 
aureus	 display	 reduced	 susceptibility	 to	 oxacillin,	 due	 to	
incompletely	defined	chromosomal	resistance	mechanisms.

 PHARMACOkINETICS

Oral absorption 30–35%

C
max

 500 mg intravenous 43 mg/L after 5 min

Plasma half-life 20–30 min

Plasma protein binding 92–96%

absorption and distribution

It	is	the	least	well	absorbed	of	the	isoxazolylpenicillins	when	dosed	
orally.	 It	 is	widely	distributed	at	 therapeutic	 levels	 into	pleural,	
bile	and	amniotic	fluid.	Low	concentrations	penetrate	the	CSF.

Metabolism and excretion

Oxacillin	 is	 rapidly	metabolized	by	opening	of	 the	β-lactam	
ring.	Its	main	route	of	elimination	is	renal,	about	25%	of	the	
dose	being	 recovered	 from	 the	urine	 as	 active	material	 and	
another	25%	as	inactive	metabolites.	It	is	more	rapidly	elimi-
nated	in	patients	with	cystic	fibrosis.

 TOXICITY AND SIDE EFFECTS

There	is	cross-allergy	with	other	penicillins	and	reactions	are	
generally	typical	of	the	group.	Abnormalities	of	liver	function,	
especially	elevation	of	transaminase	levels,	may	occur,	some-
times	 accompanied	 by	 fever,	 nausea,	 vomiting	 and	 eosino-
philia.	As	with	benzylpenicillin,	neurotoxicity	may	develop	on	
high	dosage	in	patients	with	renal	failure.	Pseudomembranous	
colitis	has	been	reported

 CLINICAL USE

Uses	are	those	of	group	3	penicillins	(p.	209).

 Further information

Clinical and Laboratory Standards Institute. Methods for dilution antimicrobial 
susceptibility tests for bacteria that grow aerobically. Approved standard – Eighth 
 edition. Vol. M07-A8. Wayne, PA: CLSI; 2009.

McDougal LK, Thornsberry C. The role of β-lactamase in staphylococcal  resistance 
to penicillinase-resistant penicillins and cephalosporins. J Clin Microbiol. 
1986;23:832–839.

Venglarcik JS, Blair LL, Dunkle LM. pH-dependent oxacillin tolerance of 
Staphylococcus aureus. Antimicrob Agents Chemother. 1983;23:232–235.

OTHER gROUP 3 PENICILLINS

 METHICILLIN

2,6-Dimethoxyphenylpenicillin;	 methicillin	 (international	
non-proprietary	name).	The	first	β-lactamase-resistant	semi-
synthetic	penicillin.	It	was	initially	used	widely	but	has	been	
superseded	by	other	group	3	members	and	is	no	longer	com-
mercially	available.

It	 is	 less	 active	 than	 benzylpenicillin	 or	 other	 group	 3	
penicillins	 (Table	14.3,	p.	208).	 It	 is	 very	 stable	 to	 staph-
ylococcal	 β-lactamase	 and	 is	 active	 against	 β-lactamase-
producing	 strains	 of	 Staph. aureus	 that	 do	 not	 produce	 a	
functional	 PBP	 2a	 (p.	 30).	 Resistance	 is	 common	 among	
staphylococci,	with	 the	 incidence	 geographically	 diverse.	
Most	 methicillin-resistant	 staphylococcal	 isolates	 display	
multiresistance.

It	is	not	acid	resistant,	and	must	therefore	be	administered	
parenterally.	About	10%	is	metabolized,	with	60–80%	of	the	
dose	excreted	in	the	urine.	Toxicity	is	similar	to	that	of	other	
group	3	penicillins.	Nephritis	 appears	 to	be	more	 common	
than	with	other	penicillins.

 Further information

Boucher HW, Corey GR. Epidemiology of methicillin-resistant Staphylococcus 
aureus. Clin Infect Dis. 2008;46(suppl 5):S344–S349.

Leclercq R. Epidemiological and resistance issues in multidrug-resistant staphylo-
cocci and enterococci. Clin Microbiol Infect. 2009;15:224–231.

Struelens MJ, Hawkey PM, French GL, Witte W, Tacconelli E. Laboratory tools 
and strategies for methicillin-resistant Staphylococcus aureus screening, sur-
veillance and typing: state of the art and unmet needs. Clin Microbiol Infect. 
2009;15:112–119.

preparations and dosage

Proprietary names: Bristopen and various other generic formulation.

Preparations: Injection.

Dosage: Adults, i.m., i.v., 250 mg to 1 g every 4–6 h. Children (<40 kg), 

12.5–25 mg/kg every 4–6 h. Newborn and premature infants, 25 mg/kg 

per day in divided doses may be given, but used with caution.

Available widely in continental Europe, North America, South America and 

Japan. Not available in the UK.
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gROUP 4: EXTENDED-SPECTRUM 
PENICILLINS

The	 introduction	 of	 an	 amino	 group	 in	 the	 α-position of 
the	 side	 chain	of	benzylpenicillin	 confers	 a	high	degree	of	
acid	stability	together	with	enhanced	activity	against	Gram-
negative	bacteria.	Ampicillin,	 the	 first	of	 the	aminopenicil-
lins	to	be	developed,	retains	the	activity	of	benzylpenicillin	
against	 Gram-positive	 cocci	 but	 exhibits	 increased	 activity	
against H. influenzae	and	certain	non-β-lactamase-producing	
Gram-negative	 bacilli,	 notably	 Escherichia coli, Salmonella 
enterica	 serotypes,	 Shigella	 spp.	 and	 Proteus mirabilis.	The	
aminopenicillins	are	readily	inactivated	by	β-lactamases,	but	
in	combination	with	β-lactamase	inhibitors	(p.	239)	they	dis-
play	enhanced	activity	against	many	β-lactamase-producing	
isolates.

The	 clinical	 success	 of	 ampicillin	 resulted	 in	 the	
development	 of	 a	 number	 of	 modified	 aminopenicillins	
with	 claims	 for	 superior	 properties.	 Compounds	 closely	
related	 structurally	 to	 ampicillin	 include	 amoxicillin	 and	
ciclacillin.

Amoxicillin	 differs	 from	 ampicillin	 in	 possessing	 a	
p-hydroxy	 group	 in	 the	 benzene	 ring	 of	 the	 side	 chain	
and	has	a	spectrum	of	activity	essentially	identical	to	that	
of	 ampicillin,	 but	 is	 bactericidal	 to	 susceptible	 Gram-
negative	bacilli	at	rather	lower	concentrations.	Amoxicillin	
with	 its	 superior	 absorption	 characteristics	 has	 largely	
displaced	 ampicillin	 for	 oral	 therapy,	 except	 against	 the	
enterococci.

The	antibacterial	activity	of	epicillin	is	virtually	identical	to	
that	of	ampicillin,	while	that	of	ciclacillin	is	substantially	less.	
Neither	of	these	agents	is	widely	used.

Four	esters	of	ampicillin	(bacampicillin,	lenampicillin,	piv-
ampicillin,	 talampicillin)	 were	 developed	 as	 prodrugs	 with	
oral	 absorption	 characteristics	 superior	 to	 those	of	 the	par-
ent	penicillin.	The	 esters	 are	 lipophilic	 compounds	 that	 are	
devoid	of	antibacterial	activity	in	their	own	right,	but	which	
are	hydrolyzed	by	 tissue	 esterases	during	 absorption	 to	 lib-
erate	 ampicillin.	Two	 condensation	 products,	 hetacillin	 and	
metampicillin	(formed	by	combination	of	ampicillin	with	ace-
tone	 and	 formaldehyde,	 respectively),	 hydrolyze	 spontane-
ously	to	release	ampicillin,	but	are	no	longer	used	clinically.	
The	antibacterial	activity	of	all	these	compounds	is	due	solely	
to	the	ampicillin	liberated.

Two	other	group	4	penicillins,	mecillinam	(	amdinocillin)	
and	its	prodrug	pivmecillinam,	are		structurally	different	from	
the	 aminopenicillins.	 Like	 other	 semisynthetic	 penicillins	
they	are	derived	from	6-APA	but		differ	in	being	6-α-amidino-
penicillanates rather than 6-α-acylaminopenicillanates.	This	is	
reflected	in	the	antibacterial	spectrum	of	mecillinam,	which	
is	atypical	of	the	penicillins	in	displaying	high	activity	against	
Gram-negative	 bacteria	 but	 poor	 activity	 against	 Gram-
positive	cocci.	The	mechanism	of	action	of	mecillinam	differs	
from	that	of	other	penicillins	in	binding	almost	exclusively	to	
PBP	2	(p.	13)	in	Gram-negative	bacteria.

 PHARMACOkINETICS

The	aminopenicillins	are	acid	stable	and	can	be	given	orally.	
Ampicillin	 is	 the	 least	 well	 absorbed,	 about	 one-third	 of	
the	dose	appearing	in	the	urine	as	active	drug,	and	absorp-
tion	 is	 further	 reduced	 by	 food.	The	 esters,	 ciclacillin	 and	
amoxicillin,	are	substantially	better	absorbed	and	not	signifi-
cantly	 affected	by	 food,	 peak	plasma	 levels	 generally	 being	
at	least	twice	those	achieved	by	equivalent	doses	of	ampicil-
lin.	 Plasma	 elimination	 half-lives	 are	 generally	 around	 1	 h	
and	plasma	protein	binding	is	low	(around	20%).	Excretion	
is	primarily	renal,	resulting	in	high	concentrations	of	active	
antibiotic	in	urine;	a	proportion	of	an	oral	dose	(10–20%)	is	
metabolized	in	the	liver	and	small	amounts	are	found	in	the	
bile.	The	aminopenicillins	may	be	administered	by	parenteral	
routes,	but	the	esters	are	given	only	by	mouth.	Mecillinam	is	
not	absorbed	by	mouth	but	its	pivaloyloxymethyl	ester,	piv-
mecillinam,	is	relatively	well	absorbed	by	the	oral	route.

 TOXICITY AND SIDE EFFECTS

Patients	with	a	history	of	hypersensitivity	to	penicillins	should	
be	treated	cautiously,	as	serious	anaphylactic	responses	may	
occur.	Ampicillin	 appears	 to	be	 less	 likely	 than	benzylpeni-
cillin	to	elicit	true	allergic	reactions,	but	is	much	more	likely	
to	cause	rashes	that	appear	not	to	be	of	allergic	origin,	espe-
cially	in	patients	with	infectious	mononucleosis	or	other	lym-
phoid	disorders.	The	prevalence	of	rashes	in	patients	treated	
with	amoxicillin	is	similar.	Ampicillin	esters	naturally	have	the	
same	potential	to	give	rise	to	rashes.

Gastrointestinal	 side	 effects	 are	 relatively	 common	 in	
patients	treated	with	oral	ampicillin.	Ampicillin	esters,	amoxi-
cillin,	ciclacillin	and	 the	ester	of	mecillinam	are	more	 likely	
to	cause	upper	abdominal	discomfort,	nausea	and	vomiting,	
but	are	 less	 likely,	being	better	absorbed,	 to	cause	diarrhea.	
Upper	abdominal	symptoms	are	substantially	ameliorated	if	
the	esters	are	taken	with	food.	Liver	function	should	be	moni-
tored	in	patients	receiving	prolonged	courses,	or	in	those	in	
whom	renal	or	hepatic	function	is	impaired.

 CLINICAL USE

Aminopenicillins	are	recommended	for	the	wide	range	of	infec-
tions	 that	 made	 ampicillin	 one	 of	 the	 most	 commonly	 pre-
scribed	agents,	notably	for	urinary	and	respiratory	infections,	
as	well	as	for	gastrointestinal	infections	caused	by	susceptible	
Salmonella	spp.	and	Shigella	spp.	However,	the	increasing	fre-
quency	of	 isolation	of	β-lactamase-producing	pathogens	has	
resulted	 in	a	 reduction	 in	 the	usefulness	of	aminopenicillins	
as	 monotherapy.	This	 difficulty	 is	 overcome	 by	 combining	
ampicillin	or	amoxicillin	with	β-lactamase	inhibitors	(p.	239).	
Ampicillin	and	amoxicillin	also	have	a	role	in	the	treatment	of	
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severe	infections,	including	endocarditis,	meningitis	and	sep-
ticemia,	often	in	combination	with	other	antibacterial	agents,	
such	as	aminoglycosides.	Mecillinam	is	suitable	only	for	infec-
tions	involving	Gram-negative	bacteria	and	should	not	be	used	
where	Gram-positive	organisms	may	be	implicated.

AMOXICILLIN

Amoxycillin.	Molecular	weight	(free	acid):	365.4;	(trihydrate):	
419.5.

Para-hydroxy	 ampicillin.	 Supplied	 as	 the	 trihydrate	 for	 oral	
administration	and	as	 the	 sodium	salt	 for	parenteral	use.	A	
formulation	with	clavulanic	acid	(co-amoxiclav)	is	also	avail-
able	(see	p.	240).

 ANTIMICROBIAL ACTIVITY

The	 antibacterial	 spectrum	 is	 identical	 to	 that	 of	 ampicil-
lin	 and	 there	 are	 few	 differences	 in	 antibacterial	 activity	
(Table	14.4).	Like	ampicillin,	amoxicillin	is	unstable	to	most	
β-lactamases.	It	has	useful	activity	against	Helicobacter pylori 
(<1%	resistance),	and	is	included	in	most	combination	regi-
mens	for	the	treatment	of	H. pylori	infections.

 ACQUIRED RESISTANCE

There	 is	 complete	 cross-resistance	 with	 ampicillin.	 Its	
action	against	many	β-lactamase-producing	strains	can	be	
restored	by	co-administration	with	β-lactamase	 inhibitors	
(p.	239).

 PHARMACOkINETICS

Oral absorption 75–90%

C
max

 500 mg oral 5.5–7.6 mg/L after 1–2 h

 500 mg intramuscular c. 14 mg/L after 1–2 h

Plasma half-life 1 h

Volume of distribution 0.3 L/kg

Plasma protein binding 17–20%

absorption and distribution

Oral	 absorption	produces	over	 twice	 the	peak	 concentra-
tion	achieved	by	comparable	doses	of	ampicillin,	allowing	
less	frequent	dosing	intervals.	Absorption	is	unaffected	by	
food.

It	 is	 well-distributed	 in	 multiple	 body	 fluids,	 including	
pleural,	peritoneal	and	middle	ear	fluid.	It	does	not	penetrate	
well	into	the	CSF.

Metabolism and excretion

Some	 10–25%	 is	 converted	 to	 the	 penicilloic	 acid.	
Between	 50%	 and	 70%	 of	 unchanged	 drug	 is	 recovered	
in	the	urine	in	the	first	6	h	after	a	dose	of	250	mg.	Plasma	
levels	are	elevated	and	prolonged	by	the	administration	of	
probenecid.

 TOXICITY AND SIDE EFFECTS

Amoxicillin	is	generally	well	tolerated,	side	effects	being	those	
common	 to	penicillins,	 but	 including	non-allergic	 rashes	 in	
patients	with	 glandular	 fever.	As	 the	drug	 is	well	 absorbed,	
diarrhea	is	generally	infrequent	and	rarely	sufficiently	severe	
to	require	withdrawal	of	treatment.

 CLINICAL USE

Isolates	 should	be	 tested	 for	 susceptibility	before	use,	espe-
cially	for	serious	infections.

table 14.4 Activity of group 4 penicillins against non-β-
lactamase-producing strains of pathogenic bacteria; modal 
MIC (mg/L)

 ampicillin amoxicillin Mecillinam

Staphylococcus aureus 
(methicillin-susceptible)

1 0.1 128 

Streptococcus pyogenes 0.03 0.01 2

Str. pneumoniae 0.02 0.02 2

Enterococcus faecalis 2 2 R

Neisseria gonorrhoeae 0.5 <0.5 0.1

N. meningitidis 0.12–2 <2 ND

Haemophilus influenzae 0.5 0.5 16

Escherichia coli 4 4 0.12

Klebsiella pneumoniae R R 0.25

Pseudomonas aeruginosa R R R

Bacteroides fragilis 32 32 R

R, resistant (MIC >64 mg/L); ND, no data.
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 Further information

Anonymous. Amoxicillin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:A162–A165.

Brogden RN, Speight TM, Avery GS. Amoxycillin: a review of its antibacterial and 
pharmacokinetic properties and therapeutic use. Drugs. 1975;9:88–140.

Egan BJ, Katicic M, O’Connor HJ, O’Morain CA. Treatment of Helicobacter pylori. 
Helicobacter. 2007;12(suppl 1):31–37.

Gordon C, Regamey C, Kirby WM. Comparative clinical pharmacology of 
amoxicillin and ampicillin administered orally. Antimicrob Agents Chemother. 
1972;1:504–507.

Gould FK, Elliott TSJ, Foweraker J, et al. Guidelines for the prevention of 
 endocarditis: report of the Working Party of the British Society for Antimicrobial 
Chemotherapy. J Antimicrob Chemother. 2006;57:1035–1042.

Mattie H, Van der Voet GB. The relative potency of amoxycillin and ampicillin in 
vitro and in vivo. Scand J Infect Dis. 1981;13:291–296.

AMPICILLIN

Molecular	weight	(free	acid):	349.4;	(sodium	salt):	471.4.

A	semisynthetic	penicillin	administered	orally	as	the	trihydrate	
and	parenterally	as	the	soluble	sodium	salt.	Formulations	with	
sulbactam	are	also	available	(see	p.	242).

 ANTIMICROBIAL ACTIVITY

Its	 activity	 against	 common	 pathogenic	 bacteria	 is	 shown	
in Table	 14.4.	Ampicillin	 is	 slightly	 less	 active	 than	 benzyl-
penicillin	 against	 most	 Gram-positive	 bacteria	 but	 is	 more	
active against E. faecalis.	MRSA	and	strains	of	Str. pneumoniae 
with	 reduced	 susceptibility	 to	 benzylpenicillin	 are	 resistant.	
Most	 group	 D	 streptococci,	 anaerobic	 Gram-positive	 cocci	
and	bacilli,	 including	L. monocytogenes, Actinomyces	 spp.	and	
Arachnia	spp.,	are	susceptible.	Mycobacteria	and	nocardia	are	
resistant.

Ampicillin	has	similar	activity	 to	benzylpenicillin	against	
N. gonorrhoeae, N. meningitidis	and	Mor. catarrhalis.	It	is	2–8	
times	more	active	than	benzylpenicillin	against	H. influenzae 
and	 many	 Enterobacteriaceae,	 but	 β-lactamase-producing	
strains	 are	 resistant.	 Pseudomonas	 spp.	 are	 resistant,	 but	
Bordetella, Brucella, Legionella	 and	 Campylobacter	 spp.	 are	
often	 susceptible.	 Certain	 Gram-negative	 anaerobes	 such	
as Prevotella melaninogenica	 and	Fusobacterium	 spp.	 are	 sus-
ceptible,	but	B. fragilis	 is	resistant,	as	are	mycoplasmas	and	
rickettsiae.

Activity	against	molecular	class	A	β-lactamase-producing	
strains	of	staphylococci,	gonococci,	H. influenzae, Mor. catarrh-
alis,	certain	Enterobacteriaceae	and	B. fragilis	is	enhanced	by	
the presence of β-lactamase	inhibitors,	specifically	clavulanic	
acid.

Its	bactericidal	activity	resembles	that	of	benzylpenicillin.	
Bactericidal	 synergy	 occurs	 with	 aminoglycosides	 against	
E. faecalis	 and	 many	 enterobacteria,	 and	 with	 mecillinam	
against	a	number	of	ampicillin-resistant	enterobacteria.

 ACQUIRED RESISTANCE

β-Lactamase-producing	 pathogens,	 including	 most	 clinical	
isolates of Staph. aureus,	 are	 resistant.	 Strains	 of	 pneumo-
cocci,	enterococci,	gonococci	and	H. influenzae	with	altered	
PBPs	 have	 reduced	 susceptibility	 to	 ampicillin.	 Isolates	
of N. gonorrhoeae	 and	 H. influenzae	 with	 a	TEM	 plasmid-
	mediated	 β-lactamase	 (which	 are	 more	 common)	 are	 fully	
resistant.	Resistance	among	H. influenzae	is	often	linked	with	
resistance	to	chloramphenicol,	erythromycin	or	tetracycline,	
due	 to	 plasmid-encoded	 resistance	 markers	 that	 are	 co-	
transferred	with	the	gene	for	the	TEM	enzyme.	However,	at	
least	70%	of	current	H. influenzae	isolates	remain	susceptible	
to	ampicillin	worldwide.

The	 widespread	 use	 of	 ampicillin	 and	 other	 aminopeni-
cillins	 has	 led	 to	 resistance	 becoming	 common	 in	 formerly	
susceptible	 species	 of	 enteric	 pathogens	 as	 a	 result	 of	 the	
widespread	dissemination	of	plasmid-mediated	β-lactamases.	
Surveillance	data	 from	North	America	and	Europe	 indicate	
less	than	50%	susceptibility	to	ampicillin	in	Esch. coli. At least 
90%	 of	 current	 isolates	 of	 Mor. catarrhalis are β-lactamase-
producing	strains.	Ampicillin-resistant	strains	of	salmonellae,	
notably	S. enterica	serotypes	Typhi	and	Typhimurium	(many	

preparations and dosage

Proprietary names: Amoxil (and many generic formulations).

Preparations: Capsules, suspension, injection, dispersible tablets, oral 

sachets.

Dosage: Adults, oral, 250–500 mg every 8 h high-dose therapy, 3 g 

every 12 h; short-course therapy, simple acute urinary tract infection, 

two 3 g doses with 10–12 h between doses, gonorrhea, single 3 g 

dose; i.m., i.v., 500 mg every 8 h, the dose may be increased to 1 g i.v. 

every 6 h in severe infections. Children up to 10 years, oral, 125–250 

mg every 8 h. In severe otitis media, 750 mg every 12 h for 2 days 

may be used in children 3–10 years; i.m., i.v., 50–100 mg/kg per day in 

divided doses (increased to 180 mg/kg per day in severe infections).

Widely available.

Ear, nose and throat infections other than pharyngitis, which may mask 

 glandular fever

Tracheobronchitis, bronchitis, pneumonia

Genitourinary tract infections, including gonorrhea

Infections of skin and soft tissues due to streptococci and susceptible 

staphylococci

Helicobacter pylori infection (in combination with a proton pump inhibitor 

and at least one other antimicrobial agent such as clarithromycin)

Prophylaxis of endocarditis in patients undergoing dental treatment and 

other procedures
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of	which	are	also	resistant	to	chloramphenicol,	sulfonamides	
and	 tetracyclines)	present	 a	 serious	problem	 in	Africa,	Asia	
and	 South	 America.	 Multiresistant	 strains	 of	 shigellae	 also	
predominate	in	many	parts	of	the	world.

 PHARMACOkINETICS

Oral absorption 30–40%

C
max

 500 mg oral 3.2 mg/L after c. 2 h

 500 mg intramuscular 5–15 mg/L after 1 h

 500 mg intravenous infusion 12–29 mg/L

Plasma half-life 1–1.5 h

Volume of distribution 0.38 L/kg

Plasma protein binding 20%

absorption and distribution

Ampicillin	is	highly	stable	to	acid:	in	2	h	at	pH	2	and	37°C,	
only	5%	of	activity	is	lost.	Absorption	is	impaired	when	it	is	
given	with	meals.

It	is	distributed	in	the	extracellular	fluid.	Adequate	concen-
trations	are	obtained	in	serous	effusions.	Effective	CSF	levels	
are	obtained	only	 in	 the	presence	of	 inflammation,	 variable	
peak	concentrations	around	3	mg/L	being	found	in	the	first	
3	days	of	treatment	in	patients	receiving	150	mg/kg	per	day.	
It	accumulates	and	persists	in	the	amniotic	fluid.

Metabolism and excretion

A	 small	 proportion	 is	 converted	 to	 penicilloic	 acid.	 About	
34%	 of	 an	 oral	 dose	 and	 60–80%	 of	 parenteral	 doses	 are	
recoverable	 from	 the	 urine,	 where	 concentrations	 around	
250–1000	mg/L	appear.	Excretion	is	partly	in	the	glomerular	
filtrate	and	partly	by	tubular	secretion,	which	can	be	blocked	
by	probenecid.	Impairment	of	renal	function	reduces	the	rate	
of	 excretion,	 the	 plasma	 half-life	 rising	 to	 8–9	 h	 in	 anuric	
patients.

Although	excretion	is	mainly	renal,	up	to	50	times	the	cor-
responding	serum	level	may	be	attained	in	the	bile.	There	is	
a	degree	of	enterohepatic	recirculation	and	significant	quan-
tities	 appear	 in	 the	 feces.	Bioavailability	may	be	 affected	 in	
severe	liver	disease.

 TOXICITY AND SIDE EFFECTS

Ampicillin	 is	 generally	 free	 from	 severe	 toxicity	 and,	 apart	
from	 gastrointestinal	 intolerance,	 the	 only	 significant	 side	
effects	 seen	have	been	 rashes.	 In	common	with	other	 semi-
synthetic	penicillins,	it	appears	to	be	less	likely	than	benzyl-
penicillin	to	elicit	true	allergic	reactions.	However,	it	is	more	
likely	to	cause	rashes,	which	are	found	in	approximately	9%	of	
treated	patients	and	which	occur	more	frequently	in	patients	
receiving	large	doses	or	in	renal	failure.	Rashes	occur	in	95%	

of	patients	with	infectious	mononucleosis	or	other	lymphoid	
disorders.	This	 unusual	 susceptibility	 disappears	 when	 the	
disease	resolves.	In	keeping	with	a	toxic	rather	than	an	allergic	
origin,	skin	tests	to	ampicillin	and	to	mixed-allergen	moieties	
of	 benzylpenicillin	 are	 negative.	 Since	 the	 typical	 maculo-
papular	rash	of	ampicillin	does	not	have	an	allergic	origin,	its	
development	does	not	indicate	penicillin	allergy	and	is	not	a	
contraindication	to	the	use	of	other	penicillins.

Gastrointestinal	side	effects	are	relatively	common	(around	
10%)	 in	 patients	 treated	 with	 oral	 ampicillin,	 and	 occur	 in	
2–3%	of	patients	given	the	drug	parenterally,	presumably	as	
a	result	of	drug	entering	 the	gut	 through	the	bile.	The	very	
young	and	the	old	are	most	likely	to	suffer.	Diarrhea	can	be	
sufficiently	 severe	 to	 require	 withdrawal	 of	 treatment	 and	
pseudomembranous	colitis	may	occur.	Interference	with	the	
bowel	flora,	which	is	presumably	implicated	in	diarrhea,	can	
also	 affect	 enterohepatic	 recirculation	 of	 steroids,	 and	 the	
derangement	can	be	sufficient	to	impair	the	absorption	of	oral	
contraceptives	and	affect	the	interpretation	of	estriol	levels.

 CLINICAL USE

Isolates	 should	be	 tested	 for	 susceptibility	before	use,	espe-
cially	 for	 serious	 infections.	 For	 oral	 therapy,	 amoxicillin	 is	
preferable	to	ampicillin.

 Further information

Anonymous. Ampicillin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:A172–A176.

Arias CA, Murray BE. Emergence and management of drug-resistant enterococcal 
infections. Expert Rev Antiinfect Ther. 2008;6:637–655.

Jacobs MR. Worldwide trends in antimicrobial resistance among common respiratory 
tract pathogens in children. Pediatr Infect Dis J. 2003;22(suppl 8):S109–S119.

Mazzulli T. Resistance trends in urinary tract pathogens and impact on manage-
ment. J Urol. 2002;168(4 Part 2):1720–1722.

preparations and dosage

Proprietary names: Penbritin, Omnipen and many generic preparations.

Preparations: Capsules, syrup, injection.

Dosage: Adults, oral, 250 mg to 1 g every 6 h; i.m., i.v., 500 mg every 4–6 h. 

Meningitis, i.v., 2 g every 4 h. Children <10 years, any route, half the adult 

dose. Meningitis, i.v., 150–200 mg/kg per day in divided doses.

Widely available.

Urinary tract infections

Bacterial meningitis

Respiratory tract infections

Gastrointestinal infections, including typhoid fever and bacillary dysentery

Enterococcal endocarditis and septicemia (in combination with an 

aminoglycoside)

Listeriosis (in combination with an aminoglycoside)
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Mikhail IA, Sippel JF, Girgis NI, Yassin MW. Cerebrospinal fluid and serum  ampicillin 
levels in bacterial meningitis patients after intravenous and intramuscular 
administration. Scand J Infect Dis. 1981;13:237–238.

Morrissey I, Maher K, Williams L, et al. Non-susceptibility trends among 
Haemophilus influenzae and Moraxella catarrhalis from community-acquired 
respiratory tract infections in the UK and Ireland, 1999–2007. J Antimicrob 
Chemother. 2008;62(suppl 2):ii97–ii103.

AMPICILLIN ESTERS

 BACAMPICILLIN

The	ethoxycarbonyloxyethyl	ester	of	ampicillin.	It	is	absorbed	
from	 the	 intestine	 more	 rapidly	 and	 more	 completely	 than	
ampicillin,	with	average	peak	plasma	 levels	2–3	 times	 those	
produced	by	equivalent	doses	of	ampicillin.	Mean	absorption	
differed	 considerably	 among	 hospital	 patients	 and	 was	 less	
than	in	healthy	volunteers.

 LENAMPICILLIN

The	daloxate	ester	of	ampicillin.	In	volunteers	receiving	400	
mg	orally,	peak	concentrations	were	around	6.0	mg/L	at	about	
1	h	–	about	twice	those	seen	with	an	equimolar	dose	(250	mg)	
of	ampicillin.	Peak	plasma	concentration	is	slightly	lower	and	
delayed	by	food.

 PIVAMPICILLIN

The	 pivaloyloxymethyl	 ester	 of	 ampicillin.	 Its	 absorption	 is	
considerably	better	than	that	of	the	parent	ampicillin	and	is	
less	affected	by	food.	Plasma	levels	rise	more	rapidly	to	2–3	
times	those	produced	by	corresponding	doses	of	ampicillin.

 TALAMPICILLIN

The	phthalidyl	 thiazolidine	carboxylic	ester	of	ampicillin.	 It	
is	 well	 absorbed	 when	 administered	 orally,	 doses	 of	 250	 or	
500	mg	producing	mean	peak	plasma	levels	of	4	or	11	mg/L,	
respectively,	 about	 2	 h	 after	 the	 dose.	 Administration	 with	
food	 delays	 and	 depresses	 the	 peak	 concentration.	 It	 is	 of	
	limited	commercial	availability.

 Further information

Jones KH, Langley PF, Lees LJ. Bioavailability and metabolism of talampicillin. 
Chemotherapy. 1979;24:217–226.

Sjovall J. Tissue levels after administration of bacampicillin, a prodrug of ampicillin 
and comparisons with other aminopenicillins: a review. J Antimicrob Chemother. 
1981;8(suppl C):41–58.

Sum ZM, Sefton AM, Jepson AP, Williams JD. Comparative pharmacokinetic study 
between lenampicillin, bacampicillin and amoxycillin. J Antimicrob Chemother. 
1989;23:861–868.

AMPICILLIN CONDENSATES

Hetacillin,	a	condensation	product	of	ampicillin	and	acetone,	
and	metampicillin,	a	condensation	product	of	ampicillin	and	
formaldehyde,	hydrolyze	rapidly	in	the	body	to	liberate	ampi-
cillin,	 leaving	little	or	none	of	the	parent	compound	detect-
able	in	the	plasma	after	oral	dosing.	For	hetacillin,	peak	levels	
and	excretion	are	reported	to	be	lower	than	those	for	ampicil-
lin.	Their	toxicity	profiles	are	comparable	to	that	of	ampicil-
lin.	Both	drugs	are	of	very	limited	availability.

 Further information

Kahrimanis R, Pierpaoli P. Hetacillin vs ampicillin. N Engl J Med. 1971;285:236–237.
Sutherland R, Elson S, Croydon EA. Metampicillin: antibacterial activity and 

absorption and excretion in man. Chemotherapy. 1972;17:145–160.

MECILLINAM

Amdinocillin.	Molecular	weight	(free	acid):	325.4.

6-β-Amidinopenicillin.	 Supplied	 as	 the	 hydrochloride	 dihy-
drate	for	parenteral	administration	and	as	the	hydrochloride	
salt	of	the	pivaloyloxymethyl	ester	(pivmecillinam;	amdinocil-
lin	pivoxil)	for	oral	use.

 ANTIMICROBIAL ACTIVITY

The	 antibacterial	 spectrum	 differs	 greatly	 from	 that	 of	 the	
aminopenicillins	 in	 that	 the	 compound	 displays	 high	 activ-
ity	 against	 many	 Gram-negative	 bacteria	 but	 limited	 activ-
ity	 against	 Gram-positive	 organisms	 (Table	 14.4,	 p.	 215).	
Mecillinam	is	active	against	many	Enterobacteriaceae	due	to	
its	 selective	binding	 to	PBP	2,	although	 the	susceptibility	of	
Proteus	and	Providencia	spp.	is	variable.	H. influenzae	is	less	sus-
ceptible	than	enteric	bacilli,	and	Acinetobacter	spp.,	B.  fragilis 
and	Ps. aeruginosa	are	resistant.

It	is	readily	inactivated	by	many	β-lactamases,	although	it	
is	more	stable	than	ampicillin.

preparations and dosage

Proprietary names: Various generic formulations.

Preparations: Tablets, oral suspension.

Dosage: Adults, oral, 400 mg, every 8–12 h; dose doubled in severe 

infections. Children >5 years, 200 mg every 8 h or 25–50 mg/kg per day 

in two divided doses.

Widely available; not available in the UK or the USA.
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 ACQUIRED RESISTANCE

Intrinsic	 resistance	 in	 susceptible	 species	 of	 enterobacteria	
is	uncommon	and	many	ampicillin-resistant	strains	are	sus-
ceptible.	 Bacteria	 that	 are	 resistant	 to	 both	 ampicillin	 and	
mecillinam	 are	 usually	 those	 producing	 large	 amounts	 of	
β-lactamase,	most	commonly	plasmid-mediated	enzymes.

 PHARMACOkINETICS

Oral absorption (pivmecillinam) c. 75%

C
max

 200 mg intravenous infusion 12 mg/L end infusion

 200 mg intramuscular c. 6 mg/L after 45 min

 400 mg oral (pivmecillinam) 2–5 mg/L after c. 1 h

Plasma half-life 50 min

Volume of distribution 0.2–0.4 L/kg

Plasma protein binding 5–10%

absorption

Oral	absorption	is	very	poor,	with	conventional	doses	produc-
ing	plasma	levels	of	<1	mg/L	and	recovery	of	only	about	5%	
in	the	urine.

A	400	mg	dose	of	the	pivaloyl	ester	is	equivalent	to	273	mg	
mecillinam.	It	is	relatively	well	absorbed	and	rapidly	liberates	
the	parent	compound.

Metabolism and excretion

The	 amidino	 side	 chain	 undergoes	 spontaneous	 aqueous	
hydrolysis	to	the	N-formyl	derivative,	which	retains	some	anti-
bacterial	activity.	Hydrolysis	of	the	β-lactam	ring	also	occurs.

Approximately	60%	is	excreted	unchanged	in	the	urine	in	the	
first	6	h,	achieving	concentrations	exceeding	1	g/L.	The	concen-
tration	in	bile	can	reach	40	or	50	mg/L	in	patients	with	normally	
functioning	gallbladders	treated	with	800	mg	intramuscularly.

 TOXICITY AND SIDE EFFECTS

It	is	generally	well	tolerated,	and	serious	anaphylactic	responses	
are	said	to	be	rare.	Nausea	and	vomiting,	which	may	be	per-
sistent,	 occur	 with	 diarrhea	 in	 some	 patients	 treated	 with	
pivmecillinam.

 CLINICAL USE

 Further information

Anonymous. Amdinocillin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed.Edinburgh: 
Churchill Livingstone; 1999:A119–A122.

Patel IH, Bornemann LD, Brocks VM, Fang LST, Tolkoff-Rubin NE, Rubin RH. 
Pharmacokinetics of intravenous amdinocillin in healthy subjects and patients 
with renal insufficiency. Antimicrob Agents Chemother. 1985;28:46–50.

Symposium. An international review of amdinocillin: a new beta-lactam antibiotic. 
Am J Med. 1983;75(suppl):1–138.

OTHER gROUP 4 PENICILLINS

 CICLACILLIN (CYCLACILLIN)

The	structure	differs	from	other	aminopenicillins	in	that	the	
benzene	ring	is	completely	saturated	and	the	amino	substit-
uent	 is	 attached	directly	 to	 it	 instead	of	 being	 linked	 to	 an	
adjacent	carbon	atom.	It	is	less	active	than	ampicillin	against	
staphylococci,	 streptococci	 and	 H. influenzae,	 but	 is	 better	
absorbed	by	mouth,	peak	plasma	levels	of	10–18	mg/L	being	
reached	after	a	500	mg	oral	dose.	Its	pharmacokinetic	prop-
erties,	side	effects	and	use	resemble	those	of	ampicillin.	It	has	
limited	availability.

 EPICILLIN

An	analog	of	ampicillin	in	which	the	benzene	ring	is	partially	
saturated.	 It	 closely	 resembles	 ampicillin	 in	 its	 antibacterial	
properties.	It	is	moderately	well	absorbed,	a	500	mg	oral	dose	
producing	mean	peak	plasma	levels	of	2–3	mg/L.	Its	behav-
ior	on	intramuscular	injection,	distribution,	excretion,	toxic-
ity	and	uses	resemble	those	of	ampicillin.	It	is	of	very	limited	
availability.

 Further information

Gadebusch H, Miraglia G, Pansy F. Epicillin: experimental chemotherapy, 
 pharmacodynamics and susceptibility testing. Infect Immun. 1971;4:50–53.

Gonzaga AJ, Antonio-Velmonte M, Tupasi TE. Cyclacillin: a clinical and in vitro 
 profile. J Infect Dis. 1974;129:545–551.

Urinary tract infection (pivmecillinam)

Other infections with susceptible Gram-negative bacilli (usually in 

combination with other agents)

preparations and dosage

Proprietary names: Selexid.

Preparations: Injection, suspension, tablets.

Dosage: Adults, mecillinam: 5–10 mg/kg every 6–8 h depending on 

the severity of the infection; pivmecillinam: 200–400 mg every  

6–8 h.

Limited availability; pivmecillinam available in the UK.
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gROUP 5: PENICILLINS ACTIVE 
AgAINST PS. AERUGINOSA

Certain	derivatives	of	benzylpenicillin	or	ampicillin	exhibit	use-
ful	 activity	 against	 Ps. aeruginosa.	Three	 derivatives	 of	 benzyl-
penicillin	 possessing	 an	 acidic	 group	 in	 the	 acyl	 side	 chain	
were	developed	for	clinical	use:	carbenicillin	and	ticarcillin	are	
α-carboxypenicillins,	and	the	third,	sulbenicillin,	possesses	a	sul-
fonic	acid	group	in	the	side	chain.	Two	oral	prodrug	forms	of	
carbenicillin	were	formerly	used:	the	phenyl	ester,	carfecillin,	and	
the	indanyl	ester,	carindacillin.	The	acyl	derivatives	of	ampicil-
lin active against Ps. aeruginosa	include	the	acylureidopenicillins:	
azlocillin,	mezlocillin	and	piperacillin.	Apalcillin	and	aspoxicillin	
are	also	acylaminopenicillins,	with	properties	generally	similar	to	
the	ureidopenicillins,	but	lack	the	ureido	group	in	the	side	chain.	
Only	piperacillin	and	ticarcillin	are	now	in	widespread	use.

 ANTIMICROBIAL ACTIVITY

The	 acylureidopenicillins	 and	 the	 carboxypenicillins	 dis-
play	 similar	 antibacterial	 spectra,	 but	 the	 ureidopenicillins	
are	more	active	against	 streptococci	 and	enterococci	 (Table 
14.5).	Both	groups	are	as	active	as	ampicillin	against	suscep-
tible	Gram-negative	bacteria.	However,	strains	producing	ele-
vated	amounts	of	β-lactamase,	such	as	those	organisms	with	
derepressed	β-lactamase	production,	are	resistant.	Interest	in	
these	penicillins	lies	solely	in	their	activity	against	Ps. aerugi-
nosa.	Apalcillin,	azlocillin	and	piperacillin	display	greater	activ-
ity	in	vitro	than	the	carboxypenicillins.	The	superior	activity	
of	the	ureidopenicillins	against	Ps. aeruginosa	may	be	due	to	a	
combination	of	better	penetration	characteristics	and	greater	
affinity	for	PBPs.	All	these	compounds	exhibit	reduced	activ-
ity	against	Bacteroides	spp.

 ACQUIRED RESISTANCE

Resistance	in	clinical	isolates	is	due	primarily	to	their	hydro-
lysis	 by	 plasmid-encoded	 β-lactamases	 or	 by	 elevated	 	levels	
of	 AmpC	 cephalosporinases	 found	 in	 many	 species	 of	
Enterobacteriaceae.	Activity	can	often	be	restored	by	combina-
tions with β-lactamase	inhibitors;	fixed	combinations	of	ticar-
cillin	with	clavulanic	acid	(pp.	240–241)	and	piperacillin	with	
tazobactam	(p.	243)	have	been	developed	for	clinical	use.

 PHARMACOkINETICS

None	of	the	compounds	(other	than	the	prodrugs	of	carbeni-
cillin;	see above)	is	orally	absorbed.

The	acylureidopenicillins	produce	peak	plasma	levels	that	
are	 lower	 than	 those	 obtained	 with	 the	 carboxypenicillins.	
The	half-lives	and	volumes	of	distribution	of	the	ureidopen-
icillins	 are	 generally	 similar	 and	 increase	 with	 larger	 doses.	
Elimination	from	the	body	 is	 largely	by	the	renal	route	and	
most	of	 the	drug	appears	unchanged	 in	 the	urine,	but	rela-
tively	high	concentrations	may	appear	in	bile.

 CLINICAL USE

A	major	role	of	these	compounds	is	the	treatment	of	established	
pseudomonal	infection,	but	they	may	also	be	active	against	some	
penicillin-resistant	Gram-negative	bacilli.	They	 are	 also	used	 in	
the	treatment	and	prophylaxis	of	anaerobic	and	mixed	infections,	
especially	when	combined	with	a	β-lactamase	inhibitor.	A	special	
role	has	been	claimed,	particularly	for	the	acylureidopenicillins	in	
providing	broad	prophylactic	cover,	notably	in	bowel	surgery	(see  
Ch.	 39).	 An	 advantage	 claimed	 for	 acylureidopenicillins	 

 azlocillin piperacillin ticarcillin temocillin

Staphylococcus aureus (methicillin-susceptible) 1 0.5 1 R

Streptococcus pyogenes 0.03 0.03 0.25 R

Str. pneumoniae 0.03 0.02 0.5 R

Enterococcus faecalis 2 1 32 R

Neisseria gonorrhoeae <0.01 <0.01 0.06 0.01–1

N. meningitidis ND 0.06 0.06 ND

Haemophilus influenzae 0.06 0.03 0.5 0.1–2

Escherichia coli 16 2 4 1–8

Klebsiella pneumoniae 64 16 R 1–16

Pseudomonas aeruginosa 4 4 16–32 R

Bacteroides fragilis 8 8 16 R

table 14.5 Activity of group 5 and 6 penicillins against non-β-lactamase-producing strains of pathogenic bacteria; modal MIC (mg/L)

R, resistant (MIC >64 mg/L); ND, no data.
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over	 	carboxypenicillins	 is	 that	 they	 are	 mono-	 rather	 than	
	di-sodium	 salts,	 thus	 presenting	 a	 substantially	 lower	 sodium	
load.

In	 neutropenic	 patients	 they	 should	 be	 combined	 with	
an	aminoglycoside.	However,	it	should	be	noted	that	peni-
cillins	 and	 aminoglycosides	 should	 not	 be	 mixed	 in	 infu-
sion	fluids	because	of	the	possibility	of	mutual	degradation	
(p.	149).

Combination	 therapy	with	an	aminoglycoside	 is	 recom-
mended	in	Ps. aeruginosa	pneumonia.	Soft-tissue	and	burn	
wound	 infections	 usually	 respond.	 Infections	 requiring	
treatment	with	these	agents	generally	arise	in	patients	with	
underlying	disorders,	and	suppression	rather	 than	eradica-
tion	 of	 infection	 is	 often	 the	 best	 result	 obtainable.	 Good	
examples	of	such	‘control’	are	provided	by:

•	 cystic	fibrosis	(where	accelerated	elimination	of	the	drugs	
requires	high	dosage)

•	 urinary	tract	infection	in	catheterized	patients
•	 the	grave	necrotizing	otitis	externa	of	diabetes.

With	all	these	agents,	treatment	failures	are	often	due	to	the	
emergence	of	resistant	variants.

 Further information

Tan JS, File Jr TM. Antipseudomonal penicillins. Med Clin North Am. 
1995;79:679–693.

PIPERACILLIN

Molecular	weight	(free	acid):	517.6;	(sodium	salt):	539.6.

A	semisynthetic	acylureidopenicillin	supplied	as	the	sodium	
salt	for	parenteral	administration.	A	formulation	with	tazobac-
tam	is	also	available	(p.	243).

 ANTIMICROBIAL ACTIVITY

The	activity	against	common	bacterial	pathogens	is	shown	in	
Table	14.5.	It	displays	good	activity	against	non-β-lactamase-
producing	 strains	 of	 N. gonorrhoeae,	 ampicillin-susceptible	
H. influenzae	 and	many	Enterobacteriaceae.	 It	 is	 the	most	
active	of	the	antipseudomonal	penicillins	against	Ps. aerugi-
nosa	and	retains	its	activity	in	the	absence	of	a	β-lactamase	
inhibitor.	Synergy	with	 aminoglycosides	has	been	demon-
strated	against	many	strains	of	Enterobacteriaceae	and	Ps. 
aeruginosa.

 ACQUIRED RESISTANCE

There	 is	 complete	 cross-resistance	 with	 other	 ureidopeni-
cillins,	but	ticarcillin-resistant	strains	of	Ps. aeruginosa	may	
be	 susceptible.	 Piperacillin-resistant	 strains	 of	 B. fragilis 
and	other	Bacteroides	 spp.	are	common.	Because	piperacil-
lin	 is	hydrolyzed	by	most	β-lactamases,	many	β-lactamase-
producing	 isolates	 are	 resistant	 unless	 it	 is	 protected	 by	
β-lactamase	inhibitors.

 PHARMACOkINETICS

Oral absorption Negligible

C
max

 2 g (2–3 min intravenous injection) 305 mg/L after 5 min

Plasma half-life 0.9 h

Volume of distribution 16–24 L/1.73 m2

Plasma protein binding 16%

In	patients	with	meningitis,	mean	CSF	penetration	of	30%	
has	been	found.	The	urine	is	the	principal	route	of	excretion,	
50–70%	 of	 the	 dose	 appearing	 over	 12	 h,	 most	 in	 the	 first	
4	h.	Most	is	excreted	via	the	tubules,	75–90%	in	active	form.	
The	half-life	is	prolonged	in	renal	failure	but	much	less	than	
is	the	case	with	carboxypenicillins.	There	is	substantial	biliary	
excretion,	 levels	 in	 the	 common	duct	bile	 after	 a	1	g	 intra-
venous	dose	commonly	reaching	500	mg/L	or	more.	During	
hemodialysis	 the	plasma	half-life	 remains	elevated	and	only	
10–15%	of	the	dose	is	removed.

 TOXICITY AND SIDE EFFECTS

Piperacillin	 is	 generally	well	 tolerated,	with	mild	 to	moder-
ate	pain	on	injection,	thrombophlebitis	and	diarrhea	in	some	
patients.	 It	 otherwise	 exhibits	 side	 effects	 common	 to	 the	
group,	including	hypersensitivity,	leukopenia	and	abnormali-
ties	of	platelet	aggregation	without	coagulation	defect,	except	
on	prolonged	treatment.

 CLINICAL USES

Intra-abdominal infection

Urinary tract infections

Gynecological and gonococcal infections

Septicemia

Lower respiratory infections

Skin and skin structure infections

Bone and joint infections
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 Further information

Anonymous. Piperacillin (sodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:P133–P136.

Cunha BA. Pseudomonas aeruginosa: resistance and therapy. Semin Respir Infect. 
2002;17:231–239.

Holmes B, Richards DM, Brogden RN, Heel RC. Piperacillin. A review of its antibacterial 
activity, pharmacokinetic properties and therapeutic use. Drugs. 1984;28:375–425.

Stefani S, Russo G, Nicolosi VM, Nicoletti G. Enterococci and aminoglycosides: 
evaluation of susceptibility and synergism of their combination with piperacil-
lin. Chemotherapia (Basel). 1987;6:12–16.

Tartaglione TA, Nye I, Vishniavsky N, Poynor W, Polk RE. Multiple dose pharmacokinetics 
of piperacillin and azlocillin in 12 healthy volunteers. Clin Pharmacol. 1986;5:941–946.

TICARCILLIN

Molecular	weight	(free	acid):	384.4;	(disodium	salt):	428.4.

A	 semisynthetic	 carboxypenicillin	 supplied	 as	 the	 disodium	
salt	for	parenteral	use.	A	formulation	with	clavulanic	acid	is	
also	available	(p.	240).

 ANTIMICROBIAL ACTIVITY

The	activity	against	common	bacterial	pathogens	is	shown	in	Table 
14.5.	Because	it	is	hydrolyzed	less	rapidly	than	ampicillin,	non-β-
lactamase-producing	strains	of	N. gonorrhoeae,	ampicillin-suscep-
tible H. influenzae	and	some	Enterobacteriaceae	are	susceptible.	
Most	aerobic	and	anaerobic	Gram-positive	bacteria	are	suscep-
tible,	with	the	exception	of	E. faecalis	and	β-lactamase-producing	
Staph. aureus.	Anaerobic	Gram-negative	bacteria	including	B. fra-
gilis	are	usually	susceptible.	Bactericidal	synergy	with	aminoglyco-
sides	is	demonstrable	against	Ps. aeruginosa	and	enterobacteria.

 ACQUIRED RESISTANCE

Ticarcillin	 is	 generally	 cross-resistant	 with	 carbenicil-
lin.	 It	 is	 somewhat	 stable	 to	 hydrolysis	 by	AmpC-mediated	

β-lactamases	of	Gram-negative	bacilli,	but	can	be	hydrolyzed	
by	most	other	chromosomally	and	plasmid-mediated	enzymes	
unless	protected	by	a	β-lactamase	inhibitor.

 PHARMACOkINETICS

Oral absorption Negligible

C
max

 1 g intramuscular 35 mg/L after 1 h

Plasma half-life 1.3 h

Volume of distribution 0.21 L/kg

Plasma protein binding 50–60%

absorption and distribution

It	 is	 not	 orally	 absorbed.	 On	 parenteral	 co-administration	
with	 gentamicin,	 the	 plasma	 concentration	 of	 ticarcillin	 is	
unaffected,	but	the	concentration	of	gentamicin	is	lowered.	It	
enters	the	serous	fluids,	providing	concentrations	up	to	60%	
of	those	of	the	plasma.	It	does	not	cross	the	normal	meninges	
but	levels	of	up	to	50%	of	those	of	the	plasma	can	be	found	
in	meningitis.

Metabolism and excretion

Up	to	15%	is	excreted	as	penicilloic	acid,	a	higher	percent-
age	 than	 for	 carbenicillin	 (up	 to	 5%).	 Some	 is	 excreted	 in	
the	bile,	producing	levels	2–3	times	those	in	the	plasma,	but	
the	 main	 route	 of	 excretion	 is	 through	 the	 kidneys	 (80%),	
principally	as	unchanged	drug,	appearing	in	the	urine	in	the	
first	6	h.	It	is	more	rapidly	eliminated	in	children	with	cystic	
fibrosis.

 TOXICITY AND SIDE EFFECTS

As	with	all	penicillins,	hypersensitivity	 reactions	may	occur,	
but	 are	 less	 frequent	 and	 severe	 than	 those	 associated	with	
benzylpenicillin.	 Rashes	 and	 eosinophilia	 occur;	 reversible	
abnormalities	of	liver	function	can	develop.	Since	large	doses	
of	the	drug	have	to	be	used,	convulsions	can	occur,	as	with	
other	penicillins,	 and	being	a	disodium	salt,	 electrolyte	dis-
turbances	can	result	from	the	sodium	load	and	from	loss	of	
potassium.

 CLINICAL USE

preparations and dosage

Proprietary names: Pipril; Pipracil; Tazocin, Zosyn (with tazobactam).

Preparation: Injection.

Dosage: Piperacillin, adults, i.m., i.v., 100–150 mg/kg per day in divided 

doses, increased to 200–300 mg/kg per day in severe infections; in 

life-threatening infections a dose of not less than 16 g per day is 

recommended. Children 2 months to 12 years, 100–300 mg/kg per day in 

3–4 divided doses; neonates and infants <2 months, 150–300 mg/kg per 

day in 2–3 divided doses. Piperacillin with tazobactam, adults and children 

>12 years, i.v., 2.25–4.5 g every 6–8 h.

Widely available.

Serious infection, including septicemia, respiratory tract infections, 

genitourinary tract infections and skin and soft-tissue infections caused 

by susceptible bacteria
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Because	 of	 the	 increasing	 prevalence	 of	 bacteria	 possessing	
class A β-lactamases,	it	is	now	more	commonly	used	in	com-
bination	with	clavulanic	acid.

 Further information

Anonymous. Ticarcillin (disodium). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:T106–T109.

Brogden RN, Heel RC, Speight TM, Avery GS. Ticarcillin: a review of its 
 pharmacological properties and therapeutic efficacy. Drugs. 1980;20:325–352.

Symposium. Ticarcillin (BRL 2288). International Congress Series No. 445. Oxford: 
Excerpta Medica; 1978:3–163.

OTHER gROUP 5 PENICILLINS

 APALCILLIN

A	semisynthetic	acylaminopenicillin	supplied	as	 the	sodium	
salt	for	parenteral	administration.	The	antibacterial	spectrum	
and	toxicity	profile	are	similar	to	those	of	the	acylureidopeni-
cillins.	 It	 is	 relatively	 labile	 to	many	β-lactamases,	 including	
the	 common	TEM	 plasmid-mediated	 enzyme.	 It	 has	 very	
limited	commercial	availability.

 ASPOXICILLIN

An	 acylaminopenicillin,	 synthesized	 from	 amoxicillin.	 It	 is	
more	active	than	carbenicillin	against	Ps. aeruginosa	and	is	less	
active than piperacillin against Staph. aureus, H. influenzae, 
the	Enterobacteriaceae	and	Ps. aeruginosa.	It	is	not	absorbed	
when	dosed	orally;	the	plasma	half-life	is	87	min	after	intra-
venous	infusion.

Aspoxicillin	 has	 been	 used	 in	 the	 treatment	 of	 respira-
tory,	skin	and	soft	tissue	and	urinary	infections	in	adults	and	
children,	and,	 in	combination	with	aminoglycosides,	against	
gynecological	infections	and	infections	in	patients	with	hema-
tological	disorders.

 Further information

Geyer J, Hoffler D, Koeppe P. Pharmacokinetics of aspoxicillin in subjects with 
 normal and impaired renal function. Arzneimittelforschung. 1988;11:1635–1639.

 AZLOCILLIN

A	semisynthetic	acylureidopenicillin	supplied	as	the	sodium	
salt	 for	parenteral	administration.	It	 is	active	against	a	wide	
range	 of	 other	 Gram-negative	 bacteria,	 but	 is	 distinguished	
mainly	by	 its	activity	against	Ps. aeruginosa	 (Table	14.5).	B. 
fragilis	and	other	anaerobes	are	moderately	susceptible.	Like	
other	 ureidopenicillins,	 azlocillin	 is	 active	 against	 Gram-
positive cocci, H. influenzae	and	N. gonorrhoeae.	Because	it	can	
be	hydrolyzed	by	most	β-lactamases,	β-lactamase-producing	
isolates	are	resistant.

It	attains	peak	concentrations	of	250	mg/L	after	a	3	g	intra-
venous	infusion,	with	a	plasma	half-life	of	approximately	1	h.	
Protein	binding	is	20–30%.	It	distributes	into	multiple	tissues	
and	human	body	 fluids	 at	 therapeutically	useful	 concentra-
tions.	Up	to	60%	of	the	dose	is	recoverable	from	the	urine,	
mostly	unchanged,	although	some	hydrolysis	of	the	β-lactam	
ring	takes	place	in	the	body.

Toxicity	 and	 side	 effects	 are	 similar	 to	 those	 associated	
with	carboxypenicillins.	Its	clinical	use	is	for	serious	infections	
with	susceptible	organisms,	including	lower	respiratory	tract,	
intra-abdominal,	 urinary	 tract	 and	 gynecological	 infections.	
Commercial	availability	is	quite	limited.

 Further information

Anonymous. Azlocillin sodium. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:A265–A267.

 CARBENICILLIN

α-Carboxybenzylpenicillin;	the	first	antipseudomonal	penicil-
lin	to	be	developed.	A	semisynthetic	carboxypenicillin	supplied	
as	 the	disodium	 salt	 for	parenteral	 administration.	The	 two	
esterified	 prodrug	 formulations,	 carindacillin	 (carbenicillin	
indanyl	sodium)	and	carfecillin	(carbenicillin		carboxyphenyl	
ester)	are	no	longer	available.

It	 is	 the	 least	 active	 of	 the	 group	 5	 agents,	 even	 against	
Ps. aeruginosa	 (MIC	 64	 mg/L)	 with	 notably	 reduced	 activ-
ity	against	Gram-positive	cocci.	It	is	labile	to	many	plasmid-
mediated	β-lactamases,	but	is	comparatively	stable	to	class	C	
chromosomal	β-lactamases	(pp.	228–230).	Synergy	is	demon-
strable	with	aminoglycosides	against	Ps. aeruginosa	and	other	
Gram-negative	bacteria.

It	 is	not	orally	absorbed,	except	 in	esterified	form.	A	1	g	
intramuscular	injection	achieves	a	plasma	peak	concentration	
of	20–30	mg/L	after	0.5–1.5	h.	The	half-life	 is	 around	1	h.	
Plasma	protein	binding	is	50–60%.

The	drug	is	distributed	in	the	extracellular	fluid,	providing	
concentrations	up	to	60%	of	those	of	the	plasma.	In	patients	
with	 cystic	 fibrosis	 sputum	 concentrations	 may	 not	 reach	
inhibitory	levels	for	Ps. aeruginosa.	It	does	not	cross	the	nor-
mal	meninges	but	levels	of	up	to	50%	of	those	of	the	plasma	
can	be	found	in	patients	with	meningitis.	Around	80%	of	the	

preparations and dosage

Proprietary names: Ticar, Timentin (with clavulanic acid).

Preparation: Injection.

Dosage: Ticarcillin, adults, i.v., 15–20 g per day in divided doses. Children, 

200–300 mg/kg per day in divided doses. Ticarcillin with clavulanic 

acid, adults, i.v., 3.2 g every 6–8 h, increased to every 4 h in more severe 

infections. Children, 80 mg/kg every 6–8 h; neonates, 80 mg/kg every 6–8 h.

Widely available.
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dose	appears	as	unchanged	drug	in	the	urine,	producing	very	
high	levels	(2–4	g/L).	It	is	more	rapidly	disposed	of	in	patients	
with	cystic	fibrosis.

Hypersensitivity	 reactions	 may	 occur,	 but	 these	 are	 less	
frequent	and	severe	than	those	associated	with	benzylpenicil-
lin.	High	blood	levels	sometimes	cause	a	coagulation	defect	
that	has	occasionally	progressed	to	 life-threatening	bleeding	
in	patients	with	impaired	excretion	while	receiving	500	mg/kg	 
per	 day	 or	 more.	 Reversible	 abnormalities	 of	 liver	 function	
apparently	 occur	 more	 commonly	 than	 with	 other	 anti-
pseudomonal	penicillins.	Since	large	doses	of	the	drug	have	
to	be	used,	convulsions	can	occur	(as	with	other	penicillins;	
p.	203)	and,	being	administered	as	the	disodium	salt,	electro-
lyte	disturbances	can	result.	It	was		formerly	used	for	treatment	
of	serious	infections,	especially	those	involving	Ps. aeruginosa.	
It	has	extremely	limited	availability.

 Further information

Symposium. Symposium on carbenicillin: a clinical profile. J Infect Dis. 
1970;122(suppl):S1–S116.

 MEZLOCILLIN

A	semisynthetic	acylureidopenicillin	supplied	as	the	sodium	
salt	for	parenteral	administration.

Ampicillin-susceptible	strains	of	H. influenzae	and	Neisseria 
spp.	are	very	 susceptible,	but	β-lactamase-producing	organ-
isms	are	usually	resistant.	It	is	less	active	than	azlocillin	and	
piperacillin against Ps. aeruginosa	 and	 has	 variable	 activity	
against B. fragilis,	independent	of	β-lactamase	production.	It	
exhibits	typical	β-lactam	synergy	with	aminoglycosides	against	
Ps. aeruginosa	and	enterobacteria.

It	attains	peak	concentrations	of	250	mg/L	after	a	2	g	intra-
venous	 infusion,	 with	 a	 plasma	 half-life	 of	 55	 min.	 Protein	
binding	 is	 20–30%.	 It	 distributes	 into	 multiple	 tissues	 and	
human	body	 fluids	 at	 therapeutically	 useful	 concentrations.	
Up	 to	 60%	 of	 the	 dose	 is	 recoverable	 unchanged	 from	 the	
urine,	with	up	to	2.5%	excreted	in	the	bile.

Toxicity	 and	 side	 effects	 are	 similar	 to	 those	 associated	
with	carboxypenicillins.	Its	clinical	use	is	for	serious	infections	
with	susceptible	organisms,	including	lower	respiratory	tract,	
intra-abdominal,	 urinary	 tract	 and	 gynecological	 infections.	
Commercial	availability	is	quite	limited.

 Further information

Anonymous. Mezlocillin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:M158–M161.

 SULBENICILLIN

α-Sulfobenzylpenicillin,	 a	 semisynthetic	 penicillin	 supplied	
as	 the	 disodium	 salt.	 Its	 antimicrobial	 spectrum	 and	 phar-

macokinetic	behavior	closely	resemble	 those	of	carbenicillin.	
Following	intravenous	administration	of	4	g,	the	mean	plasma	
concentration	 at	 1	 h	 was	 approximately	 160	 mg/L,	 with	 a	
plasma	 elimination	 half-life	 of	 around	 70	 min.	 It	 is	 largely	
excreted	in	the	urine,	about	80%	of	the	dose	appearing	in	the	
first	 24	 h,	 less	 than	 5%	 as	 the	 penicilloic	 acid.	 It	 has	 been	
noted	that	the	penicilloic	acid	causes	much	stronger	platelet	
aggregation	than	its	parent.	It	is	of	very	limited	availability.

 Further information

Hansen I, Jacobsen E, Weiss J. Pharmacokinetics of sulbenicillin, a new broad-
spectrum semisynthetic penicillin. Clin Pharmacol Ther. 1975;17:339–347.

gROUP 6: b-LACTAMASE-RESISTANT 
PENICILLINS

The	introduction	of	substituents	 into	the	6-α-position of the 
penicillin	 nucleus	 generally	 results	 in	 loss	 of	 antibacterial	
activity,	but	the	6-α-methoxy	derivative	of	ticarcillin,	temocil-
lin,	possesses	useful	 antibacterial	 and	pharmacokinetic	prop-
erties	 and	 has	 attained	 clinical	 status.	 Like	 the	 cephamycins	 
(p.	170),	which	also	contain	an	α-methoxy	group	on	the	β-lactam	
nucleus,	 it	 is	 highly	 resistant	 to	 most	 bacterial	 β-lactamases.	
As	 a	 result,	 it	 has	 attracted	 renewed	 attention	 for	 its	 poten-
tial	 utility	 to	 treat	 infections	 caused	 by	 class	A	 and	 class	 C	
β-lactamase-producing	Enterobacteriaceae	(see	pp.	228–230).	
It	is	not	absorbed	by	the	oral	route,	but	it	has	a	long	serum	half-
life	 after	parenteral	 administration.	The	o-methylphenyl	 ester	
produced	substantial	serum	concentrations	after	oral	dosing	to	
human	volunteers,	but	has	not	progressed	to	clinical	trial.

TEMOCILLIN

Molecular	weight	(free	acid):	414.4;	(disodium	salt):	458.4.

A	semisynthetic	6-α-methoxylpenicillin	supplied	as	the	diso-
dium	salt	for	parenteral	administration.

 ANTIMICROBIAL ACTIVITY

Activity	 against	 common	 pathogenic	 bacteria	 is	 shown	 in	
Table	 14.5	 (p.	 220).	The	 introduction	 of	 the	 6-α-methoxy	
group	 has	 resulted	 in	 loss	 of	 activity	 against	 Gram-positive	
cocci	 and	 anaerobic	 Gram-negative	 bacilli,	 but	 it	 is	 active	
against	 enterobacteria	 (MIC	 1–8	 mg/L),	 H. influenzae	 and	
Mor. catarrhalis,	 with	 somewhat	 elevated	 MICs	 against	
	carbapenemase-producing	 isolates	 of	 K. pneumoniae	 (MIC	
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16–64	mg/L)	and	Esch. coli	(modal	MICs	8–16	mg/L).	In	most	
cases, β-lactamase-positive	 and	 negative	 strains	 are	 equally	
susceptible.	 In	 contrast	 to	 the	 structurally	 related	 ticarcil-
lin, it is inactive against Ps. aeruginosa,	but	Burkholderia cepa-
cia, Ps. acidovorans	and	Aeromonas	spp.	are	susceptible	(MIC	
4	mg/L).	Most	Acinetobacter	spp.	are	resistant,	and	Ser. marc-
escens	exhibits	variable	susceptibility.

It	is	bactericidal	at	concentrations	2–4	times	the	MIC;	fila-
ments	formed	at	lower	concentrations	slowly	lyse	at	higher	drug	
levels.	Temocillin	consists	of	diastereoisomers.	The	naturally	
predominant	R	epimer	is	more	rapidly	bactericidal	than	the	
S	epimer.	It	is	highly	resistant	to	most	bacterial	β-lactamases,	
including	those	that	confer	resistance	to	extended-spectrum	
cephalosporins.	It	is	hydrolyzed	by	β-lactamases	produced	by	
Flavobacterium	spp.	and	by	those	of	Bacteroides	spp.

 PHARMACOkINETICS

Oral absorption Negligible

C
max

 1 g intramuscular injection

 1 g rapid intravenous infusion

70 mg/L

172 mg/L after 5 min

Plasma half-life 4.3–5.4 h

Plasma protein binding 85%

absorption and distribution

It	 is	not	 absorbed	when	given	orally	 and	must	be	 adminis-
tered	 parenterally.	 Relatively	 high	 protein	 binding,	 together	
with	 its	 distribution	 in	 a	 volume	 less	 than	 the	 extracellular	
fluid,	accounts	for	its	relatively	low	renal	clearance	and	sub-
sequent	 high	 urinary	 concentrations	 that	 may	 be	 effective	
against	some	Enterobacteriaceae	resistant	 to	other	β-lactam	
antibiotics.	In	artificial	blister	fluid	and	peritoneal	fluid,	con-
centrations	 reach	 50%	 of	 the	 peak	 plasma	 level;	 in	 lymph,	
concentrations	 reach	 25–60%	 of	 the	 simultaneous	 plasma	
level,	with	a	similar	half-life.	The	R	epimer	differs	from	the	S 
epimer	in	lower	protein	binding,	a	25%	greater	volume	of	dis-
tribution	and	a	60%	shorter	half-life.

Metabolism and excretion

Elimination	is	principally	in	the	glomerular	filtrate,	with	80%	of	
the	dose	appearing	in	the	urine	in	the	first	24	h.	A		small	amount	
is	 disposed	 of	 in	 the	 bile	 and	 by	 degradation.	 Elimination	
declines	in	parallel	with	renal	function,	the	half-life	reaching	30	h	
in	patients	with	creatinine	clearance	below	5%.

 TOXICITY AND SIDE EFFECTS

As	 with	 all	 penicillins,	 hypersensitivity	 reactions,	 including	
serious	anaphylactic	responses,	may	occur.	It	is	generally	well	
tolerated	and	administration	of	4	g	intravenously	every	12	h	
produced	 no	 significant	 effect	 on	 template	 bleeding	 time,	
	prothrombin	time	or	ADP-induced	platelet	aggregation.

 CLINICAL USE

 Further information

Adams-Haduch JM, Potoski BA, Sidjabat HE, Paterson DL, Doi Y. Activity of temocil-
lin against KPC-producing Klebsiella pneumoniae and Escherichia coli. Antimicrob 
Agents Chemother. 2009;53:2700–2701.

Brown RM, Wise R, Andrews JM. Temocillin, in-vitro activity and the 
 pharmacokinetics and tissue penetration in healthy volunteers. J Antimicrob 
Chemother. 1982;10:295–302.

De Jongh R, Hens R, Basma V, Mouton JW, Tulkens PM, Carryn S. Continuous 
versus intermittent infusion of temocillin, a directed spectrum penicillin for 
intensive care patients with nosocomial pneumonia: stability, compatibility, 
population pharmacokinetic studies and breakpoint selection. J Antimicrob 
Chemother. 2008;61:382–388.

Glupczynski Y, Huang TD, Berhin C, et al. In vitro activity of temocil-
lin against prevalent extended-spectrum beta-lactamases producing 
Enterobacteriaceae from Belgian intensive care units. Eur J Clin Microbiol Infect 
Dis. 2007;26:777–783.

Livermore DM, Tulkens PM. Temocillin revived. J Antimicrob Chemother. 
2009;63:243–245.

Lode H, Verbist L, Williams JD, Richards DM. First international workshop on 
 temocillin. Drugs. 1985;29(suppl 5):1–243.

Severe infection with susceptible bacteria, including urinary and 

respiratory tract infections, peritonitis and septicemia.

preparations and dosage

Proprietary name: Negaban.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 1–2 g every 12 h.

Available in UK and Belgium.



Chapter

15 Other β-lactam antibiotics

Karen Bush

In the penicillins and cephalosporins, the b-lactam ring is fused to a 
five- and six-membered ring, respectively, but monocyclic b-lactam 
compounds also exist. There are six chemical skeletons other than 
penicillins or cephalosporins which support b-lactam-containing 
agents that have current therapeutic use. Although many of these 
novel b-lactam structures are based on natural products, classes of 
agents such as the penems and the oxacephems are purely syn-
thetic molecules that have relied on previous knowledge of b-lactam 
properties to design agents with broad-spectrum antibacterial activ-
ity. Characteristics of each of the various classes are listed below:
•	 penams (penicillins) N-acylated derivatives of 

6-b-aminopenicillanic acid. In these compounds the b-lactam 
ring is fused with a saturated five-membered thiazolidine ring 
containing sulfur.

•	 penicillanic acid sulfones Penams that lack a 6-amino 
substituent and in which the sulfur is oxidized synthetically to 
a sulfone to yield b-lactamase inhibitors such as sulbactam or 
tazobactam.

•	 penems These differ from penams by the presence of a double 
bond between C-2 and C-3.

•	 Carbapenams and carbapenems Compounds in which CH
2
 

replaces sulfur in the five-membered ring. Many natural and 
synthetic members of the group have been described, of which 
the most useful therapeutically are derivatives of the natural 
product thienamycin.

•	 Cephems (cephalosporins) N-acylated derivatives of 
7-b-aminocephalosporanic acid. In these compounds, the 
b-lactam ring is fused with a six-membered dihydrothiazine 
ring containing sulfur and a double bond. Closely related 
are: cephamycins, which are substituted at the 7-position 
with an α-methoxy group; oxacephems, notably latamoxef, 
in which the sulfur of cephalosporins is replaced by oxygen; 
and carbacephems, including loracarbef, in which the sulfur is 
replaced by carbon.

•	 Clavams Compounds that differ from penams in the 
substitution of oxygen for sulfur. The only notable member of 
the clavam family at present is clavulanic acid, a compound that 
owes its therapeutic place to its ability to inhibit many class A 
(functional group 2) bacterial b-lactamases.

•	 Monobactams b-lactam compounds with no fused secondary 
ring. The monocyclic b-lactam antibiotics are represented 
therapeutically by aztreonam and carumonam, but the group 
also contains the nocardicins which have not been developed as 
antibacterial drugs.

The penicillins are considered in Chapter 14, and the cepha-
losporins and their close relatives, the cephamycins, oxacephems 
and carbacephems, in Chapter 13. This chapter deals with the 
remaining agents: carbapenems, penems and monobactams, 
which are notable for their antibacterial activity; and clavulanic 
acid and the penicillanic acid sulfones, which are primarily of 
interest as inhibitors of β-lactamases. The antibacterial activ-
ity of these inhibitors is associated with the synergistic activity 
seen with the accompanying penicillin in a β-lactamase inhibitor 
combination.

In-vitro activity of agents in each of these classes is highly 
dependent upon the chemical class to which it belongs. For 
example, carbapenems, penems and β-lactamase inhibitor 
combinations tend to have broad-spectrum activity cover-
ing Gram-positive and Gram-negative anaerobic and aero-
bic organisms, whereas the monobactams lack useful activity 
against Gram-positive bacteria and anaerobes.

Resistance to β-lactam agents is most frequently associ-
ated with production of enzymes that hydrolyze the β-lactam 
ring and since these novel compounds are all characterized by 
resistance to at least some β-lactamases, the classification of 
these enzymes is also dealt with in this chapter.

 Further information

Demain AL, Elander RP. The b-lactam antibiotics: past, present, and future. Antonie 
Van Leeuwenhoek. 1999;75:5–19.

Frere JM, Joris B, Varetto L, Crine M. Structure–activity relationships in the b-lactam 
family: an impossible dream. Biochem Pharmacol. 1988;37:125–132.

Rolinson GN. Forty years of b-lactam research. J Antimicrob Chemother. 
1998;41:589–603.

Schofield CJ, Walter MW. b-lactam chemistry. Amino Acids, Peptides, Proteins. 
1999;30:335–397.

Shah PM. Parenteral carbapenems. Clin Microbiol Infect Dis. 2008;14(suppl 1): 
175–180.
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b-LACTAMASES

Even before penicillin was widely used clinically, bacte-
ria such as Escherichia coli and Staphylococcus aureus were 
reported to have the capability of degrading this agent. The 
bacterial enzyme shown to hydrolyze the β-lactam ring was 
initially called ‘penicillinase’, and penicillinase-producing 
Staph. aureus became of great importance in outbreaks of hos-
pital infection in the 1950s. Since that time, similar enzymes 
have become increasingly important as a cause of resistance in 
many pathogenic Gram-positive and Gram-negative bacteria, 
and even in legionellae, mycobacteria and nocardia. Because 
of their collective ability to destroy a wide range of β-lactam 
agents, the enzymes have been renamed β-lactamases. In the 
case of the penicillins the products are stable penicilloates, 
but in the case of cephalosporins the ‘cephalosporoates’ may 
rapidly undergo further degradation, liberating a variety of 
fragments depending on the C-3 substituent. Every β-lactam, 
including monobactams, β-lactamase inhibitors and carbap-
enems, can be inactivated by an appropriate β-lactamase.

β-Lactam antibiotics can be attacked at other chemical 
sites by microbial acylases and esterases, but these enzymes, 
which have important uses in semisynthetic processes, are of 
no significance as a cause of clinical resistance. The presence 
of esterases in mammalian tissues is exploited in the cleavage 
of oral prodrug esters of penicillins and cephalosporins with 
liberation of the active parent compound. Some penems and 
carbapenems can also be hydrolyzed by mammalian dehydro-
peptidases (see below).

GENERAL PROPERTIES

With the advent in the early 1960s of the broad-spectrum 
penicillins ampicillin and carbenicillin, resistance of Gram-
negative bacilli to these agents was most often associated 
with β-lactamase production. Most aerobic and anaerobic 
Gram-negative bacilli produce chromosomally mediated 
β-lactamases characteristic of each species, which accounted 
for the intrinsic resistance to benzylpenicillin and ampicil-
lin in organisms such as Bacteroides fragilis, Klebsiella pneu-
moniae and other enterobacteria. The discovery in 1965 
that β-lactamases could be encoded by plasmids and read-
ily transferred by conjugation among Gram-negative bacilli 
led to widespread dissemination of plasmid-mediated 
β-lactamase-producing Gram-negative bacilli that are cur-
rently a major and increasing clinical problem. In addition, 
β-lactamase-producing strains of Haemophilus influenzae, 
Moraxella catarrhalis and Neisseria gonorrhoeae, which were 
unknown before the mid-1970s, are now common causes of 
infection. The proliferation of β-lactamases and the identi-
fication of new β-lactamase entities have often followed the 
development and use of new β-lactam-containing agents 
that have served as the selecting agents for the next genera-
tion of enzymes.

Bacterial β-lactamases may be chromosomally encoded, 
with inducible or constitutive production; only rare reports of 
inducible plasmid-encoded enzymes have been documented. 
The β-lactamase genes may be translocated from or into the 
chromosome or into another plasmid by transposons (see  
Ch. 3), resulting in transfer within and between species or 
genera. For instance, the TEM β-lactamases are found in vir-
tually every genus of Enterobacteriaceae. Plasmid-encoded 
cephalosporinases derived from common class C chromo-
somal cephalosporinases are being identified more frequently. 
Most seriously, plasmid-encoded carbapenemases capable of 
hydrolyzing almost all classes of β-lactam agent may also be 
refractory to inhibition by commercially available β-lactamase 
inhibitors.

Those β-lactamases found in Gram-positive organisms are 
often extracellular enzymes, but Gram-negative β-lactamases 
are almost invariably confined to the periplasmic space. 
Because the outer membrane of Gram-negative bacteria gen-
erally restricts transport of large molecules, little β-lactamase 
activity is detected extracellularly, unless cell lysis occurs. 
Quantitative measurement of β-lactamase activity in intact 
cells can be difficult, depending upon the permeability prop-
erties of the specific outer membrane of an organism, so that 
the enzymes are usually studied in extracts after disruption 
of the cell.

CLASSIFICATION

β-Lactamases are usually characterized on the basis of one 
of two properties: molecular characteristics, which routinely 
include a full nucleotide or amino acid sequence; or func-
tional characteristics, including substrate and inhibition  
profiles (Table 15.1). Numerous classification schemes have 
been proposed. The two most cited schemes are that of Ambler, 
who proposed a classification based upon molecular structure, 
and that of Bush, Jacoby and Medeiros, who combined the 
functional properties with the known molecular sequences of 
β-lactamases from both Gram-positive and Gram-negative 
bacteria. The number of enzymes that have been classified 
using the latter scheme numbered at least 850 in 2009.

Hydrolytic activity is customarily defined by comparison 
with benzylpenicillin or cephaloridine, with rates of hydroly-
sis normalized to 100 for the reference compound. Inhibitory 
properties deemed to be significant include inhibition by 
clavulanic acid (an inactivator of many β-lactamases that 
contain an active site serine) and inhibition by the chelat-
ing agent ethylenediaminetetraacetic acid (EDTA), which 
is used to identify the zinc-containing metallo-β-lactamases. 
Characteristics of representative β-lactamases from each class 
are shown in Table 15.2.

Molecular classification of β-lactamases requires sequence 
determinations of either the gene encoding the enzyme or 
the amino acid sequence of the protein. Class A, C and D 
β-lactamases are all enzymes that require an active site ser-
ine to acylate the β-lactam substrate during the hydrolysis 
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table 15.1 classification of bacterial β-lactamases

   Inhibited by  
Functional group Molecular class preferred substrates Ca eDta representative enzymes

1 C Ceph – – AmpC, plasmid-encoded cephalosporinases  
(FOX-1, ACT-1 in Gram-negative bacteria), CMY-1

2a A Pen + – Penicillinases from Gram-positive bacteria

2b A Pen, ceph + – TEM-1, TEM-2, SHV-1

2be A Pen, ceph, extended-spectrum 
ceph, monobactam

+ – TEM-3, TEM-26, TEM-168, SHV-2, SHV-120 

2br A Pen – – TEM-30 to TEM-39 (IRT 1 to IRT-26), SHV-10

2c A Pen, carbenicillin + – PSE-1, PSE-3, PSE-4

2d D Pen, cloxacillin +/– – OXA-1, OXA-10 = PSE-2

2de D Pen, oxacillin, extended  
spectrum cephs

– – OXA-11, OXA-15 

2df D Pen, carbapenems +/– – OXA-23, OXA-48

2e A Ceph + – Inducible cephalosporinases from Pr. vulgaris, 
SFO-1

2f A Ceph, pen, carbapenems + – IMI-1, KPC-2, SME-1

3 B Carbapenems. Often, all ceph, 
pen. No monobactam

– + L1 from Sten. maltophilia, VIM-1, IMP-1, CfiA/CcrA 
from B. fragilis

CA, clavulanic acid; Ceph, cephalosporin; EDTA, ethylenediaminetetraacetic acid; Pen, penicillin.
Reproduced with permission from Greenwood D, Ogilvie MM, Antimicrobial Agents in: Greenwood D, Slack RCB, Peutherer JF, eds. 2002 Medical Microbiology 16th edn. 
Edinburgh: Churchill Livingstone, with permission of Elsevier.

table 15.2 characteristics of selected bacterial β-lactamases

β-Lactamase Functional 
group

Molecular 
class

Molecular  
mass (kDa)

relative hydrolysis or relative k
cat

 for major substrates  
compared to benzylpenicillin as 100

Clavulanic acid IC
50

 
(mmol)

    amp Lor Ctx Caz Imp  

Enterobacter  
cloacae P99

1 C 40 0.3 6700 <7 <0.7 <0.7 >100 

Staph. aureus PC1 2a A 27 180 1.1 <0.1 No data No data 0.03

TEM-1 2b A 29 110 140 0.07 0.01 <0.01 0.09

TEM-3 2be A 29 110 120 170 8.3 0.01 0.03

TEM-10 2be A 29 130 77 1.6 68 <0.02 0.03

SHV-1 2b A 29 150 48 0.18 0.02 <0.01 0.03

SHV-5 2be A 29 240 140 130 49 <1 0.01

TEM-31 (IRT-1) 2br A 29 250 13 <1 <1 <1 9.4

PSE-4 (Dalgleish) 2c A 32 88 40 0.02 0.02 0.01 0.15

OXA-10 (PSE-2) 2d A 28 270 32 1 0.12 0.05 0.81

Pr. vulgaris 2e A 28 100 3000 13 0.17 No data 0.35

K. pneumoniae  
KPC-2

2f A 29 410 1040 43 <0.2 29 1.5 

B. fragilis CfiA/CcrA 3 B 26 98 22 51 68 100 >500a

aInhibited by EDTA.
K

cat,
 catalytic constant (molecules of substrate hydrolyzed per molecule of enzyme per second); Amp, ampicillin; Lor, cephaloridine; Ctx, cefotaxime; Caz, ceftazidime; Imp, 

imipenem.
Data from Bush K, Jacoby GA, Medeiros AA 1995 Antimicrobial Agents and Chemotherapy 39: 1211–1233; Yigit H, Queenan AM, Rasheed JK, et al. 2003 Antimicrobial Agents and 
Chemotherapy 47: 3881–3889.
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reaction. Class C β-lactamases tend to have higher molecular 
weights than the other classes. Class B β-lactamases contain 
at least one functional Zn2+ atom at the active site that par-
ticipates in the hydrolytic process. A number of characteristic 
amino acid sequences have been identified to differentiate the 
various molecular classes.

Functional (Bush et al) groups are identified according 
to inhibitory properties based primarily upon clavulanic 
acid and EDTA. For many enzymes, the inhibitory activi-
ties of clavulanic acid and tazobactam are similar. Additional 
subgroups are identified according to substrate hydrolysis 
profiles.

Functional group 1 cephalosporinases include the chro-
mosomal β-lactamases from Enterobacteriaceae that are not 
inhibited well by clavulanic acid. A second cephalospori-
nase class was segregated into group 2e due to high affin-
ity for clavulanic acid, a good inhibitor of these enzymes. 
Sequencing data have shown that functional group 1 enzymes 
belong to molecular class C, whereas the functional group 2e 
enzymes are members of molecular class A, like most group 
2 β-lactamases.

Other group 2 enzymes are generally inhibited by clavulan-
ate, with the exception of the rare TEM-1 β-lactamase deriva-
tives, the inhibitor-resistant TEM (IRT) enzymes, which have 
reduced affinity for the inhibitor, and many of the class D oxa-
cillin-hydrolyzing enzymes. Group 2a enzymes are penicilli-
nases; group 2b enzymes have a broader spectrum of activity, 
hydrolyzing penicillins and early cephalosporins almost equally 
well. Group 2be enzymes, the extended-spectrum β-lactamases 
(ESBLs), may be derived from group 2b enzymes, but exhibit 
enhanced hydrolytic properties that enable them to hydro-
lyze extended-spectrum cephalosporins and monobactams. 
Group 2c enzymes hydrolyze carbenicillin, and group 2d 
enzymes hydrolyze isoxazolyl penicillins such as cloxacillin or 
oxacillin. The 2d enzymes, the only β-lactamases that belong 
to molecular class D, may be further subdivided according 
to the ability to hydrolyze extended-spectrum cephalosporins 
(group 2de) or carbapenems (group 2df). Group 2f enzymes 
are carbapenem-hydrolyzing enzymes that are class A ser-
ine β-lactamases rather than metalloenzymes. The group 3 
metallo-β-lactamases are readily distinguished from other 
β-lactamases because they can hydrolyze carbapenems and 
are not inhibited by clavulanic acid, but are inhibited by 
metal-ion chelators such as EDTA.

STAPHYLOCOCCUS AUREUS 
b-LACTAMASE

Today at least 90% of Staph. aureus causing infections in 
community and hospital practice are β-lactamase-producing 
strains. The enzyme produced occurs in four serologically 
distinct forms that are closely related on a molecular level. 
Production may be plasmid encoded or chromosomal. The 
chromosomal enzymes can be induced by penicillins such 
as methicillin or by the β-lactamase inhibitor sulbactam.  

The enzymes are predominantly active against penicillins, 
but can be differentiated on the basis of hydrolysis of cepha-
losporins including cephaloridine, nitrocefin and cefazolin.

CHROMOSOMAL CEPHALOSPORINASES 
OF GRAM-NEGATIVE BACTERIA

Most Gram-negative bacteria elaborate chromosomally 
mediated enzymes, most of which fall into group 1. These 
hydrolyze cephalosporins up to 1000 times more rapidly than 
penicillins, some of which (e.g. cloxacillin) may inhibit them. 
Traditional β-lactamase-inhibitors work poorly against these 
enzymes, but monobactams such as aztreonam bind tightly 
and can act like potent inactivators.

In some species, including Acinetobacter, Citrobacter, 
Enterobacter, Morganella, Pseudomonas and Serratia, group 1 
cephalosporinases are inducible and often species specific. 
Plasmid-encoded forms of these enzymes, such as those des-
ignated FOX-1, LAT-1, MIR-1 and MOX-1, have appeared, 
particularly in K. pneumoniae strains that have an additional 
β-lactamase. Sequence data indicate high homology with 
the AmpC cephalosporinases from Pseudomonas aeruginosa, 
Serratia marcescens, Enterobacter cloacae or Citrobacter freundii.

Induction is a clinically relevant phenomenon when the 
inducing molecule is a substrate that can be hydrolyzed by the 
enzyme, such as ampicillin or amoxicillin. Many good induc-
ers, such as cefoxitin and imipenem, are not good substrates 
for these enzymes, and pose problems primarily when they are 
co-administered with a second β-lactam agent. Because induc-
tion is a transient event, the producing organisms revert to 
their original low basal production of β-lactamase on removal 
of the inducer. A more serious problem occurs if there is selec-
tion for a permanently altered organism with derepressed pro-
duction of the chromosomal β-lactamase. Enterobacteriaceae 
that hyperproduce group 1 cephalosporinases are sometimes 
responsible for clinical failures of cephalosporins. Interestingly, 
β-lactam compounds that are good inducers rarely select for 
derepressed hyperproducing mutants.

PLASMID-ENCODED b-LACTAMASES

Plasmid-encoded enzymes account for perhaps the most impor-
tant β-lactamase-related resistance mechanisms. The most com-
mon β-lactamase in Gram-negative organisms is the TEM-1 
β-lactamase, responsible for transferable ampicillin resistance 
among Enterobacteriaceae worldwide. In K. pneumoniae, the 
broad-spectrum SHV-1 β-lactamase predominates, and appears as 
a chromosomal β-lactamase in most K. pneumoniae species. Other 
important families of plasmid-encoded β-lactamases include the 
OXA enzymes that hydrolyze oxacillin and the recently identified 
CTX-M family of extended spectrum β-lactamases (ESBLs).

In the mid-1980s, plasmid-encoded β-lactamases that 
conferred resistance to oxyimino β-lactam agents, nota-
bly cefotaxime, and/or ceftazidime and aztreonam, began 
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to appear in central Europe. The major families of ESBLs 
(functional group 2be) include numerous variants of  
TEM-1 and SHV-1 that are numbered through at least TEM-
168 and SHV-120. It should be noted that the sequential 
numbers of each family include approximately 24 inhibitor-
resistant TEM enzyme sequences, as well as sequences that 
have been withdrawn.

Organisms elaborating ESBLs may remain susceptible to 
cefoxitin and imipenem, or piperacillin–tazobactam, unless 
they produce multiple β-lactamases. The enzymes are read-
ily inhibited by clavulanic acid or tazobactam. They dif-
fer from their parent TEM and SHV enzymes by selected 
point mutations; two or more amino acid substitutions often 
lead to high-level resistance (minimum inhibitory concen-
trations [MICs] of cephalosporins >32 mg/L). Such organ-
isms have spread rapidly within localized metropolitan 
areas to cause hospital outbreaks and colonization in nurs-
ing homes. Infections caused by organisms producing TEM 
variants resistant to β-lactamase inhibitors do not respond 
to clavulanic acid or sulbactam–β-lactam combinations, 
but are often susceptible to early cephalosporins. Plasmid-
encoded carbapenemases have become associated with one 
of the most serious multidrug resistance mechanisms in the 
Enterobacteriaceae, spreading throughout the world. Genes 
encoding enzymes such as the KPC β-lactamases can be 
transferred among species, together with resistance deter-
minants for other antibiotic classes, resulting in pathogens 
that are susceptible to few antibiotics (e.g. only polymyxin B 
and tigecycline).

METALLO-b-LACTAMASES

Another formidable β-lactamase group includes the metallo-
β-lactamases, which rapidly hydrolyze most β-lactam agents, 
especially the carbapenems, but not the monobactams, and 
are resistant to β-lactamase inhibitors. These enzymes were 
originally described as chromosomal enzymes in a few spe-
cies, such as Stenotrophomonas maltophilia, B. fragilis and 
Bacillus cereus, but were then identified in Japan on plasmids 
found in B. fragilis, S. marcescens, K. pneumoniae and Ps. aerugi-
nosa. Such strains have now been identified in most parts of 
the world, with the IMP and VIM families the predominant 
members. Because of the low catalytic efficiencies of these 
enzymes, they are almost always produced in combination 
with at least one other β-lactamase of a different class, thus 
expanding the hydrolytic repertoire for the organism.
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CARBAPENEMS AND PENEMS

Many novel molecules containing a β-lactam ring have been 
investigated, but few have survived the early stages of develop-
ment. Prominent among those that have are the carbapenems, 
in which carbon replaces sulfur in the fused ring structure, 
and penems, which have a more conventional core structure 
(see above).

Only one penem, faropenem, has entered limited clinical 
use, but dozens of carbapenems have been isolated from fer-
mentation products of various streptomycetes. Their nomen-
clature has been complicated by the use of multiple generic 
names to describe the same class of compounds, including 
thienamycins, olivanic acids, carpetimycins, asparenomy-
cins and pluracidomycins. They demonstrate potent activity 
against a broad range of Gram-positive and Gram-negative 
bacteria and are resistant to hydrolysis by most β-lactamases. 
Some are also β-lactamase inhibitors. The most active of the 
natural compounds, thienamycin, is produced by Streptomyces 
cattleya, although concentration-related instability precludes 
its clinical use.

A search for more stable derivatives that retain 
potent antibacterial activity led to the development of 
N-formimidoyl-thienamycin, imipenem. This compound is 
stable to all bacterial β-lactamases other than the carbap-
enemases. It is rapidly degraded by the mammalian renal 
dipeptidase, dehydropeptidase I, which hydrolyzes carbap-
enems and penems, but not penicillins, cephalosporins or 
monobactams. Cilastatin is a dehydropeptidase inhibitor 
that is co-administered with imipenem for therapeutic use. 
Coincidentally, cilastatin also acts as a nephroprotectant 
when administered with imipenem.

Addition of a 1-β-methyl substituent on the carbapenem 
ring confers stability to hydrolysis by dehydropeptidase. As a 
result, semisynthetic carbapenems such as meropenem, erta-
penem, biapenem and doripenem have been developed. These 
compounds retain broad-spectrum antimicrobial activity and 
β-lactamase stability, and do not need to be administered with 
a dehydropeptidase inhibitor.

DORIPENEM

Molecular weight (monohydrate): 438.52.
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A 1-β-carbapenem, formulated as the monohydrate for par-
enteral administration. It is relatively stable to renal dehydro-
peptidase and can be administered as a single agent.

 ANTIMICROBIAL ACTIVITy

Activity against aerobic and anaerobic Gram-negative patho-
gens is similar to that of other carbapenems (Table 15.3). 
MIC values against Gram-positive cocci are generally higher 
than for imipenem and those for Gram-negative bacilli are 
lower.

 PHARMACOkINETICS

C
max

 500 mg intravenous infusion (1 h)

 500 mg intravenous infusion (4 h)

c. 23 mg/L after 1 h

c. 8 mg/L

Plasma half-life 1 h

Volume of distribution 16.8 L (steady state)

Plasma protein binding 8.1%

absorption and distribution

Doripenem is not absorbed after oral administration. It pen-
etrates well into most tissues and fluid, achieving concentra-
tions matching or exceeding those required to inhibit most 
susceptible bacteria at the site of infection for the approved 
indications.

Metabolism and excretion

Metabolism of doripenem to the microbiologically inactive 
ring-opened metabolite occurs primarily by renal dehydro-
peptidase. Based on area under the concentration–time curve 
(AUC) values in plasma following a single 500 mg dose in 
healthy volunteers, 18% appears as metabolite and the rest as 
unchanged drug.

Excretion is primarily by the renal route. Within 24 h after 
dosing, 78.7% and 18.5% of the dose was recovered in urine 
as unchanged drug and the ring-opened metabolite, respec-
tively. After administration of radiolabeled doripenem, 0.7% 
of the total radioactivity was recovered in feces after 1 week.

 TOxICITy AND SIDE EFFECTS

Seizure and central nervous system (CNS) side effects are 
observed rarely (<1%), though headache is reported by 2.3% 
of patients. Other common drug-related adverse reactions are 
diarrhea (2.0%), nausea (1.9%), anemia (1.4%) and phlebi-
tis (1.4%). Hypersensitivity reactions related to intravenous 

table 15.3 activity of the carbapenems doripenem, ertapenem, imipenem and meropenem, the monobactam, aztreonam and the 
penem, faropenem against common bacterial pathogens: mic (mg/l)a

Organism Doripenem ertapenem Imipenem Meropenem aztreonam Faropenem

Staphylococcus aureus (MSSA) ≤0.06 0.12 0.03 0.12 R 0.06

Staph. aureus (MRSA) >2.0 2.0 0.5 2.0 R 2.0

Streptococcus pyogenes ≤0.02 ≤0.03 ≤0.01 ≤0.01 8 0.015

Str. pneumoniae       
 penicillin-susceptible ≤0.015 ≤0.03 0.008 0.008 R 0.06
 penicillin-resistant 1.0 1.0 0.03 0.12 No data 0.5

Enterococcus faecalis 2.0 16 1.0 4.0 R 1.0

Haemophilus influenzae <1.0 ≤0.03 1.0 0.06 ≤0.1 1.0

Neisseria spp. No data ≤0.03 ≤0.25 ≤0.03 ≤0.1 ≤0.03

Escherichia coli ≤0.06 ≤0.03 0.12 0.03 ≤0.1 0.5

Klebsiella pneumoniae ≤0.12 ≤0.03 ≤0.25 0.03 ≤0.1 0.5

Pseudomonas aeruginosa 4.0 4.0 4.0 4.0 8 R

Bacteroides fragilis 0.5 0.25 0.25 0.12 32 1.0

Chlamydia spp. No data No data No data No data ≤0.25 No data

aMIC against 50% of strains. R, resistant (MIC >32 mg/L). MSSA, methicillin-sensitive Staph. aureus; MRSA, methicillin-resistant Staph. aureus.
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administration of the study drug and Clostridium difficile coli-
tis occurred at a rate of less than 1%. However, patients with 
a history of hypersensitivity reactions to other β-lactam agents 
should be treated cautiously.

 CLINICAL uSE

 Further information
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Drugs. 2008;68:2021–2057.

Pillar CM, Torres MK, Brown NP, Shah D, Sahm DF. In vitro activity of doripenem,  
a carbapenem for the treatment of challenging infections caused by  
gram-negative bacteria, against recent clinical isolates from the United States. 
Antimicrob Agents Chemother. 2008;52:4388–4399.

ERTAPENEM

Molecular weight (monosodium salt): 497.5.

A 1-β-carbapenem, formulated as the sodium salt for paren-
teral administration. It is stable to renal dehydropeptidase and 
can be administered as a single agent.

 ANTIMICROBIAL ACTIVITy

Activity against aerobic and anaerobic pathogens is compara-
ble to that of imipenem (Table 15.3): MIC values for Gram-
negative bacilli (with the exception of Ps. aeruginosa) are 
generally lower and those for Gram-positive cocci higher.

Ertapenem is stable to most serine β-lactamases, but 
is hydrolyzed by serine carbapenemases and metallo- 
β-lactamases.

 PHARMACOkINETICS

C
max

 1 g intramuscular

 1 g intravenous infusion (30 min)

c. 67 mg/L after 2 h

c. 155 mg/L end infusion

Plasma half-life c. 4 h

Volume of distribution c. 0.12 L/kg (steady state)

Plasma protein binding 85–95%

Absorption after intramuscular injection is essentially com-
plete with 90% bioavailability. The modestly extended plasma 
half-life allows once-daily dosing.

Excretion is predominantly by the renal route, about 80% 
being recovered in the urine within 24 h. About 40% is elim-
inated unchanged, the rest as a biologically inactive ring-
opened metabolite. Dosage should be reduced in severe renal 
impairment.

 TOxICITy AND SIDE EFFECTS

Ertapenem appears to be generally well tolerated. The most 
common drug-related adverse experiences are diarrhea (5.5%), 
infused vein complication (3.7%), nausea (3.1%), headache 
(2.2%), vaginitis (2.1%), phlebitis/thrombophlebitis (1.3%) 
and vomiting (1.1%). Seizures have occasionally been reported 
(0.5%) in patients with a history of disorders of the CNS.

 CLINICAL uSE

Complicated intra-abdominal infections

Complicated urinary tract infections, including pyelonephritis

Nosocomial pneumonia, including ventilator-associated pneumonia 

(Europe)

preparations and dosage

Proprietary names: Doribax, Finibax.

Preparation: Intravenous infusion.

Dosage: Adults, 500 mg by infusion over 1 h or 4 h every 8 h daily for 5–14 

days depending on infection. Not recommended for use in children.

Available in the USA, Europe, Japan and Canada.
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Complicated intra-abdominal infections

Complicated skin and skin structure infections, including diabetic foot 

infections without osteomyelitis

Community acquired pneumonia

Complicated urinary tract infections including pyelonephritis

Acute pelvic infections including postpartum endomyometritis, septic 

abortion and postsurgical gynecologic infections

Prophylaxis of surgical site infection following elective colorectal surgery

preparations and dosage

Proprietary name: Invanz.

Preparation: Lyophilized powder for reconstitution for i.m. injection (with 

1% lidocaine) or i.v. infusion over 30 min.

Dosage: Adults, 1 g i.m. or i.v. infusion per day for 3–14 days depending 

on infection type. Children >3 months, 15 mg/kg i.m. or i.v. infusion every 

12 h for 3–14 days depending on infection type.

Available in the UK and the USA.
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 Further information

Fuchs PC, Barry AL, Brown SD. In-vitro antimicrobial activity of a carbapenem, 
MK-0826 (L-749,345) and provisional interpretive criteria for disc tests.  
J Antimicrob Chemother. 1999;43:703–706.

Gill CJ, Jackson JJ, Gerckens LS, et al. In vivo activity and pharmacokinetic 
evaluation of a novel long-acting carbapenem antibiotic, MK-826 (L-749,345). 
Antimicrob Agents Chemother. 1998;42:1996–2001.

Graham DR, Lucasti C, Malafaia O, et al. Ertapenem once daily versus piperacillin–
tazobactam 4 times per day for treatment of complicated skin and  
skin-structure infections in adults: results of a prospective, randomized,  
double-blind multicenter study. Clin Infect Dis. 2002;34:1460–1468.

Livermore DM, Sefton AM, Scott GM. Properties and potential of ertapenem.  
J Antimicrob Chemother. 2003;52:331–344.

Teppler H, Gesser RM, Friedland IR, et al. Safety and tolerability of ertapenem.  
J Antimicrob Chemother. 2004;53:ii75–ii81.

IMIPENEM

N-formimidoylthienamycin. Molecular weight (monohy-
drate): 317.37.

A semisynthetic carbapenem available as the monohydrate; 
formulated in a 1:1 ratio with the dehydropeptidase inhibi-
tor, cilastatin sodium (molecular weight [monosodium salt] 
380.43) for intramuscular and intravenous administration.

It is stable in the solid state for 6 months at 37°C. In aque-
ous solution at room temperature it decays at 10%/h.

 ANTIMICROBIAL ACTIVITy

Imipenem shows potent activity against a wide range of Gram-
positive and Gram-negative aerobes and anaerobes, including 
many resistant to other agents. Its activity against common 
pathogenic organisms is shown in Table 15.3. Concentrations 
(mg/L) inhibiting 50% of strains of other organisms are: 
Listeria monocytogenes, 0.03; Legionella pneumophila, 0.03; 
Enterococcus faecium, 4; Yersinia spp., 0.06. Mycobacterium for-
tuitum is inhibited by 6.25 mg/L. Imipenem is active against 
many Pseudomonas species, but not Sten. maltophilia. It is 
active against most anaerobes, with the exception of Cl. per-
fringens, which is only moderately susceptible. It is bacteri-
cidal at 2–4 times the MIC for most species, but some strains 
of Staph. aureus exhibit ‘tolerance’ (see p. 204). Bactericidal 
synergy with aminoglycosides, glycopeptides, fosfomycin and 
rifampicin (rifampin) has been observed against many strains 
of Staph. aureus and enterococci.

Antibacterial activity is unaffected by the presence of cilas-
tatin, which is itself devoid of antimicrobial activity.

Imipenem is stable to hydrolysis by most serine β-lactamases, 
with the exception of the group 2f carbapenem-hydrolyzing  

enzymes (see above). Strains of B. fragilis, Aeromonas spp. 
and Sten. maltophilia can produce metallo-β-lactamases that 
hydrolyze the drug rapidly. These strains, in addition to occa-
sional strains of enterobacteria, Acinetobacter baumannii and 
Ps. aeruginosa, show variable resistance to imipenem depend-
ing upon the level of carbapenem-hydrolyzing enzymes and 
the presence or absence of imipenem-specific porins. Efflux 
pumps also exist that may extrude imipenem from Gram-
negative bacteria.

 ACquIRED RESISTANCE

Some strains of Citrobacter, Enterobacter, Proteus vulgaris, 
Providencia, Ps. aeruginosa and Serratia spp. may be resis-
tant to imipenem and other β-lactam agents, often because 
of the selection of stably derepressed mutants expressing 
high levels of group 1 β-lactamases coupled with decreased 
intracellular drug levels due to porin mutations or increased 
efflux.

Induction of class 1 β-lactamases by imipenem in strains 
of Aeromonas, Pseudomonas and Serratia spp. is responsible 
for antagonism of β-lactamase-labile β-lactam agents in vitro. 
Imipenem resistance in Ps. aeruginosa can occur following 
selection of mutants that hyperproduce the group 1 cepha-
losporinase and which are also deficient in an outer mem-
brane protein (OprD or D2) which specifically transports 
imipenem, but not cephalosporins or monobactams.

 PHARMACOkINETICS

C
max

 500 mg intravenous (20-min 

infusion)

21–58 mg/L end infusion

Plasma half-life 1 h

Volume of distribution c. 0.2 L/kg

Plasma protein binding 20%

absorption and distribution

Imipenem is not absorbed by the oral route. No accumula-
tion of imipenem is reported following multiple dosing with 
cilastatin. Imipenem and cilastatin are both widely distributed 
in multiple fluids and tissues. Although cerebrospinal fluid 
(CSF) concentrations of 1–2.6 mg/L have been reported, imi-
penem is not approved for use in meningitis.

Metabolism

In the absence of cilastatin, imipenem is slowly hydrolyzed, 
with a half-life of 0.7 h in serum in vitro. Most destruction 
occurs in the kidney and only 5–40% of the drug is recovered 
in the urine, where 80–90% is in the open-ring form. When 
imipenem is administered with cilastatin in a 1:1 ratio, uri-
nary recovery of imipenem rises to c. 70%, with only 20% as 
the open-ring metabolite.
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excretion

In volunteers receiving 2 g of the mixture intravenously over 
30 min, every 6 h for 40 doses, half-lives were 0.9 h after the 
first dose and 0.8 h after the last. Renal excretion was 55–60%. 
Probenecid has little effect on the plasma half-life, but markedly 
increases urinary recovery. Renal excretion of cilastatin closely 
follows that of imipenem, 75% being excreted unchanged in 
the urine over 6 h, with about 12% as the N-acetyl metabolite.

In patients with chronic renal failure, about 75% of the 
mixture was eliminated by 3 h hemofiltration. The half-lives 
of the two components differed markedly: around 3.4 h for 
imipenem and 16 h for cilastatin.

 TOxICITy AND SIDE EFFECTS

CNS effects such as confusional states and seizures have been 
reported, especially when recommended doses were exceeded, 
and in patients with renal failure or creatinine clearances of 
≤20 mL/min/1.73 m2.

Other reactions include phlebitis/thrombophlebitis (3.1%), 
nausea (2.0%), diarrhea (1.8%) and vomiting (1.5%). 
Increased hepatic enzymes may be seen in adults and chil-
dren. Superinfection with Aspergillus, Candida and resistant 
Pseudomonas spp. have been described and pseudomembra-
nous colitis has been reported.

Patients with a history of hypersensitivity reactions to peni-
cillins, cephalosporins or other β-lactam antibiotics should be 
treated cautiously with carbapenems.

 CLINICAL uSE

 Further information

Clissold SP, Todd PA, Campoli-Richards DM. Imipenem/cilastatin: a review of its 
antibacterial activity, pharmacokinetic properties and therapeutic efficacy. 
Drugs. 1987;33:183–241.

Drusano GL. An overview of the pharmacology of imipenem/cilastatin. J 
Antimicrob Chemother. 1986;18(suppl E):79–92.

Livermore D. Interplay of impermeability and chromosomal b-lactamase activity 
in imipenem-resistant Pseudomonas aeruginosa. Antimicrob Agents Chemother. 
1992;36:2046–2048.

Remington JS, ed. Carbapenems: a new class of antibiotics (Symposium on 
imipenem – cilastatin). Am J Med. 1985;78(suppl 6A):1–167.

Saxon A, Adelman DC, Patel A, Hajdu R, Calandra GB. Imipenem  
cross-reactivity with penicillin in humans. J Allergy Clin Immunol. 
1988;82:213–217.

Trias J, Nikaido H. Outer membrane protein D2 catalyzes facilitated  
diffusion of carbapenems and penems through the outer  
membrane of Pseudomonas aeruginosa. Antimicrob Agents Chemother. 
1990;34:52–57.

MEROPENEM

Molecular weight (trihydrate): 437.52.

A semisynthetic carbapenem formulated as the trihydrate for 
intravenous infusion. It is soluble in 5% monobasic potas-
sium phosphate solution, sparingly soluble in water, and very 
slightly soluble in hydrated ethanol. The β-methyl group at 
C-1 confers increased stability to hydrolysis by most mamma-
lian dehydropeptidase I enzymes (excluding rodents), thereby 
eliminating the need for a dehydropeptidase inhibitor in the 
dosing regimen.

 ANTIMICROBIAL ACTIVITy

The unique side chain at C-2 is associated with increased activ-
ity against Gram-negative bacteria, including H. influenzae. It is 
slightly less active than imipenem against Gram-positive organ-
isms (Table 15.3). It is active against anaerobes and more active 
against some strains that are less susceptible to imipenem. Its 
excellent activity against Gram-negative organisms is due to 
high affinity for multiple penicillin-binding proteins (PBPs; see 
p. 29). Activity is little affected by inoculum size or the presence 
of serum. It is bactericidal at concentrations close to the MIC.

Stability to β-lactamases is similar to that of other 
carbapenems: it is highly resistant to most serine 
β-lactamases, including extended-spectrum enzymes, but 
can be hydrolyzed by metallo-β-lactamases and by serine 
carbapenemases.

Lower respiratory tract infections

Urinary tract infections (complicated and uncomplicated)

Intra-abdominal infections

Gynecological infections

Bacterial septicemia

Bone and joint infections

Skin and skin structure infections

Endocarditis

Polymicrobial infections

preparations and dosage

Proprietary name: Primaxin.

Preparations: Injection.

Dosage: Adults, deep i.m. injection, 500–750 mg every 12 h, depending 

on the severity of the infection; gonococcal urethritis or cervicitis, 500 mg 

as a single dose. (Not available in the USA.)

Adults, i.v., 1–2 g per day in 3–4 divided doses (maximum dose, 4 g per 

day); the dose is determined by the severity of the infection and the 

condition of the patient. Children 3 months (<40 kg body weight), 15 mg/

kg every 6 h, with a maximum dose of 60 mg/kg per day (2 g per day), or  

4 g per day if infections are caused by Ps. aeruginosa.

Widely available.
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 PHARMACOkINETICS

C
max

 500 mg intravenous (30-min 

infusion)

 1 g intravenous (30-min infusion)

23 mg/L end infusion

49 mg/L end infusion

Plasma half-life 1 h

Volume of distribution c. 0.3 L/kg

Plasma protein binding 2%

absorption and distribution

Meropenem is not absorbed after oral administration. It 
penetrates well into most body fluids and tissues, including 
CSF, achieving concentrations matching or exceeding those 
required to inhibit most susceptible bacteria. In pediatric 
patients (1 month to 15 years) with inflamed meninges it 
achieves CSF levels of 0.9–6.5 mg/L after a single intravenous 
infusion (40 mg/kg) over 30 min. After a single intravenous 
dose, the highest mean concentrations of meropenem were 
found in tissues and fluids at 1 h (0.5–1.5 h) after the start 
of infusion.

Metabolism and excretion

The mean recovery of unchanged meropenem is approxi-
mately 70%. The remainder consists of the microbiologi-
cally inactive open-ring form. Renal excretion is greater than 
70% of unchanged drug over 12 h. Co-administration with 
probenecid prolongs the half-life 38%, but peak concentra-
tions are not greatly affected. In patients with renal impair-
ment the dose should be adjusted. Parent drug and metabolite 
are removed by hemodialysis.

 TOxICITy AND SIDE EFFECTS

Seizures and other CNS adverse experiences have been 
reported in 0.7% of all adult patients, most commonly those 
with pre-existing CNS disorders. Pseudomembranous colitis 
has been reported. Other reactions include diarrhea (4.8%), 
nausea and vomiting (3.6%), inflammation at the site of 
injection (2.4%) and headache (2.3%). Moniliasis occurs in  
1.9–3.1% of pediatric patients.

Patients with a history of hypersensitivity reactions to other 
β-lactam agents should be treated cautiously.

 CLINICAL uSE

 Further information

Craig WA. The pharmacology of meropenem, a new carbapenem antibiotic. Clin 
Infect Dis. 1997;24(suppl 2):S266–S275.

Dagan R, Velghe L, Rodda JL, Klugman KP. Penetration of meropenem into 
the cerebrospinal fluid of patients with inflamed meninges. J Antimicrob 
Chemother. 1994;34:175–179.

Lowe MN, Lamb HM. Meropenem: a review of its use in patients in intensive care. 
Drugs. 2000;59:653–680.

OTHER CARBAPENEMS AND PENEMS

 BIAPENEM

A semisynthetic carbapenem with a 2-substituted triazolium 
moiety. It has broad-spectrum activity against most aerobic 
and anaerobic Gram-positive and Gram-negative organisms. 
It is equivalent to, or slightly more active than, imipenem 
against Gram-negative aerobic bacteria and slightly less active 
than imipenem against Gram-positive organisms. It is stable 
to hydrolysis by dehydropeptidase. It is not hydrolyzed by 
most serine β-lactamases, but like all carbapenems and pen-
ems is readily hydrolyzed by carbapenemases. It penetrates 
into bronchial epithelial lining fluid with peak concentrations 
of 2.4–4.4 mg/L. The plasma half-life is 1.5–1.9 h. The poten-
tial for neurotoxicity is less than that of imipenem.

 Further information

Kikuchi E, Kikuchi J, Nasuhara Y, Oizumi S, Ishizaka A, Nishimura M. Comparison 
of the pharmacodynamics of biapenem in bronchial epithelial lining fluid 
in healthy volunteers given half-hour and three-hour intravenous infusions. 
Antimicrob Agents Chemother. 2009;53(7):2799–2803.

Petersen PJ, Jacobus NV, Weiss WJ, Testa RT. In vitro and in vivo activities of 
LJC10,627, a new carbapenem with stability to dehydropeptidase I. Antimicrob 
Agents Chemother. 1991;35:203–207.

Yang Y, Bhachech N, Bush K. Biochemical comparison of imipenem, meropenem 
and biapenem: permeability, binding to penicillin-binding proteins and 
stability to hydrolysis by β-lactamases. J Antimicrob Chemother. 1995;35:75–84.

 FAROPENEM

An orally active penem with a broad spectrum of antibac-
terial activity, including activity against selected anaerobic 
pathogens (Table 15.3). Although it is active against most 

Intra-abdominal infections

Bacterial meningitis (pediatric patients >3 months)

Complicated skin and skin structure infections

preparations and dosage

Proprietary names: Merrem, Meronem.

Preparation: Injection.

Dosage: Adults, i.v., 0.5–2 g every 8 h. Children >3 months, 20 mg/kg  

every 8 h for intra-abdominal infections, or 40 mg/kg every 8 h for 

meningitis, or 10 mg/kg every 8 h for skin infections.

Widely available.
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enterobacteria, it has reduced activity against Ser. marce-
scens, Enterobacter spp. and some Providencia spp. It gener-
ally retains activity against many Gram-positive organisms, 
but has no useful activity against Ps. aeruginosa. It has 
reduced activity against E. faecium, methicillin-resistant 
Staph. aureus (MRSA) and some strains of coagulase-neg-
ative staphylococci. It is stable to hydrolysis by extended 
spectrum β-lactamases, but is hydrolyzed by carbapen-
emases. Esterified prodrugs with increased bioavailability 
have been studied in clinical trials but have not received 
regulatory approval.

 Further information

Gettig JP, Crank CW, Philbrick AH. Faropenem medoxomil. Ann Pharmacother. 
2008;42:80–90.

Woodcock JM, Andrews JM, Brenwald NP, Ashby JP, Wise R. The in vitro 
activity of faropenem, a novel oral penem. J Antimicrob Chemother. 
1997;39:35–43.

 PANIPENEM

A 3-acetimidoylpyrrolidinyl-substituted carbapenem with 
no methyl group at the C-1 position. It has broad-spectrum 
antibacterial activity against Gram-positive and Gram-
negative organisms very similar to that of other carbapenems. 
Activity against Ps. aeruginosa is similar to that of imipenem. 
It is co-administered in a ratio of 1:1 with betamipron 
(N-benzoyl-β-alanine), a renal anion transport inhibitor that 
decreases nephrotoxicity. Panipenem is slightly more stable 
to hydrolysis by dehydropeptidase than imipenem, but not 
as stable as meropenem or biapenem. It is hydrolyzed by 
carbapenemases.

Mean maximum blood concentrations following intra-
venous infusion of 0.5 g and 0.75 g of each component 
were 37 and 61 mg/L for panipenem and 24 and 39 mg/L 
for betamipron. Following intravenous infusion in children 
(10 mg or 20 mg of each component per kg), the half-life 
of panipenem was about 1.2 h; that of betamipron about  
0.9 h. Drug levels in the CSF were at least eight-fold lower 
than serum concentrations.

Side effects are similar to those reported for other carbap-
enems (incidence <10%) and are generally mild. Patients 
with a history of previous hypersensitivity reactions to peni-
cillins, cephalosporins or other β-lactam antibiotics should be 
treated cautiously.

Clinical use in serious infections is similar to that of other 
carbapenems.

 Further information

Shimada K. Panipenem/betamipron. Jpn J Antibiot. 1994;47:219–244.
Shimada J, Kawahara Y. Overview of a new carbapenem panipenem/betamipron. 

Drugs Exp Clin Res. 1994;20:241–245.

MONOBACTAMS

Study of the structural basis of activity of early β-lactam 
compounds led to the expectation that compounds in which 
the β-lactam ring was not strained by fusion to another ring 
would be inactive as antimicrobial agents. However, some 
natural monocyclic β-lactam antibiotics, including certain 
monobactams and nocardicins, are active in vitro against 
Gram-negative bacteria, including Ps. aeruginosa.

In contrast to penicillins and cephalosporins, which are com-
monly produced by fungi and actinomycetes, naturally occurring 
monobactams are produced by bacteria. Because of their simplicity 
of structure, they can be obtained easily by total synthesis. In some 
monobactams the β-lactam ring carries an α-methoxy group, sim-
ilar to the β-lactamase-stable cephamycins, but the first monobac-
tam used therapeutically, and the only one to achieve modest 
commercial acceptability, aztreonam, lacks this substituent.

Monobactams exhibit no useful activity against Gram-
positive organisms or strict anaerobes because of poor bind-
ing to PBPs (p. 29). Activity against Gram-negative bacteria, 
including Ps. aeruginosa, is due to tight binding to PBP 3 
(Esch. coli numbering). As a result, the organisms convert to 
filaments, which slowly lyse.

Monobactams are hydrolyzed poorly by many serine 
β-lactamases and all metallo-β-lactamases, but can be hydro-
lyzed by ESBLs and serine carbapenemases. Group 1 cepha-
losporinases have high affinities for non-methoxylated 
monobactams, whereas group 2 β-lactamases generally bind 
aztreonam poorly. They are generally not inducers of the group 
1 chromosomal cephalosporinases of Gram-negative bacteria.

AZTREONAM

Molecular weight: 435.43.

A synthetic analog of a monobactam antibiotic from the bac-
terium Chromobacterium violaceum. Now obtained by chemi-
cal synthesis and available for intramuscular or intravenous 
administration.

 ANTIMICROBIAL ACTIVITy

Its activity against common Gram-negative organisms is 
shown in Table 15.3 (p. 232). Concentrations (mg/L) inhib-
iting 50% of other organisms are: Aeromonas spp., 0.1; 
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Acinetobacter spp., 16; Mor. catarrhalis, 0.1; Burkholderia cepacia, 
2; and Yersinia spp., 0.1. Synergy has been shown with gentami-
cin, tobramycin and amikacin against 52–89% of strains of Ps. 
aeruginosa and gentamicin-resistant Gram-negative bacteria.

 PHARMACOkINETICS

C
max

 1 g intravenous

 1 g intramuscular

90 mg/L end infusion

46 mg/L after 1 h

Plasma half-life 1.7 h

Volume of distribution 0.18 L/kg

Plasma protein binding 56%

absorption and distribution

Oral bioavailability is less than 1%. Peak concentrations 
above the median MIC for most Gram-negative pathogens 
are achieved in most tissues and body fluids after 1 g intra-
muscular or intravenous doses.

Metabolism and excretion

It is not extensively metabolized, the most prominent prod-
uct, resulting from opening the β-lactam ring, being scarcely 
detectable in the serum and accounting for about 6% of the 
dose in the urine and 3% in the feces.

It is predominantly eliminated in the urine, where 58–72% 
appears within 8 h. Less than 12% is eliminated unchanged in 
the feces, suggesting low biliary excretion.

 TOxICITy AND SIDE EFFECTS

Local reactions occasionally occur at the injection site. 
Systemic reactions include diarrhea, nausea and/or vomiting 
and rash (1–1.3%). Neutropenia was seen in 11.3% of the 
pediatric patients younger than 2 years. Pseudomembranous 
colitis has been reported.

There are no reactions in patients with immunoglobulin E 
(IgE) antibodies to benzylpenicillin or penicillin moieties. It 
is rarely cross-reactive with other β-lactam antibiotics and is 
weakly immunogenic.

 CLINICAL uSE

 Further information

Acar JF, Neu HC, eds. Gram-negative aerobic bacterial infections: a focus 
on directed therapy with special reference to aztreonam. Rev Infect Dis. 
1985;7(suppl 4):S537–S843.

Brogden RN, Heel RC. Aztreonam: a review of its antibacterial activity, 
pharmacokinetic properties and therapeutic use. Drugs. 1986;31:96–130.

Swabb EA. Review of the clinical pharmacology of the monobactam antibiotic 
aztreonam. Am J Med. 1985;78(2A):11–18.

OTHER MONOBACTAMS

 CARuMONAM

A synthetic monobactam with activity against common 
pathogenic organisms similar to that of aztreonam. It is resis-
tant to hydrolysis by the common plasmid and chromosomal 
β-lactamases, but it can be hydrolyzed by ESBLs.

It is administered intravenously, achieving a concentration 
of c. 78 mg/L after a 20-min infusion of 1 g. The plasma half-
life is 1.7 h and the plasma protein binding 18–28%.

Carumonam is almost entirely eliminated in the glomer-
ular filtrate, probenecid having no effect on excretion; 96% 
of labeled compound is found in the urine, with 3% in the 
feces. Between 68% and 91% of the dose appears in the urine 
within 24 h.

Side effects and clinical use are similar to those of 
aztreonam.

 Further information

Imada A, Kondo M, Okonogi K, Yukishige K, Kuno M. In vitro and in vivo 
antibacterial activities of carumonam (AMA-1080), a new N-sulfonated 
monocyclic β-lactam antibiotic. Antimicrob Agents Chemother. 1985;27:821–827.

Patel JH, Soni PP, Portmann R, Suter K, Banken L, Weidekamm E. Multiple 
intravenous dose pharmacokinetic study of carumonam in healthy subjects.  
J Antimicrob Chemother. 1989;23:107–111.

Urinary tract infections, including pyelonephritis and cystitis

Lower respiratory tract infections, including pneumonia and bronchitis 

caused by Gram-negative bacilli

Septicemia

Skin and skin structure infections, including postoperative wounds, ulcers 

and burns

Intra-abdominal infections, including peritonitis

Gynecological infections, including endometritis and pelvic cellulitis

preparations and dosage

Proprietary name: Azactam.

Preparations: Injection, infusion.

Dosage: Adults, i.m., i.v., i.v. infusion, 1–8 g per day in 2–4 divided doses. 

Route, frequency and dose are determined by the severity of the infection 

and the condition of the patient. Children, 30 mg/kg every 6–8 h (up to 

50 mg/kg every 6–8 h in severe infection and cystic fibrosis).

Widely available, including the USA and the UK.

preparations and dosage

Preparation: Injection.

Dosage: Adult, i.m., i.v., 1–2 g per day in two divided doses.

Available in Japan. Not available in Europe or the USA.
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b-LACTAMASE INHIBITORS

Because β-lactamase production is the predominant cause of 
clinically important resistance to β-lactam antibiotics in most 
bacteria, an attractive therapeutic approach is to co-administer  
a β-lactamase inhibitor together with the labile antibiotic.  
Implicit in this approach, however, are some demanding 
requirements:

•	 The	inhibitor	must	be	active	against	a	wide	range	of	
β-lactamases.

•	 The	absorption,	distribution	and	excretion	characteristics	
of the inhibitor must match closely those of the β-lactam 
agent with which it is to be paired.

•	 Its	use	must	not	add	materially	to	the	toxicity.

The ability of certain β-lactam agents to inhibit selected 
β-lactamases has been known for a long time. A directed 
search for potent β-lactamase inhibitors resulted in the dis-
covery of clavulanic acid as a natural product, and the sub-
sequent synthesis of the sulfones, sulbactam and tazobactam. 
The β-lactamase inhibitors in therapeutic use have poor, or no, 
antimicrobial activity and act synergistically in combination 
with β-lactamase-labile penicillins or cephalosporins. None 
is effective against metallo-β-lactamases. In some organisms 
these inhibitors may act as inducers of β-lactamase activity.

Carbapenems and monobactams act like competitive 
inhibitors, or, more specifically, competitive substrates of 
some serine β-lactamases, with monobactams inhibiting 
group 1 cephalosporinases at nanomolar concentrations. 
Their action is reversible, leaving the enzyme intact, because 
they simply act as poor substrates that are bound tightly to the 
β-lactamase and are hydrolyzed slowly. The effective inhibi-
tors that have been developed commercially are irreversible 
inactivators, or ‘suicide’ inhibitors. The enzyme and inhibitor 
interact competitively initially and then progressively form a 
complex in which the enzyme is inactivated over time, usu-
ally after a fixed amount of inhibitor has been hydrolyzed like 
a normal substrate. Clavulanic acid, sulbactam and tazobac-
tam are all of this form, although the precise nature, rate and 
degree of inactivation differ considerably among the various 
combinations of agents and enzymes.

Inhibitory effects are dependent upon the amount of 
enzyme in the organism, so that increased β-lactamase pro-
duction results in lower efficacy for inhibitor–β-lactam com-
binations. Resistance may arise through hyperproduction of 
a sensitive β-lactamase or the occurrence of relatively rare 
‘inhibitor-resistant’ TEM or SHV variants with one or two 
amino acid changes in the parent enzymes.

 Further information

Buynak JD. Understanding the longevity of the beta-lactam antibiotics and 
of antibiotic/beta-lactamase inhibitor combinations. Biochem Pharmacol. 
2006;71:930–940.

Canton R, Morosini MI, de la Maza OM, de la Pedrosa EG. IRT and CMT beta-
lactamases and inhibitor resistance. Clin Microbiol Infect. 2008;14(suppl 
1):53–62.

Payne DJ, Cramp R, Winstanley DJ, Knowles DJC. Comparative activities of 
clavulanic acid, sulbactam, and tazobactam against clinically important 
b-lactamases. Antimicrob Agents Chemother. 1994;38:767–772.

CLAVuLANIC ACID

Molecular weight (potassium salt): 237.25.

An oxapenam (clavam) produced by Streptomyces clavuligerus. 
It is available as the potassium salt for oral and intravenous 
use in fixed-ratio combination with amoxicillin and for intra-
venous use in combination with ticarcillin. It is freely soluble 
in water.

 ANTIMICROBIAL ACTIVITy

It exhibits broad-spectrum but low intrinsic activity, most 
MICs being in the range 16–128 mg/L. Enterobacteriaceae 
and Staph. aureus are among the more sensitive and Ps. aerug-
inosa the most resistant organisms. MICs of 8 mg/L against  
H. influenzae and 0.1–4 mg/L for penicillinase-producing  
N. gonorrhoeae are notable.

  b-LACTAMASE INHIBITORy 
ACTIVITy

Clavulanic acid is a potent, progressive inhibitor of most 
group 2 β-lactamases, with the exception of some TEM and 
many OXA variants. It is very active against the K. pneumoniae 
K1 (group 2be) enzyme, the group 2e chromosomal enzymes 
produced by Pr. vulgaris and B. fragilis, both enzymes pro-
duced by Mor. catarrhalis and the group 2a penicillinases from 
Staph. aureus. It does not effectively inhibit the group 1 chro-
mosomal cephalosporinases from Enterobacteriaceae or the 
group 3 metallo-β-lactamases.

In the presence of low concentrations of clavulanic acid 
(0.5–1 mg/L) the MICs of amoxicillin and ticarcillin for 
many β-lactamase-producing Staph. aureus, Mor. catarrha-
lis, N. gonorrhoeae, H. influenzae, enterobacteria and B. fra-
gilis strains are reduced 8- to 64-fold. In B. fragilis strains 
resistant to penicillin, the addition of clavulanic acid renders 
most of the strains susceptible to amoxicillin or ticarcillin. 
Susceptibility of methicillin-resistant strains of Staph. aureus 
is unaffected by the presence of clavulanic acid.

Resistance that develops during therapy is generally due to 
overproduction of the sensitive β-lactamase, e.g. TEM-1 or 
SHV-1, which is no longer effectively inhibited by a limited 
quantity of clavulanic acid or to the production of occasional 
‘inhibitor-resistant’ β-lactamases.
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AMOxICILLIN–CLAVuLANIC ACID

Co-amoxiclav. A mixture of potassium clavulanate and amox-
icillin trihydrate (oral formulations) or amoxicillin sodium 
(parenteral formulations). The ratio of amoxicillin to clavu-
lanic acid in the commercially available oral preparations is 
variable.

 ANTIMICROBIAL ACTIVITy

Activity is that of amoxicillin (p. 215), the role of the inhibi-
tor being to restore the activity against β-lactamase-producing 
strains that would otherwise hydrolyze the drug.

 PHARMACOkINETICS

Amoxicillin Clavulanic acid

Oral absorption c. 90% c. 90%

C
max

 500 mg 

amoxicillin + 125 mg 

clavulanic acid oral

7.2 mg/L after 1 h 2.4 mg/L after 1 h

 2000 g amoxicillin 

+ 125 mg clavulanic 

acid (extended-

release formulation)

17 mg/L after 1.5 h 2.05 mg/L after 1 h

 400 mg amoxicillin 

+ 57 mg clavulanic 

acid oral

6.9 mg/L 1.1 mg/L

Plasma half-life 1.3 h 1.0 h

Plasma protein 

binding

18% 25%

absorption and distribution

There is little effect on the pharmacokinetics of each agent 
from the presence of the other, although clavulanic acid 
is marginally better absorbed in the presence of amoxicil-
lin. There is wide individual variation in bioavailability 
(30–99%).

Effective levels are found in most body tissues and fluids. 
Total penetration into the CSF was 8% and 6% of the cor-
responding plasma values for clavulanate and amoxicillin, 
respectively. Clavulanate penetrates poorly into sputum after 
oral dosing.

Metabolism and excretion

Clavulanic acid appears to be metabolized extensively, with 
metabolites eliminated via the urine, bile, feces and lungs. 
Variation in bioavailability may be related to differences in 
first-pass effects through those organs.

Approximately 50–70% of the administered amoxicil-
lin and 25–40% of clavulanic acid are recovered intact from 
the urine. Most renal excretion occurs in the first 6 h and is 
unaffected by probenecid, although probenecid prolongs the 
renal excretion of amoxicillin. In renal failure, the volume of 
distribution and systemic availability are unaffected after oral 
or intravenous administration, but clearance is progressively 
depressed with renal function.

 TOxICITy AND SIDE EFFECTS

Cholestatic jaundice is more common with co-amoxiclav than 
with amoxicillin alone and the combination is contraindicated 
in patients with a history of hepatic dysfunction associated 
with the drug.

Other common side effects are diarrhea (9%), nausea 
(3%), skin rashes and urticaria (3%), vomiting (1%) and vag-
initis (1%). The overall incidence of side effects, and in partic-
ular diarrhea, increases with the higher recommended dose. 
Pseudomembranous colitis has been reported.

For side effects attributable to amoxicillin, see page 215.

 CLINICAL uSE

It is usually recommended for use against amoxicillin-resistant  
organisms if the susceptibility status is known.

TICARCILLIN–CLAVuLANIC ACID

A mixture of potassium clavulanate and ticarcillin disodium 
in a 1:15 or 1:30 ratio for parenteral administration.

Lower respiratory tract infections

Otitis media

Sinusitis

Skin and skin structure infections

Urinary tract infections

preparations and dosage

Proprietary name: Augmentin.

Preparations: Tablets, suspension, injection.

Dosage: Adults, oral, 250/125 mg every 8 h, or 500/125 mg every 12 h; 

500/125 mg every 8 h, or 875/125 or 2000/125 mg every 12 h for more 

serious infections. Children, the dose varies according to age and severity 

of infection.

Adults, i.v., 1.2 g every 6–8 h depending on the severity of the infection. 

Infants <3 months, 30 mg/kg every 12 h; children 3 months to 12 years, 

20–45 mg/kg every 8–12 h depending on the severity of the infection. 

(Not available in the USA.)

Widely available.
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 ANTIMICROBIAL ACTIVITy

Activity is that of ticarcillin (p. 222), the role of the inhibi-
tor being to restore the activity against β-lactamase-producing 
strains that would otherwise hydrolyze the drug.

 PHARMACOkINETICS

 Ticarcillin Clavulanic acid

C
max

 3 g ticarcillin + 100 mg 

clavulanate intravenous 

infusion (30 min) 

330 mg/L end 

infusion

8 mg/L end 

infusion

Plasma half-life 1.1 h 1.1 h

Plasma protein binding 45% 25%

The pharmacokinetics of the two agents are mutually 
un affected by co-administration. Ticarcillin can be detected 
in tissues and interstitial fluid following parenteral adminis-
tration. Penetration into bile, peritoneal fluid and pleural fluid 
has been demonstrated. Concentrations in blister fluid were 
significantly lower than those in serum.

Around 60–70% of ticarcillin and 35–45% of clavulanic 
acid are excreted unchanged in urine during the first 6 h after 
administration of a single dose of the mixture.

 TOxICITy AND SIDE EFFECTS

Adverse reactions associated with ticarcillin occur (see  
p. 222). As with co-amoxiclav, there is a risk of cholestatic 
jaundice (see above). Pseudomembranous colitis has been 
reported.

 CLINICAL uSE

Its main use is in infections in which Ps. aeruginosa is sus-
pected or proven.

 Further information

Ferslew KE, Daigneault GA, Aten RM, Roseman RM. Pharmacokinetics and 
urinary excretion of clavulanic acid after oral administration of amoxicillin and 
potassium clavulanate. J Clin Pharmacol. 1984;24:452–456.

Geddes AM, Klugman KP, Rolinson GN. Introduction: historical perspective and 
development of amoxicillin/clavulanate. Int J Antimicrob Agents. 2007;30(suppl 
2):S109–S112.

Leigh DA, Phillips I, Wise R. Timentin–ticarcillin plus clavulanic acid: a laboratory 
and clinical perspective. J Antimicrob Chemother. 1986;17(suppl C):1–240.

Sanders CC, Jaconis JP, Bodey GP, Samonis G. Resistance to ticarcillin–potassium 
clavulanate among clinical isolates of the family Enterobacteriaceae: the role of 
PSE-1 b-lactamase and high levels of TEM-1 and SHV-1 and problems with false 
susceptibility in disk diffusion tests. Antimicrob Agents Chemother. 1988;32:1365–1369.

SuLBACTAM

Molecular weight (sodium salt): 255.22.

A penicillanic acid sulfone available as the sodium salt. 
Formulations combining ampicillin or cefoperazone with 
sulbactam in a 2:1 ratio are available for parenteral use. A 
methylene-linked double ester of penicillin and sulbactam, 
sultamicillin, is used for oral administration.

 ANTIMICROBIAL ACTIVITy

Sulbactam has very weak antimicrobial activity against most 
bacteria. Its only notable activity is against N. gonorrhoeae,  
N. meningitidis and Acinetobacter baumannii.

  b-LACTAMASE-INHIBITORy 
ACTIVITy

It inhibits a wide range of group 2 β-lactamases, including 
those from Staph. aureus, K. pneumoniae and B. fragilis. It is a 
good-to-moderate inhibitor of the TEM enzymes of groups 2b 
and 2be but has little effect on group 1, group 2br or group 3 
β-lactamases. It does not induce the activity of cephalospori-
nases from Gram-negative bacteria but is a weak inducer of 
penicillinases from Staph. aureus.

Septicemia, including bacteremia

Lower respiratory infections

Bone and joint infections

Skin and skin structure infections

Urinary tract infections (complicated and uncomplicated)

Gynecological infections, endometritis

Intra-abdominal infections, peritonitis

preparations and dosage

Proprietary name: Timentin.

Preparation: Infusion.

Dosage: Adults, i.v. infusion, 3.0/0.2 g every 4–6 h. Children <60 kg, 

200–300 mg/kg per day in 4–6 divided doses; 60 kg, 3.0/0.2 g every 4–6 h 

depending on the severity of the infection.

Widely available.
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A concentration of 4–8 mg/L restores the activity of ampi-
cillin for many β-lactamase-producing strains of Staph. aureus, 
H. influenzae, Mor. catarrhalis, enterobacteria and B. fragilis, 
but there is a large inoculum effect.

AMPICILLIN–SuLBACTAM

 ANTIMICROBIAL ACTIVITy

Activity is that of ampicillin (p. 216), the role of the inhibi-
tor being to restore the activity against β-lactamase-producing 
strains that would otherwise hydrolyze the drug.

 PHARMACOkINETICS

Ampicillin Sulbactam

Oral absorption 

(sultamicillin)

>80% >80%

C
max

, ampicillin  

2 g + sulbactam  

1 g intravenous

109–150 mg/L end 

infusion

48–88 mg/L end 

infusion

 750 mg oral 

(sultamicillin)

9.1 mg/L after 1 h 8.9 mg/L after 1 h

Plasma half-life 1 h 1 h

Plasma protein 

binding

28% 38%

absorption and distribution

The sodium salt of sulbactam is poorly absorbed orally, but 
the linked prodrug sultamicillin is well absorbed; it undergoes 
first-pass hydrolysis to liberate equimolecular proportions of 
the components.

Ampicillin–sulbactam is completely bioavailable after intra-
muscular injection, doses of 1.0 and 0.5 g producing mean 
peak plasma levels of 8–37 and 6–24 mg/L, respectively. After 
intravenous administration both drugs penetrate peritoneal 
fluid, blister fluid (cantharides-induced), tissue fluid and intes-
tinal mucosa to provide concentrations ≥7 mg/L. Penetration 
of both ampicillin and sulbactam into CSF in the presence of 
inflamed meninges has been demonstrated after intravenous 
infusion.

Metabolism and excretion

Sulbactam is not metabolized. Ampicillin metabolism is 
described on page 217. In normal volunteers 75–85% of both 
ampicillin and sulbactam are excreted unchanged in the urine 
during the first 8 h after administration.

 TOxICITy AND SIDE EFFECTS

Local adverse reactions include pain at the injection site 
(intramuscular 16%, intravenous 3%) and thrombophlebi-
tis (3%). Systemic adverse reactions include diarrhea (3%). 
Pseudomembranous colitis has been reported. For side effects 
attributable to ampicillin, see page 217.

 CLINICAL uSE

 Further information

Foulds G, McBride TJ, Knirsch AK, Rodriguez WJ, Khan WN. Penetration of 
sulbactam and ampicillin into cerebrospinal fluid of infants and young children 
with meningitis. Antimicrob Agents Chemother. 1987;31:1703–1705.

Frieder HA, Campoli-Richards DM, Goa KL. Sultamicillin. A review of its 
antibacterial activity, pharmacokinetic properties and therapeutic use. Drugs. 
1989;37:491–522.

Karageorgopoulos DE, Falagas ME. Current control and treatment of 
multidrug-resistant Acinetobacter baumannii infections. Lancet Infect Dis. 
2008;8:751–762.

Symposium. Enzyme-mediated resistance to b-lactam antibiotics. A symposium 
on sulbactam/ampicillin. Rev Infect Dis. 1986;8(suppl 5):S465–S650.

Rafailidis PI, Ioannidou EN, Falagas ME. Ampicillin/sulbactam: current status in 
severe bacterial infections. Drugs. 2007;67:1829–1849.

TAZOBACTAM

Molecular weight (sodium salt): 322.3.

A synthetic penicillanic acid sulfone available as the 
sodium salt. It is formulated with piperacillin in a 
piperacillin:tazobactam ratio of 8:1

Skin and skin structure infections

Intra-abdominal infections

Gynecological infections

preparations and dosage

Preparation: Injection.

Dosage: Adult, i.m., i.v., 1/0.5–2/1 g every 6 h; Children, 300 mg/kg per day 

in four divided doses.

Available in the USA, but not available in the UK.

Sulbactam–cefoperazone and sultamicillin are available in Japan.
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 ANTIMICROBIAL ACTIVITy

Tazobactam exhibits little useful antimicrobial activity, 
although weak activity against Acinetobacter spp. and Borrelia 
burgdorferi has been reported.

  b-LACTAMASE INHIBITORy 
ACTIVITy

Tazobactam inhibits a wide range of β-lactamases, including 
the group 2 penicillinases from Staph. aureus, the TEM-1 and 
SHV-1 β-lactamases, many extended-spectrum enzymes, and 
the common group 2e cephalosporinases of B. fragilis. Against 
the group 1 cephalosporinases, activity is strongly influenced 
by the amount of enzyme produced. The inhibitor-resistant 
group 2br β-lactamases are poorly inhibited and group 3 
metallo-β-lactamases are not inhibited at clinically useful lev-
els. It is a poor inducer of β-lactamases of Gram-positive and 
Gram-negative organisms.

At a concentration of 4 mg/L it markedly reduces the MIC 
and enhances the bactericidal activity of piperacillin against 
many β-lactamase-producing organisms, but only moder-
ately against those elaborating group 1 cephalosporinases. 
It enhances activity against β-lactamase-producing Staph. 
aureus, H. influenzae, Mor. catarrhalis, most of the B. fragi-
lis group, Acinetobacter spp., many enterobacteria, especially  
Pr. mirabilis and Morganella morganii, and occasional 
Enterobacter spp. and C. freundii.

PIPERACILLIN–TAZOBACTAM

 ANTIMICROBIAL ACTIVITy

Activity is that of piperacillin (p. 221), the role of the inhibi-
tor being to restore the activity against β-lactamase-producing 
strains that would otherwise hydrolyze the drug. Although the 
activity of piperacillin against Ps. aeruginosa is not enhanced, it 
remains the most active inhibitor combination in vitro against 
Ps. aeruginosa.

 PHARMACOkINETICS

Piperacillin Tazobactam

C
max

, 3 g piperacillin + 

375 mg tazobactam 

intravenous infusion

242 mg/L end 

infusion

24 mg/L end infusion

Plasma half-life 1 h 1.1 h

Plasma protein binding 30% 30%

absorption and distribution

The components are not absorbed orally. The combination 
has good tissue distribution, with mean tissue concentrations 
50–100% of those in plasma. Co-administration of tazobac-
tam does not affect the pharmacokinetics of piperacillin. 
Co-administration of piperacillin and tazobactam with van-
comycin resulted in no significant change in pharmacokinetic 
interactions.

Metabolism and excretion

A small amount of piperacillin is metabolized to a microbi-
ologically active desethyl metabolite, and some undergoes 
cleavage of the β-lactam ring. Tazobactam is metabolized to 
a ring-opened compound that further degrades to a derivative 
devoid of pharmacological activity.

Renal clearance of both drugs occurs by glomerular filtra-
tion and tubular secretion. Urinary excretion of piperacillin 
is 68%, whereas tazobactam and its metabolite are elimi-
nated primarily by renal excretion (80%). Biliary secretion 
of piperacillin, tazobactam and desethyl piperacillin are also 
observed.

 TOxICITy AND SIDE EFFECTS

Most adverse events are mild to moderate, and transient. Most 
common drug-related events are rash and pruritus (1.3%) 
and gastrointestinal effects (0.9%). Pseudomembranous coli-
tis has been reported.

For side effect attributable to piperacillin, see page 221.

 CLINICAL uSE

Uncomplicated and complicated skin and skin structure infection

Postpartum endometritis or pelvic inflammatory disease

Community-acquired pneumonia (moderate severity)

Nosocomial pneumonia (moderate to severe)

Appendicitis and peritonitis

preparations and dosage

Proprietary names: Tazocin, Zosyn.

Preparation: Injection.

Dosage: Adults and children over 12 years, by i.v. injection, 3.0/0.375 g 

every 6 h; may be dosed 4.0/0.5 g every 6 h plus amikacin or gentamicin 

for patients with nosocomial pneumonia caused by  

Ps. aeruginosa. Children >9 months, 100/12.5 mg/kg every 8 h. Children 

2–9 months, 80 g/kg every 8 h.

Widely available.
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 Further information

Bush K, Macalintal C, Rasmussen BA, Lee VJ, Yang Y. Kinetic interactions of 
tazobactam with β-lactamases from all major structural classes. Antimicrob 
Agents Chemother. 1993;37:851–858.

Gin A, Dilay L, Karlowsky JA, Walkty A, Rubinstein E, Zhanel GG. Piperacillin–
tazobactam: a beta-lactam/beta-lactamase inhibitor combination. Expert Rev 
Anti Infect Ther. 2007;5:365–383.

Greenwood D, Finch RG. Piperacillin/tazobactam: a new β-lactam/β-lactamase 
inhibitor combination. J Antimicrob Chemother. 1993;31(suppl A):1–124.

Kuck NA, Jacobus NV, Petersen PJ, Weiss WJ, Testa RT. Comparative in vitro and 
in vivo activities of piperacillin combined with the β-lactamase inhibitors 
tazobactam, clavulanic acid, and sulbactam. Antimicrob Agents Chemother. 
1989;33:1964–1969.

Wise R, Logan M, Cooper M, Andrews JM. Pharmacokinetics and tissue 
penetration of tazobactam administered alone and with piperacillin. Antimicrob 
Agents Chemother. 1991;35:1081–1084.
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 Further information

Fuglesang J, Bergan T. Chloramphenicol and thiamphenicol. Antibiot Chemother. 
1982;31:1–21.

Holt D, Harvey D, Hurley R. Chloramphenicol toxicity. Adverse Drug React Toxicol 
Rev. 1993;12:83–95.

Wareham DW, Wilson P. Chloramphenicol in the 21st century. Hosp Med. 
2002;63:157–161.

CHLORAMPHENICOL

Molecular weight: 323.1.

A fermentation product of Streptomyces venezuelae. 
Commercially manufactured synthetically. Formulated as the 
free compound (which is extremely bitter) or as the palmitate 
ester for oral administration; as the free compound for topi-
cal use; and as the sodium succinate for injection. Aqueous 
solutions are extremely stable, but some hydrolysis occurs on 
autoclaving.

 ANtIMICRObIAL ACtIvIty

It is active against a very wide range of organisms. The suscep-
tibility of common pathogenic bacteria is shown in Table 16.1. 
Minimum inhibitory concentrations (MICs) (mg/L) for other 
organisms are: Staphylococcus epidermidis, 1–8; Corynebacterium 
diphtheriae, 0.5–2; Bacillus anthracis, 1–4; Clostridium perfrin-
gens, 2–8; Mycobacterium tuberculosis, 8–32; Legionella pneu-
mophila, 0.5–1; Bordetella pertussis, 0.25–4; Brucella abortus, 
1–4; Campylobacter fetus, 2–4; Pasteurella spp., 0.25–4; Serratia 
marcescens, 2–8; Burkholderia pseudomallei, 4–8. Most Gram-
negative bacilli are susceptible, but Pseudomonas aeruginosa 
is resistant. Leptospira spp., Treponema pallidum, chlamydiae, 
mycoplasmas and rickettsiae are all susceptible, but Nocardia 
spp. are resistant. It is widely active against anaerobes, includ-
ing Actinomyces israelii (MIC 1–4 mg/L), Peptostreptococcus 
spp. (MIC 0.1–8 mg/L), and Fusobacterium spp. (MIC 0.5–2 
mg/L), but Bacteroides fragilis is only moderately susceptible 
(MIC about 8 mg/L).

It is strictly bacteristatic against almost all bacterial spe-
cies, but exerts a bactericidal effect at 2–4 times the MIC 
against some strains of Gram-positive cocci, Haemophilus 
influenzae and Neisseria spp. The minimum bactericidal 
concentrations (MBCs) for penicillin-resistant pneumo-
cocci are often significantly higher than those for penicil-
lin-susceptible strains, although this cannot be detected 
by conventional disk susceptibility testing or MIC deter-
mination. Its bacteristatic effect may inhibit the action of 
penicillins and other β-lactam antibiotics against Klebsiella 
pneumoniae and other enterobacteria in vitro, but the  clinical 

Chloramphenicol was the first broad-spectrum antibiotic to be dis-
covered. It was isolated independently from streptomycetes from soil 
in Venezuela and a compost heap in Illinois. The commercial prod-
uct is manufactured synthetically. There are four isomers, all of which 
have been synthesized, but none has greater activity than the natu-
ral compound. The major drawback is a rare, idiosyncratic, often fatal 
aplastic anemia, and numerous attempts have been made to manu-
facture related agents which retain the spectrum of activity and phar-
macokinetics of the parent compound, but not the toxicity. The only 
derivative to come into commercial use in which this is believed to 
have been achieved is thiamphenicol, in which the nitro group of 
chloramphenicol is replaced by a sulfomethyl group. However, com-
pounds in which the nitro group is replaced are all less active than 
the parent compound.

Substitution of the 3′-OH group or fluorine for chlorine has pro-
duced analogs of chloramphenicol and thiamphenicol that are active 
against strains of bacteria that owe their resistance to chlorampheni-
col acetylation, but not against organisms with reduced permeability. 
Fluorinated derivatives are not marketed for human use, but florfenicol 
is available in veterinary practice and aquaculture in some countries.
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significance of this is doubtful. The presence of ampicillin 
does not affect the bactericidal effect of chloramphenicol 
on H. influenzae.

 ACquIREd REsIstANCE

The prevalence of resistant strains in many Gram-positive 
and Gram-negative organisms reflects usage of the antibiotic. 
Over-the-counter sales are believed to have compounded the 
problem in some countries. For example, it has long been the 
drug of choice for the treatment of typhoid and paratyphoid 
fevers, but widespread use led to a high prevalence of resis-
tant Salmonella enterica serotype Typhi. Outbreaks of infec-
tion caused by chloramphenicol-resistant S. Typhi have been 
seen since the early 1970s. Use of co-trimoxazole and fluo-
roquinolones in typhoid has resulted in a decline in chloram-
phenicol resistance in some endemic areas. Many hospital 
outbreaks caused by multiresistant strains of enterobacteria, 
notably Enterobacter, Klebsiella and Serratia spp., have been 
described.

Plasmid-borne resistance was first noted in shigellae in 
Japan and subsequently spread widely in Central America, 
where it was responsible for a huge outbreak. Strains of 
S. Typhi resistant to many antibiotics including chloram-
phenicol are particularly common in the Indian subconti-
nent. Resistance in shigellae is also relatively common in 
some parts of the world.

Resistant strains of H. influenzae (some also resistant to 
ampicillin), Staph. aureus and Streptococcus pyogenes are also 
encountered. Most N. meningitidis strains remain  susceptible, 

but high-level resistance (MIC >64 mg/L) due to the pro-
duction of chloramphenicol acetyltransferase (p. 27) has been 
described; the nucleotide sequence of the resistance gene was 
indistinguishable from that found on a transposon in Cl. per-
fringens. Resistant strains of Enterococcus faecalis are relatively 
common, and resistance to chloramphenicol is found in some 
multiresistant pneumococci.

Resistance in Staph. aureus is caused by an inducible 
acetyltransferase; additionally, the cfr (chloramphenicol–
flor fenicol resistance) gene encodes a 23S rRNA methyltrans-
ferase that also confers resistance to linezolid. In Escherichia 
coli, the capacity to acetylate chloramphenicol (at least three 
enzymes are involved) is carried by R factors. Replacement of 
the 3-OH group, which is the target of acetylation, accounts 
for the activity of fluorinated analogs against strains resis-
tant to chloramphenicol and thiamphenicol. The resistance 
of B. fragilis and some strains of H. influenzae is also due 
to elaboration of a plasmid-encoded acetylating enzyme; 
in others it is due to reduced permeability resulting from 
loss of an outer membrane protein. Some resistant bacte-
ria reduce the nitro group or hydrolyze the amide linkage. 
Resistance of Ps. aeruginosa is partly enzymic and partly due 
to impermeability.

 PHARMACOkINEtICs

Oral absorption 80–90%

C
max

 500 mg oral 10–13 mg/L after 1–2 h

Plasma half-life 1.5–3.5 h

Volume of distribution 0.25–2 L/kg

Plasma protein binding c. 25–60%

absorption

The plasma concentration achieved is proportional to the 
dose administered. Suspensions for oral administration to 
children contain chloramphenicol palmitate, a tasteless and 
bacteriologically inert compound, which is hydrolyzed in the 
gut to liberate chloramphenicol. Following a dose of 25 mg/kg, 
peak plasma levels around 6–12 mg/L are obtained, but there 
is much individual variation.

Pancreatic lipase is deficient in neonates and, because of 
poor hydrolysis, the palmitate should be avoided. In very young 
infants, deficient ability to form glucuronides, and low glomer-
ular and tubular excretion greatly prolong the plasma half-life.

For parenteral use, chloramphenicol sodium succinate, 
which is freely soluble and undergoes hydrolysis in the tissues 
with the liberation of chloramphenicol, can be injected intra-
venously or in small volumes intramuscularly. The plasma 
concentrations after administration by these routes are unpre-
dictable, and approximate to only 30–70% of those obtained 
after the same dose by the oral route. Protein binding is 
reduced in cirrhotic patients and neonates, with correspond-
ingly elevated concentrations of free drug.

table 16.1 Activity of chloramphenicol and thiamphenicol: 
miC (mg/l)

 Chloramphenicol thiamphenicol

Staphylococcus aureus 2–8 4–32

Streptococcus pyogenes 2–4 1–2

Str. pneumoniae 1–4 2–4

Enterococcus faecalis 4–16 8–32

Neisseria gonorrhoeae 0.5–2 0.5–2

N. meningitidis 0.5–2 0.5–2

Haemophilus influenzae 0.25–0.5 0.1–2

Escherichia coli 2–8 4–64

Klebsiella pneumoniae 0.5–32 4–32

Salmonella enterica 0.5–8 0.5–8

Shigella spp. 1–8 2–8

Pseudomonas aeruginosa 32–R 16–R

Bacteroides spp. 1–8 0.5–32

R, resistant (MIC >64 mg/L).
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Distribution

Free diffusion occurs into serous effusions. Penetration 
occurs into all parts of the eye, the therapeutic levels in the 
aqueous humor being obtained even after local  application 
of 0.5% ophthalmic solution. Concentrations obtained in 
cerebrospinal fluid (CSF) in the absence of meningitis 
are 30–50% of those of the blood and greater in brain. It 
crosses the placenta into the fetal circulation and appears 
in breast milk.

Metabolism

It is largely inactivated in the liver by conjugation with 
glucuronic acid or by reduction to inactive arylamines; clear-
ance of the drug in patients with impaired liver function is 
depressed in relation to the plasma bilirubin level. It has been 
suggested that genetically determined variance of hepatic 
glucuronyl transferase might determine the disposition and 
toxicity of the drug.

excretion

It is excreted in the glomerular filtrate, and in the newborn 
elimination may be impaired by the concomitant administra-
tion of benzylpenicillin, which is handled early in life by the 
same route. Inactive derivatives are eliminated partly in the 
glomerular filtrate and partly by active tubular secretion. Over 
24 h, 75–90% of the dose appears in the urine, 5–10% in bio-
logically active forms and the rest as metabolites, chiefly as 
a glucuronide conjugate. Excretion diminishes linearly with 
renal function and at a creatinine clearance of <20 ml/min, 
maximum urinary concentrations are 10–20 mg/L rather 
than the 150–200 mg/L found in normal subjects. Because 
of metabolism, blood levels of active drug are only marginally 
elevated in renal failure, but microbiologically inactive metab-
olites accumulate. The plasma half-life of the products in the 
anuric patient is around 100 h, and little is removed by perito-
neal or hemodialysis. Dosage modification is normally unnec-
essary in renal failure as the metabolites are less toxic than 
the parent compound. About 3% of the administered dose is 
excreted in the bile, but only 1% appears in the feces, and this 
mostly in inactive forms.

 INtERACtIONs

Induction of liver microsomal enzymes, for example by 
phenobarbital (phenobarbitone) or rifampicin (rifampin), 
diminishes blood levels of chloramphenicol; conversely, 
chloramphenicol, which inhibits hepatic microsomal oxidases, 
potentiates the activity of dicoumarol (dicumarol), pheny-
toin, tolbutamide and those barbiturates that are eliminated 
by metabolism. It also depresses the action of cyclophosph-
amide, which depends for its cytotoxicity on transformation 
into active metabolites. It is uncertain whether this interaction 

may lead to a clinically significant level of inhibition of the 
activity of cyclophosphamide. The half-life of chlorampheni-
col is considerably prolonged if paracetamol (acetaminophen) 
is given concurrently, and co-administration of these drugs 
should be avoided.

 tOxICIty ANd sIdE EffECts

Glossitis, associated with overgrowth of Candida albicans, 
is fairly common if the course of treatment exceeds 1 week. 
Stomatitis, nausea, vomiting and diarrhea may occur, 
but are uncommon. Hypersensitivity reactions are very 
uncommon. Jarisch–Herxheimer-like reactions have been 
described in patients treated for brucellosis, enteric fever 
and syphilis.

Bone marrow effects

Chloramphenicol exerts a dose-related but reversible depres-
sant effect on the marrow of all those treated, resulting in 
vacuolization of erythroid and myeloid cells, reticulocytope-
nia and ferrokinetic changes indicative of decreased eryth-
ropoiesis. Evidence of bone-marrow depression is regularly 
seen if the plasma concentration exceeds 25 mg/L, and leu-
kopenia and thrombocytopenia may be severe. There is no 
evidence that this common marrow depression is the precur-
sor of potentially fatal aplasia, which differs in that it is fortu-
nately rare, late in onset, usually irreversible and may follow 
the smallest dose. Aplasia can follow systemic, oral and even 
ophthalmic administration and may be potentiated by cime-
tidine. Liver disease, uremia and pre-existing bone marrow 
dysfunction may increase the risk. It is unusual for manifes-
tations to appear during treatment, and the interval between 
cessation of treatment and onset of dyscrasia can be months. 
A few patients survive with protracted aplasia, and myeloblas-
tic leukemia then often supervenes.

It is thought that the toxic agent is not chloramphenicol 
itself but an as yet unidentified metabolite. Chloramphenicol 
is partially metabolized to produce oxidized, reduced and 
conjugated products. The toxic metabolite may be a short-
lived product of reduction of the nitro group, which dam-
ages DNA by helix destabilization and strand breakage. 
Predisposition to aplasia may be explained by genetically 
determined differences in metabolism of the agent. Risk 
of fatal aplastic anemia has been estimated to increase 
13-fold on average treatment with 4 g of chloramphenicol. 
Corresponding increases are 10-fold in patients treated with 
mepacrine (quinacrine) and 4-fold in patients treated with 
oxyphenbutazone.

Children

Infants given large doses may develop exceedingly high 
plasma levels of the drug because of their immature con-
jugation and excretion mechanisms. A life-threatening 
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 disorder called the ‘gray baby’ syndrome, characterized 
by vomiting, refusal to suck and abdominal distention fol-
lowed by circulatory  collapse, may appear when the plasma 
concentration exceeds 20 mg/L. If concentrations reach 
200 mg/L, the disorder can develop in older children or 
even adults.

Optic neuritis has been described in children with cystic 
fibrosis receiving prolonged treatment for pulmonary infec-
tion. Most improve when the drug is discontinued, but cen-
tral visual acuity can be permanently impaired. There is some 
experimental evidence that ear drops containing 5% chloram-
phenicol sodium succinate can damage hearing. One study 
identified an increased risk of acute leukemia following child-
hood administration of chloramphenicol, particularly for 
durations exceeding 10 days.

 CLINICAL usE

Reference is made to its use in cholera, plague, tularemia and 
bartonellosis, melioidosis, Whipple’s disease and relapsing fever. 
In enteric fever in adults, fluoroquinolones are associated with a 
lower clinical relapse rate. Treatment for other serious infections 
should be restricted to organisms that are resistant or much less 
susceptible to other antibiotics. A study in low resource coun-
tries found ampicillin plus gentamicin superior to injectable 
chloramphenicol for the treatment of very severe community-
acquired pneumonia in children.

It has been used with varying success to treat infections 
caused by glycopeptide-resistant enterococci. Meningitis 
caused by penicillin-resistant pneumococci responds poorly, 
apparently due to failure to achieve bactericidal concentra-
tions in CSF. It should never be given systemically for minor 
infections. Topical use in the treatment of eye infections is 
controversial given the unsubstantiated risk of bone marrow 
aplasia. A placebo-controlled study in children with infective 
conjunctivitis in the community found no clinical benefit in 
the use of chloramphenicol eye drops.

The daily dose should not normally exceed 2 g, and the 
duration of the course should be limited (e.g. 10 days). 
Although patients may show toxic manifestations after receiv-
ing very little drug, the danger is almost certainly increased by 
excessive or repeated dosage or by the treatment of patients 
with impaired hepatic or renal function, including those at the 
extremes of life. The wide pharmacokinetic variability of the 
antibiotic in neonates makes monitoring of serum concentra-
tions advisable. Determination of full blood counts should be 
carried out twice weekly.

 Further information

Anonymous. Chloramphenicol. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C168–C172.

Asghar R, Banajeh S, Egas J, et al. Chloramphenicol versus ampicillin plus gen-
tamicin for community acquired very severe pneumonia among children aged 
2–59 months in low resource settings: multicentre randomised controlled trial 
(SPEAR study). Br Med J. 2008;336:80–84.

Doona M, Walsh JB. Use of chloramphenicol as topical eye medication: time to cry 
halt? Br Med J. 1995;310:1217–1218.

Friedland IR, Shelton S, McCracken GH. Chloramphenicol in penicillin-resistant 
pneumococcal meningitis. Lancet. 1992;342:240–241.

Mirza SH, Beeching NJ, Hart CA. Multi-drug resistant typhoid: a global problem. 
J Med Microbiol. 1996;44:317–319.

Rose PW, Harnden A, Brueggemann AB, et al. Chloramphenicol treatment for 
acute infective conjunctivitis in children in primary care: a randomised double-
blind placebo-controlled trial. Lancet. 2005;366:37–43.

Thaver D, Zaidi AK, Critchley J, Azmatullah A, Madni SA, Bhutta ZA. A comparison 
of fluoroquinolones versus other antibiotics for treating enteric fever: meta-
analysis. Br Med J. 2009;338:b1865.

Wiholm BE, Kelly JP, Kaufman D, et al. Relation of aplastic anaemia to use of 
chloramphenicol eye drops in two international case-control studies. Br Med J. 
1998;316:666.

tHIAMPHENICOL

Molecular weight: 356.2.

A chloramphenicol analog in which a sulfomethyl group is 
substituted for the p-nitro group. Also available as the glyci-
nate hydrochloride (1.26 g approximately equivalent to 1 g 
thiamphenicol). Aqueous solutions are very stable.

 ANtIMICRObIAL ACtIvIty

It is generally less active than chloramphenicol (Table 16.1), 
but is equally active against Str. pyogenes, Str. pneumoniae, 
H. influenzae and N. meningitidis, including some strains 

Typhoid fever and other severe infections due to salmonellae

Rickettsial infections

Meningitis

Invasive infection caused by H. influenzae

Destructive lung lesions involving anaerobes

Eye infections (topical)

 preparations and dosage

Proprietary names: Chloromycetin, Kemicetine.

Preparations: Capsules, suspension, injection.

Dosage: Adults, oral, i.v., 50 mg/kg per day in four divided doses; the dose 

may be doubled for severe infections and reduced as soon as clinically 

indicated. Children, 50–100 mg/kg per day in divided doses; infants 

<2 weeks, 25 mg/kg per day in four divided doses; infants 2 weeks to 

1 year, 50 mg/kg per day in four divided doses.

Widely available.
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resistant to chloramphenicol. It is more actively bactericidal 
against Haemophilus and Neisseria spp.

 ACquIREd REsIstANCE

There is complete cross-resistance with chloramphenicol in 
those bacteria which elaborate acetyltransferase, although the 
affinity of the enzyme for thiamphenicol is lower. Organisms 
that owe their resistance to other mechanisms may be 
susceptible.

 PHARMACOkINEtICs

An oral dose of 500 mg produces a peak plasma level of 
3–6 mg/L after about 2 h. The plasma half-life is 2.6–3.5 
h. It is said to reach the bronchial lumen in concentra-
tions sufficient to exert a bactericidal effect on H. influ-
enzae. Unlike chloramphenicol it is not a substrate for 
hepatic glucuronyl transferase; it is not eliminated by con-
jugation, and its half-life is not affected by phenobarbital 
induction.

About 50% of the dose can be recovered in an active form 
in the urine within 8 h and 70% over 24 h. The drug is cor-
respondingly retained in the presence of renal failure, and 
in anuric patients the plasma half-life has been reported to 
be 9 h, a value not significantly affected by peritoneal dialy-
sis. Biliary excretion is believed to account for removal of 
the antibiotic in anuric patients. The plasma concentration 
is elevated and half-life prolonged in patients with hepatitis 
or cirrhosis.

 tOxICIty ANd sIdE EffECts

There are no reports of irreversible bone-marrow toxicity. 
This has been related to the absence of the nitro group, and 
hence its reduction products, and differences in the biochemi-
cal effects of thiamphenicol and chloramphenicol on mam-
malian cells. It exerts a greater dose-dependent reversible 
depression of hemopoiesis and immunogenesis than chloram-
phenicol, and has been used for its immunosuppressive effect. 
Therapeutic doses (1–1.5 g) are likely to depress erythropoi-
esis in the elderly or others with impaired renal function.

 CLINICAL usE

Similar to that of chloramphenicol.

 Further information

Goris H, Loeffler M, Bungart B, Schmitz S, Nijhof W. Hemopoiesis during thiam-
phenicol treatment. Exp Hematol. 1989;17:957–961, 962–967.

Ravizzola G. In vitro antibacterial activity of thiamphenicol. Chemioterapia. 
1984;3:163–166.

 preparations and dosage

Preparations: Oral, injection.

Dosage: Adults, i.m., oral, 1.5–3 g per day in divided doses depending on 

severity of infection. Children, 30–100 mg/kg per day in divided doses.

Limited availability in continental Europe and Japan. Not available in the 

UK or the USA.
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This group of agents comprises mainly 5-substituted 2,4-diaminopy-
rimidines, such as trimethoprim, cycloguanil and pyrimethamine, 
which have antibacterial or antiprotozoal activity. The diamino-
pyrimidine moiety can also be part of a pteridine or quinazoline 
ring  system, as in the antineoplastic agents methotrexate and 
trimetrexate.

They are potent inhibitors of the enzyme dihydrofolate reductase 
(see Ch. 2) and are generally termed antifolates.

Trimethoprim and pyrimethamine emerged from an antimetabo-
lite program initiated in the 1940s by G.H. Hitchings and colleagues. 
Several trimethoprim analogs were subsequently synthesized, and 
derivatives with increased spectrum and activity against resistant 
strains remain under investigation. Activity against eukaryotic para-
sites is of special interest because of the relative lack of good alterna-
tives. The determination of three-dimensional structures of the target 
enzyme is aiding further development of the field.

Clinical development of trimethoprim concentrated on a syner-
gistic combination with sulfamethoxazole (co-trimoxazole), which 
exploits the sequential blockade of two steps in the biosynthesis of 
reduced folates. This double blockade results in greatly enhanced 
antibacterial activity, extends the antibacterial spectrum, slows down 
resistance development (at least under laboratory conditions) and 
increases the bactericidal potency. Co-trimoxazole became very suc-
cessful, but the practice of applying a potent agent such as trimethop-
rim exclusively in combination with a sulfonamide was disputed on 
several grounds:
•	 Although the pharmacokinetic properties of trimethoprim and 

sulfamethoxazole match fairly well in the plasma, conditions 
far from those optimal for synergy prevail in different body 
compartments.

•	 Synergy is relevant only at sites in which concentrations fall 
below levels effective alone, whereas the combination is 
administered at doses that produce plasma levels of both 
components above the inhibitory concentration.

•	 Resistance to sulfonamides was already widespread at the time 
of launch of the combination, so that trimethoprim alone is the 
active component against such strains.

•	 The sulfonamide component, which is in five-fold excess over 
trimethoprim, is responsible for many of the undesirable side 
effects.

•	 The high concentrations of trimethoprim reached in urine are 
sufficient to treat uncomplicated cystitis and other infections of 
the urinary tract.

These considerations led to the clinical use of trimethoprim alone, 
especially in urinary tract infections. In other conditions it is often 
still used as a fixed combination with sulfonamides, usually sulfame-
thoxazole, although some licensing agencies recommend combined 
use solely for infections, such as the treatment and prophylaxis of 
Pneumocystis jirovecii (formerly Pneumocystis carinii) pneumonia, in 
which there are good grounds for preferring it over trimethoprim 
alone.

 Further information

Baccanari DP, Kuyper LF. Basis of selectivity of antibacterial diaminopyrimidines. 
J Chemother. 1993;5:393–399.

Gangjee A, Kurup S, Namjoshi O. Dihydrofolate reductase as a target for 
chemotherapy in parasites. Curr Pharm Des. 2007;13:609–639.

Hawser S, Lucioro S, Islam K. Dihydrofolate reductase inhibitors as antibacterial 
agents. Biochem Pharmacol. 2006;71:941–948.

Liu J, Bolstad DB, Bolstad ES, Wright DL, Anderson AC. Towards new  
antifolates targeting eukaryotic opportunistic infections. Eukaryot Cell. 
2009;8:483–486.

Then RL. Antimicrobial dihydrofolate reductase inhibitors – achievements and 
future options: review. J Chemother. 2004;16:3–12.

Wagenlehner FM, Weidner W, Naber KG. An update on uncomplicated urinary 
tract infections in women. Curr Opin Urol. 2009;19:368–374.

Yuthavong Y, Yuvaniyama J, Chitnumsub P, et al. Malarial (Plasmodium 
falciparum) dihydrofolate reductase-thymidylate synthase: structural basis 
for antifolate resistance and development of effective inhibitors. Parasitology. 
2005;130:249–259.
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PYRIMETHAMINE

2,4-Diamino-5-(p-chlorophenyl)-6-ethylpyrimidine. 
Molecular weight: 248.717.

A synthetic diaminopyrimidine. Extremely insoluble. Available 
as a single agent (Daraprim) or in fixed combination with 
 sulfadoxine (Fansidar), dapsone (Maloprim) or triple combi-
nation with mefloquine and sulfadoxine (Fansimef).

 ANTIMIcRobIAl AcTIvITY

Most notable activity is against Plasmodium spp., Toxoplasma 
gondii and Pn. jirovecii. It is about 1000 times more active 
against plasmodial dihydrofolate reductase than against the 
human enzyme. It has no useful antibacterial activity. Slow 
growing bradyzoite forms of Tox. gondii in tissue cysts are less 
sensitive than the intracellular tachyzoites. It is strongly rec-
ommended that it is used together with a sulfonamide for the 
treatment of malaria and toxoplasmosis, since the mixture 
lowers the ED50 and clinically curative dose approximately 
10-fold.

 AcquIREd REsIsTANcE

Plasmodium falciparum generally acquires resistance gradually 
by step-wise mutations in dihydrofolate reductase. The first 
mutation was a change from Ser to Asn in residue 108, with 
subsequent mutations at positions 51 (Asn to Ile), 59 (Cys to 
Arg) and 164 (Leu to Ile). Parasites with all four mutations 
have the highest level of resistance; they are still rare in Africa 
but much more prevalent in Asia. A further increase in resis-
tance may be caused by an increased copy number of the gene 
coding for GTP cyclohydrolase, the first and rate- limiting 
enzyme in the folate biosynthetic pathway. Copy number 
mutations have so far been seen only in Asia. Resistance to 
pyrimethamine–sulfadoxine (Fansidar) is also affected by 
mutations in the gene coding for the dihydropteroate syn-
thase target of sulfonamides, although the relation between 
such mutations and the level of resistance is less clear. The 
key mutation is a change at residue 437 (Ala to Gly), which 
in Africa is usually found in combination with a mutation at 
residue 540 (Lys to Glu), less commonly at residue 581 (Ala 
to Gly). Other mutations are found in Asia. Changes in mem-
brane proteins like PfMRP1 have an effect on folate transport 
and may also influence antifolate action.

 PHARMAcokINETIcs

Oral absorption Well absorbed

C
max

 (25 mg orally) 0.13–0.4 mg/L after 2–6 h

Plasma half-life 111 (54–148) h

Volume of distribution 0.68 L/kg

Plasma protein binding 87%

absorption

Pyrimethamine is well absorbed orally. The plasma half-life 
is unaffected by partner drugs like dapsone and sulfadoxine. 
Absorption is markedly poorer in patients with HIV.

Distribution

Levels in cerebrospinal fluid (CSF) are around 10–25% of 
the simultaneous plasma level. A substantial part of the dose 
appears in maternal milk, the ratio of milk:serum area under 
the  concentration–time curve (AUC) being 0.46–0.66, so that 
an infant might ingest almost half the maternal dose over 9 
days. There is placental transfer of pyrimethamine, resulting 
in 50–100% of the maternal plasma concentrations in the 
neonate.

Metabolism and excretion

Plasma clearance is 0.3–0.4 mL/min/kg and elimination is 
mainly by hepatic metabolism. Few studies have been done 
on pyrimethamine metabolism, but some cytochrome P450 
enzymes have been shown to be involved in the relatively slow 
metabolism.

 ToxIcITY ANd sIdE EffEcTs

When administered with a sulfonamide or dapsone, all major 
side effects of these agents (including Stevens–Johnson syn-
drome) may occur, particularly hypersensitivity reactions. The 
principal toxic effect of pyrimethamine is on the bone marrow, 
producing megaloblastic anemia, leukocytopenia, thrombocy-
topenia or pancytopenia. This is particularly seen on prolonged 
administration and with the high doses used in toxoplasmosis. 
A relatively high incidence of side effects of pyrimethamine 
and other drugs was seen during treatment of ocular toxoplas-
mosis, with stomach problems as the main complaint. Very 
large doses in children have produced vomiting, convulsions, 
respiratory failure and death. Aggravation of subclinical folate 
deficiency may be alleviated by folinic acid. Pyrimethamine is 
teratogenic in animals and produces significant abnormalities. 
It should be used in pregnant women only after thoroughly 
weighing the risk–benefit for mother and child. However, the 
use of Fansidar in intermittent preventive treatment programs 
in Africa suggests that it is generally safe.
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 clINIcAl usE

 Further information

Almond DS, Szwandt ISF, Edwards G, et al. Disposition of intravenous 
pyrimethamine in healthy volunteers. Antimicrob Agents Chemother. 
2000;44:1691–1693.

Duombo OK, Kayentao K, Djimde A, et al. Rapid selection of Plasmodium 
falciparum dihydrofolate reductase mutants by pyrimethamine prophylaxis. 
J Infect Dis. 2000;182:993–996.

Gregson A, Plowe C. Mechanisms of resistance of malaria parasites to antifolates. 
Pharmacol Rev. 2005;57:117–145.
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toxoplasmosis: a retrospective chart review. Clin Ther. 2008;30:2069–2074.

Li XQ, Björkman A, Andersson TB, Gustafsson LL, Masimirembwa CM. Identification 
of human cytochrome P(450)s that metabolise anti-parasitic drugs and 
predictions of in vivo drug hepatic clearance from in vitro data. Eur J Clin 
Pharmacol. 2003;59:429–442.
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intermittent preventive treatment. Drug Safety. 2007;30:481–501.

Sokhna C, Cissé B, Bâ el H. A trial of the efficacy, safety and impact on drug 
resistance of four drug regimens for seasonal intermittent preventive treatment 
for malaria in Senegalese children. PLoS ONE. 2008;23(3):e1471.

Winstanley P, Khoo S, Szwandt S, et al. Marked variation in pyrimethamine 
disposition in AIDS patients treated for cerebral toxoplasmosis. J Antimicrob 
Chemother. 1995;36:435–439.

TRIMETHoPRIM

2,4-Diamino-5-(3,4,5-trimethoxybenzyl)-pyrimidine. 
Molecular weight: 290.323.

The most frequently used synthetic diaminopyrimidine. It is 
poorly soluble in water and has a very bitter taste. It is avail-
able in oral formulations or, as trimethoprim lactate, as an 
injectable preparation.

 ANTIMIcRobIAl AcTIvITY

It has broad-spectrum activity (Table 17.1). It is active against 
Gram-positive bacilli and cocci, including Staphylococcus 
aureus, irrespective of β-lactamase production or methicillin 
resistance. Enterococcus faecalis is unusual in being able to uti-
lize preformed folinic acid, thymine and thymidine. Folinic 
acid antagonizes the activity of trimethoprim and sulfame-
thoxazole in vitro and the efficacy in enterococcal infections 
is controversial.

Haemophilus spp., including β-lactamase-producing strains 
and Haemophilus ducreyi (minimum inhibitory concentration 
[MIC] 0.03–0.6 mg/L) are susceptible. Most enterobacteria 
are susceptible, as are Bordetella, Legionella, Pasteurella and 
Vibrio spp. Pseudomonads, with the exception of Burkholderia 
cepacia (MIC 1–2 mg/L) are resistant. Nocardiae, Neisseria spp. 
and Brucella spp. are relatively resistant, owing to their species-
specific dihydrofolate reductase sensitivities, although they are 
susceptible to trimethoprim–sulfonamide combinations.

Most anaerobes are resistant, as are Chlamydia, Coxiella, 
Leptospira, Mycoplasma, Rickettsia and Treponema spp. 
Mycobacterium tuberculosis is resistant, but M. marinum (MIC 
16 mg/L) and M. smegmatis (MIC 4 mg/L) are susceptible, as 
are Listeria spp.

preparations and dosage

Proprietary names: Daraprim, Fansidar (with sulfadoxine), Maloprim (with 

dapsone).

Preparation: Tablets.

Dosage: Depends on indication. For acute malaria treatment 2–3 tablets 

(25 mg, plus sulfonamide) is the usual dose. Children 9–14 years, two 

tablets; 4–8 years, one tablet; under 4 years half a tablet. For prophylaxis 

(no longer recommended), adult dose one tablet per week, children 

5–10 years half a tablet per week. For toxoplasmosis the starting dose is 

50–75 mg of pyrimethamine daily, with 1–4 g of a sulfonamide.

Widely available as combination, limited availability of pyrimethamine alone.

Malaria (usually in combination with sulfadoxine, sulfalene 

[sulfametopyrazine] or dapsone)

Toxoplasmosis (usually in combination with sulfadiazine)

Pneumocystis pneumonia (usually in combination with dapsone)

Organism trimethoprim Co-trimoxazoleb

Staphylococcus aureus 0.2–2 0.03–0.06

Streptococcus pneumoniae 0.5–2 0.06–2

Str. pyogenes 0.5–1 0.03–2

Enterococcus faecalis 0.15–0.5 0.015–0.4

Haemophilus influenzae 0.02–1 0.02–16

Neisseria gonorrhoeae 8–R 0.15–4

N. meningitidis 4–32 0.01–2

Escherichia coli 0.05–R 0.25–64

Klebsiella pneumoniae 0.5–8 0.5–4

Pseudomonas aeruginosa R R

Bacteroides fragilis 8–16 >4

table 17.1 Representative minimum inhibitory concentrations 
of trimethoprim and co-trimoxazole for common pathogenic 
bacteriaa (mg/L)

aData from various studies; a broad range indicates that resistant strains were 
included.
bTested as a 1 + 19 fixed combination of trimethoprim with sulfamethoxazole.
R, resistant (MIC >64 mg/L).
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Among non-bacterial organisms, Naegleria spp., Plasmo

dium spp., Pn. jirovecii, and Tox. gondii exhibit some  sensitivity 
to trimethoprim, which can often be potentiated by a 
sulfonamide.

 AcquIREd REsIsTANcE

Resistance can be due to a variety of mechanisms. Chromo-
somal mutations in the structural gene for dihydrofolate 
reductase or in its promoter can result in modification or over-
production of the target enzyme. In addition, alterations in the 
metabolic pathway, or changes that affect the permeability of 
the cell or efflux pumps generally, confer moderate degrees of 
resistance. More than one mechanism can occur in the same 
cell, leading to higher resistance levels.

Plasmid-encoded resistance is widespread, especially 
in enteric Gram-negative bacilli including Escherichia 
coli, Salmonella enterica serotypes and Acinetobacter spp. It 
 usually results in the synthesis of an additional, trimethop-
rim-resistant dihydrofolate reductase and confers high 
levels of resistance. Many distinct enzymes are known in 
Gram-negative bacteria and their prevalence varies with 
geographic region. Most frequently found are the enzyme 
types Ib, VIII, V and la.

Only a few of these enzymes have so far been described 
in Gram-positive bacteria, mainly in staphylococci but 
also in enterococci and Listeria. The most prevalent type 
in staphylococci is the S1 enzyme, which probably origi-
nated in Staph. epidermidis. Other resistance genes have 
been detected in Staph. haemolyticus and E. faecalis. Most 
cases of  trimethoprim resistance in Gram-positive bacteria 
are due to alterations of chromosomally encoded enzymes. 
In Streptococcus pneumoniae a basic resistance-determining 
mutation has been identified at amino acid 100 (Ile to Leu). 
Other mutations may lead to higher levels of resistance. 
Corresponding mutations have been seen in the related 
commensal flora of streptococci.

Campylobacter jejuni owes its high level resistance to 
acquired dfr1 and dfr9 genes. In contrast, trimethoprim resis-
tance in H. influenzae seems to be frequently caused by muta-
tions in the dfr promoter region or the trimethoprim-binding 
domains of the structural gene. In Pseudomonas aeruginosa 
intrinsic resistance may be mediated by a multidrug efflux 
system.

Since thymidine can supply the metabolic requirement 
imposed by trimethoprim blockade, thymine-requiring bac-
teria are resistant. Such organisms are rarely implicated in 
infection, either because tissues generally fail to provide the 
necessary thymidine or because they escape detection owing 
to their slow growth on conventional media, which are low in 
thymine and thymidine. Infection with trimethoprim-resistant, 
thymine-requiring mutants has occasionally been observed in 
patients treated for prolonged periods with co-trimoxazole. 
Under certain pathological conditions these mutants seem to 
rescue enough thymidine from body fluid.

 PHARMAcokINETIcs

Oral absorption 95–100%

C
max

 (100 mg orally) c. 1 mg/L after 1.5–3.5 h

Plasma half-life 8–11 h

Volume of distribution 69–133 L

Plasma protein binding 42–46%

absorption and distribution

It is rapidly absorbed from the gut after oral administra-
tion. Plasma levels increase in a dose-proportional fashion. 
It is widely distributed in tissues and body fluids, including 
CSF, in which concentrations around half the simultaneous 
plasma level are achieved. It passes the placental barrier and 
is excreted in breast milk.

Metabolism and excretion

About 10–20% is metabolized, primarily in the liver. 
The remainder is excreted unchanged in the urine. Main 
metabolites are 1- and 3-oxide, and 3′- and 4′-hydroxy 
derivatives.

Elimination is mainly through glomerular filtration and 
tubular secretion. High concentrations are found in urine, 
reaching 30–160 mg/L within 4 h of a single 100 mg oral dose, 
and declining to 18–91 mg/L during the following 8–24 h. 
About 70% is excreted in the first 24 h, but detectable lev-
els are present in the urine for 4–5 days, during which time 
about 90% of the dose can be recovered. The renal clearance 
of trimethoprim in normal subjects is 19–148 mL/min, the 
wide variation largely being accounted for by the influence 
of pH. Trimethoprim is a weak base, and urinary excretion 
rises sharply with falling pH as the drug ionizes and non-
ionic back diffusion in the tubules decreases. In patients with 
severely impaired renal function the half-life increases and a 
dose adjustment is needed.

 ToxIcITY ANd sIdE EffEcTs

Rash, pruritus, nausea, vomiting and glossitis are the most 
common adverse effects. Hypersensitivity reactions (exfolia-
tive dermatitis, erythema multiforme, Stevens–Johnson syn-
drome, Lyell’s syndrome, anaphylaxis, aseptic meningitis) are 
rare, as are hematological side effects.

The induction of folate deficiency and consequent inter-
ference with hematopoiesis is rarely observed, even after high 
doses or prolonged administration. Trimethoprim should, 
however, be given with caution to pregnant women and to 
patients with possible folate deficiency. Reduced folates can 
be administered without interfering with the antibacterial 
activity.
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Mutagenicity tests have been uniformly negative. 
Teratogenic effects have been observed in rats and rabbits 
only at doses far exceeding those used in humans.

Common clinical doses may inhibit the hepatic metabo-
lism of phenytoin, increasing the half-life by 51% and low-
ering the metabolic clearance rate by 30%. Trimethoprim 
has some effect on the metabolism of antiretroviral drugs 
but these effects do not prevent the use of trimethoprim–
sulfa drug combinations for prophylaxis during antiretroviral 
treatment.

 clINIcAl usE

Topical preparations have been used in the treatment of burns 
and, combined with polymyxin, as eye drops to treat infective 
conjunctivitis.

 Further information

Abou-Eisha A. Evaluation of cytogenic and DNA damage induced by the 
antibacterial drug, trimethoprim. Toxicology in vitro. 2006;20:601–607.

Brogden RN, Carmine AA, Heel RC, et al. Trimethoprim: a review of its antibacterial 
activity, pharmacokinetics and therapeutic use in urinary tract infections. Drugs. 
1982;23:405–430.

Gibreel A, Skold O. High-level resistance to trimethoprim in clinical isolates of 
Campylobacter jejuni by acquisition of foreign genes (dfr1 and dfr9) expressing 
drug-insensitive dihydrofolate reductases. Antimicrob Agents Chemother. 
1998;42:3059–3064.

Huovinen P, Sundstrom L, Swedberg G, Skold O. Trimethoprim and sulfonamide 
resistance. Antimicrob Agents Chemother. 1995;39:279–289.

Maskell JP, Sefton AM, Hall LM. Multiple mutations modulate the function of 
dihydrofolate reductase in trimethoprim-resistant Streptococcus pneumoniae. 
Antimicrob Agents Chemother. 2001;45:1104–1108.

Then RL. Mechanisms of resistance to trimethoprim, the sulphonamides, and 
trimethoprim–sulphamethoxazole. Rev Infect Dis. 1982;4:261–269.

oTHER dIAMINoPYRIMIdINEs 
ANd RElATEd sTRucTuREs

 bRodIMoPRIM

A trimethoprim analog in which bromine replaces methoxy 
at position 4 of the phenyl substituent. It is used as a single 
agent for the oral treatment of bacterial infections of the respi-
ratory tract, but has been withdrawn from most markets. Its 
 antibacterial and toxicological properties are similar to those 
of trimethoprim, but its pharmacokinetic behavior is distinctly 
different. It has a long elimination half-life of 32–35 h, allow-
ing once-daily dosing.

 cYcloguANIl

A 2,4-diaminotriazine inhibitor of plasmodial dihydrofolate 
reductase. It is the major human metabolite of proguanil 
(see p. 415).

 IclAPRIM

A novel cyclopropyl dimethoxypyrimidine that shows increased 
hydrophobic interactions with the active site of dihydrofo-
late reductase including trimethoprim-resistant dihydrofolate 
reductase enzymes of Staph. aureus. It is active against Staph. 
aureus (including methicillin-resistant strains), β-hemolytic strep-
tococci, penicillin-susceptible pneumococci and enterococci, as 
well as Listeria, Legionella and Chlamydia spp. Activity against 
H. influenzae, Moraxella catarrhalis and some Enterobacteriaceae 
is moderate. The action against Gram-positive pathogens, 
including methicillin-resistant Staph. aureus (MRSA), is rapidly 
 bactericidal and unaffected by human plasma.

Oral bioavailability is approximately 40%. The plasma half-life 
is around 3 h. A standard dose maintains an inhibitory concen-
tration against a range of pathogens for up to 7 h. It is metabo-
lized by cytochromes and glucuronidation, with elimination of 
metabolites via the urine (about two-thirds) and feces (about 
one-third). The drug has a large volume of distribution and can 
accumulate intracellularly, suggesting that it could be used to 
treat infections caused by susceptible intracellular pathogens. It 
accumulates in epithelial lining fluid and alveolar macrophages 
but not bronchial mucosa. Protein binding is about 92–94%, 
but this does not impair the effective bactericidal effect.

At the time of writing it is not licensed for use.

 Further information

Andrews J, Honeybourne D, Ashby J, et al. Concentrations in plasma, epithelial 
lining fluid, alveolar macrophages and bronchial mucosa after a single 
intravenous dose of 1.6 mg/kg of iclaprim (AR-100) in healthy men. J Antimicrob 
Chemother. 2007;60:677–680.

Urinary tract infections

Enteric fever

Prophylaxis and treatment of Pn. jirovecii infection

preparations and dosage

Proprietary names: Ipral, Monotrim, Solotrim, Trimpex.

Preparations: Tablets, suspension, injection.

Dosage: Oral: Adults, acute infections, 100 mg every 12 h, 200 mg every 12 

or 24 h. Children 6–12 years, 100 mg every 12 h; 6 months to 5 years, 50 mg 

every 12 h; 6 weeks to 5 months, 25 mg every 12 h (approx. 8 mg/kg day).

Long-term and prophylaxis: Adults, 100 mg at night. Children 6–12 years, 

50 mg at night; 6 months to 5 years, 25 mg at night.

Intravenous injection: Adults, 150–250 mg every 12 h. Children <12 years, 

6–9 mg/kg per day in 2–3 divided doses.

Widely available.
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Laue H, Valensise T, Seguin A, Lociuro S, Islam K, Hawser S. In vitro bactericidal 
activity of iclaprim in human plasma. Antimicrob Agents Chemother. 
2009;53:4542–4544.

Oefner C, Bandera M, Haldimann A, et al. Increased hydrophobic interactions of 
iclaprim with Staphylococcus aureus dihydrofolate reductase are responsible 
for the increase in affinity and antibacterial activity. J Antimicrob Chemother. 
2009;63:687–698.

Peppard WJ, Schuenke CD. Iclaprim, a diaminopyrimidine dihydrofolate reductase 
inhibitor for the potential treatment of antibiotic-resistant staphylococcal 
infections. Curr Opin Investig Drugs. 2008;9:210–225.

Sader H, Fritsche T, Jones R. Potency and bactericidal activity of iclaprim 
against recent clinical Gram-positive isolates. Antimicrob Agents Chemother. 
2009;53:2171–2175.

 TETRoxoPRIM

A close analog of trimethoprim with a modified 3′-methoxy 
group. It was formerly used in some countries in combina-
tion with sulfadiazine, but has few, if any, advantages over 
co-trimoxazole.

 TRIMETRExATE

A synthetic 2,4-diaminoquinazoline, structurally related 
to the anticancer drug methotrexate. Formulated as the 
glucuronate. It is a non-specific inhibitor of dihydrofolate 
reductase. It is more lipophilic than methotrexate and uses 
different routes for cellular uptake. It exhibits non-specific 
activity against dihydrofolate reductases, but is a much more 
potent inhibitor of the Pn. jirovecii and mammalian enzymes 
than trimethoprim.

After intravenous infusion of 30 mg/m2 to adult patients 
with AIDS, concentrations of trimetrexate were around 
2 mmol/L at 4 h. It is usually administered by intravenous 
infusion, but oral bioavailability is about 44% and con-
centrations comparable to those achieved by an intrave-
nous infusion of 30 mg/m2 were achieved 2 h after an oral 
dose of 60 mg/m2. Elimination half-lives varied from 8.3 
to 10 h for the early or late phase of a treatment course 
and terminal elimination half-lives were as long as 15–16 h. 
Protein binding is >95%. Excretion is largely by the renal 
route, with 10–20% of the dose being found in urine after 
24–48 h; a substantial proportion of the dose is excreted as 
metabolites.

It is extremely toxic. The high affinity for the mammalian 
enzyme has to be circumvented by the concurrent adminis-
tration of leucovorin (folinic acid), which Pn. jirovecii cannot 
take up. Important hematological side effects include neutro-
penia, thrombocytopenia, bone marrow suppression and ane-
mia. Other adverse reactions are ulceration of the oral and 
gastric mucosa, and impairment of hepatic and renal  function. 
Administration of leucovorin should be continued for 72 h 
after the last dose of trimetrexate in order to minimize these 
complications.

Trimetrexate glucuronate has been administered 
(together with leucovorin) in moderate to severe Pn. jirovecii 
pneumonia in patients who are intolerant of or refractory 
to co-trimoxazole, or those in whom co-trimoxazole is 
contraindicated. It is no longer available in the UK or the 
USA.

 Further information

Fulton B, Wagstaff A, McTavish D. Trimetrexate: a review of its pharmacodynamic 
and pharmacokinetic properties and therapeutic potential in the treatment of 
Pneumocystis carinii pneumonia. Drugs. 1995;49:563–576.

Short CE, Gilleece YC, Fisher MJ, Churchill DR. Trimetrexate and folinic acid: 
a valuable salvage option for Pneumocystis jirovecii pneumonia. AIDS. 
2009;23:1287–1290.

dIAMINoPYRIMIdINE–sulfoNAMIdE 
coMbINATIoNs

Several fixed-ratio combinations have been marketed over 
the years, but few have survived. By far the most widely used 
is co-trimoxazole, a 1:5 mixture of trimethoprim and sul-
famethoxazole. Also used is co-trimazine, a 1:5 mixture of 
trimethoprim and sulfadiazine. Among other combinations 
the 4:5 mixture of trimethoprim and sulfamethoxypyridazine 
has higher activity than co-trimoxazole against Pn. jirovecii 
and may be better tolerated.

In addition to these preparations, the antiprotozoal 
agent pyrimethamine is used together with dapsone or sul-
fonamides (see Ch. 62). Proguanil, the metabolic precur-
sor of cycloguanil, is used in combination with atovaquone  
(p. 417).

These combinations exhibit the activity of, and synergy 
between, the two components. They may also mutually cross-
suppress the emergence of resistance. As well as lowering the 
concentration required to inhibit growth, the mixture is often 
bactericidal when the individual components are bacteri-
static. Occasionally synergy may be so marked that organ-
isms conventionally regarded as resistant to one or the other 
agent are rendered susceptible to the combination. The phar-
macokinetic behavior of the different mixtures is that of the 
components, there being no significant interactions between 
them.

Synergy is most impressive against organisms that are 
only moderately susceptible to one of the components 
alone. In most cases maximum potentiation occurs when 
the drugs are present in the ratio of their MICs, but for 
some organisms, notably neisseriae and Pn. jirovecii, pro-
portionally more trimethoprim is required as they are more 
susceptible to sulfonamide than trimethoprim. In some 
cases synergy is an in-vitro phenomenon with no clear 
clinical advantage, but with neisseriae, nocardiae, malaria 
parasites and Pn. jirovecii it clearly translates into clinical 
benefit.
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Rifampicin (rifampin) and polymyxin also act synergis-
tically with both sulfonamides and trimethoprim against 
Gram-negative bacilli. Formulations of trimethoprim with 
polymyxin B are widely available for topical use in eye drops 
and ointment. The triple mixture of sulfamethoxazole, 
trimethoprim and colistin may be more active than any pair 
of these agents against some organisms, including multiresis-
tant Serratia.

co-TRIMoxAZolE

A fixed-ratio (1:5) combination of trimethoprim and sulfa-
methoxazole.

 ANTIMIcRobIAl AcTIvITY

The antimicrobial spectrum covers pathogens  susceptible to 
the individual agents and is expanded by synergistic inter-
action. Some organisms that are refractory to many other 
 antibiotics remain susceptible to co-trimoxazole. These 
include Acinetobacter spp., Burk. cepacia, Stenotrophomonas 
maltophilia and some fast-growing mycobacteria such as 
M. marinum and M. kansasii.

 AcquIREd REsIsTANcE

There are large regional and local differences in rates of 
resistance. A study of MRSA isolates in 20 European hospi-
tals found 71% to be susceptible to co-trimoxazole; higher 
rates have been reported in areas in which co-trimoxazole 
prophylaxis in HIV-positive patients is common. Large 
regional variations have been found for co-trimoxazole 
resistance in pneumococci, ranging from 8.6% in the Czech 
Republic in 1997 to 79.6% in Hong Kong. A large survey 
in Finland covering 1988–2004 found variance in resis-
tance rates of 14.1–21.4% for Str. pneumoniae, 9.7–18.7% 
for H. influenzae, and 3.2–14.5% for Mor. catarrhalis, linked 
to regional variation in the use of co-trimoxazole. A simi-
lar study in the USA showed a resistance rate of 23.4%. 
Resistance is lowest in penicillin-susceptible pneumococci 
and highest in penicillin-resistant pneumococci. It has 
been suggested that the use of  sulfadoxine–pyrimethamine 
in malaria and co-trimoxazole for pneumocystis prophy-
laxis may select for co-trimoxazole-resistant pneumococci. 
Accordingly, in parts of Africa, resistance rates close to 
100% have been reported in pneumococci. The mecha-
nism of resistance in Gram-positive cocci and in Neisseria  
spp. is generally mutational alteration of the chromoso-
mally encoded target proteins.

Among Gram-negative organisms, a large study of blood-
stream isolates from the USA, Canada and Latin America 
in 1998 reported susceptibility to co-trimoxazole in 47.5–
77.9% of Esch. coli isolates, 81–87.7% of Klebsiella spp. and 
69.8–83.1% of Enterobacter spp. The lower figure is for Latin 
America and the higher for the USA. A study from 2004 to 
2006 found 18.1% resistance in patients with complicated uri-
nary tract infection and 30.6% in patients with acute pyelo-
nephritis. The resistance mechanism among Gram-negative 
bacilli is generally mediated by plasmid-encoded variants of 
the respective target genes.

Emergence of resistance in the course of treatment is not 
usually a problem.

 PHARMAcokINETIcs

trimethoprim Sulfamethoxazole

Oral absorption >95% 85%

C
max

 160 mg 

trimethoprim + 800 mg 

sulfamethoxazole) orally

1–2 mg/L after 1 h 30–40 mg/L after 2 h

Plasma half-life c. 7 h c. 9 h

Volume of distribution 100–120 L 12–18 L

Plasma protein binding c. 44% c. 70%

absorption

Trimethoprim is usually absorbed more rapidly than sulfame-
thoxazole when given as a single oral dose of the combina-
tion. After twice-daily administration of one tablet the steady 
state is reached in adults after 2–3 days; the steady state peak 
serum concentrations are approximately 50% greater than the 
peak levels after a single dose. Elderly patients behave as nor-
mal adults.

Distribution

Because of unequal distribution there is a wide range of con-
centration ratios of the two drugs in body tissues and flu-
ids. The concentration of trimethoprim is equal to or greater 
than the simultaneous plasma level in saliva, intracellular 
fluid, breast milk, prostatic tissue, sputum, lung tissue, vagi-
nal secretions, bile and urine. Concentrations of sulfame-
thoxazole in all these tissues and fluids, except urine, are 
lower than in plasma. Concentrations of trimethoprim in 
prostatic fluid are twice as high as in the plasma in elderly 
men. Trimethoprim and sulfamethoxazole both cross the 
human placenta and penetrate the CSF, where concentra-
tions around half of the simultaneous plasma levels are usu-
ally reached.
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Metabolism and excretion

Metabolism and excretion of the components of  co- trimoxazole 
are described on pages 253 and 341. The excretion of 
trimethoprim increases in acid urine, while that of sulfonamide 
is unchanged; in alkaline urine the excretion of trimethop-
rim is depressed and that of sulfamethoxazole enhanced. As a 
result, the ratio of the urinary concentrations of active sulfon-
amide to trimethoprim is around 1 in acid urine and around 
5 in alkaline urine. When the creatinine clearance falls below  
30 mL/min the elimination half-lives of both drugs can increase 
up to 45–60 h and the quantity of the drug cleared by the kid-
ney decreases.

 ToxIcITY ANd sIdE EffEcTs

Side effects are those described for the two components (see 
pp. 253–254 and 339); most adverse reactions are usually 
attributed to the sulfonamide. Serious toxicity is uncommon, 
but the increased risks of co-trimoxazole compared with 
trimethoprim alone, particularly in the elderly, have been 
sufficient to limit the licensed indications for the combina-
tion. Co-trimoxazole is less well tolerated in HIV-positive 
patients than in other patient groups. The production of a 
toxic hydroxylamine metabolite of sulfamethoxazole by the 
cytochrome P

450 pathway is suspected to be the underlying 
reason for this.

Administration of co-trimoxazole (or trimethoprim alone) 
results in marked depression of fecal enterobacteria with lit-
tle or no effect on fecal anaerobes. Corresponding clearance 
of enterobacteria from the perineal area is believed to be an 
important feature of the value of the drug in the control of 
recurrent urinary tract infection (see Ch. 54). While intrin-
sically resistant species, including Ps. aeruginosa, have natu-
rally persisted, major overgrowth has not been a troublesome 
feature.

In the rat, doses greater than 200 mg/kg per day are 
teratogenic, but complete protection is afforded by folinic 
acid or dietary folate supplements. No abnormalities were 
produced in the rabbit or infants born to treated moth-
ers, but use of the drug in pregnancy is not recommended. 
Although one extensive case control study in humans 
found an increased risk for congenital abnormalities dur-
ing co-trimoxazole treatment, most reports state the risks 
as small.

Hyperkalemia is a well-described complication of ther-
apy with high-dose trimethoprim (20 mg/kg per day) in 
patients with AIDS and may also develop in about 20% 
of patients under standard therapy with co-trimoxazole, 
and in up to 85% of patients with renal insufficiency. 
The reason is probably blocking of sodium channels, thus 
disturbing the sodium–potassium balance. The effect is 

reversible by supplementing sodium intake and restricting 
potassium.

 clINIcAl usE

The only first-line indication in the UK is the treatment and 
prophylaxis of Pn. jirovecii pneumonitis. It can also be used in 
other conditions in which there is microbiological evidence 
of sensitivity to the combination and good reason (including 
resistance to other front-line drugs) to prefer the combina-
tion to trimethoprim alone. Leucovorin is sometimes used to 
reduce the incidence of neutropenia; this may, however, inter-
fere with the efficacy of co-trimoxazole against Pn. jirovecii. 
Co-trimoxazole has activity against some  protozoa and is 
used for treatment of human Isospora belli and Cyclospora 
 cayetanensis infections.

preparations and dosage

Proprietary names: Bactrim, Septrin, Cotrim and others.

Preparations: Tablets (400 mg sulfamethoxazole plus  

80 mg trimethoprim, or double-strength tablet: 800 mg  

sulfamethoxazole plus 160 mg trimethoprim), injections, pediatric 

suspension.

Dosage: Adults, oral, 960 mg every 12 h, increased to 1.44 g every 12 h in 

severe infections. Children >12 years, as for adults; 6 weeks to 5 months, 

120 mg every 12 h; 6 months to 5 years, 240 mg every 12 h; 6–12 years, 

480 mg every 12 h.

High dose therapy for Pn. jirovecii infections: 120 mg/kg per day, in 2–4 

divided doses, for 14 days.

Pn. jirovecii prophylaxis: Many recommended regimens; consult local 

formularies.

Widely available.

Treatment and prophylaxis of Pn. jirovecii pneumonia

Toxoplasmosis

Urinary tract infections

Acute otitis media

Acne

Acute exacerbations of chronic bronchitis

Nocardiasis, listeriosis, brucellosis, melioidosis

Shigellosis and other enteric infections caused by pathogens susceptible 

to co-trimoxazole

Stenotrophomonas maltophilia infections

Chancroid, donovanosis (granuloma inguinale)

Whipple’s disease, Wegener’s granulomatosis
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oTHER dIAMINoPYRIMIdINE–
sulfoNAMIdE coMbINATIoNs

 co-TRIMAZINE

A fixed-ratio (1:5) combination of trimethoprim and sulfa-
diazine. Its antimicrobial activity is that of its components 
and synergistic interaction between them. Following a dose 
of 1 g, mean peak serum concentrations of sulfadiazine are 
around 25 mg/L, with a plasma elimination half-life of 9.3 h. 
Untoward effects resemble those of co-trimoxazole and its 
clinical uses are similar. It is no longer much used except in 
veterinary medicine.

 Further information

Bergan T, Ortengan B, Westerlund D. Clinical pharmacokinetics of co-trimazine. 
Clin Pharmacokinet. 1986;11:372–386.



Chapter

18 Fosfomycin and fosmidomycin

David Greenwood

Fosfomycin (originally called phosphonomycin) was discov-
ered in Spain in 1969 and jointly developed in Spain and the USA. 
Fosmidomycin was synthesized in Japan a decade later. They are phos-
phonic acid derivatives, with unique structures that set them apart 
from other antimicrobial agents and, probably, from each other.

Uptake of these compounds in many Gram-negative bacteria, 
notably Escherichia coli, is induced by glucose 6-phosphate and this 
substance greatly potentiates the activity in vitro. Glucose 6-phos-
phate is present in places where glycolysis takes place, but the tissue 
content generally is low and located intracellularly. It is not present 
in the serum or cerebrospinal fluid (CSF) and is probably suboptimal 
at sites of infection, since the efficacy of the agents in experimental 
infection is increased by co-administration of glucose 6-phosphate. 
Nonetheless, the correlation between their in-vivo and in-vitro activ-
ity is better when tested in the presence of the inducer.

Synergy with aminoglycosides and with other cell-wall active 
agents, notably b-lactam antibiotics, has been demonstrated against 
some organisms.

Resistant mutants, typically exhibiting loss of the hexose phosphate 
transport system induced by glucose 6-phosphate, arise in vitro with 
relatively high frequency (10–4–10–5). Resistance that emerges in vivo is 
generally associated with deletion of the a-glycerophosphate transport 
mechanism. Plasmid-encoded resistance to fosfomycin also occurs in 
some species and such strains may remain susceptible to fosmidomycin.

FOSFOMYCIN

cis-1,2-Epoxypropylphosphonic acid. Molecular weight: 138.

A fermentation product of Streptomyces fradiae, Streptomyces 
viridochromogenes and Streptomyces wedmorensis. Commercially 
produced synthetically. It is stable for several years in powder form 
and for 48 h in aqueous solution. Fosfomycin tromethamine 
(syn: trometamol; tris(hydroxymethyl)aminomethane) and 

the much less soluble calcium salt are used in oral prepara-
tions; the very soluble sodium and disodium salts are used for 
parenteral administration.

 ANtIMICrObIAl ACtIvItY

Fosfomycin is moderately active against a wide range of patho-
gens, but its activity in vitro is reduced at an alkaline pH and 
in the presence of glucose, phosphates or sodium chloride. 
Consequently, different results may be obtained depending on 
the medium used: inhibitory concentrations observed in simple 
nutrient broth or agar are usually lower than those in Mueller–
Hinton medium. Addition of glucose 6-phosphate (25 mg/L) 
to the medium enhances the activity of the drug against most 
enterobacteria. Its activity against common pathogens (in the 
presence of glucose-6-phosphate) is shown in Table 18.1. It 
is, in general, more active against Gram-negative bacilli than 
Gram-positive cocci, although most strains of Staphylococcus 
aureus (including methicillin-resistant strains) are suscepti-
ble and Pseudomonas aeruginosa is usually resistant. Synergy 
with a variety of β-lactam antibiotics, aminoglycosides and 
other agents has been exhibited against some enterococci, 
methicillin-resistant Staph. aureus and enterobacteria. The 
tromethamine salt exhibits half the activity of other deriva-
tives in tests in vitro since the tromethamine component has a 
molecular weight similar to that of fosfomycin itself.

It has been suggested that fosfomycin has immunomodula-
tory activity that may be of value in respiratory syncytial virus 
infection by suppressing cytokines involved in the pathogen-
esis of the disease.

 ACquIred reSIStANCe

Bacterial populations contain variants that are resistant to the 
drug, but these are not highly prevalent even in those countries 
in which it has been widely used. There is no cross-resistance  
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with other antibiotics, and it is active against many strains resis-
tant to other agents. A type of enzyme-mediated resistance in 
which the epoxide ring is opened in the presence of glutathione 
is transferred by plasmids and may be associated with multidrug 
resistance.

 PhArMACOkINetICS

Oral absorption

 calcium salt c. 30–40%

 tromethamine salt c. 60%

C
max

, calcium salt 1 g oral 7 mg/L after 4 h

 tromethamine salt 50 mg/kg oral 32 mg/L after 2 h

 sodium salt 1 g intramuscular 28 mg/L after 1 h

 sodium salt 20 mg/kg intravenous 130 mg/L end infusion

Plasma half-life 2–5 h

Volume of distribution 20–22 L

Plasma protein binding <3%

absorption

Absorption of the tromethamine salt is dose dependent, the 
fraction recovered from the urine falling from about one-half 
after 2 g to one-fifth after 5 g. The effect of food is variable, 
but generally depresses absorption. The sodium salt causes 
gastric irritation and is used only for parenteral administra-
tion. There is some accumulation after repeated doses given 
every 6 h. Constant intravenous infusion of 500 mg/h pro-
duced a steady-state blood level of about 60 mg/L.

Distribution

Fosfomycin diffuses freely into interstitial fluid and tissues. 
Diffusion into CSF is modest, but improves with meningeal 
inflammation. In patients with acute meningitis, CSF levels 
were 10.9 mg/L when the serum level was 65.2 mg/L. In patients 
with pleural effusions given 30 mg/kg as an intravenous bolus, 
average peak concentrations in pleural fluid around 43 mg/L 
were found at 3.7 h; clearance was slower than from plasma. 
Relatively high concentrations have been found in fetal blood 
(17.6 mg/L) and amniotic fluid (45 mg/L). Concentrations in 
breast milk are about 10% of the mother’s plasma levels.

Metabolism and excretion

Fosfomycin is not metabolized in human beings. The drug is 
excreted into urine by glomerular filtration. About 80% of an 
intravenous dose is recoverable in urine in the first 24 h, achiev-
ing a peak concentration in excess of 1000 mg/L. Less than 
20% of an oral dose of the calcium salt finds its way into urine, 
but a single 50 mg/kg dose of the tromethamine salt provides a 
urinary concentration that remains above 1000 mg/L for 12 h. 
Renal impairment increases the half-life proportional to the 
fall in creatinine clearance, reaching around 50 h as the creati-
nine clearance level falls below 10 mL/min. Most of the drug is 
removed by hemodialysis. Fosfomycin is excreted into bile, but 
is returned to the circulation by enterohepatic recycling.

 tOxICItY ANd SIde eFFeCtS

Adverse reactions have been observed in about 10–17% of 
patients, mostly slight gastrointestinal disorders. There may 
be a transient rise in transaminase levels.

 Fosfomycin Fosmidomycin

Staphylococcus aureus 2–32 R

Streptococcus pyogenes 8–64 R

Str. pneumoniae 8–64 R

Enterococcus faecalis 64 R

Haemophilus influenzae 4 0.5–R

Neisseria spp. 32–64 R

Escherichia coli 1–4 1

Klebsiella pneumoniae 2–64 0.5

Enterobacter spp. 2–R 0.1

Pseudomonas aeruginosa 4–R 2–R

Bacteroides fragilis R R

table 18.1 Activity of fosfomycin and fosmidomycin, in the 
presence of glucose 6-phosphate against common pathogenic 
bacteria: miC (mg/L)

R, resistant (MIC >64 mg/L).

 preparations and dosage

Fosfomycin trometamol

Proprietary names: Monuril, Monurol.

Preparations: Granules in 3 g sachets.

Dosage: Urinary tract infection: Adults, oral, 3 g as a single dose. 

Surgical prophylaxis: 3 g preoperatively; 3 g after 24 h.

Widely available. Not available in the UK.

Fosfomycin sodium

Limited availability; not available in the UK or the USA.

Sodium salt

Respiratory, gastrointestinal, generalized and genitourinary infections

tromethamine salt

Single-dose treatment of cystitis

Prophylaxis in transurethral surgery
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 Further information

Falagas ME, Kastoris AC, Karageorgopoulos DE, Rafailidis PI. Fosfomycin for the 
treatment of infections caused by multidrug-resistant non-fermenting Gram-
negative bacilli: a systematic review of microbiological, animal and clinical 
studies. Int J Antimicrob Agents. 2009;34(2):111–120.

Okabayashi T, Yokota SI, Yoto Y, Tsutsumi H, Fujii N. Fosfomycin suppresses 
chemokine induction in airway epithelial cells infected with the respiratory 
 syncytial virus. Clin Vaccine Immunol. 2009;16(6):859–865.

Patel SS, Balfour JA, Bryson HM. Fosfomycin tromethamine. A review of its 
 antibacterial activity, pharmacokinetic properties and therapeutic efficacy as 
a single-dose oral treatment for uncomplicated lower urinary tract infections. 
Drugs. 1997;53:637–656.

Rudenko N, Dorofeyev A. Prevention of lower urinary tract infections by long-term 
administration of fosfomycin trometamol. Double blind, randomized, parallel 
group, placebo controlled study. Arzneimittelforschung. 2005;55:420–427.

Stein GE. Comparison of single-dose fosfomycin and a 7-day course of 
 nitrofurantoin in female patients with uncomplicated urinary tract infection. 
Clin Ther. 1999;21:1864–1872.

FOSMIdOMYCIN

Sodium hydrogen-3 (N-hydroxyformamido) propyl phosphate. 
Molecular weight (sodium salt): 191.

 ANtIMICrObIAl ACtIvItY

Fosmidomycin is active against a broad range of enterobac-
teria, but not against Gram-positive organisms or anaerobes 
(Table 18.1). Activity is affected by medium composition and 
enhanced by glucose 6-phosphate. It is slowly bactericidal at 
concentrations close to the minimum inhibitory concentra-
tion and shows synergy with aminoglycosides and β-lactam 
antibiotics. Bacteria resistant to fosfomycin are usually, but 
not always, cross-resistant to fosmidomycin.

Interest in fosmidomycin has been revived by demonstra-
tion of activity against malaria parasites.

 PhArMACOkINetICS

Oral absorption c. 25%

C
max

 500 mg oral 7.5 mg/kg 

intramuscular 30 mg/kg intravenous

2.3 mg/L after 2.4 h 11 mg/L after 

1 h 160 mg/L end infusion

Plasma half-life 1.6–1.8 h

Plasma protein binding <5%

It is not metabolized and there is no evidence of  accumulation 
after multiple dosing. Elimination is almost entirely renal: 
mean urinary recoveries in the first 24 h after oral, intramus-
cular and intravenous administration are around 25%, 65% 
and 85%, respectively.

  tOxICItY, SIde eFFeCtS ANd  
ClINICAl uSe

Fosmidomycin appears to be well tolerated. Uses are simi-
lar to those of fosfomycin against Gram-negative organisms. 
Fosmidomycin is being investigated as a potential antimalarial 
agent in combination with clindamycin, with which it appears 
to interact synergically, or artemisinin.

 Further information

Missinou MA, Borrmann S, Schindler A, et al. Fosmidomycin for malaria. Lancet. 
2002;360:1941–1942.

Neu HC, Kamimura T. In vitro and in vivo antibacterial activity of FR-31564, 
a phosphonic acid antimicrobial agent. Antimicrob Agents Chemother. 
1981;19:1013–1023.

Ruangweerayut R, Looareesuwan S, Hutchinson D, Chauemung A, Banmairuroi 
V, Na-Bangchang K. Assessment of the pharmacokinetics and dynamics of 
two combination regimens of fosmidomycin–clindamycin in patients with 
 uncomplicated falciparum malaria. Malar J. 2008;7:225.
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19 Fusidanes

David Greenwood

FUSIDIC ACID

Molecular weight (sodium salt): 538.7.

Supplied as the sodium salt, which is readily soluble in 
water, or suspension of the acid. Intravenous prepara-
tions (sodium or diethanolamine salt) are dissolved in 
 phosphate–citrate buffer. Several formulations are avail-
able for topical application. The dry powder is stable for 
3 years.

 AntImICrobIAl ACtIvIty

Fusidic acid is active against most Gram-positive bac-
teria, but all aerobic Gram-negative bacilli are resis-
tant (Table 19.1). Streptococci and pneumococci are 
much less susceptible than staphylococci. Bacteroides fra-
gilis, Nocardia asteroides (minimum inhibitory concen-
tration [MIC] 0.5–4 mg/L), Corynebacterium diphtheriae 
(MIC <0.01 mg/L) and Clostridium spp. (MIC 0.01–0.5 
mg/L) are susceptible. It is moderately active against many 
mycobacteria, including Mycobacterium tuberculosis,  
M. bovis, M. malmoense and M. leprae, but other species are 
resistant. Fusidic acid shows some activity against certain pro-
tozoa, including Giardia lamblia and Plasmodium falciparum.

In 50% serum, the MIC may double and it is slightly more 
effective at pH 6–7 than at pH 8. It is bactericidal in concen-
trations close to the MIC.

 ACqUIreD reSIStAnCe

Large inocula of Staphylococcus aureus contain a small num-
ber of chromosomal mutants, designated fusA, which emerge 
rapidly in vitro and sometimes during therapy. Other bacte-
rial properties, such as growth rate and coagulase production 
remain unimpaired. Plasmid-mediated resistance caused by 
acquisition of fusB, fusC and fusD determinants also occur 
in Staph. aureus and other staphylococci and may, indeed, be 
more common in clinical isolates. The end result in all cases 
seems to be the prevention of binding of the drug at the tar-
get site, the EFG–ribosome complex (see p. 16). Genes for 
β-lactamase production and fusidic acid resistance are com-
monly carried on the same plasmid.

Despite the ease of emergence of resistance in vitro, resis-
tance remained uncommon in clinical isolates (1–2%) for 
many years, but has risen significantly. Topical applications 
are liable to facilitate the emergence of resistant mutants and 

The fusidanes are antibiotics with a steroid-like structure, but the 
stereochemistry differs from that of metabolically active steroids 
and they do not exert any hormonal or anti-inflammatory activity. 
The group includes helvolic acid, cephalosporin P

1
 and fusidic acid. 

Helvolic acid, a product of Aspergillus fumigatus, attracted some early 
attention because of its weak antimycobacterial activity; cepha-
losporin P

1
 was a component of the antibiotic complex of the mold 

that also yielded the first true cephalosporin.
Fusidic acid is much the most active member of the group and is 

the only one commercially available. It was discovered in Denmark in 
1960 as a product of Fusidium coccineum, a fungus originally isolated 
in Japan from monkey dung. The principal interest of fusidic acid lies 
in its antistaphylococcal activity.
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there is evidence that increased use has contributed to the 
pool of resistant strains in circulation.

 PhArmACokInetICS

Oral absorption:sodium salt

suspension

>90%

70%

C
max

 500 mg oral

500 mg i.v. infusion

30 mg/L after 2–3 h

50 mg/L end infusion

Plasma half-life c. 9 h

Volume of distribution c. 12 L

Plasma protein binding 97%

absorption

The suspension is less well absorbed than the sodium salt of 
the tablet formulation. In children absorption is more rapid 
than in adults. Milk appears to delay absorption, peak con-
centrations not being reached for 4–8 h. Because of slow 
elimination, accumulation of the drug occurs on repeated 
administration of both oral and intravenous formulations.

Distribution

It is well distributed in the tissues and most organs of the body. It 
does not reach the cerebrospinal fluid, but penetrates into cere-
bral abscesses. Inhibitory levels are obtained in muscle, kidney, 
lungs and pleural exudate. Bone concentrations in samples taken 
at operation from patients with chronic osteomyelitis treated for 
at least 5 days were 1.7–14.9 mg/g in patients receiving 1.5 g per 
day and 3.4–14.8 mg/g in patients receiving 3 g per day.

Levels in excess of 7 mg/L have been found in aspirated 
synovial fluid from patients with osteo- or rheumatoid  arthritis 

after 3–7 days’ treatment with 0.75 g or 1.5 g per day. The 
drug has been detected in brain, milk and placenta, which 
it crosses to reach the fetus. In patients treated with 1.5 g 
per day, levels of 0.08–0.84 mg/L were found in the aqueous 
humor after 1 day and 1.2–2.0 mg/L after 3 days’ treatment. 
In the post-distribution phase, about half of the drug is in the 
peripheral compartment, in keeping with the known ability of 
the drug to penetrate into tissues including bone.

Metabolism and excretion

It is extensively metabolized in the liver and is excreted in the 
bile in the form of glucuronides and various other metabo-
lites. Only about 2% of the administered dose can be recov-
ered in active form in the feces. Less than 1% of active drug is 
excreted in the urine. Very little is removed by dialysis.

 toxICIty AnD SIDe eFFeCtS

Mild gastrointestinal disturbance and occasional rashes have 
been reported. Some patients develop abnormalities in liver 
function tests and jaundice which resolve on withdrawal of 
therapy. Jaundice is less common with oral than with paren-
teral therapy. The drug is not recommended in hepatic insuffi-
ciency. Rapid infusion of diethanolamine fusidate may lead to 
venospasm or thrombosis, and occasionally to hypocalcemia, 
possibly as an effect of the buffer.

 ClInICAl USe

Species MIC (mg/L)

Staphylococcus aureus 0.03–0.1

Streptococcus pyogenes 4–16

Str. pneumoniae 2–16

Enterococcus faecalis 1–4

Neisseria spp. 0.03–1

Escherichia coli R

Klebsiella pneumoniae R

Pseudomonas aeruginosa R

Bacteroides fragilis 2

Mycobacterium tuberculosis 8–32

table 19.1 Activity of sodium fusidate against some common 
pathogenic bacteria

R, resistant (MIC >64 mg/L).

Systemic formulations

Severe staphylococcal infections, particularly bone and joint infections 

(in combination with other antistaphylococcal agents)

Prosthetic valve endocarditis due to ‘diphtheroids’ (in combination with 

erythromycin)

topical formulations

Skin infections, principally those involving staphylococci, but including 

erythrasma

Acute staphylococcal conjunctivitis

 preparations and dosage

Proprietary name: Fucidin.

Preparations: Tablets, suspension, injection, topical preparations.

Dosage: Adults, oral (as sodium fusidate): 500 mg every 8 h, doubled for 

severe infections. Children (as fusidic acid) ≤1 year, 50 mg/kg per day 

in three divided doses; 1–5 years, 250 mg every 8 h; 5–12 years, 500 mg 

every 8 h.

Intravenous infusion (as sodium fusidate): adults >50 kg, 500 mg every 8 h; 

adults <50 kg and children, 6–7 mg/kg every 8 h.

Widely available; not available in the USA.
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20 Glycopeptides

Neil Woodford

ANTIMICROBIAL ACTIVITY

The activity of glycopeptides is essentially restricted to Gram-  
positive organisms, notably staphylococci and streptococci of 
all kinds. However, Lactobacillus, Leuconostoc, Pediococcus and 
Erysipelothrix spp. are inherently resistant. Their large molecular size 
prevents them from penetrating the Gram-negative outer membrane 
and, with rare exceptions (e.g. some Prevotella and Porphyromonas 
spp.), they are inactive against Gram-negative bacteria.

ACQUIRED RESISTANCE

 ENTEROCOCCI

Seven distinct resistance genotypes are recognized, of which 
the first two are most prevalent, especially in Enterococcus fae-
cium (see also p. 30).

•	 VanA	resistance	is	associated	with	the	substitution	
of d-alanyl-d-alanine by d-alanyl-d-lactate at the 
carboxy terminus of the pentapeptide side chain of 
N-acetylmuramic acid (see p. 11; Figure 2.2), with a 
consequent loss of binding affinity for both vancomycin 
and teicoplanin. The modification is brought about by 
the functioning of an inducible cluster of genes that 
are on a transposable element and may be present on a 
transferable plasmid.

•	 VanB	resistance	also	results	from	a	d-lac substitution 
that is inducible by vancomycin but not by teicoplanin, 
to which susceptibility is retained. It is usually 
chromosomally mediated and transferability has been 
shown in some cases.

•	 VanC	resistance	is	an	intrinsic	characteristic	of	Ent. 
gallinarum and Ent. casseliflavus, which are infrequently 
encountered as pathogens. It is non-transferable, 
chromosomally mediated, expressed constitutively 
and is conferred by substitution of d-alanyl-d-alanine 
by d-alanyl-d-serine. It is characterized by low-level 
resistance to vancomycin alone.

•	 VanD	resistance	has	been	found	in	a	few	strains	of	
E. faecium. It results from a d-lac substitution, is usually 
expressed constitutively, and confers non-transferable 
resistance to vancomycin and reduced susceptibility to 
teicoplanin.

•	 VanE	resistance	has	been	described	in	a	few	strains	
of E. faecalis that display reduced susceptibility to 
vancomycin alone and harbor a d-ser substitution. 
Resistance may be expressed inducibly or constitutively.

•	 VanG	and	VanL	resistance	have	also	been	found	in	
a few strains of E. faecalis. Isolates have low-level 
resistance to vancomycin, but not to teicoplanin, owing 
to a d-ser substitution. The inducible resistance genes 
are located on the chromosome, but may be transferable 
from some strains.

None of the newer glycopeptides has increased binding to 
peptidoglycan precursors with d-lac or d-ser substitutions.

The natural glycopeptides are a group of chemically complex anti-
bacterial compounds obtained originally from various species of 
soil actinomycetes. They all contain a core heptapeptide to which 
are attached sugar moieties, some of which are unique. Vancomycin 
and teicoplanin, the only representatives presently in clinical use, are 
used for the treatment of serious infections caused by Gram-positive 
bacteria, particularly Staphylococcus aureus. Three semisynthetic gly-
copeptides – dalbavancin, oritavancin and telavancin – are presently 
undergoing clinical trial (see p. 271).

Among other glycopeptides, avoparcin and actaplanin have been 
used as animal feed additives, while actinoidin and ristocetin have 
been used as investigational aids in the diagnosis of von Willebrand’s 
disease and platelet aggregation dysfunction.

A naturally occurring lipoglycodepsipeptide, ramoplanin, shares 
many of the microbiological properties of vancomycin and teicopla-
nin. It is, however, chemically distinct and has a different mode of 
action. It is too toxic for systemic use, but remains under investigation 
as a topical agent, as a component of oral gut decontamination regi-
mens, and for the oral therapy of antibiotic-associated colitis.
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 STAPHYLOCOCCI

Low-level	resistance	is	described	in	clinical	isolates	and	labo-
ratory mutants of staphylococci, usually in Staph. epidermidis 
and Staph. haemolyticus, less often in Staph. aureus. Most 
 glycopeptide-non-susceptible staphylococci show resis-
tance to teicoplanin, but retain susceptibility to vancomycin, 
at least in vitro. This phenotype has not been reported in 
enterococci. Isolates of Staph. aureus with intermediate van-
comycin resistance and reduced teicoplanin susceptibility 
are reported; in some such strains a raised minimum inhibi-
tory	concentration	(MIC)	is	displayed	by	only	a	small	sub-
population of cells.

The various resistance phenotypes each result from 
chromosomal mutation(s), rather than horizontal acqui-
sition of resistance genes, and have been variously attrib-
uted to alterations in cell wall structure, overproduction of 
the cell-wall peptidoglycan and binding to cell-wall sites 
other than the primary target. However, the genetic basis 
has not yet been precisely defined and it seems probable 
that there are several genetic paths to low-level glycopep-
tide resistance.

There	are	several	 substantiated	reports	 from	the	USA	of	
high-level resistance to glycopeptides in Staph. aureus medi-
ated by horizontal transfer of the enterococcal vanA gene 
cluster, but these isolates remain rare and the resistance often 
unstable.

  DETECTION OF GLYCOPEPTIDE 
RESISTANCE

The routine detection of glycopeptide resistance may pres-
ent problems, especially with strains exhibiting low-level 
resistance, such as glycopeptide-intermediate Staph. aureus. 
Disk	 tests	 are	 notoriously	 unreliable	 for	 this	 purpose	 and	
problems may occur with automated systems. In general, 
quantitative methods are recommended for accurate deter-
mination	 of	 MICs	 whenever	 possible.	 Population	 analy-
sis may aid confirmation of strains showing intermediate 
resistance.

 Further information

Cetinkaya Y, Falk P, Mayhall CG. Vancomycin-resistant enterococci. Clin Microbiol 
Rev. 2000;13:686–707.

Courvalin P. Vancomycin resistance in gram-positive cocci. Clin Infect Dis. 
2006;42(suppl 1):S25–S34.

Hiramatsu K. Vancomycin-resistant Staphylococcus aureus: a new model of antibi-
otic resistance. Lancet Infect Dis. 2001;1:147–155.

Tenover FC, Biddle JW, Lancaster MV. Increasing resistance to vancomy-
cin and other glycopeptides in Staphylococcus aureus. Emerg Infect Dis. 
2001;7:327–332.

Werner G, Strommenger B, Witte W. Acquired vancomycin resistance in clinically 
relevant pathogens. Future Microbiology. 2008;3:547–562.

TEICOPLANIN

Molecular	weight:	 (A2-1):	1877.7;	 (A2-2	 and	A2-3): 1879.7; 
(A2-4	and	A2-5): 1893.7.

A	complex	of	several	molecules	of	similar	antibiotic	potency	
produced by Actinoplanes teichomyceticus. It is formu-
lated as the sodium salt for intramuscular or intravenous 
administration.

 ANTIMICROBIAL ACTIVITY

In general, teicoplanin is 2–4 times more active than vancomy-
cin against susceptible strains (Table 20.1). However, against 
some coagulase-negative staphylococci, especially Staph. hae-
molyticus,	it	may	be	less	active	(MIC	16–64	mg/L	compared	
with ≤4	mg	vancomycin/L).	For	these	strains,	the	MIC	of	tei-
coplanin, but not vancomycin, is greatly affected by the com-
position of the medium, including the presence of lysed horse 
blood, and the bacterial inoculum density. Isolates inhibited 
by ≤4	mg/L	are	usually	considered	susceptible.

 ACQUIRED RESISTANCE

Vancomycin-resistant	enterococci	of	the	VanA	type	are	resis-
tant, as are Staph. aureus strains with intermediate or full 
 resistance to vancomycin. Strains of other resistance geno-
types are usually susceptible, although resistance may develop 
in	VanB	 enterococci	 by	 mutations	 that	 cause	 the	 resistance	
genes	 to	 be	 expressed	 constitutively.	 Coagulase-negative	
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staphylococci exhibiting low-level glycopeptide resistance are 
usually more resistant to teicoplanin than vancomycin even 
when they emerge during vancomycin therapy.

 PHARMACOkINETICS

Oral absorption Very low

C
max

 400 mg intravenous bolus

 6 mg/kg intramuscular

25–40 mg/L after 1 h

c. 10 mg/L after 2 h

Plasma half-life (terminal) 90 h (mean)

Volume of distribution (steady state) 0.9–1.6 L/kg

Plasma protein binding >90%

absorption

It is very poorly absorbed from the gastrointestinal tract. 
Bioavailability	 after	 intramuscular	 administration	 is	 about	
90%.	The	 area	 under	 the	 concentration–time	 curve	 (AUC)	
is similar after intravenous or intramuscular administration. 
In	 children,	 a	 dose	 of	 6	 mg/kg	 per	 day	 produced	 a	 mean	
trough	concentration	of	4.6	mg/L	and	a	peak	concentration	
of	 19.1	 mg/L.	After	 a	 dose	 of	 10	 mg/kg	 the	 corresponding	
concentrations	were	15.8	and	36.9	mg/L,	respectively.

Distribution

Teicoplanin is widely distributed and penetrates readily into 
tissues, peritoneal fluid, synovial fluid and bone. It crosses the 
placenta, but not the blood–brain barrier.

Metabolism and excretion

No metabolic products have been identified. The drug is 
removed from the body almost entirely by glomerular filtra-
tion. The terminal half-life ranges from 33 to 190 h or longer, 
depending upon the pharmacokinetic model used for analy-
sis and the last sampling time. The half-life may be shorter 
in children and is substantially altered in patients with renal 
failure (and the elderly), so that adjustment of dosage may be 
necessary. It is not removed during hemodialysis or hemofil-
tration and clearance by peritoneal dialysis is less than 20% 
of total body clearance. In all three procedures, management 
of plasma concentration is best achieved by giving a loading 
dose followed by monitoring at  appropriate intervals.

 TOxICITY AND SIDE EFFECTS

Unlike vancomycin, teicoplanin does not cause significant 
histamine release and the ‘red-man’ syndrome is very seldom 
seen. Nephrotoxicity is uncommon and, when it does occur, 
is not related to dose, plasma concentration or concomi-
tant therapy with an aminoglycoside. Ototoxicity has been 
reported rarely and is not dose related.

Other, reversible, adverse effects include allergy, local intol-
erance, fever and altered liver function. Thrombocytopenia 
has been seen in patients with raised trough  levels (about 
60	 mg/L).	 None	 of	 these	 effects	 occurs	 with	 a	 frequency	
greater than 3%. Teicoplanin should be used with caution in 
patients with a history of hypersensitivity to vancomycin.

Safety	 in	pregnancy	has	not	been	established.	Accidental	
overdosing in two children, in whom plasma levels in excess 
of	300	mg/L	were	found,	was	not	associated	with	symptoms	
or laboratory abnormalities.

Species Vancomycin teicoplanin Dalbavancin Oritavancin telavancin

Staphylococcus aureus 1–2 0.12–1 ≤0.008–2 ≤0.008–4 ≤0.015–2

Streptococcus pyogenes 0.12–0.25 0.03–0.12 ≤0.008–0.06 0.015–0.5 0.03–0.12

Str. pneumoniae 0.12–0.25 0.03–0.12 ≤0.008–0.25 ≤0.008–0.5 ≤0.008–0.06

Enterococcus faecalis and E. faecium 1–4 0.12–0.5 ≤0.015–4 ≤0.008–0.5 ≤0.015–4

Haemophilus influenzae 16–R R R R R

Neisseria spp. 8–32 No data No data No data No data

Escherichia coli R R R R R

Klebsiella pneumoniae R R R R R

Pseudomonas aeruginosa R R R R R

Clostridium difficile 0.06–1 0.03–0.25 0.125–0.5 0.06–1 0.125–0.5

Bacteroides fragilis R R R R R

table 20.1 Comparative in vitro activity of glycopeptides against some common pathogenic bacteria: MiC range (mg/l)

R, resistant (MIC >32 mg/L).
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 CLINICAL USE

 Further information

Anonymous. Teicoplanin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:T20–T24.

Brogden RN, Peters DH. Teicoplanin. A reappraisal of its antimicrobial activity, 
pharmacokinetic properties and therapeutic efficacy. Drugs. 1994;47:823–854.

Parenti F, Schito GC, Courvalin P. Teicoplanin chemistry and microbiology. J 
Chemother. 2000;12:5–14.

Wilson APR. Clinical pharmacokinetics of teicoplanin. Clin Pharmacokinet. 
2000;39:167–183.

Wood MJ. Comparative safety of teicoplanin and vancomycin. J Chemother. 
2000;12:21–25.

VANCOMYCIN

Molecular weight (free base): 1449; (hydrochloride): 1485.7.

A	tricyclic	glycopeptide	isolated	from	the	fermentation	prod-
ucts of the actinomycete, Amycolatopsis orientalis (formerly 
Streptomyces orientalis). It is formulated as the water-soluble 
hydrochloride for intravenous infusion or oral administration.

 ANTIMICROBIAL ACTIVITY

The antibacterial activity is essentially restricted to Gram-
positive species (Table 20.1), including methicillin- resistant 
strains of staphylococci; viridans streptococci, Listeria 
 monocytogenes, Propionibacterium acnes and corynebacteria are 
all	susceptible	(MIC	0.25–2	mg/L),	as	are	Gram-positive	anaer-
obes, including Clostridium difficile	(MIC	0.06–1	mg/L)	and	C. 
perfringens	(MIC	0.12–0.5	mg/L).	Mycobacteria	are	resistant.

Vancomycin	 is	 slowly	 bactericidal	 for	 most	 susceptible	
bacteria. However, against isolates of Enterococcus spp., some 
viridans streptococci and Staph. haemolyticus it is  effectively 
bacteristatic. Gentamicin enhances the bactericidal effect, 
provided the isolate is susceptible (staphylococci) or lacks 
high-level resistance (enterococci and streptococci). There 
is growing evidence that vancomycin is less effective against 
methicillin-resistant Staph. aureus	 (MRSA)	 infections	caused	
by	strains	with	MICs	at	the	high	end	of	the	susceptible	range.

 ACQUIRED RESISTANCE

Resistance is uncommon, except in enterococci. In this genus, 
acquired resistance is far more common in E. faecium than in 
E. faecalis or other species, and has emerged in response to 
widespread use of vancomycin in hospitals. The use of avopar-
cin (a related glycopeptide) as a growth promoter in animal 
husbandry may also have played a part in encouraging resis-
tance in enterococci.

Low-level	resistance	(MIC	8–32	mg/L)	has	been	described	
in coagulase-negative staphylococci, usually Staph. epidermidis 
or Staph. haemolyticus, sometimes emerging during protracted 
treatment. Strains of Staph. aureus exhibiting intermediate 
	vancomycin	susceptibility	(MIC	8–16	mg/L)	have	been	found,	
but the prevalence of these strains, many of which exhibit hetero- 
resistance, appears to be very low, though they may be under-
reported owing to the difficulties in detecting them in vitro. 
Rare strains of Staph. aureus highly resistant to glycopeptides 
(MIC:	 32–128	 mg	 vancomycin/L;	 8–32	 mg	 teicoplanin/L)	
have	been	reported	from	the	USA,	India	and	Iran.

 PHARMACOkINETICS

Oral absorption Very low

Cmax 500 mg slow intravenous infusion 

(>1 h)

 1 g slow intravenous infusion (>1 h)

10–25 mg/L 1 h after end infusion

20–50 mg/L 1 h after end infusion

Plasma half-life 5–11 h

Volume of distribution 0.6 L/kg

Plasma protein binding c. 55%

Infections caused by Staph. aureus and other Gram-positive pathogens 

(especially those caused by methicillin-resistant staphylococci and in 

patients hypersensitive to β-lactam antibiotics)

Treatment of infections caused by vancomycin-resistant enterococci 

(other than VanA strains)

Treatment and prophylaxis of endocarditis caused by Gram-positive 

species (often in combination with an aminoglycoside)

Peritonitis associated with continuous ambulatory peritoneal dialysis 

(intraperitoneal)
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 preparations and dosage

Proprietary name: Targocid.

Preparation: Injection.

Dosage: Adults, i.v., 400 mg initial loading dose on day 1 then 200 mg per 

day; severe infections, 400 mg loading dose every 12 h for the first three 

doses, then 400 mg per day. Children ≥2 months, 10 mg/kg every 12 h for 

three doses then 6 mg/kg per day; severe infections, 10 mg/kg every 12 h 

for three doses, then 10 mg/kg per day. Neonates, 16 mg/kg initial loading 

dose on day 1, subsequently 8 mg/kg per day.

Widely available; not available in the USA.
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Rapid infusion (<1 h) or bolus administration is dangerous. 
The intramuscular route of administration causes pain and 
necrosis and is not used. Slow intravenous infusion over at 
least	100	min	 is	 recommended.	Dosage	 should	be	adjusted	
to	give	a	peak	concentration	of	25–40	mg/L	and	a	trough	of	
5–10	mg/L.	In	some	centers,	continuous	infusion	is	used	and	
may be pharmacodynamically optimal.

absorption

It is very poorly absorbed from the gastrointestinal tract and 
large concentrations of unaltered drug are found in the feces 
after oral administration.

Distribution

After	 slow	 intravenous	 infusion	 vancomycin	 is	 distributed	
widely, reaching therapeutic concentrations in most body 
compartments. It does not penetrate appreciably into the 
cerebrospinal fluid of subjects with normal meninges, but lev-
els may approach therapeutic concentrations in patients with 
meningitis; however, intrathecal administration may be neces-
sary to achieve adequate levels.

Metabolism and excretion

Vancomycin	 is	not	metabolized	and	90%	of	 an	 intravenous	
dose is eliminated in the urine, almost exclusively by glom-
erular filtration. The elimination half-life in patients with nor-
mal	renal	function	is	usually	6–8	h,	but	is	altered	substantially	
in patients with impaired renal function, necessitating dosage 
modification. This can be predicted to some extent by creati-
nine clearance values but adequately optimized only by moni-
toring plasma concentrations.

Renal clearance may be more rapid in intravenous drug 
abusers and children (with the exception of neonates in 
whom the half-life may be prolonged) and plasma monitor-
ing is indicated in such patients, particularly those receiv-
ing	therapy	for	endocarditis	or	other	life-threatening	sepsis.	A	
prolonged half-life has been observed in some patients with 
hepatic	failure.	Plasma	monitoring	is	also	indicated	in	these	
patients.

It is not removed efficiently by hemodialysis or hemo-
filtration.	 Patients	 undergoing	 these	 procedures	 should	 be	
given an appropriate loading dose and the frequency and 
size of  further doses determined by monitoring plasma con-
centrations.	Vancomycin	crosses	the	peritoneal	membrane	in	
both directions with a transfer half-life of about 3 h, result-
ing	 in	 about	 75%	 equilibration	 over	 a	 6	 h	 dialysis	 period.	
Because	of	the	large	dilution	effect,	many	exchanges	may	be	
required before the plasma concentration reaches that of the 
dialysate, and to achieve rapid equilibration a loading dose of 
about three times the maintenance dose has been suggested. 
Thus, in patients on continuous ambulatory peritoneal 
dialysis,	 incorporation	of	50	mg	vancomycin/L	of	dialysate	
eventually	 produces	 plasma	 concentrations	 of	 5–20	 mg/L.	

Alternatively,	a	loading	dose	of	0.5	g	vancomycin,	adminis-
tered	by	intravenous	infusion,	followed	by	7.5	mg/L	dialysate	
with	exchange	every	4–6	h,	produces	plasma	concentrations	
of	6.5–37	mg/L.

 INTERACTIONS

Gentamicin, also furosemide (frusemide) or other loop diuret-
ics, may increase the potential for nephrotoxicity and ototox-
icity. Owing to the acidic nature of solutions, vancomycin is 
incompatible in vitro with various agents, including β-lactam 
antibiotics, aminophylline and heparin.

 TOxICITY AND SIDE EFFECTS

Rapid	administration	(<60	min)	may	result	in	release	of	his-
tamine from basophils and mast cells, leading to the so-called 
‘red-man’ or ‘red-neck’ syndrome, characterized by one or 
more of pruritus, erythema, flushing of the upper torso, ana-
phylactoid reaction, angioedema and, rarely, cardiovascular 
depression and collapse.

Vancomycin	 is	 potentially	 nephrotoxic	 and	 ototoxic,	
although the highly purified drug preparations in current use 
are safer than early preparations. Increased risk of nephro-
toxicity has been associated with treatment for longer than 
3 weeks, trough plasma concentrations continually in excess 
of	10	mg/L,	and	concurrent	therapy	with	an	aminoglycoside	
or a loop diuretic. Ototoxicity, often irreversible, used to be 
seen particularly in elderly patients and in patients receiving 
excessive dosage, but is unusual with the more highly puri-
fied preparations. The risk of ototoxicity is minimized if the 
peak	serum	level	is	kept	below	50	mg/L	and	is	very	unusual	
if	the	level	is	less	than	30	mg/L,	unless	the	patient	has	prior	
auditory nerve damage or is receiving another potentially oto-
toxic	drug.	Reversible	neutropenia	and/or	thrombocytopenia,	
which can be profound, may occur, notably in patients with 
renal impairment.

 CLINICAL USE

Infections caused by Staph. aureus and other Gram-positive pathogens 

(especially those caused by methicillin-resistant staphylococci and in 

patients hypersensitive to β-lactam antibiotics)

Empirical therapy of febrile and profoundly neutropenic patients (in 

combination with agents active against Gram-negative bacteria)

Treatment and prophylaxis of endocarditis caused by Gram-positive 

species (often in combination with an aminoglycoside)

Peritonitis associated with continuous ambulatory peritoneal dialysis 

(intraperitoneal)

Oral formulation: Antibiotic-associated colitis

Oral formulation: Suppression of bowel flora in neutropenic patients (in 

combination with other agents)
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INVESTIGATIONAL GLYCOPEPTIDES

 DALBAVANCIN

A	teicoplanin-like	lipoglycopeptide	derived	from	a	product	of	
the actinomycete Nonomura spp.

It displays excellent activity in vitro, especially against 
staphylococci (Table 20.1) and including many strains with 
mutational	 resistance	 to	 teicoplanin.	Activity	 against	 glyco-
peptide-resistant enterococci is similar to that of teicoplanin 
(Table 20.1).	Activity	against	strains	of	enterococci	and	Staph. 
aureus	with	VanA	resistance	 is	much	reduced.	Susceptibility	
testing is complicated since dalbavancin binds to surfaces of 
labware,	which	may	result	in	artificially	high	MICs.	This	can	
be overcome by the addition of 0.002% polysorbate-80 to 
 liquid media.

The	serum	half-life	of	6–11	days	allows	once	weekly	dos-
ing, which may facilitate outpatient intravenous therapy.

 Further information

Billeter M, Zervos MJ, Chen AY, Dalovisio JR, Kurukularatne C. Dalbavancin: a novel 
once-weekly lipoglycopeptide antibiotic. Clin Infect Dis. 2008;46:577–583.

Jones RN, Biedenbach DJ, Johnson DM, Pfaller MA. In vitro evaluation of BI 397, a 
novel glycopeptide antimicrobial agent. J Chemother. 2001;13:244–254.

Mushtaq S, Warner M, Johnson AP, Livermore DM. Activity of dalbavancin against 
staphylococci and streptococci, assessed by BSAC and NCCLS agar dilution 
methods. J Antimicrob Chemother. 2004;54:617–620.

Zhanel GG, Trapp S, Gin AS, et al. Dalbavancin and telavancin: novel lipoglycopep-
tides for the treatment of Gram-positive infections. Expert Rev Anti Infect Ther. 
2008;6:67–81.

 ORITAVANCIN

A	semisynthetic	vancomycin-like	derivative	of	chloroeremo-
mycin, which has an alkyl side chain that promotes strong 
dimerization and membrane anchoring, both of which 
enhance its complex antibacterial activity.
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 preparations and dosage

Proprietary name: Vancocin.

Preparations: Injection, capsules.

Dosage: Adults, oral, 125 mg every 6 h for 7–10 days, up to 2 g per day 

in severe infections; i.v., 500 mg every 6 h or 1 g every 12 h. Children, 

oral, 5–10 mg/kg every 6 h; >5 years, half the adult dose. Children, i.v., 

>1 month, 15 mg/kg every 8 h; infants 1–4 weeks, 15 mg/kg initially then  

10 mg/kg every 8 h; neonates up to 1 week, 15 mg/kg initially then 

10 mg/kg every 12 h.

Widely available.
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It is highly active against a wide range of Gram-positive organ-
isms in vitro (Table 20.1). It remains active against many strains 
with reduced susceptibility or resistance to  vancomycin or tei-
coplanin,	 although	 strains	 with	VanA	 resistance	 are	 usually	 less	
susceptible.	Like	dalbavancin,	it	binds	rapidly	to	labware;	suscepti-
bility testing media (broth) should be supplemented with 0.002% 
polysorbate-80.

It is in development as a once-daily injectable agent.

 Further information

Anderson DL. Oritavancin for skin infections. Drugs Today. 2008;44:563–575.
Crandon J, Nicolau DP. Oritavancin: a potential weapon in the battle against seri-

ous Gram-positive pathogens. Future Microbiology. 2008;3:251–263.
Jones RN, Barrett MS, Erwin ME. In vitro activity and spectrum of LY333328, 

a novel glycopeptide derivative. Antimicrob Agents Chemother. 
1997;41:488–493.

Poulakou G, Giamarellou H. Oritavancin: a new promising agent in the treat-
ment of infections due to Gram-positive pathogens. Expert Opin Investig Drugs. 
2008;17:225–243.

 TELAVANCIN

A	 bactericidal,	 vancomycin-like	 lipoglycopeptide	 currently	
under clinical trial for injectable treatment of infections caused 
by Gram-positive pathogens, including hospital-acquired pneu-
monia and complicated skin and skin structure infections.
It exhibits excellent activity in vitro against enterococci and 
staphylococci (Table 20.1), though it has reduced activity 
against	 many	 glycopeptide-resistant	 strains,	 especially	VanA	
strains. The half-life is 7–9 h, which allows once-daily dosing.
Telavancin	 was	 approved	 by	 the	 US	 Food	 and	 Drug	
Administration	(FDA)	in	September	2009	for	the	treatment	of	
adult patients with complicated skin and skin structure infec-
tions (cSSSI) caused by susceptible Gram-positive bacteria, 
including Staph. aureus,	 both	 methicillin-resistant	 (MRSA)	
and	methicillin-susceptible	(MSSA)	strains.

 Further information

Jansen WTM, Verel A, Verhoef J, Milatovic D. In vitro activity of telavancin against 
Gram-positive clinical isolates recently obtained in Europe. Antimicrob Agents 
Chemother. 2007;51:3420–3424.

Nannini EC, Stryjewski ME. A new lipoglycopeptide: telavancin. Expert Opin 
Pharmacother. 2008;9:2197–2207.

Saravolatz LD, Pawlak J, Johnson LB. Comparative activity of telavancin against 
isolates of community-associated methicillin-resistant Staphylococcus aureus. 
J Antimicrob Chemother. 2007;60:406–409.

Zhanel GG, Trapp S, Gin AS, et al. Dalbavancin and telavancin: novel lipoglyco-
peptides for the treatment of Gram-positive infections. Expert Review in Anti-
infective Therapy. 2008;6:67–81.
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 preparations and dosage

Proprietary Name: Vibativ.

Preparation: Injection

Dosage: Adults, i.v., 10 mg/kg infused over 60 minutes, once every 24 

hours for 7 to 14 days. Adjustment is needed for patients with reduced 

renal function. No adjustment is needed for those with reduced hepatic 

function.

Animal data suggest that telavancin may cause adverse developmental 

outcomes in the fetus if given to pregnant women. A pregnancy test 

should be performed in all women of childbearing age and use should be 

avoided in pregnant women unless the benefits for the mother outweigh 

the risks to the fetus.

Available in US.
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21 Lincosamides

David Greenwood

 Further information

Spízek J, Novotná J, Rezanka T. Lincosamides: chemical structure, biosynthe-
sis, mechanism of action, resistance and applications. Adv Appl Microbiol. 
2004;56:121–154.

CLINDAMYCIN

7-Chloro-7-deoxylincomycin. Molecular weight (anhydrous 
free base): 425.

A semisynthetic derivative of lincomycin. Aqueous suspensions 
are stable for up to 2 weeks at room temperature. Capsules con-
tain clindamycin hydrochloride, which has a very bitter taste, 
detectable in concentrations as low as 8 mg/L; the syrup con-
tains a suspension of the ester, clindamycin palmitate, which is 
palatable for children. Clindamycin phosphate, which is more 
soluble at neutral pH and less irritating than the hydrochloride, 
is used parenterally. The palmitate and phosphate salts are inac-
tive in vitro and must be hydrolyzed to liberate clindamycin.

ANtIMICrobIAL ACtIvItY

The spectrum includes most Gram-positive organisms, nota-
bly staphylococci (including many methicillin-resistant strains) 
and streptococci, but not enterococci (Table 21.1). Aerobic 
Gram-negative rods are uniformly resistant, but most anaero-
bic bacteria are highly susceptible. Typical minimum inhibitory 
concentrations (MICs) are: Prevotella and Porphyromonas spp., 
0.1–2 mg/L; Fusobacterium spp., <0.5 mg/L; Peptostreptococcus 
spp., 0.1–0.5 mg/L. Clostridia, with the notable exception of 
Clostridium perfringens (MIC <0.1–8 mg/L) are less suscepti-
ble. Corynebacteria, Bacillus anthracis and Nocardia asteroides 
are all susceptible, but mycobacteria are resistant. The MIC 
for Chlamydia trachomatis is 16 mg/L, that for Mobiluncus spp. 
is 0.5 mg/L, and that for Gardnerella vaginalis is 0.03 mg/L. 
Mycoplasma hominis is susceptible (MIC <1 mg/L), M. pneu-
moniae somewhat less so (MIC 1–4 mg/L). Ureaplasmas are 
resistant. Clindamycin exhibits useful activity against some 
protozoa, including Toxoplasma gondii, Plasmodium falciparum 
and Babesia spp. and against the fungus Pneumocystis jirovecii.

 ACquIreD resIstANCe

Resistant strains of staphylococci, streptococci (including 
pneumococci) and Bacteroides spp. are found with variable 
frequency and are commonly also resistant to erythromycin. 
Resistance may be caused by changes in a ribosomal protein 

The lincosamides are a small group of agents with a novel structure 
unlike that of any other antibiotic. The naturally occurring members of 
the group are lincomycin and the much less active celesticetin. Attempts 
to prepare semisynthetic derivatives with improved properties have 
been largely unsuccessful, with the exception of the chlorinated deriva-
tive, clindamycin, and pirlimycin, which is used in bovine mastitis.

Lincosamides are widely active against Gram-positive bacteria and 
most anaerobes, but not Gram-negative aerobes. They are also active 
against some mycoplasmas and protozoa. Their principal therapeu-
tic indications are staphylococcal infections, particularly of bones 
and joints, and anaerobic infections, including mixed infections for 
which they must be combined with an agent active against aero-
bic Gram-negative bacilli. They are moderately well absorbed when 
administered by mouth and distributed widely to tissues, including 
penetration into cells and bone. They are generally well tolerated, 
except for the relative frequency with which they have been asso-
ciated with severe diarrhea, including Clostridium difficile-associated 
pseudomembranous colitis.
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or, less commonly, by enzymic inactivation. There is com-
plete cross-resistance to lincomycin. A form of resistance 
that embraces macrolides, lincosamides and type B strepto-
gramins is associated with methylation of adenine residues at 
a common binding site. The methylase is inducible by mac-
rolides, but not lincosamides (or streptogramins), which con-
sequently remain active in the absence of macrolides.

 PhArMACokINetICs

Oral absorption 80–90%

C
max

: hydrochloride 300 mg oral 3.6 mg/L after 1–2 h

 palmitate 300 mg oral 1.4–4.2 mg/L after 1 h

 phosphate 300 mg intramuscular 4–5 mg/L after 2 h

 phosphate 300 mg intravenous 5–6 mg/L end infusion

Plasma half-life c. 2–3 h

Volume of distribution 43–74 L/m2

Plasma protein binding 94%

absorption

Oral absorption is not depressed or delayed by food. The 
palmitate is rapidly and completely hydrolyzed in the gut. 
In contrast, clindamycin phosphate is absorbed intact after 
intramuscular injection and relatively slowly hydrolyzed by 
alkaline phosphatases. A substantial amount of unhydrolyzed 
clindamycin phosphate (1–2 mg/L) is detectable in the serum 
at 30–60 min and up to 10% of the dose may still be present 
as phosphate after 8 h. The bioavailability in relation to dose 
is linear, but not proportional.

Plasma levels in pregnant women following a single 450 mg 
oral dose were similar to those in non-pregnant women. 
After intravaginal administration of 5 mL of 2% clindamycin 

 phosphate cream (100 mg) to healthy women and women 
suffering from bacterial vaginosis, less than 5% of the dose 
was subsequently found in the plasma.

Distribution

After hydrolysis in the serum, clindamycin phosphate is rap-
idly and widely distributed, but cerebrospinal fluid (CSF) 
concentrations are low (0.14–0.46 mg/L after a single 150 mg 
dose) and levels in brain are low or absent.

The drug is excreted in breast milk and crosses the pla-
centa. In patients undergoing cesarean section, mean peak fetal 
plasma concentrations (c. 3 mg/L) were 46% of the maternal 
level after a 600 mg intravenous dose of the phosphate.

Therapeutic concentrations are achieved in cancellous and 
cortical bone. The tissue:serum concentration ratio has been 
found to be 1.0 in bone marrow, 0.5–0.75 in spongy bone and 
0–0.15 in compact bone. Hydroxyapatite binds clindamycin 
and probably also the ester.

Uptake of clindamycin phosphate into neutrophils is rapid, 
temperature dependent, saturable and depressed by acid pH. 
Clindamycin is accumulated by lysosomes to active concen-
trations around 40 times those of the extracellular fluid. After 
an initially high rate of hydrolysis by intracellular alkaline 
phosphatase, enzyme activity declines; after 4 h around half 
of the drug is still unhydrolyzed. Similar product inhibition 
may prevent the complete hydrolysis of the phosphate in pus 
where alkaline phosphatase is liberated from neutrophils.

Metabolism

It is extensively metabolized in the liver to clindamycose, des-
methyl clindamycin, and sulfoxide derivatives. Desmethyl 
clindamycin and clindamycin sulfoxide retain antibacterial 
activity, but clindamycose and desmethyl clindamycin sulfox-
ide are much less active than the base.

excretion

About 13% of an oral dose is excreted unchanged in urine, some-
what less after a parenteral dose of the phosphate. Bioactivity 
persists in the urine for up to 4 days, suggesting slow release of 
the drug or its active metabolites from tissues or body fluids. 
In patients with severe renal disease, plasma levels may be 3–4 
times normal and persist for over 24 h. Urinary recovery of the 
drug can fall below 1% in severe renal failure. Clindamycin is 
not removed by hemodialysis or peritoneal dialysis.

The liver plays a significant part in the metabolism and 
elimination of the drug. Concentrations 2–3 times those in 
serum have been found in the bile gallbladder wall and liver 
of patients with patent common ducts undergoing biliary tract 
surgery, most of the activity being due to the desmethyl metab-
olite. Where the common duct was obstructed, none could be 
detected in bile and the level was lower in  gallbladder wall, but 
the concentration in liver was slightly higher than in those with-
out obstruction. Patients with proven hepatic cirrhosis show 
 significant  impairment of clindamycin elimination. Clindamycin 

 Clindamycin Lincomycin

Staphylococcus aureus 0.1–1 0.5–2

Streptococcus pyogenes 0.01–0.25 0.05–1

Str. pneumoniae 0.05 0.1–1

Enterococcus faecalis 4–R 2–R

Haemophilus influenzae 0.5–16 4–16

Neisseria spp. 0.5–4 8–64

Escherichia coli R R

Klebsiella pneumoniae R R

Pseudomonas aeruginosa R R

Bacteroides fragilis 0.02–2 2–4

table 21.1 Susceptibility of common pathogenic bacteria: 
mic (mg/L)

R, resistant (MIC >64 mg/L).



274 cHAPtEr 21 LincoSAmidES

phosphate may be slowly converted to the base in patients with 
hepatic impairment. Less than 5% of an oral dose can be recov-
ered from the feces, but excretion of bioactive drug persists for 
several days and may continue to affect the normal gut flora.

The plasma half-life in premature infants (8.7 h) is signifi-
cantly longer than in term infants (3.6 h).

 toxICItY AND sIDe effeCts

Up to 30% of patients experience diarrhea, especially when 
taking the drug orally. This is often due to C. difficile toxins 
and in a small proportion of cases leads to pseudomembra-
nous colitis. Diarrhea is more common in women and in 
patients over 60 years of age. Diarrhea may abate if treatment 
is continued; however, because of the risk of pseudomembra-
nous colitis, administration of the drug should be stopped.

Parenteral administration can cause elevation of transami-
nases and serum alkaline phosphatase, but these are generally 
reversible. Intravenous administration may be complicated by 
thrombophlebitis.

Rashes occur in about 10% of patients, but severe eruptions 
are rare. Isolated episodes of toxic epidermal necrolysis, blood 
dyscrasias and erythema multiforme have been reported and 
there is a single report of prolonged neuromuscular blockade 
after an accidental intravenous overdose.

 CLINICAL use

 Further information

Anonymous. Clindamycin (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 2nd 
ed. Edinburgh: Churchill Livingstone; 1999:C257–C261.

Bartlett JG. Historical perspectives on studies of Clostridium difficile and C. difficile 
infection. Clin Infect Dis. 2008;46(suppl 1):S4–S11.

Guay D. Update on clindamycin in the management of bacterial, fungal and pro-
tozoal infections. Expert Opin Pharmacother. 2007;8:2401–2444.

Guay DR. Topical clindamycin in the management of acne vulgaris. Expert Opin 
Pharmacother. 2007;8:2625–2664.

McDonald HM, Brocklehurst P, Gordon A. Antibiotics for treating bacterial vagino-
sis in pregnancy. Cochrane Database Syst Rev. 2007;(1) CD000262.

Wilson W, Taubert KA, Gewitz M, et al. Prevention of infective endocarditis: guide-
lines from the American Heart Association. Circulation. 2007;116:1736–1754.

LINCoMYCIN

Molecular weight (hydrochloride monohydrate): 461.

A fermentation product of Streptomyces lincolnensis var. lincoln-
ensis supplied as the hydrochloride. The dry crystalline hydro-
chloride is very soluble in water and very stable.

 ANtIMICrobIAL ACtIvItY

The spectrum closely resembles that of clindamycin, but it is 
generally less potent (Table 21.1).

 ACquIreD resIstANCe

There is complete cross-resistance between clindamycin and 
lincomycin. Clinical isolates of streptococci and enterococci 
are commonly cross-resistant to erythromycin. A transposon 
carrying a lincomycin resistance gene similar to that found in 
Staphylococcus aureus has been reported in Bacteroides strains.

 PhArMACokINetICs

Oral absorption (fasting) 20–35%

C
max

 500 mg oral 2–3 mg/L after 2–4 h

 600 mg intramuscular 8–18 mg/L after 1–2 h

 600 mg intravenous 18–20 mg/L end infusion

Plasma half-life 4–6 h

Plasma protein binding 72%

 preparations and dosage

Proprietary names: Dalacin C, Dalacin T.

Preparations: Capsules, suspension, injection.

Dosage: Adults, oral, 150–300 mg every 6 h, increased to 450 mg every 

6 h for severe infections. Children, oral, 3–6 mg/kg every 6 h. Adults, i.m., 

i.v., 600 mg to 1.2 g per day in 2–4 equal doses; more severe infections,  

1.2–2.7 g per day in 2–4 equal doses; life-threatening infections, up to 

4.8 g per day. Children >1 month, i.m., i.v., 15–25 mg/kg per day in 3–4 

divided doses; severe infections, 25–40 mg/kg per day in 3–4 divided 

doses; in severe infections it is recommended that children are given no 

less than 300 mg per day, regardless of body weight. Neonates have been 

given 15–20 mg/kg per day in 3–4 divided doses.

Widely available.

Staphylococcal soft tissue, bone and joint infection

Streptococcal infection (as a penicillin substitute in allergic patients, 

including prophylaxis of endocarditis in special risk patients undergoing 

dental procedures)

Prophylaxis and treatment of anaerobic infections (with appropriate 

agents where infection is likely to include aerobic Gram-negative rods)

Bacterial vaginosis

Acne

Toxoplasmosis

Babesiosis (in combination with quinine)

Pneumocystis jirovecii pneumonia (in combination with primaquine)
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absorption

It is less well absorbed than clindamycin. Food significantly 
delays and decreases absorption, the mean peak plasma level 
from a dose given immediately after a meal being only about 
half the fasting levels.

Distribution

It is widely distributed in a volume approximating to the total 
body water. Levels in normal CSF are low, but in the presence 
of inflammation, CSF:serum concentration ratios around 0.4 
have been found. Penetration occurs into cerebral abscesses. 
Concentrations in saliva and sputum approximate to the simul-
taneous serum level. Concentrations of 1.5–6.9 mg/L have 
been found in cord serum or amniotic fluid after the mother 
received 600 mg intramuscularly, and 0.5–2.4 mg/L in human 
milk after the second of two maternal 500 mg doses.

In patients undergoing total hip replacement given 600 mg 
intramuscularly 6 h preoperatively, and again by intravenous 
infusion perioperatively, mean concentrations achieved were: 
capsule 9.4 mg/kg; synovial fluid 5.4 mg/L; cancellous bone 
7.2 mg/kg; cortical bone 5.4 mg/kg.

Peak concentrations of 30–135 mg/L have been found in 
aqueous humor 1–2 h after subconjunctival injection of 75 mg; 
plasma levels were around 2–3 mg/L within 10 min.

Metabolism and excretion

Like clindamycin, it is metabolized in the liver and excreted in 
the bile. About 40% of an oral dose can be recovered from the 
feces. Less than 5% of an oral dose appears in the urine over 
24 h, but up to 60% after intravenous administration, mostly 
in the first 4 h. In patients with severe hepatic dysfunction the 
plasma half-life is approximately doubled and the proportion 
of the dose appearing in the urine increases. It is not removed 
by dialysis.

 toxICItY AND sIDe effeCts

Nausea, vomiting and abdominal cramps may occur. 
Diarrhea affects at least 10% of patients, usually within a 

few days of oral or parenteral administration. It is more 
common in older patients and uncommon in children. 
Symptoms range from watery diarrhea without fever or leu-
kocytosis to severe, often bloody, diarrhea, with abdominal 
pain progressing to profound shock and dehydration with 
high mortality.

Hypersensitivity reactions are rare. Transient changes occur 
in liver function tests, probably due to interference with the 
tests, since abnormalities in specific enzyme tests and clinical 
evidence of hepatic dysfunction are rare.

In some patients receiving large doses by rapid intrave-
nous injection, the blood pressure falls precipitately with nau-
sea, vomiting, arrhythmias and, exceptionally, cardiac arrest. 
It can transiently depress neuromuscular transmission and 
might weakly depress respiration after anesthesia.

There is no evidence of risk in pregnancy.

 CLINICAL use

Uses are similar to those of clindamycin, by which it has been 
generally superseded.

 Further information

Rosato A, Vicarini H, Leclerc R. Inducible or constitutive expression of resistance in 
clinical isolates of streptococci and enterococci cross-resistant to erythromycin 
and lincomycin. J Antimicrob Chemother. 1999;43:559–562.

Spízek J, Rezanka T. Lincomycin, clindamycin and their applications. Appl Microbiol 
Biotechnol. 2004;64:455–464.

 preparations and dosage

Proprietary name: Lincocin.

Preparations: Capsules, syrup, injection.

Dosage: Adults, oral, 500 mg, every 6–8 h; i.m., 600 mg, every 12–24 h;  

i.v. infusion, 600 mg to 1 g, every 8–12 h, up to 8 g per day in severe 

infections. Children >1 month, oral, 30–60 mg/kg per day in divided doses; 

i.m., i.v., 10–20 mg/kg per day in divided doses.

Limited availability; available in the USA, but not available in the UK.
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22 Macrolides

andré Bryskier

ANTIBACTERIAL ACTIVITY

The 14-, 15- and 16-membered-ring macrolides share the 
same antibacterial spectrum, including most Gram-positive 
organisms, Neisseria spp., Haemophilus spp., Bordetella  pertussis, 
Moraxella catarrhalis and both Gram-positive and Gram-
negative anaerobes. Activity against common pathogenic bac-
teria is shown in Table 22.1. They are inactive or poorly active 
against Enterobacteriaceae and non-fermentative Gram-
negative bacteria such as Pseudomonas aeruginosa.

The macrolides form a large group of closely related antibiotics pro-
duced mostly by Streptomyces and related species. They are character-
ized by a macrolactone ring (to which they owe their generic name), 
to which typically two sugars, one an amino sugar, are attached. 
The original macrolide complex, erythromycin A, was isolated in 
1952 as a natural product of Saccharopolyspora erythraea (formerly 
Streptomyces erythreus). Other natural products followed. The search 
for analogs has focused on compounds with an extended antibacte-
rial spectrum (notably against fastidious Gram-negative pathogens), 
improved pharmacokinetic properties (e.g. increased acid stability) 
and reduced gastrointestinal intolerance.

The most important therapeutic macrolides are characterized by a 
14-, 15- or 16-membered lactone ring. Macrolides with a 12-membered 
ring are also known, but only as research compounds. In the group 
that includes erythromycin A, the lactone ring contains 14 atoms and 
one or two sugar groups attached by α- or β-glycosidic linkages to the 
aglycone. In the 16-membered-ring macrolides, two sugars are linked 
together and attached to the lactone ring through the amino sugar.

Insertion of a nitrogen atom into the erythronolide A ring of 
erythromycin A yielded a chemical subclass with a 15-membered 
ring, known as azalides, one of which, azithromycin, is used clinically. 
It shares the properties of other macrolide antibiotics, but exhibits 
increased potency against fastidious Gram-negative bacteria and 
some Enterobacteriaceae, and has a longer elimination half-life.

A further development came with the ketolides, semisynthetic deriv-
atives of erythromycin A in which α-l cladinose at position 3 of the eryth-
ronolide A ring is replaced with a ketone function and a cyclic carbamate 

residue is present at C11–C12. Ketolides are highly stable, even at pH 1.0, 
and remain active against many erythromycin-resistant Gram-positive 
cocci. They do not induce resistance to macrolides, lincosamides and 
streptogramins caused by methylation of the ribosomal binding site 
(see below). One such compound, telithromycin, is clinically available.

More than 100 other ketolide derivatives have been reported. 
Three – cethromycin, modithromycin and CEM 101 – are in clinical 
development at the time of writing. Modithromycin has a bicyclic 
bridge between positions 6 and 11 of the lactone ring, and because 
of this structure the name ‘bicyclolide’ has been proposed for this 
type of ketolide.

Several macrolides, including tylosin, mycinamycin, tilmicosin 
(a derivative of tylosin), tulathromycin and gamithromycin are used 
only in veterinary medicine and are not discussed further here.

Group 1 Group 2 Group 3 Group 4
14-membered ring  
compounds

16-membered ring  
compounds

azalides (15-membered  
ring)

Ketolides (14-membered  
ring)

Clarithromycina Josamycin Azithromycina Cethromycina

Dirithromycina Kitasamycin (leucomycin) Modithromycina

Erythromycin A Midecamycin Telithromycina

Flurithromycina Miokamycina CEM 101a

Oleandomycin Rokitamycina

Roxithromycina Spiramycin   

aSemisynthetic compounds
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The semisynthetic macrolides do not provide a  significant 
advantage over erythromycin A against staphylococci and 
streptococci, and are poorly active against  enterococci. 
They are active against Mor. catarrhalis, B. pertussis, 
Neisseria gonorrhoeae, Campylobacter jejuni, Rhodococcus equi, 
Haemophilus ducreyi, Gardnerella vaginalis, Mobiluncus spp., 
Propionibacterium acnes, Borrelia burgdorferi and Treponema 
pallidum. The minimum inhibitory concentrations (MICs) 
against H. influenzae range from 0.25 to 8 mg/L, the azalide 
azithromycin being the most active. Variable susceptibili-
ties are reported for B. bronchiseptica, Listeria monocytogenes, 
Corynebacterium jeikeium, Eikenella corrodens, Pasteurella 
multocida, Bacteroides fragilis, Prevotella  melaninogenica, 
Fusobacterium spp. and Clostridium perfringens.

In-vitro activity against common respiratory pathogens is 
shown in Table 22.2. The ketolide, telithromycin, is the most 
active compound and retains activity against erythromycin-
resistant strains.

The semisynthetic macrolides exert important activity 
against intracellular pathogens, including Chlamydia tracho-
matis (MIC50 clarithromycin 0.007 mg/L; azithromycin 0.125 
mg/L; roxithromycin 0.06 mg/L), Chlamydophila (formerly 

Chlamydia) pneumoniae, Legionella pneumophila and other 
Legionella spp., the Mycobacterium avium complex (MIC: 
clarithromycin 0.25–4.0 mg/L; azithromycin and roxithro-
mycin 4–32 mg/L), M. leprae and Rickettsia spp. (MIC 1–2 
mg/L). Azithromycin appears to be the most active of the 
compounds against Brucella melitensis and atypical pathogens 
such as Ureaplasma urealyticum and Mycoplasma spp. They are 
inactive against M. tuberculosis.

ACQUIRED RESISTANCE

Widespread use of erythromycin and semisynthetic ana-
logs has led to the emergence of resistance in Staphylococcus 
aureus, Streptococcus pneumoniae and Lancefield group A strep-
tococci (Str. pyogenes). Chromosomal or plasmid- mediated 
resistance to erythromycin may be inducible or constitutive. 
Intrinsic resistance of Gram-negative bacilli is probably due 
to the  relative impermeability of the outer membrane to the 
hydrophobic compounds and/or to an efflux mechanism of 
resistance.

 azithromycin erythromycin a Josamycin Midecamycin Oleandomycin roxithromycin Spiramycin telithromycin

Staphylococcus aureus 0.25–1 0.1–1 0.25–4 0.5–2 0.25–4 0.1–2 0.25–1 0.12–0.25

Streptococcus pyogenes 0.03–0.1 0.01–0.25 0.06–0.5 0.1–2 0.1–1 0.06–0.25 0.1–2 0.01–0.06

Str. pneumoniae 0.03–0.25 0.01–0.25 0.03–0.5 – 0.1–0.25 0.01–4 – 0.004–0.06

Enterococcus faecalis 0.5–R 0.5–4 0.5–4 1–4 2–4 0.5–8 2–4 –

Neisseria gonorrhoeae 0.03–2 0.03–0.5 0.5–2 – 2–4 0.03–2 2–4 –

N. meningitidis 0.01–0.06 0.03–1 0.06–2 – 2–4 0.03–2 – 0.03–0.25

Haemophilus influenzae 0.25–2 0.5–8 2–16 1–4 0.1–2 0.5–16 2–8 0.5–4

Escherichia coli 0.5–2 8–32 R R R R 32 –

Pseudomonas aeruginosa R R R R R R R R

Bacteroides fragilis 0.5–16 0.1–16 0.06–1 2–32 – 0.25–64 – –

table 22.1 susceptibility (Mic range: mg/L) of some common pathogenic bacteria to macrolides

 erythromycin a azithromycin Clarithromycin Dirithromycin roxithromycin telithromycin Cethromycin

Streptococcus pneumoniae 0.06 0.06 0.015 0.06 0.06 0.008 0.015

Str. pyogenes 0.06 0.06 0.015 0.12 0.12 0.01 0.015

Haemophilus influenzae 4 1 4 8 8 1 2

Moraxella catarrhalis 0.12 0.03 0.06 0.12 0.25 0.06 0.03

Mycobacterium pneumoniae 0.01 0.004 0.004 0.03 0.03 0.001 <0.001

Chlamydophila pneumoniae 0.03 0.06 0.03 1 0.06 0.01 0.015

Legionella pneumophila 0.25 0.12 0.03 1 0.12 0.03 0.015

table 22.2 in vitro activity of selected macrolides against respiratory pathogens: Mic
50

 (mg/L)
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Acquired resistance to macrolides involves three mech-
anisms: modification of the target, active efflux or inactiva-
tion. In the first type, a single alteration in 23S ribosomal 
RNA in the 50S ribosomal subunit confers cross-resistance 
to macrolides, azalides, lincosamides and streptogramin-
B-type antibiotics (the so-called MLSB phenotype); the 
other types confer resistance to structurally related anti-
biotics only.

Modification of the 50S ribosomal targets is a complex 
mechanism. Several types have been described:

•	 Monomethylation	of	adenine	2058,	located	in	the	23S	
rRNA, results in blockade of the N6 amino group of 
adenine and inhibition of binding of erythromycin A 
or its derivatives. It can be induced by 14-membered-
ring macrolides and azalides, but not by 16-membered-
ring macrolides or ketolides. Monomethylation 
or bimethylation of adenine 2058 or 2059 may be 
constitutive and affects all available macrolides. 
Monomethylation does not affect telithromycin.

•	 Mutation	of	adenine	2058	to	guanine	has	been	described	
in many bacterial species, such as staphylococci, 
streptococci (including Str. pneumoniae and Str. pyogenes), 
Helicobacter pylori, the M. avium complex and T. pallidum. 
Other point mutations on the peptidyltransferase site, 
such as adenine 2611 to guanine, lead to resistance to  
14- and 15-membered-ring macrolides.

•	 Mutations	at	ribosomal	proteins	L4	and	L22,	which	are	
close to the exit channel, have been reported in clinical 
isolates of Str. pneumoniae, Str. oralis and Str. pyogenes.

An efflux pump, Mef, encoded by a mef gene, accounts for 
resistance in over 50% of Str. pneumoniae or Str. pyogenes 
isolates in certain geographic areas. It has been described 
in all streptococci, including the viridans group. Other 
pumps involved in macrolide resistance include Msr A/B 
in staphylococci, Acr-like in H. influenzae, Mre A in Str. 
agalactiae and Mtr (which also removes penicillin G) in N. 
gonorrhoeae.

Macrolide-inactivating esterases that hydrolyze the lactone 
ring are found mainly in Escherichia coli. Enzymes that fix either 
a glucose or a phosphate at the 2′ OH group of  d- desosamine 
have been reported in Nocardia spp., which are resistant to all 
macrolides having a d-desosamine  substituent. Inactivation 
mechanisms have also been reported in 16-membered-ring 
macrolides.

PHARMACOKINETICS

Erythromycin is characterized by poor water solubility and 
rapid inactivation by stomach acidity, resulting in widely vary-
ing bioavailability after oral administration. Derivatives of 
erythromycin A have improved pharmacological properties, 
including bioavailability, gastrointestinal tolerance, higher 
peak plasma levels, longer apparent elimination plasma half-
lives and improved tissue concentrations.

Oral absorption is rapid, with plasma peaks varying between 
0.4 mg/L (azithromycin) and 11 mg/L (roxithromycin). 
Maximum concentrations are reached between 0.5 h (rokita-
mycin) and 3 h (clarithromycin) and are dose dependent.

The apparent elimination half-life varies from 1 h (miokamy-
cin) to 44 h (dirithromycin); the absolute bioavailability varies 
between 10% (dirithromycin) and 55–60% (roxithromycin, 
clarithromycin). The main elimination route is via the bile and 
feces; a proportion of clarithromycin is excreted via the intes-
tinal mucosa. A substantial part of the administered dose of 
clarithromycin is eliminated in urine. The long apparent elimi-
nation half-lives of roxithromycin, azithromycin and dirithro-
mycin allow them to be administered as single daily oral doses.

INTRACELLULAR CONCENTRATION

Rates of uptake into cells and efflux vary for each compound 
(Table 22.3). Azithromycin, dirithromycin and telithromy-
cin concentrate progressively, with a high concentration after 
3 h. Macrolides usually concentrate in the granule zone of 
polymorphonuclear neutrophils. They are concentrated in the 
bronchial mucosa and tonsils (Table 22.4).

INTERACTIONS

Erythromycin A and oleandomycin induce hepatic 
microsomal enzymes and interfere via the cytochrome P450 
system with clearance of other drugs such as theophylline, 
antipyrine and carbamazepine, increasing their plasma levels. 
The induced isoenzymes of cytochrome P450 rapidly demeth-
ylate and oxidize macrolides to nitrosoalkanes, which com-
bine with the iron of the enzymes, thereby inactivating them. 
The 16- membered-ring macrolides such as josamycin and 

Macrolide Uptakea effluxb percentage in granule

Azithromycin >300 ≤20 60

Clarithromycin 9–100 80 30

Dirithromycin 60–80 52 73

Erythromycin A 4–18 80 35

Erythromycylamine 25 63 45

Flurithromycin >10 – –

Josamycin 21 >20 13

Rokitamycin 30 >70 –

Roxithromycin 40–100 80 49

Telithromycin 348 45 56–75

table 22.3 uptake of macrolides into polymorphonuclear 
neutrophils

aRatio of intracellular: extracellular concentration; bover 60 min. 
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 spiramycin have no such effect. Erythromycin base, estolate 
and stearate, and a metabolite of triacetyloleandomycin all 
form stable complexes with cytochrome P450. Josamycin base 
forms an unstable complex. Josamycin propionate and spi-
ramycin (base and adipate) do not bind.

TOXICITY AND SIDE EFFECTS

Macrolides are generally safe and serious adverse events are 
rare. A notable exception is erythromycin estolate, which is 
hepatotoxic and may cause severe hepatitis, probably as a 
result of the mixture of lauryl sulfate and the 2′-propionyl 
ester. Gastrointestinal complaints (nausea, vomiting, abdomi-
nal pain or, less frequently, diarrhea) are most common; they 
present a problem mainly with erythromycin doses higher 
than those recommended and are partly due to a hemiketal 
degradation product that acts on motilin, an intestinal 
endopeptide.

The semisynthetic 14- and 15-membered-ring macrolides 
are more acid stable than erythromycin A and are better 
tolerated.

CLINICAL USE

The macrolides retain the classic clinical applications of 
erythromycin, including activity against Gram-positive cocci 
and intracellular pathogens such as Legionella, Chlamydia 
and Rickettsia spp. The improved pharmacokinetic proper-
ties and tissue distribution of some semisynthetic compounds 
may prove useful in more unusual settings such as infections 
due to mycobacteria (M. avium complex) and  protozoa (e.g. 

Toxoplasma gondii, Entamoeba histolytica, Plasmodium falci-
parum). Other target infections are chronic gastritis (H. pylori) 
and borreliosis.

 Further information
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GROUP 1: 14-MEMBERED RING 
MACROLIDES

CLARITHROMYCIN

Molecular weight: 748.

A semisynthetic erythromycin A derivative (6-O- 
methyl erythromycin A) formulated for oral and intra-
venous use.

 
Macrolide

 
Dose (mg)

plasma 
(mg/L)

Bronchial 
mucosa (mg/kg)

tonsils 
(mg/kg)

Azithromycin 500 (S) – 3.9 –

Clarithromycin 500 (R) 2.5 – 1.9

Dirithromycin 500 (R) 0.22 1.9 3.5

Erythromycin 500 (R) 3.08 7.2 2.9

Josamycin 1000 (R) 0.39 – 21.4

Oleandomycin 2000 (S) – – 4.1

Miokamycin 600 (R) 2.3 – 3.2

Roxithromycin 150 (R) 6.3 – 2.9

Spiramycin 2000 (R) 2.4 13–36 21.5–40

Telithromycin 800 (S) 1.9–2.7 0.7–3.9 0.7–3.95

table 22.4 concentration of macrolides in respiratory tissue

S, single dose; R, repeated dose.
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 ANTIBACTERIAL ACTIVITY

Activity against susceptible common pathogens is two to 
four times greater than that of erythromycin A (Table 22.1). 
Most respiratory pathogens, with the exception of H. influen-
zae, are inhibited at a concentration of ≤0.25 mg/L. It inhibits 
Mycoplasma pneumoniae at 0.004 mg/L and Mor. catarrhalis 
at 0.06 mg/L. It is eight times more active than erythromycin 
A against Legionella spp., C. trachomatis and Ch. pneumoniae. 
Against anaerobic species, activity is similar to that of eryth-
romycin A. Against H. influenzae the 14-hydroxy metabolite is 
twice as active as the parent compound.

 PHARMACOKINETICS

Oral absorption 55%

C
max

 250 mg oral 0.75 mg/L after 1.7 h

 500 mg oral 1.65 mg/L after 2 h

Terminal half-life 2.7–3.5 h

Volume of distribution 250 L

Plasma protein binding 80%

absorption and distribution

It is more stable to gastric acid than erythromycin, but inter-
nal ketalization between the 9-keto group and the C-12 
hydroxyl group has been described resulting in an inactive 
product: pseudo clarithromycin. It is rapidly absorbed orally 
and absorption is not affected by food.

Concentrations in tonsil and lung tissues exceed the simul-
taneous plasma level by a factor of two and four, respectively.

Metabolism and excretion

The primary metabolic pathway is N-demethylation of 
the d-desosamine and stereospecific hydroxylation at the 
14- position of the erythronolide A ring. Metabolism to the 
14-hydroxy derivative is saturable above 800 mg.

Around 20–40% of the administered dose is eliminated in 
urine. The apparent elimination half-life of the 14-hydroxy 
metabolite is around 7 h. The parent compound and its prin-
cipal metabolite are retained in renal impairment, resulting in 
long apparent elimination half-lives, exceeding 30 and 45 h, 
respectively, in patients whose creatinine clearance is less than 
30 mL/min.

 TOXICITY AND SIDE EFFECTS

Clarithromycin is well tolerated, producing little gastroin-
testinal disturbance and only transient changes in some liver 
 function tests.

 Further information

Anonymous. Clarithromycin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:C248–C253.

Finch RG, Speller DCE, Daly PJ. Clarithromycin: new approaches to the treatment 
of respiratory tract infections. J Antimicrob Chemother. 1991;27(suppl A).

ERYTHROMYCIN

Molecular weight (erythromycin A base): 733.9; (ethyl succi-
nate): 862.1; (stearate): 1018.4; (estolate): 1056.4.

A natural antibiotic produced as a complex of six components 
(A–F) by Saccharopolyspora erythraea. Only erythromycin A 
has been developed for clinical use. It is available in a large 
number of forms for oral administration: the base compound 
(enteric- or film-coated to prevent destruction by gastric 
acidity); 2′-propionate and 2′-ethylsuccinate esters; a stear-
ate salt; estolate and acistrate salts of 2′-esters. The 2′-esters 
and their salts have improved pharmacokinetic and phar-
maceutical properties and are less bitter than  erythromycin. 
It is also formulated as the lactobionate and gluceptate for 
 parenteral use.

Upper and lower respiratory tract infections, including streptococcal 

pharyngitis, acute bacterial maxillary sinusitis, bacterial exacerbations of 

chronic bronchitis and community-acquired pneumonia

Skin and soft-tissue infections

H. pylori infection (in combination with other agents)

 preparations and dosage

Proprietary names: Klaricid, Biahin.

Preparations: Tablets, suspension, granules, injection.

Dosage: Adults, oral, 250–500 mg every 12 h for 7–14 days, depending on 

severity of infection. Children, oral, <8 kg, 7.5 mg/kg every 12 h; 8–11 kg, 

62.5 mg every 12 h; 12–19 kg, 125 mg every 12 h; 20–29 kg, 187.5 mg every 

12 h; 30–40 kg, 250 mg every 12 h. Adults, i.v. infusion, 500 mg every 12 h.

Widely available.
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 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in 
Table 22.1 (p. 277). Gram-positive rods, including Clostridium 
spp. (MIC50 0.1–1 mg/L), C. diphtheriae (MIC50 0.1–1 mg/L), 
L. monocytogenes (MIC50 0.1–0.3 mg/L) and Bacillus anthra-
cis (MIC50 0.5–1.0 mg/L), are generally susceptible. Most 
strains of M. scrofulaceum and M. kansasii are suscepti-
ble (MIC50 0.5–2 mg/L), but M. intracellulare is often and 
M. fortuitum regularly resistant. Nocardia isolates are resis-
tant. H. ducreyi, B. pertussis (MIC50 0.03–0.25 mg/L), some 
Brucella, Flavobacterium, Legionella (MIC50 0.1–0.5 mg/L) 
and Pasteurella spp. are susceptible. H. pylori (MIC 0.06–0.25 
mg/L) and C. jejuni are usually susceptible, but C. coli may be 
resistant. Most anaerobic bacteria, including Actinomyces and 
Arachnia spp., are susceptible or moderately so, but B. fragilis 
and Fusobacterium spp. are resistant. T. pallidum and Borrelia 
spp. are susceptible, as are Chlamydia spp. (MIC ≤0.25 mg/L), 
M. pneumoniae and Rickettsia spp. M. hominis and Ureaplasma 
spp. are resistant. Enterobacteriaceae are usually resistant.

Activity rises with increasing pH up to 8.5. Incubation in 
5–6% CO2 raises the MIC for H. influenzae from 0.5–8 to 
4–32 mg/L; MICs for Str. pneumoniae and Str. pyogenes also 
rise steeply. Activity is predominantly bacteristatic.

 ACQUIRED RESISTANCE

In Europe, the USA and other countries the incidence of resis-
tance in Str. pneumoniae ranges from 5% to over 60%. In Str. 
pneumoniae strains resistant or intermediately susceptible to 
penicillin G, resistance rates above 80% have been reported. 
Increasing rates of resistance in clinical isolates of Str. pyogenes 
have also been reported, threatening its use as an alternative 
to penicillin G in allergic patients.

Lower rates of resistance have been reported in other bac-
terial species, including methicillin-resistant Staph. aureus, 
coagulase-negative staphylococci, Str. agalactiae, Lancefield 
group C and G streptococci, viridans group streptococci, 
H. pylori, T. pallidum, C. diphtheriae and N. gonorrhoeae.

 PHARMACOKINETICS

Oral absorption Variable

C
max

 base 250 mg oral 1.3 mg/L after 3–4 h

  500 mg oral 2 mg/L after 2–4 h

  1000 mg oral 1.3–1.5 mg/L after 4 h

 stearate 250 mg oral (fasting) 0.88 mg/L after 2.2 h

  500 mg oral (fasting) 2.4 mg/L after 2–4 h

  500 mg oral (after food) 0.1–0.4 mg/L after 2–4 h

  2′-propionate 500 mg oral  
(fasting)

0.4–1.9 mg/L after 2–4 h

  500 mg oral (after food) 0.3–0.5 mg/L after 4 h

 2′-estolate 250 mg oral (fasting) 0.36–3 mg/L after 2–4 h

  500 mg oral (fasting) 1.4–5 mg/L after 1–2 h

  250 mg oral (after food) 1.1–2.9 mg/L after 2–4 h

  500 mg oral (after food) 1.8–5.2 mg/L after 2–4 h

  lactobionate 500 mg 
intravenous

11.5–30 mg/L end infusion

 gluceptate 250 mg intravenous 3.5–10.7 mg/L end infusion

Plasma half-life:

 base 1.6–2 h

 stearate 1.6–4 h

 2′-propionate 3–5 h

 2′-estolate 2–4 h

 lactobionate/gluceptate 1–2 h

Volume of distribution 0.75 L/kg

Plasma protein binding:

 base 70%

 propionate 93%

absorption and metabolism

The acid lability of erythromycin base necessitates adminis-
tration in a form giving protection from gastric acid. In acid 
media it is rapidly degraded (10% loss of activity at pH 2 
in less than 4 s) by intramolecular dehydrogenation to a 
hemiketal and hence to anhydroerythromycin A, neither of 
which exerts antibacterial activity. Delayed and incomplete 
absorption is obtained from coated tablets and there is impor-
tant inter- and intra-individual variation, adequate levels not 
being attained at all in a few subjects. Food delays absorp-
tion of erythromycin base. After 500 mg of the 2′-ethylsuc-
cinyl ester, mean peak plasma levels at 1–2 h were 1.5 mg/L. 
In subjects given 1 g of the 2′-ethylsuccinate every 12 h for 
seven doses, the mean plasma concentration 1 h after the last 
dose was around 1.4 mg/L. Intra- and inter-subject variation 
and delayed and erratic absorption in the presence of food 
have not yet been eliminated by new formulations. Improved 
500 mg preparations of erythromycin stearate are claimed 
to produce peak plasma levels of 0.9–2.4 mg/L that are little 
affected by the presence of food. 2′-Esters of erythromycin are 
partially hydrolyzed to erythromycin; 2′-acetyl erythromycin 
is hydrolyzed more rapidly than the 2′-propionyl ester, but 
more slowly than the 2′-ethylsuccinate.

The stoichiometric mixture with stearate does not ade-
quately protect erythromycin from acid degradation. After an 
oral dose of erythromycin stearate, equivalent concentrations 
of erythromycin and its main degradation product, anhydro-
erythromycin, could be detected.

Doses of 10 mg/kg produced mean peak plasma concentra-
tions around 1.8 mg/L in infants weighing 1.5–2 kg and 1.2 
mg/L in those weighing 2–2.5 kg. In infants less than 4 months 
old, doses of 10 mg/kg of the 2′-ethylsuccinate every 6 h pro-
duced steady state plasma levels of around 1.3 mg/L. The appar-
ent elimination half-life was 2.5 h. In children given 12.5 mg/kg 
of erythromycin 2′-ethylsuccinate every 6 h, the concentration in 
the plasma 2 h after the fourth dose was around 0.5–2.5 mg/L.
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Distribution

Very low levels are obtained in cerebrospinal fluid (CSF), even 
in the presence of meningeal inflammation, and after paren-
teral administration. Levels of 0.1 mg/L in aqueous humor 
were found when the serum level was 0.36 mg/L, but there was 
no penetration into the vitreous. In children with otitis media 
given 12.5 mg/kg of erythromycin 2′- ethylsuccinate every 6 h,  
concentrations in middle ear exudate were 0.25–1 mg/L. 
In patients with chronic serous otitis media given 12.5 mg/kg  
up to a maximum of the equivalent of 500 mg, none was 
detected in middle ear fluid, but on continued treatment lev-
els up to 1.2 mg/L have been described.

Penetration also occurs into peritoneal and pleural exu-
dates. Mean concentrations of 2.6 mg/L have been found in 
sputum in patients receiving 1 g of erythromycin lactobionate 
intravenously every 12 h and 0.2–2 mg/L in those receiving an 
oral stearate formulation. Levels in prostatic fluid are about 
40% of those in the plasma. Salivary levels of around 4 mg/L 
were found in subjects receiving doses of 0.5 g every 8 h at 
5 h after a dose, when the plasma concentration was around 
5.5 mg/L. Intracellular:extracellular ratios of 4–18 have been 
found in polymorphonuclear neutrophils.

Fetal tissue levels are considerably higher after multiple 
doses; when the mean peak maternal serum level was 4.94 
(0.66–8) mg/L, the mean fetal blood concentration was 0.06 
(0–0.12) mg/L. Concentrations were more than 0.3 mg/L in 
amniotic fluid and most other fetal tissues, but the concentra-
tions were variable and unmeasurable in some. Erythromycin 
appears to be concentrated by fetal liver.

excretion

Erythromycin is excreted both in urine and in the bile but only a 
fraction of the dose can be accounted for in this way. Only about 
2.5% of an oral dose or 15% of an intravenous dose is recov-
ered unchanged in the urine. It is not removed to any significant 
extent by peritoneal dialysis or hemodialysis. Reported changes 
in apparent elimination half-life in renal impairment may be 
related to the saturable nature of protein binding. Fairly high 
concentrations (50–250 mg/L) are found in the bile. In cirrhotic 
patients receiving 500 mg of the base, peak plasma levels were 
higher and earlier than in healthy volunteers (2.0 and 1.5 mg/L  
at 4.6 and 6.3 h,  respectively). The apparent elimination half-life 
was 6.6 h. It is possible that the smaller excretion of the 2′-propi-
onyl ester in the bile in comparison to the base accounts in part 
for its better-maintained serum levels. There is some enterohe-
patic recycling, but some of the administered dose is lost in the 
feces, producing concentrations of around 0.5 mg/g.

 INTERACTIONS

Interaction with the hepatic metabolism of other drugs can 
result in clinically significant potentiation of the action of car-
bamazepine, ciclosporin (cyclosporine), methylprednisolone, 

theophylline, midazolam, terfenadine and warfarin, and in 
adverse responses to digoxin and ergot alkaloids.

 TOXICITY AND SIDE EFFECTS

Oral administration, especially of large doses, commonly 
causes epigastric distress, nausea and vomiting, which may 
be severe. Solutions are very irritant: intravenous infusions 
almost invariably produce thrombophlebitis. Cholestatic 
hepatitis occurs rarely. Transient auditory disturbances have 
been described after intravenous administration of the lac-
tobionate salt, and occasionally in patients with renal and 
hepatic impairment in whom oral dosage has produced high 
plasma levels. Sensorineural hearing impairment can occur 
and, although this is usually a reversible effect which occurs 
at high dosage, can be permanent. Prolongation of the appar-
ent elimination half-life of carbamazepine, due to inhibition 
of its conversion to the epoxide, usually results in central ner-
vous system (CNS) disturbances. Nightmares are trouble-
some in some patients. Allergic effects occur in about 0.5% 
of patients.

The estolate is particularly prone to give rise to liver abnor-
malities, consisting of upper abdominal pain, fever, hepatic 
enlargement, a raised serum bilirubin, pale stools and dark 
urine and eosinophilia. The condition is rare and usually seen 
10–20 days after the initiation of treatment, with complete 
recovery on stopping the drug. Recurrence of symptoms can 
be induced by giving the estolate but not the base or stearate. 
There is evidence that erythromycin estolate is more toxic to 
isolated liver cells than is the 2′-propionate or the base, and it 
is suggested that the essential molecular feature responsible for 
toxicity is the propionyl–ester linkage. The relative frequency 
of the reaction, its rapidity of onset (within hours) after second 
courses of the drug, evidence of hypersensitivity and the his-
tological appearance suggest a mixture of hepatic cholestasis, 
liver cell necrosis and hypersensitivity. Abnormal liver func-
tion tests in patients receiving the estolate must be interpreted 
with caution, since increased levels of transaminases is often 
the only abnormality and some metabolites of the estolate 
can interfere with the measurement commonly used. Elevated 
 levels of transaminases return to normal after cessation of treat-
ment. Serum bilirubin is generally unchanged in these patients,  
but γ-glutamyl transpeptidase may also be affected.

Lower and upper respiratory tract infections (including those caused by 

atypical and intracellular pathogens)

Legionellosis (alone or in combination with rifampicin [rifampin])

Skin and soft-tissue infections

Campylobacter infection

Syphilis (penicillin-allergic patients)

Whooping cough

Diphtheria (including treatment of carriers)



 GrouP 1:  14-MeMBered rinG MAcroLides  283

Concentrations found in middle ear exudate are unlikely to be 
sufficient to inhibit H. influenzae isolates, which is a common 
cause of otitis media in children.

 Further information

Anonymous. Erythromycin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:E50–E54.

Barre J, Mallatt A, Rosembaum J, et al. Pharmacokinetics of erythromy-
cin in patients with severe cirrhosis. Respective influence of decreased 
serum binding and impaired liver metabolic capacity. Br J Clin Pharmacol. 
1987;23:753–757.

Carter BL, Woodhead JC, Cole KJ, Milavetz G. Gastrointestinal side effects with 
erythromycin preparations. Drug Intell Clin Pharm. 1987;21:734–738.

Eady EA, Ross JJ, Cove JH. Multiple mechanisms of erythromycin resistance. 
J Antimicrob Chemother. 1990;26:461–465.

Inman WAW, Rawson NSB. Erythromycin estolate and jaundice. Br Med 
J. 1983;286(1):1954–1957.

Kanfer A, Stamatakis G, Torlotin JC, Fredt G, Kenouch S, Mery JP. Changes 
in erythromycin pharmacokinetics induced by renal failure. Clin Nephrol. 
1987;27:147–150.

ROXITHROMYCIN

Molecular weight: 837.04.

A semisynthetic derivative of erythromycin A formulated for 
oral use.

 ANTIBACTERIAL ACTIVITY

Activity against common pathogens (Table 22.1, p. 277)  
is comparable to that of erythromycin. It is active against 
L. monocytogenes, C. jejuni, H. ducreyi, G. vaginalis, Bord. per-
tussis, C. diphtheriae, B. burgdorferi, H. pylori, the M. avium 
complex, Chlamydia spp., and U. urealyticum. Activity against 
respiratory pathogens is shown in Table 22.2 (p. 277).

 PHARMACOKINETICS

Oral absorption 50–55%

C
max

 150 mg oral

 300 mg oral

7.9 mg/L after 1.9 h

10.8 mg/L after 1.5 h

Plasma half-life 10.5–11.9 h

Plasma protein binding c. 90%

absorption

Absorption is not affected by food. Oral administration with 
antacids or H2-receptor antagonists does not significantly 
affect bioavailability. In a direct comparison, the area under 
the time–concentration curve (AUC) produced by a 150 mg 
dose was 16 times greater than that produced by 250 mg 
erythromycin A. Behavior in children is broadly similar to that 
in adults, repeated doses of 2.5 mg/kg producing age-inde-
pendent mean peak plasma concentrations around 10 mg/L 
at 1–2 h, but the apparent elimination half-life was longer 
(approximately 20 h).

It is saturably bound to α-acid glycoprotein in plasma. 
The plasma clearance appears to be dose dependent or plasma 
concentration dependent.

Distribution

It is widely distributed, but does not reach the CSF. 
Concentrations close to the simultaneous serum level have 
been found in tonsillar, lung, prostatic and other tissues. 
It achieves high levels in skin.

Metabolism and excretion

Less than 5% of the administered dose is eliminated as degra-
dation products. Rather more than half the dose appears in the 
feces and only 7–10% (including metabolites) in the urine; up 
to 15% is eliminated via the lungs. Renal clearance increased 
in volunteers as the dose was raised from 150 to 450 mg,  
and is decreased in elderly subjects. In patients in whom the 
creatinine clearance was <10 mL/min, the apparent elimina-
tion half-life rose to around 15.5 h and total body clearance 
was significantly reduced. The apparent elimination half-life 
was somewhat increased in patients with hepatic cirrhosis.

 preparations and dosage

Proprietary names: Erythrocin, Ilosone and many generic forms.

Preparations: Film-coated tablets (as ethyl succinate and stearate), 

suspension (as ethyl succinate), capsules, injection (as lactobionate).

Dosage: Adults and children >8 years, oral, 250–500 mg every 6 h or  

0.5–1 g every 12 h, up to 4 g per day for severe infections. Children up to 

2 years, oral, 125 mg every 6 h; 2–8 years, 250 mg every 6 h; doses doubled 

for severe infection. Adults, children, i.v., 50 mg/kg per day by continuous 

i.v. infusion or in divided doses every 6 h for severe infections; 25 mg/kg per 

day for mild infections when oral treatment is not possible.

Widely available.
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 INTERACTIONS

The half-life of simultaneously administered theophylline is 
increased by about 10%, but there is no effect on that of car-
bamazepine and no interaction with warfarin or ciclosporin.

 TOXICITY AND SIDE EFFECTS

It is generally well tolerated, adverse effects being described in 
3–4% of patients, mostly gastrointestinal disturbance (abdom-
inal pain, nausea and diarrhea). Headache, weakness, dizzi-
ness, rash and reversible changes in liver function tests and 
increased eosinophils and platelets have also been described.

 Further information

Bryskier A. Roxithromycin: review of its antimicrobial activity. J Antimicrob 
Chemother. 1998;41:1–21.

Phillips I, Péchère J-C, Speller D. Roxithromycin: a new macrolide. J Antimicrob 
Chemother. 1987;21(suppl B).

OTHER GROUP 1 MACROLIDES

 DIRITHROMYCIN

A prodrug of erythromycylamine, a semisynthetic erythromy-
cin A derivative, formulated for oral administration. Activity 
against respiratory pathogens (Table 22.2, p. 277) is generally 
poorer than that of erythromycin A.

The long apparent elimination half-life (30–44 h) allows 
once-daily administration. Around 60–90% of a dose is con-
verted to erythromycylamine within 35 min after intravenous 
administration. After oral administration of single doses of 
500–1000 mg to healthy volunteers, the peak plasma concen-
trations ranged from 0.29 to 0.64 mg/L after 4–5 h. The abso-
lute bioavailability after oral administration is about 10%. 
It achieves a higher concentration than erythromycin in some 

tissues. After a 500 mg single oral dose, the mean peak bil-
iary concentration was 139 mg/L. Renal and non-renal clear-
ance was lower in patients with biliary disease than in other 
patients or healthy volunteers.

About 60–80% of an oral dose and over 80% of an intrave-
nous dose are eliminated in the feces, predominantly as eryth-
romycylamine. Dosage adjustments do not appear necessary 
in patients with mild or moderate hepatic, biliary or renal 
impairment. Negligible amounts of the drug are removed 
during hemodialysis.

Adverse events are similar to those found with other mac-
rolides. Gastrointestinal events are most common; around 
5% of patients experience abdominal pain, diarrhea or 
nausea.

It has been used in community-acquired infections of the 
respiratory tract and skin and soft-tissue infections. It is no 
longer widely available.

 Further information

Brogden RN, Peters DH. Dirithromycin – a review of its antimicrobial 
activity, pharmacokinetic properties and therapeutic efficacy. Drugs. 
1994;48:599–616.

 FLURITHROMYCIN

A semisynthetic derivative of erythromycin A, supplied for 
oral administration. It is stable at acid pH due to the pres-
ence of the fluorine atom at C-8 of the erythronolide A ring.

It is active against most streptococci (including Str. pneu-
moniae and Str. agalactiae; MIC50 0.03 mg/L), Mor. catarrhalis, 
N. gonorrhoeae (MIC50 0.04 mg/L), C. trachomatis (MIC 0.06–
0.125 mg/L), M. genitalium (MIC50 0.007 mg/L) and U. ure-
alyticum (MIC50 0.03 mg/L). It has little or no activity against 
H. influenzae and M. hominis. Activity against anaerobes is 
similar to that of erythromycin A. It displays cross-resistance 
with erythromycin A.

A single 500 mg oral dose achieved a mean peak plasma 
concentration of 1.2–2 mg/L after 1–2 h. The apparent elimi-
nation half-life was 8 h and the volume of distribution 5.5 L/ kg. 
With repeated doses (500 mg orally every 8 h for 10 doses), 
plasma concentrations were 0.72 mg/L immediately before 
and 0.67 mg/L at 4 h after the last dose. Absorption is not 
significantly affected by food. After administration of a sin-
gle 375 mg tablet of flurithromycin ethylsuccinate, the mean 
serum levels at 0.5 h were 0.43 ± 0.35 mg/L. The mean peak 
serum concentration (1.41 ± 0.49 mg/L) was achieved at 1 h. 
At 8 and 12 h, the serum levels were 0.14 (± 0.05) and 0.04 
(± 0.04) mg/L, respectively. The apparent elimination half-life 
is 3.94 (± 1.42) h. The apparent half-life in artificial gastric 
juice was about 40 min.

It is generally well tolerated and has been used success-
fully for the treatment of lower respiratory tract infections. 
Availability is limited.

Upper and lower respiratory tract infections

Skin and soft-tissue infections

Urogenital infections

Orodental infections

preparations and dosage

Proprietary names: Rulid, Surlid.

Preparations: Tablets, oral suspension.

Dosage: Adults, oral, 150 mg every 12 h or 300 mg per day. Children, oral, 

2.5–5 mg/kg every 12 h.

Widely available. Not available in the UK or the USA.
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 Further information

Benonl G, Cuzzolin L, Leone R, et al. Pharmacokinetics and human tissue distribu-
tion of flurithromycin. Antimicrob Agents Chemother. 1988;32:1875–1878.

Cocuza CE, Mattina R, Lanzafame A, Romoli L, Lepore AM. Serum levels of flurithro-
mycin ethylsuccinate in healthy volunteers. Chemotherapy. 1994;40:157–160.

Nord CE, Lindmark A, Persson I. Comparative antimicrobial activity of the new 
macrolide flurithromycin against respiratory pathogens. Eur J Clin Microbiol 
Infect Dis. 1988;7:71–73.

 OLEANDOMYCIN

A natural 14-membered-ring macrolide produced by 
Streptomyces antibioticus. It is stable in acid conditions. It is 
less active than erythromycin A in vitro, but four times more 
active than spiramycin (Table 22.1, p. 277). Several attempts 
have been made to improve its potency by chemical modifica-
tion while retaining its relative acid stability.

It is incompletely absorbed, but an ester, triacetylolean-
domycin, gives improved plasma levels. Following doses of 
0.5 g,  mean peak serum levels around 0.8 mg/L were reached 
by the base and 2 mg/L by the triacetyl ester. A single oral 
dose of 1 g of the ester produced a mean plasma oleandomy-
cin concentration of 4 mg/L at 1 h after dosing, with an AUC 
of 14 mg.h/L. The apparent elimination half-life was 4.2 h. 
Significant quantities of mostly inactivated compound are 
eliminated in the bile. About 10% of the dose appears in the 
urine after administration of the base and about 20% after 
the ester.

Nausea, vomiting and diarrhea are common. Like eryth-
romycin estolate, triacetyloleandomycin can cause liver 
damage. Abnormal liver function tests were found in about 
one-third of patients treated for 2 weeks. Hepatic dysfunc-
tion resolved when treatment was discontinued. The action 
of drugs  eliminated via the cytochrome P450 system may be 
potentiated.

Its uses are similar to those of erythromycin. It is of 
restricted availability.

 Further information

Koch R, Asay LD. Oleandomycin, a laboratory and clinical evaluation. J Pediatr. 
1958;53:676–682.

Ticktin HE, Zimmerman HJ. Hepatic dysfunction and jaundice in patients receiving 
triacetyloleandomycin. N Engl J Med. 1962;267:964–968.

GROUP 2: 16-MEMBERED-RING 
MACROLIDES

SPIRAMYCIN

Molecular weight (spiramycin 1): 843.

A fermentation product of Streptomyces ambofaciens, com-
posed of several closely related compounds. Spiramycin 1 is 
the major component (c. 63%); spiramycins 2 and 3 are the 
acetate and monopropionate esters, respectively. It is available 
for oral administration and as spiramycin adipate for intrave-
nous infusion. Spiramycins are relatively stable in acid condi-
tions. A derivative, acetylspiramycin, is available in Japan.

 ANTIBACTERIAL ACTIVITY

Activity against common pathogens is shown in Table 
22.1 (p. 277). L. pneumophila is inhibited by 1–4 mg/L and 
Campylobacter spp. by 0.5–16 mg/L. Enterobacteriaceae are 
resistant. Spiramycin is also active against anaerobic species: 
Actinomyces israelii (MIC 2–4 mg/L), Cl. perfringens (MIC 2–8 
mg/L) and Bacteroides spp. (MIC 4–14 mg/L). It is also active 
against Tox. gondii.

 PHARMACOKINETICS

Oral absorption Variable

C
max

 1 g oral 2.8 mg/L after 2 h

Plasma half-life 4–8 h

Volume of distribution 383 L

Plasma protein binding 15%

In healthy volunteers given 2 g orally followed by 1 g every 6 h, 
peak plasma levels were 1.0–6.7 mg/L. After 1 g orally the 
AUC was 10.8 mg.h/L, with an apparent elimination half-
life of 2.8 h. It is widely distributed in the tissues. It does not 
reach the CSF. Levels 12 h after a dose of 1 g were 0.25 mg/L 
in serum, 5.3 mg/L in bone and 6.9 mg/L in pus. Levels of 
10.6 mg/L have been found 4 h after dosing in saliva, and 
concentrations at least equal to those in the serum are seen 
in bronchial secretions. A concentration of 27 mg/g was 
found in prostate tissues after repeated dosage. Only 5–15% 
is recovered from the urine. Most is metabolized, but signifi-
cant quantities are eliminated via the bile, in which concen-
trations up to 40 times those in the serum may be found.
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 TOXICITY AND SIDE EFFECTS

Spiramycin is generally well tolerated, the most common 
adverse reactions being gastrointestinal disturbances, notably 
abdominal pain, nausea and vomiting, rashes and sensitiza-
tion following contact.

 Further information

Anonymous. Spiramycin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:S85–S88.

Davey P, Speller D, Daly PJ. eds. Spiramycin reassessed. J Antimicrob Chemother. 
1988;22(suppl B).

OTHER GROUP 2 MACROLIDES

 JOSAMYCIN

A naturally occurring antibiotic produced by Streptomyces 
narbonensis var. josamyceticus and belonging to the leucomycin 
group of macrolides. It is formulated for oral administration.

Activity is comparable to that of erythromycin A (Table 
22.1, p. 277), susceptible organisms being inhibited by  
≤2 mg/L. Many Gram-positive and Gram-negative anaer-
obes are susceptible, including Peptostreptococcus spp., 
Propionibacterium spp., Eubacterium spp. and Bacteroides spp.

After a single 1 g oral dose, a peak serum concentration 
of 2.74 mg/L was achieved 0.75 h after dosing. The AUC 
was 4.2 mg.h/L, and the apparent elimination half-life 1.5 h. 
Several inactive metabolites could be detected. It penetrates 
into saliva, tears and sweat, and achieves high levels in bile 
and lungs. It is mostly metabolized and excreted in the bile 
in an inactive form. Less than 20% of the dose appears in the 
urine, producing levels of around 50 mg/L.

The drug is generally well tolerated, producing only mild 
gastrointestinal disturbance. Its uses are similar to those of 
erythromycin. It is of limited availability.

 Further information

Chabbert YA, Modai J. Perspectives josamycine – Symposium International du 
16–18 mai 1985, Lisbones. Médicine et Maladies Infectieuses. 1985;(suppl).

 KITASAMYCIN (LEUCOMYCIN)

A naturally occurring product of Streptomyces kitasatoensis, 
available in Japan for parenteral and oral use, and as acetylki-
tasamycin for topical application. Elsewhere it is chiefly used 
in veterinary medicine.

 MIDECAMYCIN

A naturally occurring metabolite of Streptomyces mycarofa-
ciens, supplied as the native compound and as midecamycin 
acetate for oral administration.

The antibacterial spectrum is comparable to that of 
erythromycin A, but it is less active (Table 22.1, p. 277). 
It is rapidly and extensively metabolized and is said to 
exhibit less toxicity than earlier macrolides. It is of limited 
availability.

 Further information

Neu HC. In vitro activity of midecamycin, a new macrolide antibiotic. Antimicrob 
Agents Chemother. 1983;24:443–444.

 MIOKAMYCIN

A semisynthetic diacetyl derivative of midecamycin A1. It is 
generally less active than erythromycin and some strains of H. 
influenzae and E. faecalis are resistant. It is rapidly and exten-
sively metabolized, though some metabolites retain antibacte-
rial activity.

Absorption of the dry formulation is unaffected by food, 
whereas that of the oral suspension is delayed. In various 
studies the peak plasma concentration was 1.65, 1.31–3 
and 1.3–2.7 mg/L after doses of 400, 600 and 800 mg, 
respectively.

It is said to exhibit less toxicity than earlier macrolides. 
Attention has been paid to its interaction with theophylline, 
which resembles that of other macrolides. It is of limited 
availability.

 ROKITAMYCIN

3″-Propionyl leucomycin A5. A semisynthetic macrolide. 
Unstable in acid media.

The antibacterial spectrum is identical to that of erythro-
mycin, but it is less active against Gram-positive cocci. It is 
poorly active against H. influenzae (MIC50 8 mg/L) and Mor. 
catarrhalis (MIC50 4 mg/L). It displays good activity against 
Campylobacter spp. (MIC50 0.1 mg/L), L. pneumophila (MIC50 
0.1 mg/L) and M. pneumoniae (MIC50 0.003 mg/L). It is active 

Respiratory tract infections

Toxoplasmosis (especially in pregnancy)

preparations and dosage

Proprietary name: Rovamycine.

Preparations: Tablets, capsules, intravenous formulation (spiramycin adipate).

Dosage: Adults, oral, 2–4 g per day in two divided doses; i.v., 0.5–1 g every 

8 h. Children, oral, 50–100 mg/kg per day in divided doses.

Limited availability.
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against anaerobes, including some Bacteroides spp. (MIC50 
<0.05 mg/L).

After a single oral dose of 600 mg, the peak plasma con-
centration was 1.9 mg/L after 0.6 h. Oral doses of 5, 10 and 
15 mg/kg of a syrup formulation given to children achieved 
plasma concentrations of 0.26, 0.55 and 0.79 mg/L, respec-
tively, after about 40 min. The half-life is around 2 h.

It is mainly eliminated in the bile; only about 2% appears 
in the urine. Its major metabolites are leucomycin A7, 
10″-OH-rokitamycin (which show some antibacterial activ-
ity) and leucomycin V. In healthy adult volunteers, the pro-
portions of rokitamycin and its metabolites in serum 30 min 
after a single oral dose of 1200 mg were 18% (leucomycin 
A7), 33% (10″-OH-rokitamycin) and 9% (leucomycin V). The 
pharmacokinetic behavior is not altered in patients with liver 
cirrhosis. It is available in Italy and Japan.

GROUP 3: AZALIDES

AZITHROMYCIN

Molecular weight (dihydrate): 785.

A semisynthetic derivative of erythromycin A, supplied as the 
dihydrate for oral administration.

 ANTIBACTERIAL ACTIVITY

Activity in vitro against common bacterial pathogens is 
shown in Table 22.1 (p. 277). It is less potent than erythro-
mycin A against Gram-positive isolates, but is more active 
against Gram-negative bacteria. It is four times more potent 
than erythromycin A against H. influenzae, N. gonorrhoeae and 
Campylobacter spp., and twice as active against Mor. catarrhalis. 
It also exhibits superior potency against Enterobacteriaceae, 
notably Esch. coli, Salmonella enterica serotypes, and Shigella 
spp. It is active against Mycobacteria, notably the M. avium 
complex and against intracellular micro-organisms such as 
Legionella and Chlamydia spp.

 PHARMACOKINETICS

Oral absorption 37%

C
max

 250 mg oral 0.17 mg/L after 2.2 h

 500 mg oral 0.4 mg/L after 2 h

Plasma half-life (terminal) 11–40 h

Volume of distribution 31 L/kg

Plasma protein binding 7–50%

Chemical modification at the 9 position of the erythronolide 
A ring of erythromycin A blocks the internal ketalization and 
markedly improves acid stability. At pH 2, loss of 10% activ-
ity occurred in less than 4 s with erythromycin A, but took 
20 min with azithromycin. The AUC at 0–24 h is 4.5 mg.h/L. 
The level is only slightly increased on repeated dosing.

Binding to plasma protein varies with the concentration, 
from around 50% at 0.05 mg/L to 7.1% at 1 mg/L. The appar-
ent elimination half-life is dependent upon sampling interval: 
between 8 and 24 h it ranged from 11 to 14 h; between 24 and 
72 h it was 35–40 h.

It rapidly penetrates the tissues, reaching levels that 
approach or, in some cases, exceed the simultaneous plasma 
levels and persist for 2–3 days. Only about 6% of the dose is 
found in urine in the first 24 h.

 TOXICITY AND SIDE EFFECTS

Azithromycin is well tolerated with little gastrointestinal 
disturbance.

 Further information

Anonymous. Azithromycin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:A261–A265.

Leigh DA, Ridgway GL, Leeming JP, Speller DCE. Azithromycin (CP 62,993): the first 
azalide antimicrobial agent. J Antimicrob Chemother. 1990;25(suppl A).

Lower and upper respiratory tract infections

Skin and soft-tissue infections

Uncomplicated urethritis/cervicitis associated with N. gonorrhoeae, C. 

trachomatis or U. urealyticum

Trachoma

preparations and dosage

Proprietary name: Zithromax.

Preparations: Capsules, tablets, suspension.

Dosage: Adults, oral, 500 mg per day for 3 days. Children >6 months, 

10 mg/kg per day for 3 days; 15–25 kg, 200 mg per day for 3 days; 26–35 

kg, 300 mg per day for 3 days; 36–45 kg, 400 mg per day for 3 days.

Widely available.
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GROUP 4: KETOLIDES

TELITHROMYCIN

Molecular weight: 812.

A 14-membered-ring ketolide, obtained by semisynthesis 
from erythromycin A. Formulated for oral administration.

 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in Table 
22.1 (p. 277). The spectrum covers Gram-positive and Gram-
negative cocci, Gram-positive bacilli, fastidious Gram-negative 
bacilli, atypical mycobacteria, M. leprae, H. pylori, anaerobes, 
T. pallidum, intracellular pathogens and atypical organisms.

It exhibits bactericidal activity in vitro against isolates of 
Str. pneumoniae regardless of the underlying resistance to peni-
cillin G, erythromycin A and other agents. It is 2–4 times more 
active than clarithromycin against erythromycin A-susceptible 
isolates of Str. pneumoniae and other streptococci. Against 
H. influenzae the MIC range is 1–4 mg/L. It also exhibits good 
in-vitro activity against Coxiella burnetii (MIC 1 mg/L) and vari-
ous Gram-positive species, including viridans streptococci (MIC 
≤0.015–0.25 mg/L), C. diphtheriae (MIC 0.004–0.008 mg/L) 
and Listeria spp. (MIC 0.03–0.25 mg/L).

 ACQUIRED RESISTANCE

It retains activity against isolates resistant to erythromycin A. 
Str. pneumoniae and Str. pyogenes isolates for which the MIC 
of telithromycin is above the resistance breakpoint of 2 mg/L 
are presently rare. It is not active against Staph. aureus iso-
lates that owe their resistance to erythromycin to constitu-
tive methylation of adenine 2058 on domain V of the peptidyl 
transferase loop.

 PHARMACOKINETICS

Oral absorption 90%

C
max

 800 mg oral 1.9–2.27 mg/L (steady state after 2–3 days)

Plasma half-life 10–12 h

Volume of distribution 210 L

Plasma protein binding 60–70%

After oral administration the absolute bioavailability is 57% 
in both young and elderly subjects. The rate and extent of 
absorption are not influenced by food. In a study of ascending 
doses administered to healthy volunteers, peak plasma con-
centration ranged from 0.8 mg/L (400 mg dose) to 6 mg/L 
(2400 mg dose). The peak plasma concentration was reached 
after 1–2 h. The apparent elimination half-lives ranged from 
10 to 14 h, with an AUC of 2.6 mg.h/L (400 mg dose) to 
43.3 mg.h/L (2400 mg dose). After repeated oral doses the 
ratios between day 1 and day 10 ranged from 1.3 to 1.5. After 
once-daily oral dosing with 800 mg, the AUC is 8.25 mg.h/L. 
Concentrations in alveolar macrophages, epithelial lining fluid 
and bronchial tissue are shown in Table 22.5.

 TOXICITY AND SIDE EFFECTS

It is generally well tolerated. The main adverse event is 
diarrhea.

 Further information

Brown SD. Benefit–risk assessment of telithromycin in the treatment of 
 community-acquired pneumonia. Drug Safety. 2008;31:561–575.

Bryskier A. Telithromycin – an innovative ketolide antimicrobial. Jpn J Antibiot. 
2001;54(suppl A):64–69.

Carbon C, van Rensburg D, Hagberg L, et al. Clinical and bacteriologic efficacy of 
telithromycin in patients with community-acquired pneumonia. Respir Med. 
2006;100:577–585.

Wellington K, Noble S. Telithromycin. Drugs. 2004;64:1683–1694.

table 22.5 telithromycin concentration in respiratory tissue 
(800 mg oral daily dose)

 Mean concentrations (mg/L)

 2–3 h 6–8 h 12 h 24 h

Epithelial lining  
fluid

5.4–14.9 4.2 3.3 0.8–1.2

Alveolar 
macrophages

65–69 100 3.8 41–162

Bronchial tissues 0.68–3.9 2.2 1.4 0.7

Tonsils 3.95 – 0.9 0.7

Lower and upper respiratory tract infections in adult patients (community-

acquired pneumonia, acute exacerbations of chronic bronchitis, acute 

bacterial maxillary sinusitis and pharyngitis)

preparations and dosage

Proprietary name: Ketek.

Preparation: Tablet (400 mg).

Dosage: Adults, oral, 800 mg per day.

Widely available.
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OTHER KETOLIDES

 CETHROMYCIN (ABT 773)

A semisynthetic derivative of erythromycin A. It is a C11–
C12 carbamate ketolide and has an unsaturated chain with 
a quinoline ring at the C-6 position. It has the same anti-
bacterial spectrum as telithromycin and exhibits compara-
ble activity against respiratory tract pathogens (Table 22.2, 
p. 277). Erythromycin-susceptible Staph. aureus strains are 
inhibited by 0.015–0.06 mg/L irrespective of susceptibility to 
methicillin.

The apparent elimination half-life ranges from 3.6 to 6.7 h. 
In an escalating oral dose study, the peak plasma concentration 
ranged from 0.14 mg/L (100 mg dose) to 1.2 mg/L (1200 mg  
dose) after 0.5–5.1 h. The AUC ranged from 0.63 mg.h/L 
(100 mg dose) to 11.0 mg.h/L (1200 mg dose) with a total 
clearance of 183–254 L/h.

Clinical efficacy in respiratory tract infections is under 
investigation.

 Further information

Barry AL, Fuchs PC, Brown SD. In vitro activity of ABT 773. Antimicrob Agents 
Chemother. 2001;45:2922–2924.

Brueggemann AB, Doern GV, Huynh HK, Wingert EM, Rhomberg PR. In vitro activ-
ity of ABT 773, a new ketolide, against recent clinical isolates of Streptococcus 
pneumoniae, Haemophilus influenzae and Moraxella catarrhalis. Antimicrob 
Agents Chemother. 2000;44:447–449.

Hammerschlag MR, Sharma R. Use of cethromycin, a new ketolide, for treat-
ment of community-acquired respiratory infections. Expert Opin Investig Drugs. 
2008;17:387–400.

Strigl S, Roblin PM, Reznik T, Hammerschlag MR. In vitro activity of ABT 773, 
a new ketolide antibiotic, against Chlamydia pneumoniae. Antimicrob Agents 
Chemother. 2000;44:1112–1113.

Waites KB, Crabb DM, Duffy LB. In vitro activities of ABT-773 and other antimicrobi-
als against human mycoplasmas. Antimicrob Agents Chemother. 2003;47:39–42.

 MODITHROMYCIN (EDP 420)

A bicyclolide ketolide with a 9-substituted oxime group and 
a bicyclic substituted (pyridine and imidazole rings) bridge 
between position 6 and position 11 of the lactone ring. It exhib-
its good antipneumococcal activity (MIC 0.008–0.25 mg/L).  
Typical MICs for Staph. aureus are 0.125–32 mg/L and for 

H. influenzae 1–64 mg/L. In-vitro activity against intracel-
lular pathogens (Legionella, Chlamydophila spp.) and atypi-
cal pathogens such as M. pneumoniae is good. Gram-positive 
cocci resistant to erythromycin A by an efflux mechanism 
remain susceptible; those resistant by methylation (erm gene) 
exhibit variable susceptibility.

After a single oral ascending dose to healthy volunteers, 
the peak plasma concentrations were c. 0.2 mg/L (100 mg 
dose) and 1 mg/L (1200 mg dose) after 1.75–5 h (average 3 h). 
The lag time between administration and first detection in 
plasma was about 0.25 h. The apparent elimination half-life is 
around 15 h. Approximately 6–12% of the administered dose 
is eliminated in urine.

 Further information

Jiang LJ, Wang M, Or YS. Pharmacokinetics of EDP 420 after ascending doses in 
healthy adult volunteers. Antimicrob Agents Chemother. 2009;57:1786–1792.

Wang Q, Niu D, Qiu Y-L, et al. Synthesis of novel 6, 11-O-bridged bicyclic ketolides 
via a palladium-catalyzed bis-alkylation. Org Lett. 2004;6:4455–4458.

 CEM 101

A 2-fluoroketolide. The side chain substituting the  C11–C12 
carbamate is composed of a substituted triazolyl (amino-
phenyl) ring. It displays good in-vitro and in-vivo activity 
against Streptococcus spp., including Str. pneumoniae (MIC 
0.0015–0.25 mg/L), Str. pyogenes (MIC ≤0.008–0.015 mg/L)  
and viridians group streptococci (MIC ≤0.008–0.06 mg/L). 
Activity against H. influenzae is close to that of azithromy-
cin (MIC 1.0–2.0 mg/L). Vancomycin-susceptible strains of 
E. faecalis are inhibited by 0.003–2.0 mg/L and E. faecium by 
0.25–2.0 mg/L. It exhibits good activity against Ch. pneumoniae 
(MIC 0.25–1.0 mg/L), C. trachomatis (MIC 0.123–0.5 mg/L) 
and Mycoplasma spp. (MIC ≤0.0008 mg/L). In vitro H. pylori is 
susceptible (MIC 0.006–0.25 mg/L), but C. jejuni less so (MIC 
1–4 mg/L). It is extremely active in vitro against B. anthracis 
(MIC <0.008–0.015 mg/L) and other agents of bioterrorism 
such as Francisella tularensis (MIC <0.08–4.0 mg/L), Yersinia 
pestis and Burkholderia mallei (MIC 0.25–2.0 mg/L). It exhibits 
a good activity against the M. avium complex.

In healthy adult volunteers the proposed therapeutic dose 
of 400 mg achieved a peak plasma concentration of 0.78 mg/L 
after 4 h. The apparent elimination half-life was 5.1 h.



Chapter

23 Mupirocin

adam p. Fraise

Mupirocin is an antimicrobial substance originally derived from 
Pseudomonas fluorescens. It is a mixture of pseudomonic acids with 
more than 90% of the commercial product being pseudomonic 
acid A:

It has activity predominantly against Gram-positive bacteria and 
its main use is as a topical agent for the eradication of carriage of 
methicillin-resistant Staphylococcus aureus (MRSA). It is also used as 
a topical treatment for superficial skin infections caused by Gram-
positive organisms such as impetigo.

 AntimicrobiAl Activity

Activity against common pathogens is shown in Table 
23.1. It is active against staphylococci and streptococci, 
but also Neisseria and Haemophilus spp. Enterococcus faeca-
lis tends to be sensitive whereas E. faecium is usually resis-
tant. Activity against Staph. aureus is affected by inoculum 
such that a 10-fold increase in the inoculum causes dou-
bling of the minimum inhibitory concentration (MIC) in 
vitro. Activity also decreases as pH increases above the 
normal skin pH of 5.5.

 Acquired resistAnce

Before the introduction of mupirocin, resistance in Staph. 
aureus was uncommon, with a natural mutation frequency 
of 1 in 109. However, shortly after the agent was introduced, 
mupirocin-resistant strains began to emerge. They are of two 
types: low level (MIC 8–256 mg/mL) and high level (MIC 
>256 mg/mL).

Low-level resistance appears to be due to mutations in 
the target enzyme, isoleucyl-tRNA synthetase (see p. 16); it is 
probably not transmissible and seems of little clinical signifi-
cance as these strains respond to standard treatment.

High-level resistance, in contrast, is linked to the acqui-
sition of a transmissible resistance gene MupA that may 
co-transfer with other antimicrobial resistance genes. 
Strains that express MupA are not clinically susceptible to 
mupirocin.

Several studies suggest that widespread use of prophy-
lactic mupirocin may result in increased levels of resistance. 
In Canada increasing use of mupirocin across the country led 
to high-level mupirocin resistance, rising from 1.6% to 7% 
over a 9-year period.

table 23.1 Activity of mupirocin against some common 
pathogenic bacteria: MIC (mg/L)

Species MIC

Staphylococcus aureus (including MRSA) 0.01–0.25

Coagulase-negative staphylococci 0.01–4.0

Streptococcus pyogenes 0.06–0.5

Str. pneumoniae 0.06–0.5

Enterococcus faecalis 16–R

E. faecium 1.0–4.0

Neisseria gonorrhoeae 0.03–0.25

N. meningitidis 0.03–0.25

Haemophilus influenzae 0.003–0.25

Enterobacter spp. R

Pseudomonas aeruginosa R

Bacteroides fragilis R

R, resistant (MIC >64 mg/L).
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 PhArmAcokinetics

Following parenteral administration, mupirocin is rapidly 
destroyed by non-specific esterases (possibly in renal or liver 
tissues since it is reasonably stable in blood) to inactive monic 
acid and its conjugates. It is strongly protein bound. About 
0.25% is absorbed from intact skin. The skin ointment, but 
not the cream, contains polyethylene glycol, which may be 
absorbed significantly when applied to open wounds or dam-
aged skin, including burns.

 toxicity And side effects

Topical applications are well tolerated. Conjunctival application 
is contraindicated as it may cause irritation. Minor side effects 
such as irritation and unpleasant or abnormal taste have been 
recorded for very few patients following nasal application.

Polyethylene glycol from the ointment base may, if absorbed 
from application to open wounds or damaged skin, cause renal 
toxicity.

 clinicAl use

Mupirocin is mainly used as a nasal cream as part of the reg-
imen to decolonize patients who have been found to carry 
methicillin-resistant Staph. aureus. It can also be applied to 
tracheostomy, gastrostomy and other sites that are frequently 
colonized with MRSA.

The use of mupirocin as a means of controlling outbreaks 
of infection due to MRSA appears to be of only marginal ben-
efit in an endemic situation.

A Cochrane Review of nine randomized controlled trials of 
use of mupirocin to prevent subsequent Staph. aureus infec-
tions in nasal carriers of the organism found a statistically sig-
nificant reduction in such infections at any site.

A small study of local therapy to reduce the risk of perito-
nitis in patients on continuous ambulatory peritoneal dialysis 
(CAPD) found that mupirocin applied three times weekly to 
the dialysis catheter exit site resulted in a 92% reduction in 
the rate of peritonitis

 Further information

Casewell MW, Hill RLR. In vitro activity of mupirocin (pseudomonic acid) 
against clinical isolates of Staphylococcus aureus. J Antimicrob Chemother. 
1985;15:523–531.

Coia JE, Duckworth GJ, Edwards DI, et al. Guidelines for the control and  prevention 
of meticillin-resistant Staphylococcus aureus (MRSA) in healthcare facilities. 
J Hosp Infect. 2006;63(suppl 1):S1–S44.

Hill RLR, Duckworth GD, Casewell MW. Elimination of nasal carriage of 
 methicillin-resistant Staphylococcus aureus with mupirocin during a hospital 
outbreak. J Antimicrob Chemother. 1988;22:377–384.

Simor AE, Stuart TL, Louie L, et al. Mupirocin-resistant, methicillin-resistant 
Staphylococcus aureus strains in Canadian hospitals. Antimicrob Agents 
Chemother. 2007;51:3880–3886.

Van Rijen M, Bonten M, Wenzel R, Kluytmans J. Mupirocin ointment for  preventing 
Staphylococcus aureus infection in nasal carriers. Cochrane Database Syst Rev. 
2008;(4): CD006216. DOI: 10.1002/14651858.CD006216.pub2.

preparations and dosage

Proprietary name: Bactroban.

Preparations: 2% mupirocin as ointment, cream or nasal ointment.

Dosage: Topical application, up to three times daily for a maximum of 

10 days. Nasal application, up to three times daily for 3–5 days.

Widely available.
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Chapter

24 Nitroimidazoles

peter J. Jenks

An imidazole ring is an important feature of many natural com-
pounds with a wide range of biological activities. Nitroimidazoles 
with antimicrobial activity emerged from a search for a drug that 
would provide an effective treatment for infections caused by pro-
tozoa of the Trichomonas genus, including the human pathogen, 
Trichomonas vaginalis. The first active compound was an antibi-
otic, azomycin (2-nitroimidazole) produced by a streptomycete. It 
was soon abandoned, but led to the synthesis of several hundred 
related compounds, one of which, the 5-nitroimidazole metronida-
zole, combined activity against the parasites with acceptable animal 
toxicity. The compound was marketed in 1960 and 2 years later was 
fortuitously found also to possess potent activity against anaerobic 
bacteria.

Numerous 5-nitroimidazoles were subsequently developed. 
Metronidazole and tinidazole are in widespread clinical use; others 
include nimorazole, ornidazole and secnidazole. The 2-nitroimidazole, 
benznidazole, is uniquely used in the treatment of South American 
trypanosomiasis (Chagas disease); fexinidazole is under investigation 
in African trypanosomiasis (sleeping sickness). Carnidazole, dime-
tridazole, ipronidazole and ronidazole are used in veterinary medi-
cine and are not discussed further here.

Other imidazole derivatives are used as antifungal agents (Chapter 
32) and anthelmintics (Chapter 34). Some, chiefly 2-nitroimidazoles, 
have been examined as possible radiosensitizers for the treatment of 
hypoxic tumors.

ANTIMICROBIAL ACTIVITY

BACTERIA

The 5-nitroimidazoles exhibit excellent potency against 
anaerobic bacteria (Table 24.1), including Bacteroides spp., 
Clostridium spp., Prevotella spp. and Fusobacterium spp. Most 
isolates of Mobiluncus curtisii are resistant to metronidazole 
and its hydroxy metabolite, while Mobiluncus mulieris is often 
sensitive. Other susceptible bacteria include Capnocytophaga 
spp. and Campylobacter fetus. Most Actinomyces and 

Propionibacterium spp. are resistant. Among facultative  
anaerobes, Actinobacillus actinomycetemcomitans and Eikenella 
 corrodens are usually resistant, while Gardnerella vaginalis is 
frequently sensitive, more so to the hydroxy metabolite of 
metronidazole.

PROTOZOA

Susceptible protozoa include T. vaginalis, Giardia lamblia, 
Entamoeba histolytica, Balantidium coli and Blastocystis hominis. 
The spectrum of benznidazole is restricted to Trypanosoma 
cruzi.

FACTORS AFFECTING ACTIVITY 
IN VITRO

All nitroimidazoles exert their antimicrobial activity via reduc-
tion of the nitro group, which only occurs at low redox poten-
tials. The major factor affecting in-vitro activity is therefore 
the failure to achieve anaerobic conditions, which can lead to 
reporting of false resistance. The presence of traces of oxygen 
may inhibit or reverse reduction of the drug through ‘futile 
cycling’. It is essential, therefore, to ensure that fully anaero-
bic conditions are maintained during susceptibility testing.

All nitroimidazoles are capable of being photodegraded 
and should be protected from light.

ACQUIRED RESISTANCE

PROTOZOA

While resistant strains of E. histolytica and T. vaginalis are 
rarely encountered, up to 20% of G. lamblia isolates may be 
resistant in general clinical practice. Although resistance rates 
of T. vaginalis are low, millions of cases of infection occur each 
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year and the number of treatment failures due to resistance is 
significant. The minimum inhibitory concentration (MIC) of 
metronidazole for strains of T. vaginalis from refractory vagi-
nitis is frequently 3–8 times the value for susceptible strains.

The development of high-level resistance is frequently 
multifactorial and many protozoa develop nitroimida-
zole resistance either by reducing or by abolishing activity 
of elements of the electron transport reactions, particu-
larly ferredoxin oxidoreductase (FOR) and ferredoxin, with 
appropriate compensatory modifications of the normal fer-
mentative pathway. Reduced or abolished FOR activity 
and decreased transcription of the ferredoxin gene result-
ing in decreased levels of a functional pyruvate:ferredoxin 
oxidoreductase (PFOR) system have been reported in both 
Trichomonas and Giardia spp. The consequences are that 
pyruvate oxidation is diverted to alternative pathways which 
favor the formation of lactate (in T. vaginalis) or ethanol (in 
T. fetus). Decreased levels of the PFOR system with com-
pensatory changes in the electron transport chain are also 
 associated with resistance in Giardia spp.

Increased expression of superoxide dismutase with-
out a reduction of PFOR activity has been reported in 
 metronidazole-resistant ameba and appears to contribute to 
the resistant phenotype, rather than being the result of a gen-
eral stress response.

BACTEROIDES AND CLOSTRIDIUM SPP

Reduced susceptibility to metronidazole and other nitroimi-
dazoles has been described in B. fragilis, B. distasonis and B. 
bivius. Mechanisms such as reduced uptake of nitroimida-
zoles, reduced nitroreductase activity or decreased PFOR 
activity have been proposed. Reduction in PFOR activity is 
compensated by increased pyruvate dehydrogenase activ-
ity, and results in reduced activation and hence uptake of 

nitroimidazoles. Resistance in Bacteroides spp. may also be 
associated with specific nitroimidazole (nim) resistance genes 
that can be either plasmid or chromosomally encoded. These 
are thought to encode a nitroimidazole reductase which con-
verts nitroimidazole to aminoimidazole,  preventing formation 
of bactericidal nitroso residues.

Metronidazole-resistant strains of clostridia have not been 
reported clinically, but a laboratory strain of Clostridium per-
fringens made resistant by mutation possessed decreased levels 
of PFOR.

HELICOBACTER SPP

Most nitroimidazole-resistant strains of H. pylori contain 
mutations within the gene encoding the oxygen-insensitive 
NADPH nitroreductase, RdxA. This usually arises by de-
novo mutation of the rdxA gene, but resistance transfer may 
occur in patients infected with two strains of H. pylori.

Inactivation of other reductase-encoding genes, including 
frxA (which encodes NADPH flavin oxidoreductase) and fdxB 
(which encodes a ferredoxin-like protein), are also occasion-
ally associated with resistance to metronidazole. Mutations in 
these genes often result in transition to high-level resistance 
once inactivation of the rdxA gene has occurred, but resis-
tance may also arise as a result of inactivation of frxA alone.

Other mechanisms of metronidazole resistance may remain 
to be discovered in H. pylori. These are most likely to involve 
inactivation of other nitroreductase enzyme-encoding genes, 
but mutations affecting membrane transport and DNA repair 
may also contribute to the resistant phenotype. Combinations 
of these factors are likely to account for wide interstrain dif-
ferences in susceptibility of H. pylori.

PHARMACOKINETICS

Nitroimidazoles are generally well absorbed following oral 
administration. Following rectal or vaginal administration, 
bioavailability is approximately 60% and 20%, respectively, 
with considerable variation between individuals. Binding to 
proteins is low. Peak plasma levels are achieved 3–5 h after an 
oral dose. The decay from the peak is exponential, with the 
rate depending on the half-life of the drug. Dose-proportional 
kinetics are observed for clinically relevant doses. The concen-
trations after normal oral doses are well above the MICs for 
anaerobes but are borderline for G. vaginalis. The nitroimida-
zoles are well distributed to peripheral compartments, includ-
ing brain tissue and cerebrospinal fluid, but concentrations in 
subcutaneous fat are 15% or less of concurrent serum levels.

Nitroimidazoles are metabolized mainly by the liver and 
excreted in the urine. Derivatives with a 2-methyl group (except 
nimorazole) are metabolized to the corresponding methoxy 
derivative and those with an alcohol side chain are metabolized 
to the corresponding acid metabolite. All can form glucuronide 
conjugates and, occasionally, the ethereal sulfate conjugate.

 Metronidazole Ornidazole tinidazole

Bacteroides fragilis 0.5–4 <0.1–4 0.1–4

B. melaninogenicus <0.1 <0.1 <0.1

Fusobacterium spp. <0.1–1 <0.1–1 0.1–2

Clostridium perfringens 0.25–2 0.25–2 0.25–2

Peptococcus and 
Peptostreptococcus  
spp.

<0.1–4 
 

<0.1–2 
 

<0.1–2 
 

Veillonella spp. 1–2 0.5–1 0.5–2

Eubacterium spp. 0.5–2 0.5–1 0.5–2

Propionibacterium  
spp.

R R R 

table 24.1 Activity of nitroimidazoles against anaerobic 
bacteria: MIC (mg/L)

R, resistant (MIC >16 mg/L).
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TOXICITY AND SIDE EFFECTS

The most common side effects are gastrointestinal (includ-
ing nausea and diarrhea) and a metallic taste, especially when 
high doses are used. A reversible peripheral neuropathy may 
occur in patients receiving high doses for prolonged peri-
ods, particularly in the treatment of hypoxic tumors. Central 
neurotoxicity has also been reported and the drug should 
be discontinued if any abnormal neurological symptoms are 
reported. If combined with alcohol, metronidazole may cause 
a disulfiram-like reaction, with nausea, vomiting, flushing of 
the skin, tachycardia, hypotension and palpitations.

Although nitroimidazoles have been found to be mutagenic 
and carcinogenic in animal studies, there is no evidence that 
they are carcinogenic to humans. Nevertheless, they should 
only be used in pregnancy when the benefits outweigh the 
risks, and should be avoided altogether in the first trimester. 
Because the concentrations in breast milk are similar to those 
in serum, a risk assessment should be performed before use 
in lactating mothers.

CLINICAL USE

Nitroimidazoles are the most active antibiotics for the treat-
ment and prevention of infections involving anaerobic 
bacteria. They are therefore important in the treatment of intra-
 abdominal and gynecological sepsis, abscesses and specific 
clinical syndromes such as tetanus. They are also an important 
component of prophylactic regimens for surgical procedures 
where contamination with anaerobic flora is likely. They are 
used to treat bacterial vaginosis (frequently associated with 
G.  vaginalis) and dental infections, including acute necrotizing 
ulcerative gingivitis (Vincent’s angina). Metronidazole is the 
treatment of choice for antibiotic-associated diarrhea caused 
by C. difficile for all but those with recurrent, complicated 
or fulminant disease, for whom oral vancomycin is recom-
mended. Metronidazole and tinidazole are also used as part 
of eradication regimens for H. pylori, although resistance may 
affect 10–50% of strains isolated in developed countries and 
virtually all strains from developing countries.

The nitroimidazoles provide the first-line treatment for 
giardiasis, amebiasis and trichomonal vaginitis, and may also 
be used to treat balantidiasis. Benznidazole is used for the 
treatment of Trypanosoma cruzi infections (Chagas disease).

These drugs have also been used as hypoxic cell sensitizers 
in the radiotherapy of tumors, in the treatment of bacterial 
overgrowth syndromes and in the prevention of recurrence of 
Crohn’s disease.

 Further information

Carlier JP, Sellier N, Rager M-N, Reysset G. Metabolism of a 5-nitroimidazole in sus-
ceptible and resistant isogenic strains of Bacteroides fragilis. Antimicrob Agents 
Chemother. 1997;41:1495–1499.

Dans L, Martinez E. Amoebic dysentery. Clin Evid. 2006;15:1007–1013.
Edwards DI. Nitroimidazole drugs – action and resistance mechanisms. 

I. Mechanisms of action. J Antimicrob Chemother. 1993;31:9–20.
Edwards DI. Nitroimidazole drugs – action and resistance mechanisms. II. 

Mechanisms of resistance. J Antimicrob Chemother. 1993;31:201–210.
Gardner TB, Hill DR. Treatment of giardiasis. Clin Microbiol Rev. 2001;14:114–128.
Jenks PJ, Ferrero RL, Labigne A. The role of the rdxA gene in the evolution of 

metronidazole resistance in Helicobacter pylori. J Antimicrob Chemother. 
1999;43:753–758.

Lamp KC, Freeman SD, Klutman NE, Lacy MK. Pharmacokinetics and phar-
macodynamics of the nitroimidazole antimicrobials. Clin Pharmacokinet. 
1999;36:353–373.

Raether W, Hänel H. Nitroheterocyclic drugs with broad spectrum activity. 
Parasitol Res. 2003;90(suppl 1):S19–S39.

Upcroft P, Upcroft JA. Drug targets and mechanisms of resistance in the anaerobic 
protozoa. Clin Microbiol Rev. 2001;14:150–164.

Van Der Wouden E-J, Thijs JC, Kusters JG, van Zwet AA, Kleibeuker JH. Mechanism 
and clinical significance of metronidazole resistance in Helicobacter pylori. 
Scand J Gastroenterol. 2001;36:10–14.

BENZNIDAZOLE

Molecular weight: 260.26.

A synthetic 2-nitroimidazole, formulated for oral administra-
tion. Solubility in water 400 mg/L.

 ANTIMICROBIAL ACTIVITY

It exhibits antiprotozoal activity, particularly against 
Trypanosoma cruzi.

 PHARMACOKINETICS

Oral bioavailability High

C
max

 100 mg oral 2.2–2.8 mg/L after 3–4 h

Plasma half-life 10.5–13.6 h

Volume of distribution c. 0.56 L/kg

Plasma protein binding c. 44%

The 2-nitro group undergoes reduction to the amine and 
hydrolysis to the hydroxy derivative.

 TOXICITY AND SIDE EFFECTS

Adverse effects are more common in the elderly and include 
nausea, vomiting, abdominal pain, peripheral neuropathy and 
severe skin reactions.

NO2

CH2 CONHCH2

N

N
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 CLINICAL USE

Benznidazole is used in treatment of South American try-
panosomiasis (Chagas disease).

 Further information

de Andrade AL, Zicker F, de Oliveira RM, et al. Randomised trial of efficacy of 
benznidazole in treatment of early Trypanosoma cruzi infection. Lancet. 
1996;348:1407–1413.

Mady C, Ianni BM, de Souza JL. Benznidazole and Chagas disease: can an 
old drug be the answer to an old problem? Expert Opin Investig Drugs. 
2008;17:1427–1433.

Reyes PA, Vallejo M. Trypanocidal drugs for late stage, symptomatic Chagas 
disease (Trypanosoma cruzi infection). Cochrane Database Syst Rev. 2005;(4): 
CD004102.

Viotti R, Vigliano C, Lococo B, et al. Side effects of benznidazole as treatment 
in chronic Chagas disease: fears and realities. Expert Rev Anti Infect Ther. 
2009;7:157–163.

METRONIDAZOLE

Molecular weight (free compound): 171.16; (hydrochloride): 
207.6; (benzoate): 275.3.

A 5-nitroimidazole available for oral administration or as a 
suppository; also formulated as the hydrochloride for intra-
venous use, and as the benzoate in an oral suspension and 
a dental gel. Aqueous solubility: 10 g/L at 20°C. Soluble in 
dilute acids. It is photolabile and preparations should be pro-
tected from light. Metronidazole hydrochloride has a low pH 
(0.5–2.0) when reconstituted, and reacts with aluminum in 
equipment, including needles, to produce a reddish-brown 
discoloration. It is incompatible with several agents and other 
drugs should not be added to intravenous solutions.

 ANTIMICROBIAL ACTIVITY

It is a potent inhibitor of obligate anaerobic bacteria (Table 
24.1, p. 293) and protozoa, but not of any organism that is aer-
obic or incapable of anaerobic metabolism. Susceptible proto-

zoa include T. vaginalis, G. lamblia, E. histolytica, Balantidium 
coli and Blastocystis hominis, which are inhibited by concentra-
tions of 0.2–0.25 mg/L. Clostridium spp. (including C. difficile) 
are inhibited at concentrations of 0.5–8 mg/L. It is also active 
against the microaerophilic H. pylori (MIC for susceptible 
strains <8 mg/L). The 2-methoxy metabolite of metronidazole 
is more active (MIC about 0.3 mg/L), but the acid metabolite 
shows less activity than the parent drug (MIC about 3 mg/L). 
G. vaginalis shows similar susceptibility (MIC 1–8 mg/L); the 
methoxy metabolite is more active (MIC 0.02–2 mg/L).

 ACQUIRED RESISTANCE

Although resistance in Bacteroides spp. and T. vaginalis is well 
documented, it is uncommon. Resistance occurs more fre-
quently in H. pylori and failure of treatment with triple drug 
regimens may be associated with resistance to the metronida-
zole component.

 PHARMACOKINETICS

Oral absorption >90%

C
max

 400 mg oral c. 10 mg/L after 3–5 h

Plasma half-life 6–11 h

Volume of distribution 0.6–1.1 L/kg

Plasma protein binding <20%

absorption

Peak plasma concentrations after oral administration are pro-
portional to the dose. Plasma levels are usually lower in men 
because of weight differences. In patients treated intravenously 
with a loading dose of 15 mg/kg followed by 7.5 mg/kg every 
 6 h, peak steady state plasma concentrations averaged 25 mg/L 
with minimum trough concentrations averaging 18 mg/L.

The bioavailability of metronidazole in rectal suppositories 
is around 60%. Effective blood concentrations occur 5–12 
h after the first suppository and are maintained by an 8 h 
regimen.

There are conflicting data on the effects of age on absorp-
tion. One study, which did not distinguish between metron-
idazole and its metabolites, indicated that the area under the 
curve (AUC) for plasma was almost doubled in the elderly. 
However, the general consensus is that there is no require-
ment for a decreased dosage for the elderly, unless there is 
significant renal impairment.

Distribution

It is widely distributed in body tissues after oral or intravenous 
administration. It appears about 90 min after an oral dose in 
brain tissue, cerebrospinal fluid (CSF), saliva and breast milk 
in concentrations similar to those found in plasma; and in  

preparations and dosage

Preparation: Tablets.

Dosage: Adults, 5–10 mg/kg per day for 30–60 days. Children, 5–10 mg/kg 

per day for 30–60 days.

Available in South America.

CH2 CH2 OH

O2N CH3N

N
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vaginal secretions, pleural and prostatic fluid at levels about 40% 
of those of the plasma. In patients receiving 500 mg every 12 h 
or 1 g every 6 h, CSF levels of up to 2 and 8 mg/L, respectively, 
have been found. Bactericidal concentrations of metronidazole 
are achieved in pus from hepatic abscesses. Concentrations in 
placenta and fetal tissue are related to the corresponding mater-
nal plasma levels: concentrations of 3.5 mg/kg (placenta) and 
9  mg/kg (fetus) when the plasma concentration was 13.5 mg/L.

Metabolism

It is metabolized in the liver to a glucuronide conjugate and to 
acid and hydroxy derivatives. The acid metabolite, produced 
by oxidation of the N-1 ethanol side-chain, is microbiolog-
ically inactive and appears in the urine because of its high 
water solubility. The hydroxy derivative, which is as active as 
the parent drug against G. vaginalis, is formed by oxidation 
of the methyl group on C-2 of the imidazole ring, first to the 
hydroxymethyl derivative and subsequently to the carboxylic 
acid. Hydroxymetronidazole has a half-life of 10–13 h. Both 
metronidazole itself and the hydroxymethyl metabolite can 
form sulfate or glucuronide conjugates; the acid metabolite 
may be excreted as the glycine conjugate. Traces of metabo-
lites derived from reduction of the nitro group are found in 
urine and are assumed to be formed by the intestinal flora.

excretion

About 60–80% of the dose appears in the urine and 6–15% 
in the feces. The hydroxy and acid metabolites are also 
excreted in the urine. Glucuronide conjugates account for 
approximately 20% of the total. Renal clearance is approx-
imately 10  mL/min per 1.73 m2. Decreased renal function 
does not alter the single-dose kinetics and dose adjustment 
is not normally required in patients with renal impairment. 
However, the hydroxy metabolite may accumulate in patients 
with end-stage disease and dose reduction may be necessary. 
Elimination is prolonged in patients with impaired liver func-
tion necessitating dose reduction. Hemodialysis increases the 
clearance of metronidazole, shortening the half-life to 2–3 h.

Newborn infants possess a decreased capacity to eliminate 
metronidazole. In one study, the elimination half-life mea-
sured during the first 3 days of life was inversely related to 
gestational age. In premature newborns and infants whose  
gestational ages were between 28 and 40 weeks, the correspond-
ing half-life elimination rates ranged from 10.9 to 22.5 h.

 TOXICITY AND SIDE EFFECTS

precautions

Alcohol should not be taken during and for 48 h after therapy 
because of a possible disulfiram-like reaction, nor should it be 
combined with formulations containing alcohol. It should not 
be given in cases of known hypersensitivity to nitroimidazoles.

It enhances the anticoagulant effect of warfarin and may 
impair the clearance of phenytoin and lithium. Phenytoin 
may increase the metabolism of metronidazole. Plasma con-
centrations are decreased by the concomitant administration 
of phenobarbital (phenobarbitone). The drug may also mask 
the immunological response of untreated early syphilis cases 
because of its antitreponemal activity.

It should be used with care in patients with blood dyscra-
sias or with any central nervous system (CNS) disease.

The drug should be avoided in pregnancy, especially dur-
ing the first trimester and particularly if high doses are being 
administered. Use during the second and third trimesters may 
be acceptable if alternative therapies for trichomoniasis have 
failed, but single-dose (2 g oral) therapy should be avoided. 
The drug may cause the breast milk to taste bitter. Breast 
feeding should be discontinued until 24 h after the last dose 
to allow excretion of the drug. It appears safe when given to 
nursing mothers at doses of up to 400 mg every 8 h.

adverse effects

An unpleasant sharp, metallic taste is not unusual. Furry 
tongue, glossitis and stomatitis have occurred; stomatitis may 
be associated with overgrowth of Candida spp. during treat-
ment. Gastrointestinal disturbances include nausea, vomiting, 
abdominal discomfort and diarrhea, and occur with intrave-
nous and oral preparations. Pseudomembranous colitis has 
also been reported.

Nervous system effects associated with intravenous and oral 
preparations include convulsive seizures, peripheral neuropathy, 
dizziness, vertigo, incoordination, ataxia, confusion, irritability, 
depression, weakness and insomnia. Peripheral neuropathy was 
found in 11 of 13 patients aged 12–22 years treated for Crohn’s 
disease. The symptoms disappeared when the dose was discon-
tinued or markedly reduced. Peripheral neuropathy or CNS 
toxicity is more likely in patients treated for 10 days or more 
and treatment should be discontinued. The co-administration 
of cimetidine increases plasma levels of metronidazole and may 
increase the risk of neurological side effects.

Reversible neutropenia has been reported after administra-
tion of both intravenous and oral preparations. Bone marrow 
aplasia and thrombocytopenia are rare. Hemolytic uremic 
syndrome was reported in six children who had been given 
metronidazole for non-specific diarrhea or for prophylaxis 
after bowel surgery.

Erythematous rash and pruritus have been reported after 
use of the intravenous preparation. The risk of thrombophle-
bitis can be minimized by avoiding prolonged indwelling cath-
eters for intravenous infusion.

Rarely, flattening of the T wave may be seen in electro-
cardiographic tracings. A number of cases of deafness have 
been reported. Myopia related to 11 days’ oral treatment 
for trichomoniasis disappeared 4 days after treatment was 
stopped, but returned when treatment was resumed. There 
have been isolated reports of pancreatitis and gynecomastia.
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Mutagenicity and carcinogenicity

Metronidazole and some of its metabolites are weakly 
mutagenic by the Ames test, but only under anaerobic or 
microaerophilic conditions that lead to reduction of the nitro 
group, an essential prerequisite for its bactericidal action. 
Other mutagenicity and genotoxicity studies in experimen-
tal animals and in-vitro tests of human cells have proved 
negative.

Several large studies have found no increase in the inci-
dence of cancer.

 CLINICAL USE

It is also used in acne rosacea, balantidiasis and Guinea worm 
infection. T. vaginalis infections resistant to the usual dosage 
require special treatment (p. 836). 

 Further information

Bendesky A, Ménendez D, Ostrosky-Wegman P. Is metronidazole carcinogenic? 
Mutat Res. 2002;511:133–144.

Burtin P, Taddio A, Aruburno O, Einarson TR, Koren G. Safety of metronidazole in 
pregnancy: a meta-analysis. Am J Obstet Gynecol. 1995;172:525–529.

Caro-Paton T, Carvajal A, Martin de Diego I, et al. Is metronidazole teratogenic? 
A meta-analysis. Br J Clin Pharmacol. 1997;44:179–182.

Gerding DN, Muto CA, Owens RC. Treatment of Clostridium difficile infection.  
Clin Infect Dis. 2008;46(suppl 1):S32–S42.

Jenks PJR, Ferrero L, Labigne A. The role of the rdxA gene in the evolution of 
metronidazole resistance in Helicobacter pylori. J Antimicrob Chemother. 
1999;43:753–758.

Lau AH, Lam NP, Piscitelli SC, Wilkes L, Danziger LH. Clinical pharmacokinetics of 
metronidazole and other nitroimidazole anti-infectives. Clin Pharmacokinet. 
1992;23:328–364.

Lossick JG. Treatment of sexually transmitted vaginosis/vaginitis. Rev Infect Dis. 
1990;12(suppl 6):S665–S681.

Snydman DR, Jacobus NV, McDermott LA, et al. Multicenter study of in vitro 
susceptibility of Bacteroides fragilis group, 1995 to 1996 with compari-
son of resistance trends from 1990 to 1996. Antimicrob Agents Chemother. 
1999;43:2417–2422.

Trichomonal vaginitis, giardiasis and amebiasis

Treatment and prophylaxis of anaerobic infections

Acute necrotizing ulcerative gingivitis (Vincent’s stomatitis)

Bacterial vaginosis

C. difficile-associated disease

Gastric colonization with H. pylori (in combination with other agents)

Surgical prophylaxis (abdominal and gynecological)

C. difficile-associated disease: 800 mg orally then 400 mg every  

8 h for 10–14 days. In the USA: 250 mg every 6 h or 500 mg  

every 8 h.

Intestinal amebiasis: Adults, 800 mg orally every 8 h for 5–10 days. Children 

aged 1–3 years, 200 mg every 8 h for 5 days; aged 3–7 years, 200 mg every 

6 h; aged 7–10 years, 400 mg every 8 h for 5 days; aged 10–18 years, 800 

mg every 8 h for 5 days. In the USA: 500–750 mg every 8 h for 10 days.

Extraintestinal amebiasis: Adults, 800 mg orally every 8 h for 10 days. 

Children aged 1–3 years, 100–200 mg every 8 h for 5–10 days;  

aged 3–7 years, 100–200 mg every 6 h for 5–10 days; aged 7–10 years, 

200–400 mg every 8 h for 5–10 days; aged 10–18 years, 400–800 mg 

every 8 h for 5–10 days. In the USA: 500–750 mg every 8 h for  

10 days.

Symptomless cyst passers: Adults, 400–800 mg orally every 8 h for 5–10 

days. Children aged 1–3 years, 100–200 mg every 8 h for 5–10 days; 

aged 3–7 years, 100–200 mg every 6 h for 5–10 days; aged 7–10 years, 

200–400 mg every 8 h for 5–10 days. Similar doses to those given 

for amebiasis may be used for balantidiasis and Blastocystis hominis 

infections.

Giardiasis: Adults, 2 g metronidazole orally per day as a single dose for 3 

days; alternatively, 400 mg every 8 h for 5–7 days. Children aged 1–3 years, 

500 mg once per day for 3 days; aged 3–7 years, 600–800 mg once per 

day for 3 days; aged 7–10 years, 1 g once per day for 3 days; aged 10–18 

years, 2 g once per day for 3 days or 400 mg every 8 h for 5 days. In the 

USA: 250 mg every 8–12 h.

Acute ulcerative gingivitis: Adults, 200 mg orally every 8 h for 3 days. 

Children aged 1–3 years, 50 mg every 8 h for 3 days; aged 3–7 years, 100 

mg every 12 h for 3 days; aged 7–10 years, 100 mg every 8 h for 3 days; 

aged 10–18 years, 200 mg every 8 h for 3 days.

Bacterial vaginosis: 400 mg orally every 12 h for 5–7 days or 2 g as a single 

dose. In the USA: 500 mg every 12 h.

Gastroduodenal ulcers (H. pylori): 400 mg every 8 h for 7–14 days (in 

combination with other agents). In the USA: 250 mg every 6 h.

Widely available.

preparations and dosage

Proprietary names: Flagyl and numerous generic preparations.

Preparations: Tablets, suppositories, topical gel and cream, i.v. infusion, 

oral suspension.

Dosage:

Trichomonal vaginitis: Adults, 2 g as a single oral dose or a 7-day course of 

400 mg every 12 h. All sexual partners should be treated concomitantly. 

Children aged 1–3 years, 50 mg every 8 h for 7 days; aged 3–7 years, 

100 mg every 12 h for 7 days; aged 7–10 years, 100 mg every 8 h for 7 

days; aged 10–18 years, 200 mg every 8 h for 7 days or 2 g as a single dose. 

In the USA: 250–500 mg every 8 h for 7 days or 2 g as a single dose.

Anaerobic bacterial infections: Adults, an initial dose of 800 mg orally followed 

by 400 mg every 8 h, for 7–10 days; i.v. administration is 500 mg every 8 

h. Children: 7.5 mg/kg every 8 h orally or i.v. By rectal suppository: child 1 

month–1 year, 125 mg every 8 h for 3 days, then every 12 h thereafter; child 

1–5 years, 250 mg every 8 h for 3 days, then every 12 h thereafter; child 5–12 

years, 500 mg every 8 h for 3 days, then every  

12 h thereafter; child 12–18 years, 1 g every 8 h for 3 days, then every 12 h 

thereafter. In the USA: Adults 500 mg every 6–12 h orally or 15 mg/kg by i.v. 

infusion over 1 h, followed by 7.5 mg/kg every 6 h. No more than 4 g in 24 h.

Surgical prophylaxis. Adults, 400 mg orally or 500 mg i.v. as a single 

dose, repeated every 3 h for prolonged procedures. Children, 7.5 mg/

kg administered as above. Alternatively, rectal suppositories of 500 mg 

may be used for children 5–10 years and 1 g for children 10–18 years. In 

the USA: Adults 15 mg/kg by i.v. infusion over 30–60 min and completed 

about 1 h before surgery, followed by two further i.v. doses of 7.5 mg/kg 

infused at 6 and 12 h after the initial dose.
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TINIDAZOLE

Molecular weight: 247.3.

A 5-nitroimidazole available for oral administration and, in 
some countries, for intravenous infusion.

 ANTIMICROBIAL ACTIVITY

Its antibacterial and antiprotozoal activity is similar to that of 
metronidazole. Activity against the common anaerobic bac-
terial pathogens is shown in Table 24.1 (p. 293). The MIC 
against G. vaginalis is 0.2–2 mg/L; the hydroxy metabolite is 
significantly more active than that of metronidazole. H. pylori 
is inhibited by 0.5 mg/L. T. vaginalis and T. fetus at 2.5 mg/L 
and E. histolytica is inhibited by about 0.3–2.5 mg/L.

 PHARMACOKINETICS

Oral absorption >95%

C
max

 2 g oral

 800 mg (30-min infusion)

40 mg/L after 2 h

12 mg/L 6 min after end infusion

Plasma half-life 12–14 h

Volume of distribution 0.64 L/kg

Plasma protein binding 12%

absorption and distribution

After a 2 g oral dose, concentrations remain at c. 10 mg/L at 
24 h and 2.5 mg/L at 48 h. Daily doses of 1 g maintain plasma 
levels in excess of 8 mg/L, irrespective of whether the dose is 
oral or intravenous.

It is well distributed, with concentrations in bile, CSF, 
breast milk and saliva similar to those reached in plasma. The 
drug readily crosses the placenta. In women undergoing first 
trimester abortion, concentrations of 4.9 mg/kg (placenta) 
and 7.6 mg/kg (fetus) were found when the plasma concen-
tration was 13.2 mg/L.

Metabolism and excretion

Metabolites include the 2-hydroxymethyl derivative, its 
glucuronide and two unidentified minor derivatives. In urine 
about half the drug remains unmetabolized.

The parent drug and its metabolites are excreted primarily in 
the urine and to a minor extent in the feces. The clearance rate 
is about 0.73 mL/min per kg and the urinary excretion is about 
21% of the dose. Total clearance of the drug is 51 mL/min, renal 
clearance 10 mL/min. In healthy volunteers given an  intravenous 

infusion of 800 mg [14C]tinidazole over 30 min, a mean of 44% of 
the dose was excreted in the urine during the first 24 h, increasing 
to 63% over 5 days; only 12% of the dose appeared in the feces. 
Unchanged tinidazole comprised 32% of urinary 14C in 0–12 h 
urine. The 2-hydroxymethyl metabolite accounted for about 9% 
of the urinary 14C and was also present in plasma.

In renal failure the pharmacokinetics are not signifi-
cantly different from those in healthy individuals. It is rapidly 
removed by hemodialysis and a normal dose should be given 
after each dialysis; if treatment precedes dialysis a half dose 
should be infused after the end of the procedure.

 TOXICITY AND SIDE EFFECTS

Tinidazole is generally well tolerated. Infrequent and transient 
effects include nausea, vomiting, diarrhea and a metallic taste. 
Disulfiram-like reactions may occur and rare neurological distur-
bances and transient leukopenia have been described. Rash, which 
may be severe, urticaria and angioneurotic edema can occur.

 CLINICAL USE

Anaerobic bacterial infections (prophylaxis and treatment)

Trichomoniasis

Giardiasis (single dose)

Amebiasis (including amebic liver abscess)

Bacterial vaginosis

Gastric colonization with H. pylori (in combination with other agents)

preparations and dosage

Proprietary names: Fasigin, Fasigyn, Fasigyne Simplotan, Sorquetan, 

Tricolam, Tindamax.

Preparations: Tablets, intravenous infusion.

Dosage: In general, tinidazole in tablet form is taken with or after food.

Trichomoniasis, giardiasis, bacterial vaginosis and acute necrotizing gingivitis: 

Adults, 2 g as a single oral dose. In trichomoniasis all sexual partners 

should be treated. Children, 50–75 mg/kg, repeating the dose once if 

necessary.

Anaerobic bacterial infection: 2 g orally, then 1 g per day as a single dose or 

two divided doses for 5–6 days; i.v. infusion: 800 mg as 400 mL of a 2 mg/

mL solution at 10 mL/min, followed by 800 mg per day or 400 mg every 

12 h until oral therapy can be substituted.

Surgical prophylaxis: 2 g orally about 12 h before surgery; alternatively, 1.6 

g as a single i.v. infusion before surgery, or in two divided doses, one just 

before surgery, the other during or not longer than 12 h after surgery.

Intestinal amebiasis: Adults, 2 g per day as a single dose for 2–3 days. 

Children, 50–60 mg/kg per day as a single dose for 3 days.

Liver amebiasis: Adults, 1.5–2 g per day as a single dose for 3–6 days. 

Children, 50–60 mg/kg per day as a single dose for 5 days.

Gastroduodenal ulcers (H. pylori): 500 mg every 12 h for 7 days in 

combination with other drugs.

Widely available as tablets; restricted availability as infusion.

(CH2)2SO2C2H5

O2N CH3N

N
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 Further information

Bercu TE, Petri WA, Behm JW. Amebic colitis: new insights into pathogenesis and 
treatment. Curr Gastroenterol Rep. 2007;9:429–433.

Evaldson GR, Lindgren S, Nord CE, Rane AT. Tinidazole milk excretion and pharma-
cokinetics in lactating women. Br J Clin Pharmacol. 1985;13:503–507.

Fung HB, Doan TL. Tinidazole: a nitroimidazole antiprotozoal agent. Clin Ther. 
2005;27:1859–1884.

Manes G, Balzano A. Tinidazole: from protozoa to Helicobacter pylori – the past, 
present and future of a nitroimidazole with peculiarities. Expert Rev Anti Infect 
Ther. 2004;2:695–705.

Nailor MD, Sobel JD. Tinidazole for the treatment of vaginal infections. Expert Opin 
Investig Drugs. 2007;16:743–751.

Wood SG, John BA, Chasseaud LF, et al. Pharmacokinetics and metabolism of 
14C-tinidazole in humans. J Antimicrob Chemother. 1986;17:801–809.

OTHER NITROIMIDAZOLES

 NIMORAZOLE (NITRIMIDAZINE)

An orally administered 5-nitroimidazole. It is slightly solu-
ble in water at room temperature, soluble in alcohols, ace-
tone and chloroform. The spectrum includes T. vaginalis, G. 
lamblia, E. histolytica, anaerobic bacteria and G. vaginalis. 
Activity against B. fragilis and Fusobacterium spp. is similar 
to or slightly less than that of metronidazole (mean MIC 
0.25–1 mg/L).

A peak blood concentration of about 32 mg/L occurs within 
2 h of a 500 mg oral dose. High concentrations are achieved 
in saliva and vaginal secretions. Excretion is principally via 
the urine where the drug appears as metabolites which dis-
play antimicrobial and antiprotozoal activity less than that of 
the parent drug.

It is generally well tolerated even at the high doses 
required in conjunction with radiotherapy for the treatment 
of head and neck tumors. Adverse effects are the same as 
those of metronidazole. Disulfiram-like reactions appear to 
be rare.

Clinical uses are similar to those of metronidazole. It is also 
used as a hypoxic radiosensitizer in the radiotherapy of head 
and neck tumors.

 Further information

Bache M, Kappler M, Said HM, Staab A, Vordermark D. Detection and specific 
 targeting of hypoxic regions within solid tumors: current preclinical and clinical 
strategies. Curr Med Chem. 2008;15:322–338.

Pamba HO. Comparative study of aminosidine, etophamide and nimorazole alone 
or in combination in the treatment of intestinal amebiasis in Kenya. Eur J Clin 
Pharmacol. 1990;39:353–357.

Raether W, Hänel H. Nitroheterocyclic drugs with broad spectrum activity. 
Parasitol Res. 2003;90(supp 1):S19–S39.

 ORNIDAZOLE

A 5-nitroimidazole available for oral administration, intrave-
nous infusion and as a vaginal pessary. Its activity closely paral-
lels that of metronidazole and tinidazole (Table 24.1, p. 293).

Peak plasma levels after a single 750 mg or 1.5 g oral dose reach 
11 mg/L and 30 mg/L, respectively, within about 2 h. The half-life 
is 12–14 h. It is well absorbed from the vagina, with peak plasma 
concentrations of 5 mg/L being reached 12 h after the insertion of 
a 500 mg vaginal pessary. After a single 1 g intravenous infusion 
for colorectal surgery, serum levels reached about 24 mg/L after 
15 min and about 6 mg/L after 24 h. It has wide tissue distribu-
tion, including CSF. Plasma protein binding is 10–15%.

It is metabolized in the liver, mainly to hydroxymethyl 
derivatives. The plasma clearance rate decreases in hepatic 
failure because of reduced liver metabolism and decreased 
biliary elimination. About 60% of an oral dose is recovered 
in the urine and 20% in the feces. The dosing interval should 
be doubled in patients with severe hepatic impairment, but it 
is unnecessary to reduce the dose in patients with impaired 
renal function. It is removed by hemodialysis.

Toxicity and side effects are similar to those of metron-
idazole and tinidazole and it has similar clinical uses. It has 
been shown to be effective for the prevention of recurrence of 
Crohn’s disease after ileocolonic resection.

preparations and dosage

Proprietary names: Esclama, Naxogin, Naxogyn.

Preparation: Tablets.

Dosage:

Trichomoniasis: 2 g as a single dose with a main meal; can be repeated 

after 1 month. Sexual partners should be treated concomitantly.

Giardiasis or amebiasis: Adults, 500 mg to 1 g every 12 h for 5–10 days. 

Children >10 kg body weight, 500 mg per day for 5 days; <10 kg body 

weight, 250 mg per day for 5 days.

Ulcerative gingivitis: 500 mg every 12 h for 2 days.

Available in continental Europe and South Africa.

preparations and dosage

Preparations: Tablets, vaginal pessary, i.v. infusion.

Dosage:

Amebiasis: Adults, oral, 500 mg every 12 h for 5–10 days; 1.5 g as a single 

dose for 3 days for amebic dysentery. Children, 25 mg/kg per day as a single 

dose for 5–10 days; 40 mg/kg per day in amebic dysentery. In severe cases of 

amebic dysentery or severe amebic liver abscess, 0.5–1 g i.v. over 15–30 min, 

followed by 500 mg every 12 h for 3–6 days. Children, 20–30 mg/kg per day.

Giardiasis: Adults, oral, 1–1.5 g per day as a single dose for 1–2 days. 

Children, 30–40 mg/kg per day.

Trichomonal vaginitis: Adults, oral, a single 1.5 g tablet, or 1 g orally 

together with 500 mg vaginally; alternatively, 500 mg every 12 h for 5 days 

with or without a 500 mg vaginal pessary. Children, 25 mg/kg per day.

Anaerobic bacterial infections: Adults, an initial dose of 0.5–1.0 g i.v., followed by 

500 mg every 12 h for 5–10 days. Oral therapy with 500 mg every 12 h should 

be substituted as soon as possible. Children, 10 mg/kg every 12 h.

Surgical prophylaxis: 1 g i.v. about 30 min before surgery.

Restricted availability. Not available in the UK or the USA.
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 Further information

Rutgeerts P, Van Assche G, Vermeire S, et al. Ornidazole for prophylaxis of post-
operative Crohn’s disease recurrence: a randomized, double-blind, placebo-
 controlled trial. Gastroenterology. 2005;128:856–861.

Turcant A, Granry JC, Allain P, Cavellat M. Pharmacokinetics of ornidazole in 
neonates and infants after a single intravenous infusion. Eur J Clin Pharmacol. 
1987;32:111–113.

 SECNIDAZOLE

A 5-nitroimidazole with properties similar to those of metron-
idazole. It is rapidly absorbed after oral administration and is 
distinguished by having the longest plasma half-life (18 h) of 
clinically used nitroimidazole drugs. It is used in the treat-
ment of intestinal amebiasis, giardiasis, trichomoniasis and 
bacterial vaginosis.

 Further information

Gillis JC, Wiseman LR. Secnidazole: a review of its antimicrobial activity, pharma-
cokinetic properties and therapeutic use in the management of protozoal 
infections and bacterial vaginosis. Drugs. 1996;51:621–638.

Toppare MF, Kitapçi F, Senses DA, Yalcinkaya F, Kaya IS, Dilmen U. Ornidazole and 
secnidazole in the treatment of symptomatic intestinal amoebiasis in child-
hood. Trop Doct. 1994;24:183–184.

preparations and dosage

Proprietary name: Flagentyl.

Preparation: Tablets.

Dosage: Adults, oral, 2 g as a single dose. Children, 30 mg/kg as a single 

dose. In invasive amebiasis, 15 g per day for 5 days. Children, 30 mg/kg per 

day for 5 days.

Available in France.
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The oxazolidinones are a novel class of synthetic antimicrobial agents 
unrelated to any other antibacterial drug class. They were originally 
developed as monoamine oxidase inhibitors for treatment of depres-
sion, with subsequent recognition of their antimicrobial properties. 
The first members of the group to emerge exhibited potent activity 
against Gram-positive organisms, but were not developed for human 
use owing to toxicity in animal models. In the 1990s two less toxic 
oxazolidinones were developed: eperezolid, a piperazine derivative, 
and linezolid, a morpholine derivative. Linezolid exhibited the more 
favorable pharmacokinetic profile and was subsequently licensed for 
human use.

Numerous chemical analogs have been screened in a search for 
compounds with enhanced potency, a broader spectrum of activity 
or a more favorable side effect profile. Several promising candidates 
have been described, but linezolid remains the only oxazolidinone 
currently available.

These drugs are characterized by activity against Gram-positive 
organisms including methicillin-resistant Staphylococcus aureus, pen-
icillin-resistant pneumococci and vancomycin-resistant enterococci. 
They are inactive against most Gram-negative species, although 
some investigational compounds are active against fastidious Gram-
negative bacteria including Haemophilus influenzae. They have 
potentially useful activity against mycobacteria, including multiresis-
tant isolates of Mycobacterium tuberculosis. Resistance among Gram-
positive organisms remains very uncommon (<0.5%) among clinical 
isolates.

 Further information

Diekema DJ, Jones RN. Oxazolidinones. Drugs. 2000;59:7–16.
Dresser LD, Rybak MD. The pharmacologic and bacteriologic properties of 

oxazolidinones, a new class of synthetic antimicrobials. Pharmacotherapy. 
1998;18:456–462.

Ford C, Hamel JC, Stapert D, et al. Oxazolidinones: new antibacterial agents. Trends 
Microbiol. 1997;5:196–200.

LINEZOLID

Molecular weight: 337.35.

A synthetic oxazolidinone available for oral or intrave-
nous administration. Soluble in water at a pH range of 5–9. 
Aqueous solutions (2 g/L) are stable at 25°C, 4°C and −20°C 
for at least 3 months.

 ANtImIcrObIAL ActIvIty

The in-vitro activity against common pathogenic  bacteria 
is shown in Table 25.1. It exhibits potent activity against 
a wide range of Gram-positive organisms, including those 
that are resistant to other antimicrobial agents. Methicillin-
resistant Staph. aureus and coagulase-negative staphy-
lococci are susceptible, as are enterococci, including 
 vancomycin-resistant Enterococcus faecalis and Ent. faecium. 
Penicillin-sensitive and resistant isolates of Streptococcus 
pneumoniae are equally susceptible. Less common 
Gram-positive pathogens are also susceptible; the mini-
mum inhibitory concentrations (MICs) for Bacillus spp., 
Corynebacterium spp., Listeria monocytogenes, Aerococcus 
spp., Micrococcus spp. and Rhodococcus equi are all ≤2 mg/L. 
M. tuberculosis is susceptible, with typical MICs ≤1 mg/L 
for sensitive and multidrug- resistant strains.

All enterobacteria, Pseudomonas spp. and other non-fermen-
tative aerobic Gram-negative bacilli, including Acinetobacter 
spp., are resistant. Moraxella catarrhalis, Legionella spp., 
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Mycoplasma spp. and Chlamydia spp. are inhibited by 4–8 mg/L. 
Activity against Haemophilus influenzae is modest.

Among anaerobes, Clostridium perfringens and Peptostrep
tococcus spp. are inhibited by <2 mg/L. Typical MICs (mg/L) 
for Gram-negative anaerobes include: Bacteroides spp., 4–8; 
Prevotella spp., 1–4; Fusobacterium spp., 0.125–1.

Activity is bacteristatic against most susceptible species, but 
modest bactericidal activity has been demonstrated against 
some strains of Str. pneumoniae, C. perfringens and Bacteroides 
fragilis. Inhibition of toxin production by staphylococci and 
streptococci in the presence of sub-MIC concentrations has 
been described.

Linezolid may antagonize the bactericidal action of some 
antibiotics (e.g. gentamicin). No evidence of synergy has 
been found in various experimental systems with gentamicin 
against vancomycin-resistant Enterococcus spp. or with vanco-
mycin, gentamicin, ciprofloxacin, fusidic acid or rifampicin 
(rifampin) against methicillin-resistant Staph. aureus.

 AcquIrED rEsIstANcE

Isolates of Staph. aureus and E. faecalis for which the MIC of 
linezolid is raised have been obtained following serial expo-
sure to gradients of the drug. However, induction of resis-
tance requires many passages over several weeks. Resistance 
in these laboratory mutants is associated with modifications 
of the 23S rRNA gene.

Overall, resistance rates in clinical isolates are very low at 
<0.5%. Resistance is reported primarily in coagulase-negative 
staphylococci (1.77%) and enterococci (1.13%; mostly E. fae
cium), with exceptionally low resistance rates in Staph. aureus 
(0.06%). Risk factors for emergence of resistance include pro-
longed use of the drug, the presence of irremovable indwelling 
devices, sequestered sites of infection and low-dose therapy for 
infections caused by vancomycin-resistant enterococci or meth-
icillin-resistant Staph. aureus. Resistance in clinical isolates is 
most often associated with gene mutations in which guanosine is 
replaced by uracil in the 23S rRNA. Nosocomial clonal spread 
of such mutants has been described in coagulase-negative staph-
ylococci and enterococci. Resistance conferred by a novel mobile 
element, cfr, has been described in two isolates of staphylococci.

 PhArmAcOkINEtIcs

Oral absorption >95%

C
max

 400 mg oral 11–12 mg/L after 1–2 h

 600 mg oral 18–21 mg/L after 1–2 h

 600 mg intravenous >15 mg/L after 1 h

Plasma half-life c. 5.5 h

Volume of distribution 45–50 L

Plasma protein binding 31%

absorption
Bioavailability after oral administration is almost complete. 
Plasma trough concentrations following oral doses of 400 mg 
and 600 mg every 12 h are >3.0 and >4.0 mg/L, respectively. 
With the higher dose, administered orally or intravenously, 
plasma concentrations remain above the MIC for most sus-
ceptible species throughout a 12 h dosage interval. After 
administration with high fat content food the maximum serum 
concentration achieved is lower and the peak delayed, but the 
area under the concentration–time curve (AUC) is unaltered.

Distribution

Linezolid is distributed widely in tissues and fluids. In human 
volunteers, maximum concentrations in inflammatory blis-
ter fluid averaged over 16 mg/L, with a mean penetrance of 
104%. In patients undergoing hip arthroplasty, linezolid rap-
idly penetrates into bone, fat and muscle, achieving levels 
in excess of the MICs for susceptible organisms, with ther-
apeutic concentrations maintained in the perioperative site 
hematoma fluid for more than 16 h. Mean penetration of lin-
ezolid into inflamed diabetic foot infection tissue is 101%, 
producing a concentration of 9.6 μg/g. Studies with human 
volunteers have also indicated good concentrations in pulmo-
nary alveolar fluid with a mean fluid to plasma ratio of 3.2:1. 
When the meninges are not inflamed, the concentration in 
cerebrospinal fluid (CSF) is lower than that of plasma, with a 
CSF:plasma ratio of approximately 0.7:1. The concentration 
in sweat is about half that of plasma.

table 25.1 Activity of linezolid against common pathogenic 
bacteria: MiC (mg/l)

 MIC

Staphylococcus aureus (methicillin susceptible) 0.06–4

           (methicillin resistant) 0.12–4

Coagulase-negative staphylococci 0.5–2

Streptococcus pyogenes 0.5–2

Str. pneumoniae (penicillin susceptible) 0.12–2

         (penicillin resistant) 0.5–2

Enterococcus faecalis (vancomycin susceptible) 0.5–4

           (vancomycin resistant) 1–4

E. faecium (vancomycin susceptible) 1–4

     (vancomycin resistant) 0.5–4

Haemophilus influenzae 8–16

Neisseria gonorrhoeae 4–>16

Escherichia coli R

Klebsiella pneumoniae R

Pseudomonas aeruginosa R

Bacteriodes fragilis 1–8

R, resistant (MIC >32 mg/L).
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Other sites at which local concentrations exceed corre-
sponding plasma concentrations, based on animal studies, 
include kidney, adrenal, liver and gastrointestinal tract. In a 
rat model of endocarditis, heart valve tissue and plasma con-
centrations were approximately equivalent.

Pharmacokinetic properties are unaltered in elderly 
patients and dose adjustment is unnecessary. Single-dose 
pharmacokinetic studies indicate that plasma clearance and 
volume of distribution are greater in children than in adults, 
while peak and trough serum concentrations are lower. 
Shorter dosing intervals (every 8 h) are therefore recom-
mended for most therapeutic indications in children.

Metabolism

Linezolid undergoes non-renal as well as renal metabolism. 
Non-renal metabolism is by slow chemical oxidation in a pro-
cess that does not discernibly interact with the hepatic cyto-
chrome P450 system. The oxidants contributing to metabolism 
of the drug have not yet been fully elucidated, but in-vivo stud-
ies suggest the process is mediated by reactive oxygen species 
produced throughout the body. The metabolites produced fol-
lowing non-renal metabolism are an aminoethoxyacetic acid 
and a hydroxyethylglycine metabolite, neither of which has any 
significant antimicrobial activity. Non-renal clearance rates are 
120 mL/min and account for almost 65% of total body clear-
ance. Since it does not appear to act as an inducer or inhibitor 
of cytochrome P

450 enzymes, interactions with drugs metabo-
lized by these enzymes are unlikely to occur.

excretion

Renal clearance accounts for approximately 50 mL/min of the 
total body clearance of 170 mL/min. Under steady-state con-
ditions, approximately 30% of the dose is excreted unchanged 
in the urine.

In populations with varying degrees of renal function (cre-
atinine clearance range of 10–>80 mL/min) there is no evi-
dence of alteration in total body clearance, and adjustment of 
dose in patients with renal insufficiency is not recommended. 
However, accumulation of metabolites, up to 10-fold, occurs 
in patients with severe renal impairment (creatinine clearance 
<30 mL/min). The clinical significance of this is unknown, 
but linezolid should be used with caution in patients with 
severe renal impairment. Approximately one-third of the dose 
is removed by hemodialysis and since total apparent clearance 
is increased during dialysis, one of the 12-hourly doses should 
be administered after the procedure. Accumulation of metab-
olites also occurs in patients on dialysis, with unknown clini-
cal significance, and caution in use in hemodialysis is advised. 
There are no available data on pharmacokinetics in patients 
undergoing peritoneal dialysis or hemofiltration.

In patients with mild to moderate hepatic impairment 
there is no significant change to the pharmacokinetic pro-
file. Accordingly, dosage adjustment is not recommended in 
patients with mild to moderate liver disease. The pharma-
cokinetics of linezolid in severe hepatic failure have not been 

studied, but as its metabolism is predominantly non-enzy-
matic, the pharmacokinetics would not be expected to alter 
significantly.

 PhArmAcODyNAmIcs

Human and animal studies indicate that the parameters that 
best correlate with efficacy are AUC divided by MIC and 
the period for which the drug concentration remains above 
the MIC. In 288 patients with significant infection caused 
by Gram-positive organisms, optimal efficacy was observed 
when plasma concentrations remained above the MIC for 
>85% of the dosage interval, and when the AUC:MIC ratio 
was 80–20.

A post-antibiotic effect, which was more prolonged at 4 × 
MIC than at 1 × MIC, has been demonstrated for staphylo-
cocci and enterococci in vitro. A modest post-antibiotic effect 
of 3–4 h has been described in a mouse thigh model of infec-
tion with Staph. aureus.

 tOxIcIty AND sIDE EffEcts

Most reported adverse events are mild or moderate, with reac-
tions severe enough to lead to withdrawal of therapy occur-
ring in less than 3% of patients. The most common adverse 
events are shown in Table 25.2. The most frequent side effects 
are gastrointestinal disturbances (diarrhea, nausea, vomiting 
and taste alteration) and headache. The reported incidence of 
Clostridium difficile complications is 0.2%.

Mild and transient abnormalities of liver function tests 
 (elevation of transaminases and/or alkaline phosphatase) 
occur in more than 1% of patients. Skin reactions, including 
rashes, dermatitis, pruritus and diaphoresis, are uncommon.

Serious but infrequent adverse drug effects include myelo-
suppression, peripheral neuropathy, optic neuropathy and 
lactic acidosis. These adverse events, which probably result 
from inhibition of mitochondrial protein synthesis, occur pri-
marily in patients treated for >28 days. Myelosuppression 

table 25.2 Common adverse drug reactions to linezolid

adverse event Frequency (%)

Diarrhea 4.3

Nausea 3.4

Headache 2.2

Vaginal candidiasis 1

Taste alteration (metallic taste) 0.9

Vomiting 1.2

Abnormal liver function tests 1.3
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 generally occurs only after more than 2 weeks of treatment 
and increases with longer durations. It occurs more frequently 
in patients with severe renal insufficiency and is reversible on 
discontinuation of therapy.

Reversal of cytopenias by concomitant administra-
tion of vitamin B6 has been described. Weekly monitoring 
of full blood count is recommended for all patients, with 
more frequent monitoring of those in the following cate-
gories: pre-existing anemia or thrombocytopenia; receiving 
concomitant drugs that may cause anemia or thrombocy-
topenia; severe renal insufficiency; treatment for more than 
10–14 days.

Peripheral and optic neuropathy are serious but infre-
quent. Most cases are associated with treatment for more 
than 28 days (median 5 months), but neuropathies have 
occurred with shorter courses. In most cases optic neuropa-
thy improved or resolved on cessation of therapy but periph-
eral neuropathy did not.

Lactic acidosis can occur within a week of commencing 
therapy but is most often seen in patients receiving prolonged 
treatment (median 6 weeks).

Linezolid is a weak, reversible monoamine oxidase inhibi-
tor (MAOI) with potential interaction with adrenergic and 
serotonergic drugs. Co-administration of sympathomimet-
ics, vasopressors or dopaminergic agents may lead to an 
enhanced pressor response. It should be co-administered with 
these drugs only under conditions where close observation 
and monitoring of blood pressure is available, and their ini-
tial doses should be reduced and then titrated to achieve the 
desired pressor effect. Similarly, concomitant administration 
of linezolid with agents that increase central nervous system 
serotonin concentrations can lead to serotonin toxicity (sero-
tonin syndrome). This most commonly follows concurrent 
administration of selective serotonin receptor inhibitors, but 
can occur with tricyclic antidepressants or any MAOI. Since 
MAOIs and their active metabolites have long elimination 
half-lives, linezolid is contraindicated in patients who are tak-
ing these drugs or have taken them in the previous 2 weeks.

 cLINIcAL usE

Linezolid is primarily used for the treatment of infections 
caused, or likely to be caused, by methicillin-resistant Staph. 
aureus, vancomycin-resistant enterococci and penicillin-
 resistant Str. pneumoniae. Combination therapy with an anti-
microbial active against Gram-negative bacteria is indicated 
if concomitant infection with a Gram-negative pathogen is 
 suspected or confirmed.

Outside of licensed indications, it has been used in the 
treatment of bone and joint infections, endocarditis, central 
nervous system infections, infections in neutropenic patients 
and drug-resistant tuberculosis.

 Further information

Alcala L, Ruiz-Serrano MJ, Perez-Fernandez Turegano C, et al. In vitro activities of 
linezolid against clinical isolates of Mycobacterium tuberculosis that are suscepti-
ble or resistant to first-line antituberculous drugs. Antimicrob Agents Chemother. 
2003;47:416–417.

Beekman SE, Gilbert DN, Polgreen PM. Toxicity of extended courses of linezolid: 
results of an Infectious Diseases Society of America Emerging Infections 
Network survey. Diagn Microbiol Infect Dis. 2008;62:407–410.

Brier M, Stalker D, Aronoff G, et al. Pharmacokinetics of linezolid in subjects with 
renal dysfunction. Antimicrob Agents Chemother. 2003;47:2775–2780.

Clemett D, Markham A. Linezolid. Drugs. 2000;59:815–827.
Dobbs TE, Patel M, Waites KB, et al. Nosocomial spread of Enterococcus faecium 

resistant to vancomycin and linezolid in a tertiary care medical centre. J Clin 
Microbiol. 2006;44:3368–3370.

Gee T, Ellis R, Marshall G, et al. Pharmacokinetics and tissue penetration of 
linezolid following multiple oral doses. Antimicrob Agents Chemother. 
2001;45:1843–1846.

Gemmell CG. Susceptibility of a variety of clinical isolates to linezolid: a European 
inter-country comparison. J Antimicrob Chemother. 2001;48:47–52.

Jones RN, Ross JE, Castanheira M, et al. United States resistance surveillance results for 
linezolid (LEADER Program for 2007). Diagn Microbiol Infect Dis. 2008;62:416–426.

Jones RN, Stilwell MG, Hogan PA, et al. Activity of linezolid against 3, 251 strains of 
uncommonly isolated Gram-positive organisms: report from the SENTRY antimi-
crobial surveillance program. Antimicrob Agents Chemother. 2007;51:1491–1493.

Kearns GL, Abdel-Rahman SM, Blumer JL, et al. Single dose pharmacokinetics of 
linezolid in infants and children. Pediatr Infect Dis J. 2000;19:1178–1184.

Prammananan T, Chaiprasert A, Leechawengwongs M. In vitro activity of linezolid 
against multidrug-resistant tuberculosis (MDR-TB) and extensively drug-
 resistant (XDR)-TB isolates. Int J Antimicrob Agents. 2009;33:183–192.

Richter E, Rusch-Gerdes S, Hillemann D. First linezolid-resistant clinical isolates of 
Mycobacterium tuberculosis. Antimicrob Agents Chemother. 2007;51:1534–1536.

Rubinstein E, Isturiz R, Standiford H, et al. Worldwide assessment of linezolid’s clini-
cal safety and tolerability: comparator-controlled phase III studies. Antimicrob 
Agents Chemother. 2003;47:1824–1831.

Stalker D, Jungbluth G, Hopkins N, et al. Pharmacokinetics and tolerance of single- 
and multiple-dose oral or intravenous linezolid, an oxazolidinone antibiotic, in 
healthy volunteers. J Antimicrob Chemother. 2003;51:1239–1246.

INvEstIGAtIONAL OxAZOLIDINONEs

Numerous chemical analogs have been described. Among the 
most promising candidates are:

preparations and dosage

Proprietary name: Zyvox.

Preparations: Tablets, suspension, injection.

Dosage: Adults, oral or i.v. infusion over 30–120 min, 600 mg every 12 h. 

Children (unlicensed in the UK), oral or i.v. infusion over 30–120 min, 

neonate <7 days, 10 mg/kg every 8–12 h; neonate >7 days, 10 mg/kg 

every 8 h; 1 month–12 years, 10 mg/kg (max. 600 mg) every 8 h; 12–18 

years, 600 mg every 12 h.

Widely available.

Community-acquired pneumonia

Nosocomial pneumonia

Skin and soft-tissue infections

Vancomycin-resistant E. faecium infections, including cases with 

concurrent bacteremia
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•	 RWJ-416457,	a	pyrrolopyrazolyl-substituted	
oxazolidinone, with greater potency than that of linezolid 
against staphylococci and enterococci in vitro

•	 Radezolid	(RX-1741),	one	of	a	family	of	
biaryloxazolidinones that demonstrate improved 
potency against Gram-positive bacteria including 
methicillin-resistant Staph. aureus and vancomycin-
resistant enterococci, and which are also active against 
H. influenzae and Mor. catarrhalis

•	 PF-00422602,	an	oxazolidinone	with	a	novel	C-5	side	chain,	
which has antibacterial activities similar to those of linezolid 
but reduced in-vivo myelotoxicity in animal models.

 Further information

Lawrence L, Danese P, DeVito J, et al. In vitro activities of the Rx-01 oxazolidino-
nes against hospital and community pathogens. Antimicrob Agents Chemother. 
2008;52:1653–1662.

Livermore DM, Warner M, Mushtaq S, et al. In vitro activity of the oxazolidinone 
RWJ-416457 against linezolid-resistant and -susceptible staphylococci and 
enterococci. Antimicrob Agents Chemother. 2007;51:1112–1114.

Vara Prasad JVN. New oxazolidinones. Curr Opin Microbiol. 2007;10:454–460.



Chapter

The pyridone-b-carboxylic acid derivatives or quinolones comprise 
a large and expanding number of synthetic compounds. Since the 
first analog, nalidixic acid, was synthesized in 1962, many types have 
been reported based on a few common structures: most are 1,8 
 naphthyridone or quinoline derivatives:

Changes to various parts of the molecules confer different properties 
and this is the basis of the variation in activity of various members of 
the group. The main structure–activity relationships are shown in the 
accompanying figure:

The first 4-quinolone, nalidixic acid, is a 1,8-naphthyridinone with a nar-
row spectrum of activity, chiefly against Enterobacteriaceae. Several 
compounds with improved antibacterial activity were  subsequently 
synthesized. These included pipemidic acid, which expanded the 
spectrum to include weak activity against Pseudomonas aerugi-
nosa, and piromidic acid, which exhibited useful activity against 
Staphylococcus aureus. Further development led to the discovery in 
the late 1970s of fluorine-substituted  derivatives with much enhanced 
intrinsic activity against both organisms, a group now known as 
the fluoroquinolones. Numerous  fluoroquinolones with altered 

 pharmacokinetic  properties and additional  improvements in spec-
trum, including in some cases useful activity against Mycobacterium 
tuberculosis and M. leprae, became available in the next 30 years. 
Current research efforts are directed to overcome problems of 
 resistance, which is increasingly encountered in both Gram-positive 
and Gram-negative bacteria.

CLASSIFICATION

The varied properties of the quinolones make them difficult 
to classify accurately. According to their antibacterial activity 
and spectrum, four broad groups are recognized:

Group 1: Compounds with a narrow antibacterial spectrum directed 
mainly against Enterobacteriaceae.

Group 2: Fluoroquinolones, which exhibit potent activity against 
 Gram-negative bacilli including Ps. aeruginosa and many 
Gram-positive bacteria excluding Streptococcus pneumoniae. 
These compounds are characterized by a 6-fluorine atom and 
often by a 7-piperazinyl group.

Group 3: Compounds with improved activity against Str. pneumoniae 
and Staph. aureus. Some derivatives do not contain a fluorine 
atom.

Group 4: Compounds with properties similar to those of groups 2 and 3 
and additional activity against anaerobes.

Group 1 Group 2 Group 3 Group 4

Cinoxacin Ciprofloxacin Garenoxacin Gemifloxacin

Flumequine Enoxacin Gatifloxacin Delafloxacinb

Nalidixic acid Norfloxacin Levofloxacin Moxifloxacin

Oxolinic acid Ofloxacin Sparfloxacina Nemonoxacinb

Pipemidic acid Pazufloxacin Tosufloxacin Sitafloxacinb

Piromidic acid Pefloxacin Trovafloxacina

Rosoxacin Prulifloxacin WCK 771b

 Rufloxacin  Zabofloxacinb

aCompounds withdrawn from use in the USA and Europe.
bCompounds under development.
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Two additional quinolones, besifloxacin and nadifloxacin, are 
marketed solely for topical use. Other derivatives, including 
danofloxacin, difloxacin, enrofloxacin, ibafloxacin, marbo-
floxacin, orbifloxacin and sarafloxacin, are used in veterinary 
medicine and are not dealt with here.

ANTIBACTERIAL ACTIVITY

Group 1 quinolones exhibit moderate activity against a 
wide range of Enterobacteriaceae as well non-fastidious 
Gram-negative bacilli such as Haemophilus influenzae and 
Neisseria spp. They have weak (pipemidic acid) or no activ-
ity against Ps. aeruginosa, anaerobes and Gram-positive 
bacteria (Table 26.1).

Introduction of a fluorine atom and a nitrogen-contain-
ing heterocycle on the quinoline or a naphthyridone core 
resulted in compounds with greater potency and a broader 
antibacterial spectrum (Table 26.2). Minimum inhibitory 
concentrations (MICs) of the group 2 fluoroquinolones are 
up to 100-fold lower than those of group 1 compounds for 
Enterobacteriaceae, Aeromonas spp., Campylobacter spp. and 
Yersinia spp., as well as against fastidious Gram-negative bacilli 
such as H. influenzae, Neisseria spp. and Moraxella catarrhalis. 
Some of these compounds (such as ciprofloxacin) also exhibit 
significant antibacterial activity against Ps. aeruginosa; some 
compounds presently under investigation are active against 
non-fermentative Gram-negative bacilli such as Acinetobacter 
spp. and Stenotrophomonas maltophilia. Fluoroquinolones 
display variable in-vitro activity against Staph. aureus and 
 coagulase-negative staphylococci. Methicillin-resistant strains 
are often quinolone resistant.

Compounds of groups 3 and 4, including levofloxacin, 
moxifloxacin and gemifloxacin, are very potent against Str. 
pneumoniae but exhibit poor activity against Enterococcus spp. 

and Listeria monocytogenes. Among group 4 compounds, some, 
such as moxifloxacin, claim to exert improved activity against 
anaerobes.

Most fluoroquinolones exhibit antibacterial activity against 
atypical bacteria (mycoplasmas, ureaplasmas) and intracellu-
lar pathogens including Legionella spp., Chlamydophila (for-
merly Chlamydia) pneumoniae, Chlamydia trachomatis, Coxiella 
burnetii and Rickettsia spp. Fluoroquinolones, particularly 
those with a quinoline core, exhibit variable activity against 
Mycobacterium tuberculosis and M. leprae, the most active being 
pefloxacin, ofloxacin, levofloxacin, gatifloxacin, sparfloxacin 
and moxifloxacin. Other mycobacteria, including organisms 
of the M. avium complex, are less susceptible.

table 26.1 Activity of selected group 1 quinolones against 
common pathogenic bacteria: MIC (mg/L)

Species Cinoxacin Nalidixic acid pipemidic acid

Staphylococcus aureus 64–R R R

Streptococcus pyogenes R R R

Str. pneumoniae R R R

Enterococcus faecalis R R R

Neisseria gonorrhoeae 1–8 1 2

Haemophilus influenzae 1 1 2

Escherichia coli 1–4 4–8 2

Klebsiella pneumoniae 2–32 8–16 2

Pseudomonas aeruginosa R R 8–32

Acinetobacter spp. R R R

Bacteroides fragilis R R 32–R

R, resistant (MIC >64 mg/L).

table 26.2 Activity of group 2 fluoroquinolones against common pathogenic bacteria: MIC (mg/L)

 Ciprofloxacin enoxacin Fleroxacin Lomefloxacin Norfloxacin Ofloxacin pefloxacin rufloxacin

Staphylococcus aureus 0.25–1 2 1–2 1–2 1 0.12–1 0.5–1 2

Streptococcus pyogenes 0.5–2 8–16 4–16 4–8 4 2 4–8 16

Str. pneumoniae 1–4 8–16 4–16 2–8 8 1–4 8 32

Enterococcus faecalis 0.5–2 ≥8 4–16 8–16 8 2–4 4 32

Neisseria spp. ≥0.06 0.12 <0.06–0.5 <0.06–0.12 ≥0.06 ≥0.06 ≥0.06 0.12

Haemophilus influenzae ≥0.06 0.12 <0.06–0.25 ≥0.06–0.25 ≥0.06 ≥0.06 ≥0.06 0.5

Escherichia coli ≥0.06 0.25 0.12–0.5 0.25 0.25 0.06–0.25 0.25 2

Klebsiella pneumoniae 0.06–0.25 0.25 0.12–2 0.25 0.5 0.25 0.5 32

Pseudomonas aeruginosa 0.25–2 2–8 1–8 0.25–4 1–2 2–4 2–4 8

Bcteroides fragilis 4–16 ≥32 8–64 8–64 8–32 8 16 32

Chlamydia trachomatis 0.5–2 0.5–2 4–8 0.5–2 4–16 0.5–2 2–8 4–8

Mycobacterium  
tuberculosis

 
0.25–4

 
0.3–>4

 
>4

 
>4

 
2–8

 
0.3–1.2

 
0.3–2

 
No data
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Quinolones are rapidly bactericidal to most susceptible 
bacterial species at concentrations exceeding the MIC by 
no more than four-fold. However, there is usually an opti-
mal bactericidal concentration above which the lethal action 
is diminished. This paradoxical effect is probably caused by 
dose-dependent inhibition of RNA synthesis.

Fluoroquinolones rapidly accumulate in polymorphonu-
clear neutrophils, monocytes, macrophages and other cells, 
achieving bactericidal concentrations. The ratio of cellular 
to extracellular concentrations is compound dependent and 
ranges from 2:1 to 10:1.

INTERACTIONS

Combinations of quinolones with carbapenems, aminoglyco-
sides and polymyxin may interact synergistically in vitro, par-
ticularly against Ps. aeruginosa and Acinetobacter spp. Against 
Sten. maltophilia, marked synergy has been observed when 
quinolones are combined with cephalosporins such as ceftaz-
idime, ceftriaxone and cefoperazone. Testing for synergy in 
vitro has not been standardized and there is no solid evidence 
of correlation between in vitro and clinical results.

ACQUIRED RESISTANCE

MECHANISMS

Four mechanisms of resistance within the quinolone family 
have been described:

•	 Mutations	at	the	level	of	the	gene	targets	(gyrA, parC, 
gyrB and parcE).

•	 Decreased	cellular	uptake	and/or	active	expulsion	(efflux).
•	 Protection	of	DNA	gyrase	by	plasmid-encoded	

pentapeptides.
•	 Inactivation	of	quinolones	(rare).

The frequency with which bacteria develop resistance to the 
quinolones is much lower for the fluoroquinolones (10−12) 
than for nalidixic acid (10−8). Moreover, Gram-positive bacte-
ria mutate to resistance at higher frequencies than do Gram-
negative organisms. Single-step mutations generally lead to 
two- to eight-fold increases in MICs. There is cross-resistance 
within available quinolones. The species that are most likely to 
become resistant to group 2 fluoroquinolones in a single muta-
tional step are those of borderline susceptibility (e.g. Ps. aerugi-
nosa, Serratia spp., Acinetobacter spp., Staphylococcus spp.).

Gram-positive cocci (Staph. aureus, Str. pneumoniae) express 
fluoroquinolone efflux systems that utilize the energy of the 
proton motive force and generally provide modest resistance. 
In Gram-negative bacilli, efflux systems recognize fluoroqui-
nolones and other antibacterial agents. An efflux pump, QepA 
in Escherichia coli, may decrease susceptibility of hydrophilic 
fluoroquinolones such as ciprofloxacin and norfloxacin by a 
factor of 8–32.

Plasmid-mediated	 resistance	 conferred	 by	 pentapeptides	
that	 protect	 DNA	 gyrase	 has	 become	 a	 worrying	 problem	
among Enterobacteriaceae and mycobacteria. It may be asso-
ciated with other resistance genes. Inactivation of ciprofloxa-
cin and norfloxacin by N-acetylation of the free N4′ of the 
piperazinyl ring has also been described.

EPIDEMIOLOGY

Epidemiological surveys of fluoroquinolone resistance in 
Str. pneumoniae found a prevalence rate below 1% in Europe 
and North America, but a higher rate in Hong Kong (≥3%). 
However, clinically significant resistance has been detected 
among bacterial species such as Ps. aeruginosa, Staph. aureus 
(particularly methicillin-resistant strains, for which resistance 
rates of up to 80% have been reported), coagulase-negative 
staphylococci and Acinetobacter spp. and Esch. coli (up to 20% 
in some countries and hospitals). Clinical isolates of N. gonor-
rhoeae with reduced susceptibility or resistance to fluoroquino-
lones are commonly isolated in many parts of the world.

PHARMACOKINETICS

ABSORPTION

Most quinolones are rapidly absorbed when given orally, 
although there is considerable variation among different com-
pounds. Absorption is inhibited by co-administration with ant-
acids containing divalent metals, such as magnesium, calcium 
and iron, with which they form insoluble chelates. When the 
oral bioavailability is absolute, fluoroquinolones may be admin-
istered by this route instead of intravenously in many diseases.

DISTRIBUTION

Protein	binding	of	 fluoroquinolones	 varies.	They	have	 large	
volumes of distribution; concentrations approximating those 
in the plasma are found in tissue fluid and they are highly 
distributed into bone and prostate. Concentrations in the 
bronchial mucosa, lung epithelial lining fluid and alveolar mac-
rophages are usually higher than in plasma. Concentrations 
in cerebrospinal fluid (CSF) are about one-third to one-half 
the corresponding plasma level; the presence of inflammation 
does not appear to enhance penetration significantly.

ELIMINATION

Most available fluoroquinolones are eliminated by the renal 
route but many are metabolized, to a greater or lesser extent, 
in the liver. Liver metabolism of <5% occurs with  ofloxacin 
and levofloxacin. Some metabolites exhibit antibacterial 
activity (pefloxacin metabolized to norfloxacin; prulifloxacin 
metabolized to ulifloxacin).
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If the dominant elimination route is the kidney, adjust-
ment of doses or times of administration may be needed 
depending upon the degree of renal impairment. In elderly 
subjects, changes in pharmacokinetics are drug dependent 
and usually low; dosage modification may sometimes be 
indicated.

TOXICITY AND ADVERSE EVENTS

Several quinolones (temafloxacin, sparfloxacin, grepafloxacin, 
trovafloxacin) have been withdrawn or their use severely lim-
ited soon after their clinical introduction owing to severe and 
sometimes life-threatening adverse events.

The frequency of mild adverse events in patients receiv-
ing ciprofloxacin, levofloxacin, moxifloxacin and gemifloxacin 
(particularly short courses) is comparable to that seen with 
other commonly used antibacterial agents. Rates of 6–10% 
have been described, with less than 1% being regarded as seri-
ous. Fluoroquinolones are not recommended during preg-
nancy, for lactating women or for children unless there are 
overriding reasons for their use.

The most common serious adverse events are:

•	 phototoxicity	(lomefloxacin,	sitafloxacin,	pefloxacin);	
bone and joint arthropathies (occurring mainly in elderly 
patients when a steroid is co-administered)

•	 central	nervous	system	abnormalities	when	administered	
with anti-inflammatory drugs such as ibuprofen; drug 
interactions (co-administration with theophylline)

•	 hypotension	(garenoxacin)
•	 cardiotoxicity	(QTc	prolongation	and/or	torsade	de	

pointes) resulted in withdrawal of grepafloxacin and 
restriction on the use of sparfloxacin; it may occur rarely 
with other fluoroquinolones

•	 hypoglycemia	or	interference	with	diabetic	drugs	
(gatifloxacin)

•	 tendon	rupture	(especially	of	the	Achilles	tendon)	rarely	
occurs with ciprofloxacin and levofloxacin.

CLINICAL USE

GROUP 1 QUINOLONES

The narrow Gram-negative spectrum of group 1 quinolones 
makes them suitable for treatment of urinary tract  infection. 
Nalidixic acid is prescribed for enteric infection due to Shigella 
in some part of the world.

FLUOROQUINOLONES (GROUPS 2–4)

Many fluoroquinolones are available in both oral and paren-
teral formulations but because they are well absorbed when 
given by mouth, many infectious diseases can be treated 

 successfully with oral therapy. The following comprise 
 common indications:

•	 Lower	respiratory	tract	infections	(i.e.	acute	bacterial	
exacerbations of chronic bronchitis, community-acquired 
pneumonia)

•	 Sinusitis
•	 Uncomplicated	and	some	complicated	urinary	tract	

infections
•	 Bacterial	prostatitis
•	 Community-acquired	skin	and	soft-tissue	infections
•	 Bone	and	joint	infections
•	 Gastrointestinal	tract	infections,	particularly	infectious	

diarrhea caused by toxigenic Esch. coli, Salmonella enterica 
(including typhoid and paratyphoid fevers, and the 
chronic salmonella carrier state), Shigella, Campylobacter, 
Aeromonas and Vibrio species (including Vibrio cholerae), 
as well as Plesiomonas shigelloides

•	 Sexually	transmitted	diseases	(including	pelvic	infections)	
other than syphilis, which does not respond to quinolones

•	 Tuberculosis,	leprosy,	plague.

Specific pharmaceutical formulations (eye drops and creams) 
are available for topical application.

 Further information

Andriole VT, ed. The Quinolones. 3rd ed.San Diego, CA: Academic Press; 2000.
Bryskier A, ed. Fluoroquinolones. In: Antibacterial and Antifungal Agents. 2nd ed. 

Washington DC: ASM Press; 2005.
Bryskier A, Chantot JF. Classification and structure–activity relationships of 

 fluoroquinolones. Drugs. 1995;49(suppl 2):16–28.
Bryskier A, Lowther J. Fluoroquinolones and tuberculosis. Expert Opin Investig 

Drugs. 2002;11:233–255.
Cattoir V, Nordmann P. Plasmid-mediated quinolone resistance in Gram-negative 

bacterial species: an update. Curr Med Chem. 2009;16:1028–1046.
Dembry LM, Farrington JM, Andriole VT. Fluoroquinolone antibiotics: adverse 

effects and safety profiles. Infect Dis Clin Pract. 1999;8:9–16.
Hooper DC. Mechanisms of action of antimicrobials: focus on fluoroquinolones. 

Clin Infect Dis. 2001;32(suppl 1):S9–S15.
Mitscher LA. Bacterial topoisomerase inhibitors: quinolone and pyridone 

 antibacterial agents. Chem Rev. 2005;105:559–592.
Zhanel GG, Fontaine S, Adam H, et al. A review of new  fluoroquinolones. 

Focus on their use in respiratory tract infections. Treat Respir Med. 
2006;5:437–465.

GROUP 1 QUINOLONES

NALIDIXIC ACID

Molecular weight: 232.2.

A 1,8 naphthyridone derivative available for oral 
administration.
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 ANTIBACTERIAL ACTIVITY

It displays good activity in vitro against a wide range of 
Enterobacteriaceae. Ps. aeruginosa, Gram-positive bacteria 
and anaerobes are resistant (Table 26.1, p. 307).

 PHARMACOKINETICS

Oral absorption >90%

C
max

 1 g oral c. 25 mg/L

Plasma half-life c. 1.5 h

Volume of distribution 0.4 L/kg

Plasma protein binding 93%

The plasma concentrations achieved after oral administra-
tion vary widely. In infants with acute shigellosis, absorption 
is much impaired by diarrhea. Administration with an alkaline 
compound leads to higher plasma concentrations, partly as 
the result of enhanced solubility (nalidixic acid is much more 
soluble at higher pH) and absorption and partly because of 
reduced tubular reabsorption.

It is rapidly metabolized, principally to the hydroxy acid, 
which is bacteriologically active, and glucuronide conju-
gates, which are not. The entire administered dose appears 
in the urine over a 24 h period. Elimination is reduced by 
probenecid. In the presence of renal impairment there is little 
accumulation of the active compound because it continues to 
be metabolized. However, elimination of metabolites is pro-
gressively delayed as renal function declines. About 4% of a 
dose appears in the feces.

 TOXICITY AND SIDE EFFECTS

Adverse reactions are generally those common to all quinolones: 
gastrointestinal tract and CNS disturbances and skin rashes, 
including eruptions related to photosensitivity. About half of 
the reported CNS reactions involve visual disturbances, hal-
lucinations or disordered sensory perception. Severe excitatory 
states, including acute psychoses and convulsions, are usually 
observed in patients receiving high dosages. The drug should 
be avoided in patients with psychiatric disorders or epilepsy.

Acute intracranial hypertension has been observed in chil-
dren, some of whom have also manifested cranial nerve pal-
sies. Hemorrhage has occurred in patients who were also 
receiving warfarin, presumably due to displacement of the 
anticoagulant from its protein binding sites by the nalidixic 
acid. Hemolytic anemia has been described several times in 
infants with or without glucose-6-phosphate dehydrogenase 
deficiency; in adults, death has occurred from autoimmune 
hemolytic anemia. Arthralgia and severe metabolic acidosis 
have rarely been reported.

 CLINICAL USE

 Further information

Anonymous Nalidixic acid. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:N17–N20.

Barbeau G, Belanger P-M. Pharmacokinetics of nalidixic acid in old and young 
 volunteers. J Clin Pharmacol. 1982;22:490–496.

Schaad UB, Wedgwood-Krucko J. Nalidixic acid in children: retrospective matched 
controlled study for cartilage toxicity. Infection. 1987;15:165–168.

OTHER GROUP 1 QUINOLONES

 ROSOXACIN (ACROSOXACIN)

The antibacterial spectrum and potency are similar to those 
of other members of this group, but it is particularly active 
against N. gonorrhoeae	(MIC	0.06–0.1	mg/L).

A single oral dose of 300 mg produces a mean peak plasma 
concentration	of	4–5	mg/L	at	about	2–4	h,	with	an	apparent	elim-
ination half-life of about 6 h. Elimination in the urine is partly as 
the N-oxide metabolite and the glucuronide of this metabolite.

Side effects are those common to quinolones, notably gastro-
intestinal tract and CNS disturbances. About 50% of patients 
treated with single oral doses of 100–400 mg developed dizziness, 
drowsiness, altered visual perception and other CNS effects.

It is effective as single-dose treatment of patients with ure-
thral and anorectal gonorrhea, but coexistent C. trachomatis 
infection is not eliminated from most patients and postgono-
coccal urethritis develops in up to 30%.

preparations and dosage

Proprietary names: Mictral, Negram, Uriben.

Preparations: Tablets, suspension.

Dosage: Adults, oral, 900 mg–1 g every 6 h for 7 days; for chronic infections, 

500–600 mg every 6 h. Children >3 months, oral, 50 mg/kg per day in four 

divided doses; reduced in prolonged therapy to 30 mg/kg per day.

Widely available.

Urinary tract infection

Prophylaxis in patients undergoing transurethral surgery

Treatment of acute shigellosis

preparations and dosage

Proprietary name: Eradacil.

Preparation: Capsules.

Dosage: Adult, oral, 300 mg as a single dose.

Limited availability.
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 Further information

Park GB, Saneski J, Weng T, Edelson J. Pharmacokinetics of rosoxacin in human 
volunteers. J Pharm Sci. 1982;71:461–462.

Romanowski B, Austin TW, Pattison FLM, et al. Rosoxacin in the therapy of 
 uncomplicated gonorrhea. Antimicrob Agents Chemother. 1984;25:445–457.

 CINOXACIN

A cinnoline derivative formulated for oral administration. It 
is active against most Enterobacteriaceae, but Ps. aeruginosa, 
Gram-positive bacteria and anaerobes are resistant (Table 
26.1, p. 307).

It is well-absorbed when given orally. Administration with 
food reduces the peak concentration by about one-third, but 
the	area	under	the	concentration–time	curve	(AUC)	remains	
unchanged. Concentrations in prostatic and bladder tissues 
reach 60% and 80%, respectively, of the simultaneous serum 
concentrations.

It is almost entirely eliminated in the urine, about 40–60% 
as unchanged drug and the rest as metabolites, most of which 
have	 no	 antibacterial	 activity.	 Urinary	 concentrations	 of	
active drug in the first 2 h after administration of a dose is 
100–500	mg/L.	Elimination	is	reduced	by	probenecid	and	by	
renal impairment, the half-life rising to about 12 h in end-
stage renal failure.

Adverse reactions that are common to the group are 
reported in 4–5% of patients; these are primarily gastrointesti-
nal tract disturbances, but rashes occur in up to 3% and CNS 
disturbances	in	less	than	1%.	Use	is	restricted	to	uncompli-
cated urinary tract infection.

 Further information

Anonymous. Cinoxacin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:C224–C226.

Sisca TS, Heel RC, Romakiewicz JA. Cinoxacin. A review of its pharmacological 
properties and therapeutic efficacy in the treatment of urinary tract infections. 
Drugs. 1983;25:544–569.

 PIPEMIDIC ACID

An orally administered pyridopyrimidine derivative with 
a 7-piperazinyl moiety. The piperazinyl moiety at C-7 

increases in-vitro activity against Ps. aeruginosa.	 Pipemidic	
acid is inactive against Gram-positive bacteria or anaerobes 
(Table 26.1, p. 307).

It is well absorbed orally. The drug is rapidly metabo-
lized, primarily to acetyl, formyl and oxo derivatives, which 
exhibit much reduced antibacterial activity. It is eliminated 
in the urine, 50–85% of a dose appearing over the first 24 h, 
less than 2% as inactive metabolites. Non-renal clearance 
accounts for 10–40% of a dose in the young, rising to 40–70% 
in elderly subjects, thereby compensating for possible renal 
insufficiency. No dosage adjustment is necessary in patients 
with mild renal insufficiency. Some of the drug is eliminated 
in the bile and a significant portion appears in the feces.

Nausea and vomiting are common; dizziness, weakness 
and grand mal seizures have been observed, principally in the 
elderly. A number of reactions have been sufficiently severe to 
require discontinuation of therapy. Clinical use is restricted to 
urinary tract infections.

 Further information

Klinge E, Mannisto PT, Mantyla R, Mattila J, Hanninen U. Single- and multiple-dose 
pharmacokinetics of pipemidic acid in normal human volunteers. Antimicrob 
Agents Chemother. 1984;26:69–73.

Mannisto P, Solkinen A, Mantyla R, et al. Pharmacokinetics of pipemidic acid in 
healthy middle-aged volunteers and elderly patients with renal insufficiency. 
Xenobiotica. 1984;14:339–347.

 FLUMEQUINE

A tricyclic fluorinated 4-quinolone, with activity similar to 
that of nalidixic acid in vitro, although it is somewhat more 
active against some Enterobacteriaceae.

Following escalating oral doses of 400, 800 or 1200 mg, 
mean peak plasma levels reached at 2 h are 13.5, 23.8 and 
31.9	mg/L,	respectively.	The	apparent	elimination	half-life	is	
about 7 h. The main metabolite, hydroxyflumequine, is much 
more rapidly eliminated. About 60% of a dose appears in 
the	urine,	mostly	in	the	form	of	conjugates.	Urinary	concen-
trations	 following	 an	 800	 mg	 dose	 are	 10–35	 mg/L,	 with	 a	
peak	of	105	mg/L.	It	has	no	effect	on	the	pharmacokinetics	
of theophylline.

Flumequine is generally well tolerated, side effects being 
mainly mild gastrointestinal tract disturbances, rashes, dizzi-
ness and confusion.

preparations and dosage

Proprietary name: Cinobac.

Preparation: Capsules.

Dosage: 500 mg every 12 h or 250 mg every 6 h; prophylaxis 250–500 mg 

per day for 7–14 days.

No longer widely available.

preparations and dosage

Proprietary name: Pipram.

Preparation: Tablets.

Dosage: Adults, oral, 400 mg every 12 h.

Available in Europe (not UK) and Japan.
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It is principally used in uncomplicated urinary tract 
infections.

 Further information

Schuppan D, Harrison LI, Rohlfing SR, et al. Plasma and urine levels of  flumequine 
and 7-hydroxyflumequine following single and multiple oral dosing. 
J Antimicrob Chemother. 1985;15:337–343.

 OXOLINIC ACID

An oral 4-quinolone with a tricyclic structure. Its antibacterial 
spectrum is very similar to that of nalidixic acid, but it is more 
active	against	Enterobacteriaceae	(MIC	0.25–2	mg/L).	Gram-
positive bacteria, Ps. aeruginosa and anaerobes are resistant.

After repeated doses of 750 mg twice daily, mean plasma 
concentrations are initially very low, but steady state is reached 
at the third day and Cmax	is	around	3.5	mg/L.	Administration	
with	 food	 delays	 absorption.	 Binding	 to	 plasma	 protein	 is	
about 80%. It undergoes complex biotransformation, and an 
enterohepatic cycle may account for the increase in the appar-
ent elimination half-life from 4 to 15 h over 7 days of treat-
ment as well as for the 20% of dose which can be recovered 
from the feces. About 50% of the dose appears in the urine in 
the first 24 h, partly in the form of metabolites, some of which 
display antibacterial activity.

Side effects common to the quinolones occur frequently. 
About one-quarter of patients treated with 750 mg every 12 
h suffer nausea and vomiting or restlessness and insomnia. Its 
only use is in the treatment of lower urinary tract infections.

 Further information

Gleckman R, Alvarez S, Joubert DW, Matthews SJ. Drug therapy reviews: oxolinic 
acid. Am J Hosp Pharm. 1979;36:1077–11010.

 PIROMIDIC ACID

A pyrimidopyrimidine derivative with a C7-pyrrolidinyl ring, 
allowing a slight increase in activities against Gram-positive 
cocci. Its main antibacterial activity is close to that of nalidixic 
acid and there have been reports of renal toxicity. It is avail-
able in only a few countries.

GROUP 2 QUINOLONES

CIPROFLOXACIN

Molecular weight (free base): 331.4.

A 6-fluoro, 7-piperazinyl quinolone formulated as the hydro-
chloride for oral administration and as the lactate for intrave-
nous use.

 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in 
Table 26.2 (p. 307). It exhibits potent activity against most 
Enterobacteriaceae, as well as against Acinetobacter spp. (MIC 
0.25–1	 mg/L),	 fastidious	 Gram-negative	 bacilli	 such	 as	 Mor. 
catarrhalis	 (MIC	 0.06–0.25	 mg/L)	 and	 Campylobacter jejuni 
(MIC	0.12	mg/L).	In	common	with	other	quinolones,	it	is	active	
against Bacillus anthracis. Ciprofloxacin is the most active qui-
nolone against Ps. aeruginosa and exhibits good activity in vitro 
against other non-fermenting Gram-negative bacilli. In-vitro 
activity against Staph. aureus coagulase-negative staphylococci, 
Str. pyogenes, Str. pneumoniae and Enterococcus spp. (MIC c. 0.5–2 
mg/L)	is	moderate.	Most	methicillin-resistant	strains	of	staphy-
lococci are resistant. It has poor activity against anaerobes, but is 
active against M. tuberculosis, Mycoplasma spp. and intracellular 
pathogens such as Chlamydia, Chlamydophila and Legionella.

 PHARMACOKINETICS

Oral absorption 50–80%

C
max

 500 mg oral 1.5–2 mg/L after 1–2 h

 200 mg intravenous (15-min infusion) 3.5 mg/L end infusion

Plasma half-life 3–4 h

Volume of distribution 3–4 L/kg

Plasma protein binding 20–40%

preparations and dosage

Proprietary name: Apurone.

Preparation: Tablets.

Dosage: Adult, oral, 400 mg every 8–12 h.

Limited availability in Europe.

preparations and dosage

Proprietary name: Urotrate.

Preparation: Tablets.

Dosage: Adults, oral, 750 mg every 12 h. Children, 50–600 mg every 12 h 

(age dependent).

Available in some European countries.
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absorption

After escalating oral doses, mean peak plasma levels increase 
proportionately with dose. However, accumulation occurs 
after repeated doses of 500 mg orally or 200 mg intrave-
nously every 12 h; the apparent elimination half-life has been 
reported to rise to about 6 h after a regimen of 250 mg every 
12 h for 6 days. Absorption is delayed, but seems unaffected 
by food and, in common with other quinolones, is reduced by 
certain antacids. Co-administration of sucralfate reduces the 
peak plasma concentrations to undetectable levels in many 
subjects	 (mean	value	 from	2	 to	0.2	mg/L)	 and	 the	AUC	 is	
reduced to 12% of the value obtained when ciprofloxacin is 
administered alone. Ferrous sulfate and multivitamin prepa-
rations containing zinc significantly reduce absorption, which 
is also impaired in patients receiving cytotoxic chemotherapy 
for hematological malignancies. Calculated total bioavailabil-
ity is 60–70%.

Distribution

It is widely distributed in body fluids, concentrations in most 
tissues and in phagocytic cells approximating those in plasma. 
Concentrations in the CSF, even in the presence of meningi-
tis, are about half the simultaneous plasma levels.

Metabolism and excretion

It is partly metabolized to four metabolites, all but one of 
which (desethylciprofloxacin) display antibacterial activ-
ity. About 95% of a dose can be recovered from feces and 
urine. Around 40% of an oral and 75% of an intravenous dose 
appear in the urine over 24 h. Elimination is by both glomeru-
lar filtration and tubular secretion (60–70%) and is reduced 
by concurrently administered probenecid and by renal insuf-
ficiency.	 It	 is	 poorly	 removed	 by	 hemodialysis.	 Part	 of	 the	
administered drug is eliminated in the bile. An enterohepatic 
cycle results in prolongation of the half-life. The four metabo-
lites are eliminated in the urine and feces at low concentration 
in comparison to the parent compound.

 TOXICITY AND SIDE EFFECTS

Untoward	reactions	are	uncommon,	those	encountered	being	
typical of the group (p. 309). Reactions severe enough to require 
withdrawal of treatment have occurred in <2% of patients. The 
most common reactions, gastrointestinal tract disturbances, 
have been seen in 5% of patients and rashes in about 1%. 
CNS disturbances typical of quinolones have been reported in 
1–2% of patients. Tendinitis and tendon rupture (especially of 
the Achilles tendon) may occur in a small number of patients 
and ciprofloxacin should be avoided in patients at risk for 
these	conditions.	Potentiation	of	the	action	of	theophylline	and	
other drugs metabolized by microsomal enzymes may occur. 
Crystalluria and transient arthralgia have been reported.

In volunteers, dosages of up to 750 mg produced no change 
in the numbers of fecal streptococci and anaerobes, but did 
produce a 2.5 × log10 decline in the numbers of enterobac-
teria, which lasted 1 week. There was no change in the sus-
ceptibility of the affected organisms and no overgrowth by 
resistant strains. As with other quinolones, ciprofloxacin is not 
recommended for use in children or in pregnant or lactating 
women.

The drug should be avoided in suspected or confirmed infec-
tions caused by Str. pneumoniae. It is inferior to conventional 
agents and some other fluoroquinolones in the treatment of 
genital tract infections caused by C. trachomatis.

Ciprofloxacin has also been shown to be effective in the 
treatment of patients with malignant otitis externa, cat-
scratch disease, prevention of infection in patients undergoing 
biliary tract surgery, and treatment of biliary tract infections. 
A topical preparation for use in the treatment of ocular infec-
tions is available, but is neither more effective nor safer than 
established topical agents; it may be indicated for superficial 
eye infections caused by pathogens resistant to conventional 
drugs or in patients unable to tolerate standard therapeutic 
agents.

preparations and dosage

Proprietary names: Ciproxin, Ciflox, Cipro, Ciloxan (ophthalmic)

Preparations: Tablets (including extended-release tablets), oral 

suspension, infusion, ophthalmic solution.

Dosage: Adults, oral, 250–750 mg every 12 h; i.v. infusion, 100–400 mg 

every 12 h. Children, where the benefits outweigh the risks, oral, 7.5–15 

mg/kg per day in two divided doses; i.v., 5–10 mg/kg per day in two 

divided doses. Higher doses (400 mg every 12 h) needed in pseudomonal 

lower respiratory tract infection in cystic fibrosis.

Widely available.

Urinary tract infections (especially pathogens resistant to standard 

agents)

Prostatitis

Uncomplicated urogenital and rectal gonorrhea (single dose)

Purulent bronchitis, bronchopneumonia, acute exacerbations 

of chronic obstructive airways disease, pneumonia (other than 

pneumococcal pneumonia) and bronchiectasis; pulmonary 

exacerbations in cystic fibrosis; legionellosis; atypical pneumonia 

(Mycoplasma, Chlamydophila)

Osteomyelitis caused by Gram-negative bacteria

Enteric fever (including chronic carriage), severe bacterial gastroenteritis, 

cholera

Mycobacterial infections caused by multidrug-resistant M. tuberculosis

Eradication of nasopharyngeal carriage of N. meningitidis

Anthrax (skin and inhalation)
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 Further information

Akali AU, Niranjan NS. Management of bilateral Achilles tendon rupture associated 
with ciprofloxacin: a review and case presentation. J Plastic Reconstr Aesthet 
Surg. 2008;61:830–834.

Anonymous. Ciprofloxacin (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:C230–C235.

Garretts JC, Godley PJ, Peterie JD, Gerlach EH, Yakshe CC. Sucralfate significantly 
reduces ciprofloxacin concentrations in serum. Antimicrob Agents Chemother. 
1990;34:931–933.

Hirata CAI, Guay DRP, Awni WM, Stein DJ, Peterson PK. Steady-state 
 pharmacokinetics of intravenous and oral ciprofloxacin in elderly patients. 
Antimicrob Agents Chemother. 1989;33:1927–1931.

Jacobs F, Marchal M, de Francquen P, Kains J-P, Ganji D, Thys J-P. Penetration 
of ciprofloxacin into human pleural fluid. Antimicrob Agents Chemother. 
1990;34:934–936.

Lettieri JT, Rogge MC, Kaiser K, Echols RM, Meller AN. Pharmacokinetic profile 
of ciprofloxacin after single intravenous and oral doses. Antimicrob Agents 
Chemother. 1992;36:993–996.

Nau R, Prange HW, Martell J, Sharifi S, Kolenda H, Bircher J. Penetration of 
 ciprofloxacin into the cerebrospinal fluid of patients with uninflamed 
 meninges. J Antimicrob Chemother. 1990;25:956–973.

Piddock LJV. Clinically relevant chromosomally encoded multidrug resistance 
efflux pumps in bacteria. Clin Microbiol Rev. 2005;19:382–402.

NORFLOXACIN

Molecular weight: 319.3.

A 6-fluoro, 7-piperazinyl quinoline available for oral adminis-
tration and as an ophthalmic ointment.

 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in 
Table 26.2 (p. 307). It is active against a wide range of 
Gram-negative bacteria, including Enterobacteriaceae and 
Campylobacter spp. Ps. aeruginosa, Acinetobacter, Serratia and 
Providencia spp. are weakly susceptible (and often resis-
tant). It has no useful activity against anaerobes, Chlamydia, 
Mycoplasma and Mycobacterium spp.

 PHARMACOKINETICS

Oral absorption 50–70%

C
max

 400 mg oral 1.5 mg/L after 1–1.5 h

Plasma half-life 3–4 h

Volume of distribution 2.5–3.1 L/kg

Plasma protein binding 15%

absorption and distribution

Norfloxacin displays linear kinetics. There is no significant 
accumulation with the recommended dosage of 400 mg every 
12 h. Food slightly delays but does not otherwise impair 
absorption. Antacids reduce absorption. It is widely distrib-
uted, but concentrations in tissues other than those of the uri-
nary	tract	are	low;	levels	in	the	prostate	are	around	2.5	mg/g.

Metabolism and excretion

Six or more inactive metabolites are produced. Around 30% 
of a dose appears as unchanged drug in the urine and <10% 
as metabolites, producing peak concentrations of microbiologi-
cally	active	drug	of	around	100–400	mg/L.	Urinary	recovery	is	
halved by probenecid, with little effect on the plasma concen-
tration. The apparent plasma elimination half-life increases with 
renal impairment, rising to around 8 h in the anuric patient. 
Some of the drug appears in the bile where concentrations 
three- to seven-fold greater than the simultaneous plasma lev-
els are achieved, but this is not a significant route of elimination 
and hepatic impairment is without effect. Very variable quan-
tities, averaging 30% of a dose, appear in the feces, producing 
concentrations	of	active	agent	of	around	200–2000	mg/kg.

 TOXICITY AND SIDE EFFECTS

Untoward	 reactions	 are	 those	 common	 to	 the	 fluoroquino-
lones (p. 309). Gastrointestinal tract disturbances, which are 
generally mild, have been reported in 2–4% of patients. CNS 
disturbances have largely been limited to headache, drows-
iness and dizziness. Co-administration with theophylline 
results in increased plasma theophylline levels.

 CLINICAL USE

preparations and dosage

Proprietary names: Utinor, Noroxin, Chibroxin (ophthalmic).

Preparations: Tablets, ophthalmic solution.

Dosage: Adults, oral, 400 mg every 12 h for 7–10 days; uncomplicated 

lower urinary tract infections, 400 mg every 12 h for 3 days; chronic 

relapsing urinary tract infections, 400 mg every 12 h for 12 weeks, reduced 

to 400 mg per day if adequate suppression within the first 4 weeks.

Widely available.

Complicated and uncomplicated urinary tract infections (including 

prophylaxis in recurrent infections), prostatitis

Uncomplicated gonorrhea

Gastroenteritis caused by Salmonella, Shigella and Campylobacter spp., 

Vibrio cholerae

Conjunctivitis (ophthalmic preparation)
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 Further information

Anonymous. Norfloxacin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:N137–N141.

Holmes B, Brogden RN, Richards DM. Norfloxacin. A review of its  antibacterial activity, 
pharmacokinetic properties and therapeutic use. Drugs. 1985;30:482–513.

Symposium. Norfloxacin: a fluoroquinolone carboxylic acid antimicrobial agent. 
Am J Med. 1987;82(suppl 6B):1–92.

OFLOXACIN

Molecular weight: 361.38.

A tricyclic 6-fluoro, 7-piperazinyl quinoline with a methyl 
substituted oxazine ring substituted. It is a racemic mixture of 
l- (levofloxacin, see p. 319) and d-isomers.

 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in Table 
26.2 (p. 307). It exhibits good activity against a wide range of 
enterobacteria, including strains resistant to nalidixic acid, as 
well as against Aeromonas, Campylobacter, Vibrio and Moraxella 
spp. Activity against methicillin-sensitive Staph. aureus is good, 
but streptococci, including Str. pneumoniae and enterococci, are 
less susceptible. Most anaerobes are moderately or completely 
resistant. It is active against L. pneumophila, Ch. pneumoniae, 
C. trachomatis, mycoplasmas, ureaplasmas and M. tuberculosis. 
Other mycobacteria such as M. fortuitum, M. kansasii, M. chelo-
nei and the M. avium complex are moderately susceptible.

 PHARMACOKINETICS

Oral absorption c. 95%

C
max

 400 mg oral

 200 mg intravenous (30-min  

 infusion)

3–5 mg/L after 1–1.5 h 

1.8 mg/L 1 h after end 

infusion

Plasma half-life 5–7 h

Volume of distribution 1–2.5 L/kg

Plasma protein binding c. 25%

absorption and distribution

There is no significant interference with absorption by magne-
sium–aluminum hydroxide or calcium carbonate compounds, 

providing administration is separated by at least 2 h. In patients 
receiving repeated 200 mg doses, the mean peak plasma con-
centration	rose	from	2.7	mg/L	after	the	first	dose	to	3.4	mg/L	
after the seventh.

It is widely distributed, achieving levels ≥50% of simultane-
ous plasma concentrations in many tissues, including lung and 
bronchial secretions. In cantharides and suction blisters, peak 
concentrations exceed those in plasma, while the elimination 
half-life is similar. In patients with non-inflamed meninges, 
200 mg administered orally or by intravenous infusion over 
30	min	produced	CSF	concentrations	of	around	0.4–1	mg/L	
at	2–4	h	while	the	plasma	concentration	was	1.7–4	mg/L;	a	
400 mg intravenous infusion yielded a CSF concentration of 
2	mg/L,	which	is	adequate	for	some	Gram-negative	bacteria,	
but not for Gram-positive bacteria or Ps. aeruginosa.

Metabolism and excretion

It is poorly metabolized into desmethyl and N-oxide deriva-
tives (<5% of the administered dose), only about 20% of a 
dose being eliminated by non-renal routes. There is a very 
slight	 effect	 on	 cytochrome	 P450-related isoenzymes and no 
significant effect on the metabolism of theophylline in dos-
ages of up to 800 mg.

About 60% of a dose appears in the urine over 12 h and 
80–90% over 48 h. The apparent elimination half-life is pro-
longed in renal failure, reaching 30–50 h in anuria, necessitat-
ing a dosage reduction. The desmethyl metabolite accumulates 
in all patients and the N-oxide in 50%. Absorption and distri-
bution are not affected by renal failure. Significant amounts 
of the drug appear in the feces, producing very variable 
	concentrations	up	to	100	mg/kg.

 TOXICITY AND SIDE EFFECTS

Untoward	 reactions	 have	 been	 described	 in	 2.5–7.5%	 of	
patients, and are those common to the group: gastrointesti-
nal tract disturbances, rashes, tendon rupture and insomnia. 
CNS effects rarely occur.

 CLINICAL USE

Complicated and uncomplicated infections of the urinary tract, chronic 

prostatitis

Uncomplicated urogenital and anorectal gonorrhea (single-dose), 

chancroid (3-day course), genital chlamydial infections (7-day course)

Lower respiratory tract infections, including bronchopneumonia, 

community-acquired pneumonia (except pneumococcal pneumonia), 

acute bacterial exacerbations of chronic bronchitis (unless pneumococci 

are involved) and bronchiectasis

Enteric fever, including the chronic carrier state; gastroenteritis caused by 

enterotoxigenic Escherichia coli, Salmonella, Shigella and Campylobacter spp.

Ocular infections (ophthalmic preparation)
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 Further information

Flors S, Guay DRP, Opsahl JA, Tack K, Matzke GR. Effects of magnesium– aluminium 
hydroxide and calcium carbonate antacids on bioavailability of ofloxacin. 
Antimicrob Agents Chemother. 1990;34:2436–2438.

Guay DRP, Opsahl JA, McMahon FG, Vargas R, Matzke GR, Flor S. Safety and 
 pharmacokinetics of multiple doses of intravenous ofloxacin in healthy 
 volunteers. Antimicrob Agents Chemother. 1992;36:308–312.

Navarro AS, Lanao JM, Recio MMS, et al. Effect of renal impairment on distribution 
of ofloxacin. Antimicrob Agents Chemother. 1990;34:455–459.

Symposium. Ofloxacin – developments in therapy. J Antimicrob Chemother. 
1990;26(suppl D):1–142.

OTHER GROUP 2 QUINOLONES

 BALOFLOXACIN

A 6-fluoro-8-methoxy quinolone derivative. It has good 
antistaphylococcal	activity	(MIC	0.4–4	mg/L),	but	is	inac-
tive against methicillin-resistant Staph. aureus (MRSA) 
and quinolone-resistant Staph. aureus; Str. pneumoniae 
is	 inhibited	 by	 0.4	 mg/L.	 It	 has	 good	 activity	 against	
Enterobacteriaceae, but is inactive against Ps. aeruginosa 
(MIC	8–16	mg/L).	After	a	200	mg	oral	dose	a	peak	level	of	
1.7	mg/L	is	reached	in	1	h.	The	apparent	elimination	half-
life	is	about	8	h,	rising	to	13	h	in	elderly	subjects.	Plasma	
protein binding is about 16%. It was withdrawn from the 
market in Japan because of adverse events, but is available 
in China.

 ENOXACIN

A 1,8 naphthyridone derivative available as an oral drug. 
It exhibits good activity in vitro against many species of 
Enterobacteriaceae. It is inactive against Ps. aeruginosa, 
Serratia, Citrobacter, Acinetobacter and Mycobacterium spp., as 
well as anaerobes, chlamydiae and ureaplasmas.

It is well absorbed and widely distributed when given orally. 
Absorption is not significantly affected by food, but ranitidine, 
sucralfate and some antacids or mineral supplements may 
interfere with absorption. After repeated doses of 400 mg every 
12	h	for	14	days,	mean	peak	plasma	levels	reach	3.5–4.5	mg/L,	
a steady state being achieved in 3–4 days.

About 40–60% of the administered dose is eliminated 
unchanged in the urine with <10% as the 3-oxo metabolite, 
which is 10–20 times less active than the parent compound. 
In renal failure, the apparent elimination half-life rises to 
>20 h, with marked reduction in the elimination of the oxo 
metabolite. Hemodialysis removes insignificant amounts of 
both	compounds.	Part	is	eliminated	in	bile,	where	concentra-
tions	of	4.5–25	mg/L	have	been	noted	when	the	correspond-
ing	serum	levels	were	0.5–2	mg/L.

About 6% of patients experience mild and transient effects 
typical of the quinolones: gastrointestinal tract disturbances, 
rashes, headaches and dizziness. Epileptiform and asthmatic 
attacks have occurred, but serious effects have been rare. 
Enoxacin interferes with theophylline metabolism.

It is no longer widely used, but is available in some coun-
tries for the treatment of urinary tract infection.

 Further information

Henwood JM, Monk JP. Enoxacin. A review of its antibacterial activity, 
 pharmacokinetic properties and therapeutic use. Drugs. 1988;36:32–66.

 FLEROXACIN

A trifluorinated quinolone formulated as the hydrochloride 
for oral use. The antibacterial spectrum and activity are simi-
lar to those of norfloxacin and ofloxacin (p. 307).

It is well absorbed, achieving a mean plasma concentration 
of	 6	 mg/L	 1–2	 h	 after	 a	 400	 mg	 dose.	The	 apparent	 elimi-
nation half-life is 9–12 h. Absorption is unaffected by food. 
Bioavailability	 is	 absolute	 and	 binding	 to	 plasma	 protein	 is	
around 30%. It is widely distributed with tissue or fluid: plasma 
ratios of 0.6 in saliva, 0.3–2 in prostate and 1.7 in seminal 
fluid. About 50% of a dose appears in the urine as unchanged 
drug, giving urinary concentrations of the active compound of 
around	150–300	mg/L.	The	dosage	 interval	(normally	24	h)	
should be increased in patients with renal failure.

Fleroxacin has been withdrawn from clinical use in many 
countries and is no longer recommended for the systemic 
treatment of infections.

 Further information

Balfour JA, Todd PA, Peters DH. Fleroxacin. A review of its pharmacology and 
 therapeutic efficacy in various infections. Drugs. 1995;49:794–850.

preparations and dosage

Proprietary names: Floxin, Oflocet, Tarivid, Exocin (ophthalmic).

Preparations: Tablets, injection, ophthalmic.

Dosage: Adults, oral, 200–400 mg per day, increased to 400 mg every 

12 h in severe infections; i.v., 200–400 mg every 12 or 24 h depending on 

severity of infection.

Widely available.

preparations and dosage

Proprietary name: Enoxor.

Preparation: Tablets.

Dosage: Adults, oral, 200–400 mg every 12 h.

Available in Japan and parts of Europe.
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 LOMEFLOXACIN

A difluoropiperazinyl quinolone formulated as the hydrochloride 
salt for oral administration. The in-vitro activity is very similar to 
that of norfloxacin (p. 307). It is active against Enterobacteriaceae 
and fastidious Gram-negative bacilli, including L. pneumophila. 
Activity against Campylobacter spp., Ps. aeruginosa, Acinetobacter 
and Chlamydia spp. is poor. It has reduced activity against staph-
ylococci and poor activity against streptococci, L. monocytogenes, 
anaerobes and Mycobacterium spp.

A	400	mg	oral	dose	achieves	a	concentration	of	3–5	mg/L	
after 1–1.5 h. In escalating oral doses of 100, 400 and 800 mg 
to	 volunteers,	 the	AUC	 was	 essentially	 proportional	 to	 the	
dosage, the mean plasma concentrations following 100, 400 
and	800	mg	doses	being	approximately	1.1,	4.7	and	7.5	mg/L,	
respectively.

Several metabolites have been described, accounting for 
<5% of the oral dose. Elimination occurs principally via 
the kidneys and 50–70% of a dose appears in the urine over 
24 h. In patients with impaired renal function given 400 mg 
orally, the apparent elimination half-life ranged from 8 to 
44 h, depending on the degree of renal failure. Non-renal 
clearance was also impaired, but there was no significant 
change in other pharmacokinetic parameters. The daily 
dosage (400 mg) should be reduced to 280 mg when the 
creatinine	clearance	falls	below	30	mL/min.	Hemodialysis	
has no effect on the plasma concentration. The effect of 
lomefloxacin on the plasma concentration of theophyl-
line is clinically insignificant and no dosage adjustment is 
required.

The main adverse event is phototoxicity; other adverse 
events (mainly diarrhea, abdominal pain, skin reactions, 
dizziness, headache and insomnia) occur in about 10% of 
patients.

It is chiefly used in urinary tract infection, but is no longer 
widely available.

 Further information

Anonymous. Lomefloxacin (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:L80–L86.

Blum RA, Schultz RW, Schentag JJ. Pharmacokinetics of lomefloxa-
cin in renally compromised patients. Antimicrob Agents Chemother. 
1990;34:2364–2368.

Freeman CD, Nicolan DP, Belliveau PP, Nightingale CH. Lomefloxacin clinical 
 pharmacokinetics. Clin Pharmacokinet. 1993;25:6–19.

 PAzUFLOXACIN

A tricyclic fluoroquinolone, formulated as mesylate and 
hydrochloride salts for oral or parenteral use or as a methane 
sulfonate (eye ointment).

It displays good activity in vitro against methicillin-
 susceptible Staph. aureus	 (MIC	 0.2	 mg/L),	 but	 is	 inac-
tive against Str. pyogenes, Str. pneumoniae (MIC ≥4	 mg/L)	
and enterococci. L. pneumophila	 is	 inhibited	 by	 0.03	 mg/L.	
Activity against Enterobacteriaceae, fastidious Gram-negative 
bacilli, Ps. aeruginosa and Acinetobacter spp. is similar to that 
of ofloxacin. It is weakly active against Sten. maltophilia and 
Burkholderia cepacia (MIC c.	 2	 mg/L).	 Against	 M. tubercu-
losis,	MICs	 range	 from	0.8	 to	4	mg/L.	 It	 is	 inactive	 against	
anaerobes.

After oral doses of 100 or 400 mg, peak plasma concentra-
tions	range	from	0.94	mg/L	(100	mg)	to	4.5	mg/L	(400	mg)	
after <1 h. The apparent elimination half-life is around 2 h. 
Most of the administered dose is eliminated in urine, about 
70% within 24 h. Four metabolites have been reported. In 
elderly patients, according to the renal function, the peak 
plasma	concentration	may	be	elevated	(up	to	5.6	mg/L)	and	
significantly delayed (2–6 h). The plasma protein binding 
ranges from 17% to 28%.

 Further information

Fukuoka Y, Ikeda Y, Yamashiro Y, Takahata M, Todo Y, Narita H. in vitro and in vivo 
antibacterial activities of T-3761, a new fluoroquinolone. Antimicrob Agents 
Chemother. 1993;37:384–392.

Yamaki K-I, Hasegawa T, Matsuda I, Nadai M, Aoki H, Takagi K. Pharmacokinetic 
characteristics of a new fluoroquinolone, pazufloxacin in elderly patients. 
J Infect Chemother. 1997;3:97–102.

 PEFLOXACIN

A 6-fluoro, 7-piperazinyl quinoline available for oral and 
intravenous administration. The in-vitro activity is very sim-
ilar to that of norfloxacin (p. 307). It is active against H. 
ducreyi, V. cholerae and Legionella spp., but Campylobacter and 
Acinetobacter spp. and pseudomonads are not susceptible. It 
has poor activity against pneumococci, chlamydiae, myco-
plasmas and ureaplasmas. L. monocytogenes, Nocardia spp. and 
anaerobes are resistant.

preparations and dosage

Proprietary names: Maxaquin, Okacin.

Preparations: Tablets, ophthalmic.

Dosage: Adults, oral, 400 mg once daily.

Available in Japan, Russia and some European countries.

preparations and dosage

Proprietary names: Pasil, Pazucross.

Preparations: Tablets, injection, eye ointment.

Dosage: 600 mg per day.

Available in China and Japan.
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A plasma concentration of c.	5	mg/L	is	achieved	1–1.5	h	
after a 400 mg oral dose. The plasma elimination half-life is 
8.5–15 h. It is widely distributed, concentrations in bone, 
brain, blister fluid, CSF, saliva, sputum and prostate all 
approximating, and in some cases exceeding, the simulta-
neous plasma concentration. It is extensively metabolized to 
the desmethyl (= norfloxacin) and N-oxide derivatives. Some 
60–70% of a dose, only about 10% of which is unchanged, 
appears in the urine; 25% of a dose appears in the feces, a 
small part contributed by elimination in the bile.

The half-life increases with hepatic impairment, but is vir-
tually unaffected by renal failure. In patients on continuous 
ambulatory	 peritoneal	 dialysis	 (CAPD)	 given	 800	 mg	 fol-
lowed by 400 mg every 12 h for 10–12 days, there was no 
significant accumulation of pefloxacin or its metabolite, nor-
floxacin, but concentrations of pefloxacin N-oxide rose con-
tinuously in plasma and dialysate; all concentrations fell 
rapidly when treatment was discontinued.

Adverse reactions are those common to the group (p. 309). 
Most common are gastrointestinal tract disturbances, although 
some typical CNS reactions have been encountered. Skin 
eruptions (some photosensitive) occur and rashes appeared 
in about one-third of a group of patients who were given long-
term therapy. Clinical uses are similar to those of ofloxacin.

 Further information

Gonzalez JP, Henwood JM. Pefloxacin: a review of its antibacterial activity, 
 pharmacokinetic properties and therapeutic use. Drugs. 1989;37:628–668.

Symposium. Pefloxacin in clinical practice. J Antimicrob Chemother. 
1990;26(suppl B):1–229.

 PRULIFLOXACIN

A lipophilic prodrug which is very rapidly metabo-
lized by esterase into ulifloxacin, a 6-fluoro, 7-piperazinyl 
thiazetoquinoline.

Ulifloxacin	 is	 moderately	 active	 against	 Staph. aureus 
(MIC	 0.4–0.8	 mg/L)	 and	 inactive	 against	 Str. pneumoniae 
(MIC	2–8	mg/L)	as	well	as	against	Enterococcus spp. Against 
Enterobacteriaceae	(MIC	0.05–0.8	mg/L)	and	Ps. aeruginosa 
(MIC	0.2–0.8	mg/L)	activity	is	similar	to	that	of	ciprofloxa-
cin. It is active against fastidious Gram-negative bacilli, but 
not against anaerobes and non-fermentative Gram-negative 
bacilli. Activity against Acinetobacter spp. is modest.

Prulifloxacin	is	rapidly	converted	into	ulifloxacin	and	after	
3 h is no longer detected in blood. In volunteers receiving a 
single	 oral	 dose,	 peak	 plasma	 concentrations	 of	 0.68	 mg/L	
(300	mg	dose)	to	1.88	mg/L	(for	400	mg	dose)	were	attained	
between 0.67 and 1.25 h. The mean apparent elimination 
half-life was 8 h and the mean cumulative elimination rate 
in urine within 48 h was 31–46%. Other inactive metabolites 
account for 7% of the dose. Half the administered dose is 
eliminated in feces within 72 h as ulifloxacin and 4% as pruli-
floxacin.	Protein	binding	is	45%.

 Further information

Nakashima M, Uematsu T, Kosuge K, et al. Pharmacokinetic and safety of NM 441, 
a new quinolone, in healthy volunteers. J Clin Pharmacokinet. 1994;34: 
930–937.

Prats G, Rossi V, Salvatori E, Mirelis B. Prulifloxacin: a new antibacterial 
 fluoroquinolone. Expert Rev Anti Infect Ther. 2006;4:27–41.

Yagi Y, Shibutani S, Hodoshima N, et al. Involvement of multiple transport systems 
in the disposition of an active metabolite of a pro-drug-type new quinolone 
antibiotic: prulifloxacin. Drug Metab Pharmacokinet. 2003;18:381–389.

Yoshida T, Mitshuashi S. Antibacterial activity of NM-394, the active form of prodrug 
NM 441, a new quinolone. Antimicrob Agents Chemother. 1993;37:793–800.

 RUFLOXACIN

A tricyclic fluoroquinolone formulated as the hydrochlo-
ride salt. It is inactive against Gram-positive cocci with 
MICs	 >2	 mg/L.	 It	 displays	 weak	 activity	 in	 vitro	 against	
Enterobacteriaceae	with	the	MIC	for	most	species	>1	mg/L.	
Activity against Ps. aeruginosa	 is	 poor	 (MIC	 16–32	 mg/L).	
After loading doses of 400 and 600 mg followed with 9 days of 
either 200 or 300 mg, mean peak plasma levels were around 
4.5–7	mg/L,	respectively.	The	mean	apparent	elimination	half-
life was 44 h. Approximately 50% is eliminated in the urine.

It has been used in urinary tract infection and chronic 
prostatitis, but clinical experience is limited.

preparations and dosage

Proprietary name: Peflacine.

Preparations: Tablets, injection.

Dosage: Adults, oral, i.v., 400 mg every 12 h.

Available in Europe, Africa and Asia.

preparations and dosage

Proprietary names: Glimbax, Keraflox, Primax, Pruquin, Unidrox.

Preparations: Tablets.

Dosage: Adults, oral, 600 mg per day.

Available in Italy and in Asia; under development in North America for 

treatment of traveler’s diarrhea.

preparations and dosage

Proprietary name: Monos, Qari, Ruflox, Tebraxin, Uroclar, Uroflox.

Preparation: Tablets.

Dosage: Adults, oral, 400 mg on day 1, followed by 200 mg per day.

Available in some countries such as Italy, Mexico and Thailand.
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 Further information

Boerema JBJ, Bischoff W, Focht J, Naber KG. An open multicentre study on the 
efficacy and safety of rufloxacin in patients with chronic bacterial prostatitis. J 
Antimicrob Chemother. 1991;28:587–597.

Kisicki JC, Griess RS, Ott CI, et al. Multiple dose pharmacokinetics and 
safety of rufloxacin in normal volunteers. Antimicrob Agents Chemother. 
1992;36:1296–1301.

Mattina R, Bonfiglio G, Cocuzza CE, Gulisano G, Cesana M, Imbimbo BP. 
Pharmacokinetics of rufloxacin in healthy volunteers after repeated oral doses. 
Chemotherapy. 1991;37:389–397.

GROUP 3 QUINOLONES

LEVOFLOXACIN

For molecular weight and structure, see ofloxacin (p. 315). 
Levofloxacin is the l-isomer of ofloxacin.

 ANTIBACTERIAL ACTIVITY

Levofloxacin is the active component of ofloxacin; d-oflox-
acin is without significant antibacterial activity. The activity 
against common bacterial pathogens is shown in Table 26.3. 
It exhibits good activity in vitro against Gram-positive cocci 
(including Str. pneumoniae), Enterobacteriaceae, some fas-
tidious Gram-negative bacilli and Ps. aeruginosa as well as 

chlamydiae, Mycoplasma pneumoniae, L. pneumophila and M. 
tuberculosis. MICs for Acinetobacter spp. and Sten. maltophilia 
are	0.06–0.25	and	0.5–2.0	mg/L,	respectively.	Activity	against	
anaerobes is moderate to low.

 PHARMACOKINETICS

Oral absorption >95%

C
max

 500 mg oral

 750 mg oral

 500 mg intravenous (90-min infusion)

 750 mg intravenous (90-min infusion)

c. 5 mg/L after 1.5–2 h

c. 8 mg/L after 1.5–2 h

c. 6 mg/L end infusion

c. 12 mg/L end infusion

Plasma half-life 6–8 h

Volume of distribution 0.6–0.8 L/kg

Plasma protein binding <25%

Co-administration with antacids, calcium, sucralfate and 
heavy	 metals	 decreases	 bioavailability	 and	 AUC.	 No	 inter-
actions with warfarin or theophylline have been observed. 
Co-administration of a non-steroidal anti-inflammatory drug 
may increase the risk of convulsions. It undergoes limited 
metabolism and is primarily eliminated unchanged in urine 
by both glomerular filtration and tubular secretion. The free 
AUC:MIC	ratio	for	Str. pneumoniae increases from about 55 
to 70 when the daily dosage is raised from 500 mg to 750 mg.

It is stable in plasma and does not revert to d-ofloxacin. 
It undergoes limited metabolism and is primarily  eliminated 

table 26.3 Activity of group 3 and group 4 fluoroquinolones against common pathogenic bacteria: MIC (mg/L)

 Garenoxacin Gatifloxacin Gemifloxacin Levofloxacin Moxifloxacin Sparfloxacin tosufloxacin trovafloxacin

Staphylococcus aureus 0.06 0.125 0.06 0.25 0.06 0.12–4 0.12 0.03–2

Streptococcus pyogenes 0.25 0.5 0.016 0.5 0.5 0.5 0.25 0.12

Str. pneumoniae 0.012 1 0.03 2 0.25 0.5 0.5 0.12

Enterococcus faecalis 2 2 2 2 0.5 1 1 0.5

Neisseria spp. 0.008 0.016 0.004 <0.06 0.016 0.004 0.06 0.015

Haemophilus influenzae 0.008 0.016 0.004 <0.06 0.06 0.025 0.06 0.03

Escherichia coli 0.016 0.06 0.008 0.25 0.06 0.05 0.5 0.12

Klebsiella pneumoniae 0.016 1 0.06 0.5 0.5 0.12 0.5 0.5

Pseudomonas aeruginosa 2 32 2 1 8 8 8 8

Bactoides fragilis 1 1 2 1 2 8 2 4

Chlamydophilia 
pneumoniae

 
0.008

 
0.25

 
0.25

 
0.05

 
0.03–0.06

 
0.03–0.25

 
0.25

 
0.5

Legionella pneumophilia 0.008 0.03 0.03 0.03 0.06 0.016–0.03 0.008–0.03 ≤0.004

Mycoplasma pneumoniae 0.06 0.06–0.25 0.012 0.06–1 0.125–0.25 0.125 0.125–0.5 0.125–0.25

Clostridium trachomatis 0.016 0.25 No data 0.5 0.03–0.06 0.06 0.25 1

Mycobacterium  
tuberculosis

 
2

 
0.12

 
>8

 
0.125–1

 
0.25–1.0

 
0.5

 
>8

 
>8
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unchanged in the urine. Renal clearance in excess of the 
glomerular filtration rate suggests that tubular secretion also 
occurs. Concomitant administration of either cimetidine or 
probenecid reduces renal clearance by approximately one-
third. Clearance is reduced and half-life is prolonged in 
patients with impaired renal function (creatinine clearance 
<50	mL/min)	requiring	dosage	adjustment	in	such	patients.

 TOXICITY AND SIDE EFFECTS

Side effects have been reported in 6–7% of patients and 
include fever, rash and other events common to the group. 
Elderly patients are at increased risk of developing severe ten-
don disorders including rupture, a risk increased by concomi-
tant corticosteroid therapy.

 CLINICAL USE

 Further information

American Thoracic Society. Guidelines for the management of adults with 
 community-acquired pneumonia. Diagnosis, assessment of  severity, 
 antimicrobial therapy, and prevention. Am J Respir Crit Care Med. 
2001;163:1730–1754.

Chien S-C, Wong FA, Fowler CL, et al. Double-blind evaluation of the safety 
and pharmacokinetics of multiple oral once-daily 750-milligram and 1-gram 
doses of levofloxacin in healthy volunteers. Antimicrob Agents Chemother. 
1998;42:885–888.

Dunbar LM, Wunderink RG, Habib MP, et al. High-dose short-course levofloxacin 
for community-acquired pneumonia: a new treatment paradigm. Clin Infect Dis. 
2003;37:752–760.

Sprandel KA, Schreiver CA, Pendland SL, et al. Pharmacokinetics and 
 pharmacodynamics of intravenous levofloxacin at 750 milligrams and various 
doses of metronidazole in healthy adult subjects. Antimicrob Agents Chemother. 
2004;48:4597–4605.

OTHER GROUP 3 QUINOLONES

 GATIFLOXACIN

Activity against common bacterial pathogens is shown in Table 
26.3 (p. 319). The spectrum includes Acinetobacter spp. and 
Aeromonas spp. but it is not very active against Ps.  aeruginosa 
and other non-fermentative Gram-negative rods. It is more 
active against methicillin-susceptible strains of staphylo-
cocci than methicillin-resistant strains. It is also active against 
Chlamydia, Mycoplasma and Legionella spp. and has some activ-
ity against anaerobes.

It is almost completely absorbed when given orally and is 
widely distributed throughout the body into many body tis-
sues and fluids. The plasma half-life is 6–8 h. More than 70% 
of the drug is excreted unchanged in the urine. Renal clear-
ance is reduced by 57% in moderate renal insufficiency and 
by 77% in severe renal insufficiency.

Prolongation	 of	 the	 QTc	 interval	 in	 some	 patients	 and	
interference with diabetes mellitus have resulted in with-
drawal of the drug in most countries for systemic usage. 
Gatifloxacin remains in use in North America only as an oph-
thalmic solution.

 Further information

Dembry LM, Farrington JM, Andriole VT. Fluoroquinolone antibiotics: adverse 
effects and safety profiles. Infect Dis Clin Pract. 1999;8:9–16.

Hosaka M, Kinoshita S, Royama A, Otsuki M, Nishino T. Antibacterial properties of 
AM-1155, a new methoxy quinolone. J Antimicrob Chemother. 1995;36:293–301.

Park-Wyllien LY, Juurlink DN, Kopp A, et al. Outpatient gatifloxacin therapy and 
dysglycemia in older patients. N Engl J Med. 2006;354:1352–1361.

 SPARFLOXACIN

Activity against common bacterial pathogens is shown in Table 
26.3 (p. 319). It is highly active against most aerobic Gram-
positive cocci and Gram-negative bacilli, including fastidious 
Gram-negative bacilli, Acinetobacter spp., Campylobacter spp. and 
Legionella spp. Ps. aeruginosa is weakly susceptible. Activity also 
extends to the genital mycoplasmas, M. tuberculosis and M. avium 
complex isolates. It is moderately active against some anaerobes 
(including the B. fragilis group); L. monocytogenes is resistant.

It is well absorbed, achieving a plasma concentration of 
1–1.5	 mg/L	 4.5	 h	 after	 a	 400	 mg	 oral	 dose.	Absorption	 is	
decreased in the presence of antacids owing to the formation 
of chelates with metallic ions. Concentrations in many tissues, 
including lung, exceed those in plasma. The plasma half-life 
is 15–20 h. CSF penetration is limited. Around 5–10% of a 
dose is eliminated unchanged in the urine, with about 30% 
appearing	as	 the	glucuronide.	Total	 clearance	 is	10–15	L/h.	
The plasma half-life increases only modestly in renal failure 
to 30–40 h. About 50–60% of the dose appears as unchanged 
drug in the feces, mainly as the glucuronide, accounting for 
10–20% of the administered dose.

preparations and dosage

Proprietary names: Cravit, Levaquin, Oftaquix, Quixin, Tavanic.

Preparations: Tablets, injection, ophthalmic solution.

Dosage: Adults, oral, 250–750 mg per day; i.v., 250–750 mg per day. 

Community-acquired pneumonia, acute bacterial sinusitis, 750 mg once 

daily. Ophthalmic solution 0.5% (Oftaquix, Quixin).

Widely available.

Acute bacterial sinusitis

Acute bacterial exacerbations of chronic bronchitis, community-acquired 

pneumonia

Uncomplicated and complicated skin and skin structure infections

Uncomplicated and complicated urinary infections including acute 

pyelonephritis

Chronic bacterial prostatitis
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Adverse events are those common to fluoroquinolones 
(p. 309), in particular gastrointestinal tract disturbances, 
CNS effects (mainly headache and insomnia) and rashes. 
Photosensitivity	 reactions	 have	 been	 observed	 in	 2–11%	 of	
patients. It can prolong the QTc interval and cases of torsade 
de pointes have been reported. It does not potentiate the tox-
icity of theophylline.

It has been used for respiratory and other infections caused 
by	susceptible	bacteria,	but	use	has	been	restricted	in	the	USA	
and Europe because of phototoxicity and cardiotoxicity.

 Further information

Andriole VT, ed. The Quinolones. 3rd ed. San Diego: Academic Press; 2000.
Canton N, Peman J, Jimenez MT, Ramon MS, Gobemado M. In vitro activity of 

sparfloxacin compared with those of five other quinolones. Antimicrob Agents 
Chemother. 1992;36:558–565.

Shimada J, Nogita T, Ishibashi Y. Clinical pharmacokinetics of sparfloxacin. Clin 
Pharmacokinet. 1993;25:358–369.

 TOSUFLOXACIN

Activity against common bacterial pathogens is shown in Table 
26.3 (p. 319). It is active against a wide range of Gram-positive 
and Gram-negative bacteria, including Acinetobacter spp., 
L. pneumophila and Campylobacter	spp.	Unlike	many	quinolones	
it is moderately active against L. monocytogenes. C. trachomatis is 
also moderately susceptible. It is active against some anaerobes, 
including the B. fragilis group. Activity against Mycobacterium 
spp. is limited. It is well absorbed by the oral route, achieving 
a plasma concentration of c.	1	mg/L	4	h	after	a	300	mg	dose.	
Around 30–35% of the dose is eliminated in the urine, with an 
apparent elimination half-life of 6–7 h.

Clinical experience is limited, but high clinical and bacte-
riological cure rates have been obtained in patients with skin 
and soft-tissue infections.

 Further information

Barry AL, Fuchs PC. In vitro activities of sparfloxacin, tosufloxacin, ciprofloxacin and 
fleroxacin. Antimicrob Agents Chemother. 1991;35:955–960.

GROUP 4 QUINOLONES

GEMIFLOXACIN

Molecular weight: 389.4.

A fluoronaphthyridone derivative with a dual substituted 
pyrrolidine moiety at the C-7 position. It is formulated as 
the mesylate.

 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in 
Table 26.3 (p. 319). The broad antibacterial spectrum 
embraces most Gram-positive cocci (including high potency 
against Str. pneumoniae) and Gram-negative bacilli. It pos-
sesses a high affinity for pneumococcal topoisomerase IV. 
Activity against Gram-negative respiratory tract patho-
gens such as H. influenzae, Mor. catarrhalis, Ch. pneumoniae, 
L. pneumophila and Mycoplasma pneumonia is good. It is rel-
atively inactive against Ps. aeruginosa and Enterococcus spp. 
Activity against Enterobacteriaceae is similar to that of moxi-
floxacin but it is less potent against anaerobes. Gemifloxacin 
is inactive against M. tuberculosis. Activity against Nocardia 
asteroides	(MIC	0.5–1	mg/L)	is	better	than	that	of	other	qui-
nolones other than the investigational compound nemonoxa-
cin (see below).

Multistep resistance studies suggest that it is less likely 
than other quinolones to select for quinolone-resistant Str. 
pneumoniae	strains.	Because	it	inhibits	both	DNA	gyrase	and	
DNA	 topoisomerase	 IV	 enzyme	 systems	 at	 therapeutically	
relevant drug levels in Str. pneumoniae, single mutations in 
parC or gyrA result in only a small increase in the MIC. In 
Str. pneumoniae gyrA mutations arise at a lower rate (1.6 × 
10−11) than mutations in parC. It seems to be unaffected clin-
ically by quinolone efflux mechanisms in Str. pneumoniae. 
Low rates of resistance selection have also been reported in 
H. influenzae.

preparations and dosage

Proprietary name: Zagam.

Preparation: Tablets.

Dosage: Adult, oral, loading dose of 400 mg on day 1; maintenance doses 

of 200 mg per day thereafter.

Restricted use in the USA and the European Union but available in Asia.

preparations and dosage

Proprietary names: Ozex, Tosuxacin.

Preparation: Tablets.

Dosage: Adult, oral, 150 mg every 8 h.

Available in Japan; not available in the USA or the European Union.
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 PHARMACOKINETICS

Oral absorption 71%

C
max

 320 mg oral 1.6 mg/L after 0.5–2 h

Plasma half-life c. 7 h

Volume of distribution 4.97 L/kg

Plasma protein binding 60–70%

absorption and distribution

In oral escalating dose studies (single doses of 20–800 mg), 
Cmax	ranged	from	0.12	to	4.33	mg/L	after	an	average	of	1	h.

Antacids significantly reduce the systemic availability and 
protein binding is relatively high. Excellent concentrations 
are achieved in serum as well as various tissues such as bron-
chial mucosa, epithelial lining fluid and alveolar macrophages. 
Absolute bioavailability of the 320 mg oral tablet is around 
71%.	 Pharmacokinetics	 are	 not	 significantly	 altered	 when	
administered with a high fat meal.

Metabolism and excretion

The apparent elimination half-life ranges from 6 to 9 h, and 
26–40% of administered doses are eliminated in urine. It 
is metabolized to a limited extent in the liver. Cytochrome 
P450 enzymes do not play an important role in metabolism, 
and the metabolic activity of these enzymes is unaffected. 
Around 65% of the parent compound and its metabolites 
are eliminated in the feces and the remainder in the urine. 
The mean renal clearance after repeated doses of 320 mg 
is	 about	 11.6	 L/h,	 indicating	 active	 renal	 secretion.	The	
mean apparent elimination half-life at steady state fol-
lowing administration of 320 mg to healthy subjects was 
approximately 7 h. No dosage adjustment is recommended 
in patients with mild, moderate or severe hepatic impair-
ment. Clearance is reduced and plasma elimination is pro-
longed in patients with renal insufficiency, leading to an 
average	 increase	 in	AUC	values	of	 c. 70%. Hemodialysis 
removes approximately 20–30% of an oral dose from 
plasma.

 TOXICITY AND SIDE EFFECTS

The most commonly reported side effects are diarrhea 
(3.6%), rash (2.8%) and nausea (2.7%). No evidence has 
emerged of a clinically significant prolongation in QTc 
interval. The phototoxicity potential is low and similar to 
that seen with ciprofloxacin. The overall incidence of drug-
related rash is 2.8%. The rash is most commonly mild, 
macropapular (occasionally urticarial), predominantly self-
limiting, and mainly occurs in women under 40 years and in 
postmenopausal women on hormone replacement therapy 
after ≥10 days.

 CLINICAL USE

 Further information

Allen A, Bygate E, Oliver S, et al. Pharmacokinetics and tolerability of  gemifloxacin 
(SB-265805) after administration of single oral doses to healthy volunteers. 
Antimicrob Agents Chemother. 2000;44:1604–1608.

Appelbaum PC, Gillespie SH, Burley CJ, Tillotson GS. Antimicrobial selection for 
community-acquired lower respiratory tract infections in the 21st century: a 
review of gemifloxacin. Int J Antimicrob Agents. 2004;23:533–546.

MOXIFLOXACIN

Molecular weight: 401.4.

A fluoroquinolone substituted with an 8-methoxy group and 
a 7-diazabicyclononyl moiety, formulated as the hydrochlo-
ride for oral or intravenous use.

 ANTIBACTERIAL ACTIVITY

Activity against common bacterial pathogens is shown in 
Table 26.3 (p. 319). It displays good activity in vitro against 
Enterobacteriaceae and fastidious Gram-negative bacilli such 
as H. influenzae and Mor. catarrhalis, as well as against Gram-
positive cocci including Str. pneumoniae, but is poorly active 
against Enterococcus spp. Activity against non-fermentative Gram-
negative bacilli is species dependent: Acinetobacter spp. (MIC 
0.006–2.0	mg/L)	and	Sten. maltophilia	(MIC	0.5–2.0	mg/L)	are	
partially susceptible in vitro, but it has poor activity against Ps. 
aeruginosa and other non-fermenting Gram-negative rods. It 

preparations and dosage

Proprietary name: Factive.

Preparation: Tablets.

Dosage: Adults, 320 mg once daily for 5–7 days.

Available in the USA; not available in Europe.

Community-acquired pneumonia in adults

Acute exacerbations of chronic bronchitis in adults
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displays good in-vitro activity against Ch.  pneumoniae, C. tracho-
matis, mycoplasmas (including M. pneumoniae), L. pneumophila 
and B. fragilis. Although highly active against M. tuberculosis, it 
is less active against the M. avium complex, M. intracellulare, 
M.  chelonei and M. fortuitum.

 PHARMACOKINETICS

Oral absorption 86%

C
max

 400 mg oral

 400 mg i.v. infusion (1 h, single dose)

1.62–3.8 mg/L after 1–2 h

3.6 mg/L end infusion

Plasma half-life 12–15 h

Volume of distribution 11.6 L/kg

Plasma protein binding 40%

absorption and distribution

By	the	oral	route,	drug	uptake	is	rapid,	with	moderate	vari-
ability. As with all quinolones iron and antacids significantly 
reduce the bioavailability. No significant drug interactions 
with theophylline, itraconazole, probenecid or oral contracep-
tives have been found. In escalating dose studies (50–80 mg 
doses), Cmax	and	AUC	values	increased	proportionally	to	the	
dose.

It is widely distributed throughout the body and into 
many tissues in concentrations exceeding those in plasma. 
Around 50–80% of plasma concentrations penetrate into 
CSF if the meninges are inflamed. The apparent plasma 
half-life is 15.6 h.

Metabolism and excretion

Biliary	elimination	and	metabolism	are	the	main	elimination	
pathways. About 19.3% of the administered dose is elimi-
nated	 in	 the	urine,	with	a	bioavailability	of	86.2%.	Urinary	
excretion is via glomerular filtration and tubular reabsorption. 
Two main metabolites are recovered: M1 (a sulfocompound) 
and M2 (a glucuronide). M1 is mainly eliminated in feces 
(34.4%) and only 2.5% in urine; M2 is eliminated in urine 
(13.8%).

 TOXICITY AND SIDE EFFECTS

Adverse events are similar to those for other fluoroquinolo-
nes.	 Phototoxicity	 rates	 are	 not	 significantly	 above	 placebo	
levels. Gastrointestinal side effects are the most common, 
particularly nausea, diarrhea, abdominal pain and vomiting. 
Dizziness	 and	headache	may	occur	 as	well	 as	 allergic	 reac-
tions. Attention has been drawn to a potential to cause life-
threatening hepatotoxicity. Moxifloxacin has the potential to 
prolong the QTc interval in some patients but the clinical sig-
nificance of this phenomenon is unclear.

 CLINICAL USE

 Further information

Ackerman G, Schaumann R, Pless B, et al. Comparative activity of moxifloxacin 
in vitro against obligately anaerobic bacteria. Eur J Clin. Microbiol Infect Dis. 
2000;19:229–232.

Church D, Haverstock D, Andriole VT. Moxifloxacin: a review of its safety profile 
based on worldwide clinical trials. Today’s Therapeutic Trends. 2000;18:205–223.

Stass H, Dahloff A, Kubitza D, Schühly U. Pharmacokinetics, safety and tolerability of 
ascending single doses of moxifloxacin, a new 8-methoxy quinolone, administered 
in healthy subjects. Antimicrob Agents Chemother. 1998;42:2060–2065.

Stass H, Kubitza D. Pharmacokinetics and elimination of moxifloxacin after 
oral and intravenous administration in man. J Antimicrob Chemother. 
1999;43(suppl B):83–90.

OTHER GROUP 4 QUINOLONES

 GARENOXACIN

An oral and parenteral des-fluoro(6) quinolone formulated 
as the mesylate. Activity against common bacterial patho-
gens is shown in Table 26.3 (p. 319). Activity in vitro against 
Enterobacteriaceae is similar to that of moxifloxacin. It is 
extremely active against L. pneumophila and is one of the 
most active quinolones against Ch. pneumoniae and C. tracho-
matis, as well as M. pneumoniae and Ureaplasma urealyticum 
(MIC	0.12–0.25	mg/L).	It	is	poorly	active	or	inactive	against	
non-fermentative Gram-negative bacilli including Ps. aerug-
inosa but exhibits very good activity against Gram-positive 
cocci including methicillin-susceptible Staph. aureus and Str. 
pneumoniae. It is one of the most active quinolones against 
Gram-positive and Gram-negative anaerobes: 93% of isolates 
are	inhibited	by	a	concentration	of	2	mg/L.	Activity	in	vitro	
against M.  tuberculosis is weak and it has no useful activity 
against M. leprae in mouse footpad tests.

preparations and dosage

Proprietary name: Avelox.

Preparations: Tablets, ophthalmic drops, i.v. infusion.

Dosage: Adults, oral, 400 mg tablets once daily; i.v. infusion 400 mg per 

day for 5–14 days.

Widely available.

Acute bacterial exacerbations of chronic bronchitis and community-

acquired pneumonia

Acute bacterial sinusitis

Treatment of complicated skin and soft-tissue infections caused 

by methicillin-susceptible Staph. aureus and Gram-negative rods 

(i.v. formulation)

Treatment of complicated intra-abdominal infections (i.v. formulation)
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After	a	single	dose	peak	plasma	levels	vary	between	1.2	mg/L	
(100	mg	dose)	and	16.3	mg/L	(1200	mg	dose).	The	apparent	ter-
minal half-life is around 11 h and protein binding is c. 80%. Main 
metabolites found in plasma, urine and feces include sulfate con-
jugates	 and	glucuronides.	Urinary	 elimination	 rates	of	 approxi-
mately 31% and 43% at 24 h and 72 h, respectively, are found. 
Maximum plasma concentrations decrease by 20–52% in patients 
with severely impaired renal function and activity is slightly reduced 
in patients with moderately or severely impaired hepatic function. 
About	1.5–11%	is	removed	by	CAPD	and	hemodialysis.

Drugs	 containing	 aluminum,	 magnesium,	 calcium,	 iron	
and zinc decrease the activity. The incidence of hypotension 
tends to increase when it is co-administered parenterally with 
nitroglycerine or isosorbide nitrate. It is hardly metabolized 
by	cytochrome	P450.

Clinically significant adverse effects include: shock or anaphy-
lactoid reactions; hypotension; Stevens–Johnson syndrome; bra-
dycardia; sinus arrest or atrioventricular block; hepatic function 
disorder with raised liver enzymes; hypoglycemia; pseudomem-
branous colitis; agranulocytosis; and rhabdomyolysis.

 Further information

Fung-Tomc JC, Minassian B, Kolek B, et al. Antibacterial spectrum of a novel des-
 fluoro(6) quinolone, BMS-284756. Antimicrob Agents Chemother. 2000;44:3351–3356.

Liebetrau A, Rodloff AC, Behra-Miellet J, Dubreuil L. In vitro activities of a new des-
fluoro(6) quinolone, garenoxacin, against clinical anaerobic bacteria. Antimicrob 
Agents Chemother. 2003;47:3667–3671.

 SITAFLOXACIN

A group 4 quinolone formulated for oral or intravenous use. 
In-vitro activity is similar to or better than that of moxiflox-
acin. The antibacterial spectrum covers Gram-positive and 
Gram-negative bacteria including anaerobes. It has a chlorine 
atom at the C-8 position, and therefore has potential for pho-
totoxicity. Early interest in this compound has not been main-
tained, but it is available in Japan.

 TROVAFLOXACIN

A trifluoroquinolone, formulated as the mesylate for oral 
administration and as a prodrug formulation (alatrofloxa-
cin mesylate) for parenteral use. Activity against common 
bacterial pathogens is shown in Table 26.3 (p. 319). It is 
active against a wide range of Gram-positive and Gram-
negative micro-organisms, including L. pneumophila and 
L.  monocytogenes. It is inactive against Ps. aeruginosa and 
against non- fermentative Gram-negative bacilli such as 
Sten. maltophilia and Burkholderia cepacia. Most anaerobes 
other than Clostridium difficile are susceptible.

The mesylate is very well absorbed, achieving a plasma 
concentration of c.	2.5	mg/L	1	h	after	an	oral	dose.	The	appar-
ent plasma half-life is 11 h.

Hepatotoxicity, sometimes with clinical jaundice and life-
threatening acute liver failure, has been reported, resulting in 
withdrawal of the oral and intravenous formulations of the 
drug. It is no longer recommended for clinical use except as 
noted below.

 Further information

Garey KW, Amsden GW. Trovafloxacin: an overview. Pharmacotherapy. 
1999;19:21–34.

Haria M, Lamb HM. Trovafloxacin. Drugs. 1997;54:435–445.

QUINOLONES USED SOLELY FOR 
TOPICAL INFECTIONS

 BESIFLOXACIN

An amino-azepinyl quinolone formulated as a suspen-
sion for ophthalmic usage. It exhibits good antistaphylo-
coccal activity, as well as activity against Str. pneumoniae, 
Enterobacteriaceae, H. influenzae and Mor. catarrhalis. It is 
weakly active against Corynebacterium spp. and has no useful 
activity against Ps. aeruginosa. After instillation into the eye, 
less than 0.1% of the drug reaches the plasma. It is used for 
bacterial conjunctivitis.

preparations and dosage

Proprietary name: Trovan.

Dosage: Adult, 200–300 mg i.v. infusion once daily. Oral, 100–200 mg 

once daily.

Available in the USA only as a compliance pack with azithromycin (see 

p. 287) for single-dose treatment of gonococcal and non-gonococcal 

urethritis. Limited availability elsewhere.

preparations and dosage

Proprietary name: Geninax.

Preparation: Tablets.

Dosage: 400 mg once daily.

Available in Japan.

preparations and dosage

Proprietary name: Gracevit.

Preparations: Tablets, i.v. infusion.

Dosage: 400 mg once daily.

Available in Japan.
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 Further information

Tepedino ME, Heller WH, Usner DW, et al. Phase II efficacy and safety study 
of besifloxacin ophthalmic suspension 0.6% in the treatment of bacterial 
 conjunctivitis. Curr Med Res Opin. 2009;25:1159–1169.

 NADIFLOXACIN

A lipophilic tricyclic fluorobenzoquinoline with a 
4- hydroxylpiperinyl moiety at the C-8 position, formulated 
as a cream for topical use. It is active against many Gram-
positive bacteria involved in skin infections, including 
Propionibacterium acnes	 (MIC	 0.25–2.0	 mg/L),	 and	 Staph. 
aureus	(MIC	0.015–2	mg/L).	It	appears	to	inhibit	the	gener-
ation of reactive oxygen species by neutrophils. The sodium 
salt is used as a 1% cream for use in acne vulgaris and cuta-
neous staphylococcal infections.

INVESTIGATIONAL QUINOLONES

Current research is mainly focused on derivatives able to 
overcome quinolone resistance or with activity against myco-
bacteria. Compounds in development at the time of writing 
include the following: 

•	 Delafloxacin	(WQ	3034,	ABT	492).	It	exhibits	a	broad	
antibacterial spectrum with expanded activity against 
Gram-positive organisms, including Enterococcus spp., 
and quinolone-resistant Str. pneumoniae and Staph. 
aureus that owe their resistance to efflux. Activity against 
Ps. aeruginosa is similar to that of ciprofloxacin (MIC 
0.06–0.25	mg/L),	but	it	is	not	active	against	ciprofloxacin-
resistant Enterobacteriaceae. It has good in-vitro activity 
against Helicobacter pylori, M. tuberculosis and anaerobes. 
It is active against Ch. pneumoniae	(MIC	0.125	mg/L)	and	
M. pneumoniae	(MIC	0.25–8	mg/L). In oral dosing studies 
peak	plasma	concentrations	of	1.4	mg/L	(100	mg	dose)	to	
11.5	mg/L	(1200	mg	dose)	were	reached	in	around	1	h.	
The apparent elimination half-life is about 4 h.

•	 Levonadifloxacin (WCK 771). A derivative of 
nadifloxacin formulated for parenteral use; an oral 
prodrug (WCK 2349) has also been synthesized. The S 
(–) isomer is 64–256 times more active than the R (+) 
isomer and twice as active as the racemate (nadifloxacin). 
It is more active than levofloxacin against Str. pneumoniae 
(MIC	0.5	mg/L)	and	displays	potent	antistaphylococcal	
activity	(MIC	0.03	mg/L);	strains	resistant	to	methicillin	
and	quinolones	are	inhibited	by	0.5–1	mg/L.	It	has	good	
overall activity in vitro against Gram-positive and Gram-
negative anaerobic bacteria. At the end of a 1 h infusion, 
plasma	concentrations	ranged	from	2	mg/L	(50	mg	dose)	
to	28	mg/L	(800	mg	dose).	The	apparent	elimination	
half-life was around 5–6 h. Less than 5% of the parent 
compound is eliminated in urine, and 20% as glucuronate 
and sulfate metabolites.

•	 Nemonoxacin. A 6(des)-fluoro quinolone. It displays good 
activity in vitro against Staph. aureus	(MIC	0.03–0.06	mg/L)	
including strains resistant to other quinolones (MIC 1–2 
mg/L)	and	is	highly	active	against	Str. pneumoniae (MIC 
≤0.03–0.06	mg/L).	It	is	inactive	against	M. tuberculosis. 
Absorption after oral administration is rapid; the peak 
plasma	concentration	ranges	from	0.37	mg/L	(50	mg	
dose)	to	12.1	mg/L	(1500	mg	dose)	with	a	long	apparent	
elimination half-life (c. 10–13 h). It is mainly eliminated 
in urine (around 50%). The protein binding is 16%. Food 
affects the pharmacokinetics by delaying absorption. After 
repeated doses, the half-life increases significantly and 
steady state is reached after 3–5 days.

•	 Zabofloxacin	(DW	224a).	An	analog	of	gemifloxacin	
anticipated to have better tolerability. It exhibits good 
in-vitro activity against Gram-positive cocci including 
Str. pneumoniae and Staph. aureus. It displays a bimodal 
distribution of activity against Ps. aeruginosa and Sten. 
maltophilia. Activity against Enterobacteriaceae is similar 
to that of ofloxacin. It is inactive against Enterococcus spp. 
but is very active against H. influenzae. After single oral 
ascending doses, peak plasma concentrations ranged from 
0.7	mg/L	(200	mg	dose)	to	3.6	mg/L	(800	mg	dose)	after	
an average of 2 h. The mean apparent elimination half-life 
was	6	h.	Protein	binding	was	77%.

 Further information

De Souza NJ, Gupte SV, Deshpande PK, et al. A chiral benzoquilizine-2-carboxylic 
acid arginine salt active against vancomycin-resistant Staphylococcus aureus. 
J Med Chem. 2005;48:5232–5242.

Jacobs MR, Appelbaum PC. Nadifloxacin: a quinolone for topical treatment of skin 
infections and potential for systemic use of its active isomer, WCK 771. Expert 
Opin Pharmacother. 2006;7:1957–1966.

Kwon AR, Min YH, Ryu JM, Choi DR, Shim MJ, Choi CC. In vitro and in vivo activities 
of DW-224a, a novel fluoroquinolone antibiotic agent. J Antimicrob Chemother. 
2006;58:684–688.

Nilius AM, Shen LL, Hensey-Rudloff D, et al. In vitro antibacterial potency and 
spectrum of ABT-492, a new fluoroquinolone. Antimicrob Agents Chemother. 
2003;47:3260–3269.

Patel M, de Souza NJ, Gupta SV, et al. Antistaphylococcal activity of WCK 771, 
a tricyclic fluoroquinolone, in an animal infection model. Antimicrob Agents 
Chemother. 2004;48:4754–4761.

preparations and dosage

Proprietary name: Besivance.

Preparation: 0.6% suspension.

Available in the USA.

preparations and dosage

Proprietary name: Acuatim, Nadiflox, Nadixa, Nadoxin.

Preparation: 1% cream.

Available in Japan and some European countries (e.g. Spain, Germany, Russia).
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27 Rifamycins

Francesco parenti and Giancarlo Lancini

The rifamycins are a family of antibiotics produced by an actinomy-
cete now classified as Amycolatopsis mediterranei. All the therapeu-
tically useful rifamycins are semisynthetic derivatives of rifamycin 
B, a fermentation product that is poorly active, but easily produced 
and readily converted chemically into rifamycin S, from which 
most active derivatives are prepared. They all share the general 
 structure:

Natural products like rifamycins, which are characterized by an 
aromatic ring spanned by an aliphatic bridge (ansa) are called 
‘ansamycins’. To this class belong the streptovaricins and the 
tolypomycins (chemically and biologically similar to rifamycins) 
and geldanamycin and the maytansines, which have quite dif-
ferent, antiblastic, biological activities. Among the vast number 
of rifamycin derivatives investigated, rifampicin (rifampin) is by 
far the most important and most widely used. Various others, 
notably rifabutin, rifapentine and rifaximin, are also in use in vari-
ous parts of the world. Rifamycin SV and rifamide are much less 
widely available.

Interest in these antibiotics centers on their potent activ-
ity against pathogenic Gram-positive cocci and mycobacteria. 
Knowledge of the general properties of the group is largely based 
on extensive study and use of rifampicin but, insofar as they have 
been investigated, the main features are exhibited also by the 
other congeners:

•	 Bactericidal action through inactivation of bacterial DNA-
dependent RNA polymerase

•	 Mechanism of resistance consisting of mutation of specific 
amino acids in the β-chain of RNA polymerase

•	 Relatively high frequency of resistant mutants; resistance is not 
horizontally transferable

•	 Significant biliary excretion and stimulation of hepatic metabolism.

The structure of RNA polymerase is highly conserved among bacte-
ria and when tested in cell-free systems all rifamycins present similar 
intrinsic activity. Differences in the minimum inhibitory concentration 
(MIC) values among the various congeners are caused by different 
abilities to penetrate into cells. Rifamycins also inhibit the RNA poly-
merase of eukaryotic organelles, such as mitochondria, since these 
are of a prokaryotic type. Some rifamycins carrying a large lipophilic 
chain inhibit eukaryotic RNA and DNA polymerases and viral reverse 
transcriptases. These effects have no clinical significance.

The different congeners differ substantially in their pharmacokinetic 
behavior and in their therapeutic efficacy. The principal use of rifam-
picin and rifapentine is in the treatment of tuberculosis and leprosy. 
Rifabutin is approved for the prevention of mycobacterial infections 
in AIDS patients. Rifampicin proved so important in the treatment of 
tuberculosis that in many countries its use was restricted to that indi-
cation for fear that more widespread use would encourage the emer-
gence of resistant Mycobacterium tuberculosis strains. Those fears have 
proven to be exaggerated and interest has been increasingly refocused 
on what was originally anticipated to be an important use: treatment 
of severe Gram-positive infections. To prevent emergence of resis-
tance, co-administration of another effective agent is required.

Rifaximin does not encourage emergence of resistance in myco-
bacteria and is used in the treatment of gastrointestinal infections. 
Rifamycin SV and rifamide were originally released for the treatment 
of infections with susceptible Gram-positive organisms and infec-
tions of the biliary tract.

 Further information

Pelizza G, Lancini GC, Allievi GC, Gallo GG. The influence of lipophilicity on 
the antibacterial activity of rifamycins. Farmaco (Società Chimica Italiana). 
1973;28:298–315.

Riva S, Silvestri G. Rifamycins: a general view. Annu Rev Microbiol. 1972;26:199–224.
Sensi P, Lancini GC. Inhibitors of transcribing enzymes: rifamycins and related 

agents. In: Hansch C, Sammes PG, Taylor JB, eds. Comprehensive medicinal 
chemistry. Vol. 2. Oxford: Pergamon; 1990:793–811.
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RIFABUTIN

Rifabutine; ansamycin. Molecular weight: 847.02.

A semisynthetic spiropiperidyl derivative of rifamycin S, avail-
able for oral administration. It is slightly soluble in water and 
soluble in organic solvents.

 ANTImIcRoBIAl AcTIvITy

The activity is similar to that of rifampicin, but it is more 
active against the Mycobacterium avium complex (MIC 
0.01–2 mg/L) (Table 27.1) and several other atypical 
mycobacteria.

It inhibits the replication of human immunodeficiency 
virus 1 (HIV-1) in concentrations (10 mg/L) that are not toxic 
to lymphoid cells, but no efficacy on HIV infections has been 
demonstrated.

 AcqUIRed ResIsTANce

The frequency of spontaneously resistant mutants in sev-
eral bacterial species, including M. tuberculosis, M. leprae, 
Staphylococcus aureus and Chlamydia trachomatis, is somewhat 
lower than with rifampicin.

 PhARmAcokINeTIcs

Oral absorption 12–20%

C
max

 300 mg oral 0.38 mg/L after 3.3 h

Plasma half-life 16 h

Volume of distribution 9.3 L/kg

Plasma protein binding 85%

absorption and distribution

Oral absorption is rapid but incomplete, with considerable inter-
patient variation. It is well distributed, concentrations in many 
organs being higher than that in plasma. The average concentration 
in lungs is 6.5 times the simultaneous plasma concentration.

Metabolism and excretion

Rifabutin is mainly metabolized to the active desacetyl deriv-
ative, although several other oxidation products have been 
detected in urine, where some 10% of the dose is eliminated. 
About 30–50% of the dose can be recovered from the feces. 
Elimination from plasma is biphasic, with a terminal half-life of 
45 h. The drug is a weak inducer of hepatic enzymes. The rate of 
metabolism increases, and the plasma area under the concentra-
tion–time curve (AUC) declines as the treatment continues.

 INTeRAcTIoNs

Clarithromycin and ritonavir both inhibit cytochrome P450, 
resulting in decreased metabolism and increased plasma lev-
els of rifabutin when the drugs are used together. Association 
with delavirdine should be avoided.

 ToxIcITy ANd sIde eFFecTs

Rash (4% of patients), gastrointestinal intolerance (3%) and 
neutropenia (2%) are fairly common and may require discontin-
uation of treatment. Uveitis and general arthralgia are rare with a 
300 mg dosage, but frequent with higher dosages, especially with 
concomitant use of fluconazole or macrolide antibiotics.

 clINIcAl Use

Rifabutin in combination with other agents has been proposed 
as a rescue therapy after Helicobacter pylori  treatment failures. 

Organism rifampicin rifabutin

Mycobacterium avium 4 0.4

M. intracellulare 2 0.5

M. avium complex (AIDS patients) 2 1
         (non-AIDS patients) 4 2

table 27.1 Activity of rifabutin and rifampicin on clinical 
isolates of M. avium complex strains (MIC for 90% of strains)

Prevention of infections with M. avium complex in AIDS patients

Treatment of non-tuberculous mycobacterial disease (in combination 

with other agents)
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Although some efficacy has been observed in the treatment of 
tuberculosis, its use for this condition is not recommended.

 Further information

Brogden RN, Fitton A. Rifabutin – a review of its antimicrobial activity, pharmacokinetic 
properties and therapeutic efficacy. Drugs. 1994;47:983–1009.

Gisbert JP, Gisbert JL, Marcos S, Jimenez-Alonso I, Moreno-Otero R, Pajares 
JM. Empirical rescue therapy after Helicobacter pylori treatment failure: 
a 10 year single-centre study of 500 patients. Aliment Pharmacol Ther. 
2008;27:346–354.

Griffith DE, Brown BA, Girard WM, Wallace RJ. Adverse events associated 
with high dose rifabutin in macrolide containing regimens for the  
treatment of Mycobacterium avium complex lung disease. Clin Infect Dis. 
1995;21:594–598.

Kuper JJ, D’Aprile M. Drug–drug interactions of clinical significance in the  
treatment of patients with Mycobacterium avium disease. Clin Pharmacokinet. 
2000;39:203–214.

Skinner MH, Hsieh M, Torseth J, et al. Pharmacokinetics of rifabutin. Antimicrob 
Agents Chemother. 1989;33:1237–1241.

RIFAmPIcIN

Rifampin (USAN). Molecular weight: 822.95.

A semisynthetic derivative of rifamycin SV, available for oral 
administration or intravenous infusion and in several com-
bined formulations with other antimycobacterial drugs. It is 
poorly soluble in water, but soluble in organic solvents.

 ANTImIcRoBIAl AcTIvITy

The activity against common bacterial pathogens is shown 
in Table 27.2. It exhibits potent activity in vitro against 
Gram-positive cocci, including methicillin-resistant 
 staphylococci (MIC <0.025–0.5 mg/L) and penicillin-
resistant pneumococci. Enterococci are less susceptible. 
Gram-positive bacilli, including Bacillus spp., Clostridium 
difficile, Corynebacterium spp. and Listeria monocyto-
genes, are highly susceptible (MIC 0.025–0.5 mg/L). The 
pathogenic Neisseria and Moraxella spp. are also highly 
susceptible.

Enteric Gram-negative bacteria are generally less sen-
sitive (MIC 1–32 mg/L), but Bacteroides fragilis is highly 
 susceptible. Among other Gram-negative bacilli, Haemophilus 
influenzae, H. ducreyi, Flavobacterium meningosepticum and 
Legionella spp. are highly susceptible (MIC <0.025–2 mg/L). 
Chlamydia trachomatis and Chlamydophila psittaci are inhib-
ited by low concentrations (0.025–0.5 mg/L).

Most strains of M. tuberculosis, M. kansasii and M. marinum 
are inhibited by <0.01–0.1 mg/L, but M. fortuitum and mem-
bers of the M. avium complex are resistant. M. leprae is highly 
sensitive.

Rifampicin is active against some eukaryotic parasites 
through inhibition of the prokaryote-like polymerase of kine-
toplasts or mitochondria. Maturation of Plasmodium falci-
parum is inhibited by 2–10 mg/L; at higher concentrations 
Leishmania spp. are also inhibited.

High concentrations inhibit growth of a variety of pox-
viruses by interference with viral particle maturation; viral 
reverse transcriptase is unaffected.

Organism MIC (mg/L)

Staphylococcus aureus 0.008–0.06

Streptococcus pyogenes 0.03–0.1

Str. pneumoniae 0.06–4

Enterococcus faecalis 1–4

Mycobacterium tuberculosis 0.1–1

Neisseria gonorrhoeae 0.06–0.5

N. meningitidis 0.01–0.5

Haemophilus influenzae 0.5–1

Escherichia coli 8–16

Klebsiella pneumoniae 16–32

Pseudomonas aeruginosa 32–64

table 27.2 Activity of rifampicin against common pathogenic 
bacteria

 preparations and dosage

Proprietary name: Mycobutin.

Preparation: Capsules.

Dosage: Adults, oral, prophylaxis of M. avium complex infections in 

immunocompromised patients with low CD4 count, 300 mg per day as 

a single dose. Treatment of non-tuberculous mycobacterial disease, in 

combination with other drugs, 450–600 mg per day as a single dose for 

up to 6 months after cultures become negative. Treatment of pulmonary 

tuberculosis, in combination with other drugs, 150–450 mg per day as a 

single dose for at least 6 months.

Widely available, including the UK and the USA.
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 ANTImIcRoBIAl INTeRAcTIoNs

Because of the relative ease with which resistant mutants 
emerge, rifampicin is normally used in combination with 
unrelated antibiotics. Combination with β-lactam agents or 
glycopeptides (vancomycin and teicoplanin) in vitro usu-
ally results in antagonism or indifference, but synergy with 
penicillins is found in some strains of Staph. aureus and 
the combination has proved effective in some cases in vivo. 
Rifampicin antagonizes the bactericidal effect of ciproflox-
acin against Staph. aureus. Synergy with aminoglycosides 
occurs in vitro against Escherichia coli and with polymyxin 
B against multiresistant Serratia marcescens. Synergy with 
trimethoprim against enterobacteria, streptococci and 
staphylococci has been reported, but others have found 
indifference, or sometimes antagonism, and there appears 
to be substantial individual strain variation. Synergy with 
erythromycin, clindamycin and other antistaphylococcal 
agents has been demonstrated against some strains of Staph. 
aureus.

In-vitro activity against M. tuberculosis is increased in 
the presence of streptomycin and isoniazid, but not etham-
butol. Synergy with amphotericin B against Candida albi-
cans and against the mycelial phase of Coccidioides immitis 
is seen in vitro. However, this is not a clinically useful 
interaction.

 AcqUIRed ResIsTANce

Most large bacterial populations contain resistant 
mutants, which readily emerge in the presence of the drug 
and can emerge during treatment. The mutation rate to 
resistance in Staph. aureus, Str. pyogenes, Str. pneumoniae, 
Esch. coli and Proteus mirabilis is about 10–7 and that to 
M. tuberculosis and M. marinum 10–9–10–10. Primary resis-
tance in M. tuberculosis remained low for many years, but 
is increasing.

Resistance is of the one-step type, and several classes of 
mutants exhibiting different degrees of resistance can be 
selected by exposing a large population to a relatively low con-
centration of the drug. Some of these mutants may be suscep-
tible to other rifamycin derivatives.

Resistance is due to a change in a single amino acid of 
the β subunit of DNA-dependent RNA polymerase, which no 
longer forms a stable complex with rifampicin. It is not trans-
ferable and there is no cross-resistance with any other antibi-
otic class. The susceptible strains of the gastrointestinal flora 
become rapidly resistant during rifampicin treatment without 
alteration in the flora composition, and revert to susceptibility 
within a few weeks of cessation of treatment.

 PhARmAcokINeTIcs

Oral absorption >90%

C
max

 300 mg oral

 600 mg oral

4 mg/L after 2 h

10 mg/L after 2 h

Plasma half-life 2.5 h

Volume of distribution 1.5 L/kg

Plasma protein binding 80%

absorption

Rifampicin is virtually completely absorbed when adminis-
tered orally, but substantial differences in blood levels have 
been reported in comparisons of capsules or tablets from 
different manufacturers. Peak plasma levels differ notice-
ably between individuals. Food affects absorption, the 
peak plasma levels being delayed and about 2 mg/L lower 
after a meal. Although the AUC and the length of time for 
which effective antibacterial levels are maintained are little 
affected, it is preferable that patients take the drug before 
meals.

Intravenous administration produces AUCs and elimina-
tion half-lives similar to those obtained after oral doses.

Distribution

The lipid solubility of the drug facilitates its distribution. It 
is widely distributed in the internal organs, bones and flu-
ids, including tears, saliva, ascitic fluid and abscesses. It pen-
etrates into cells and is active against intracellular bacteria. 
Low concentrations are found in the cerebrospinal fluid 
(CSF), but these are substantially higher when the meninges 
are inflamed. Concentrations around 60% of the simultane-
ous plasma value were found in the heart valves of patients 
receiving a 600 mg dose before surgery.

Metabolism

Rifampicin is metabolized principally to its desacetyl deriva-
tive, which is also antimicrobially active, and this process is 
accelerated by its stimulatory effect on hepatic microsomal 
enzymes. As a consequence, hepatic clearance increases on 
continuous administration and, especially with high doses, 
the serum half-life becomes shorter after a few days of 
treatment.

excretion

The main route of elimination is secretion into the bile, a 
process that is dose dependent, being efficient at low dosage 
but limited at high dosage. As a result, the dose determines 
the proportion excreted via the bile or passing the liver to be 
excreted in the urine. Because there is a limit to the rate at 
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which the liver can deliver the drug to the bile, the elimination 
half-life after a 600 mg dose rises to 3 h and may be as long as 
5 h with a 900 mg dose.

The desacetyl compound is mainly found in the bile, 
where the parent compound accounts for only 15% of 
the total. Plasma levels are increased by hepatic insuf-
ficiency and biliary obstruction, and by probenecid, 
which depresses hepatic uptake. The drug escaping bil-
iary excretion appears in the urine, to which it imparts an 
orange–red color, the parent compound and the desacetyl 
metabolites being present in about equal proportions. 
The plasma concentration and half-life are not signifi-
cantly affected by renal failure. The drug is not removed 
by hemodialysis.

 dRUg INTeRAcTIoNs

The antibiotic is a potent inducer of hepatic cytochrome P450 
microsomal enzymes, which leads not only to more rapid self-
elimination but also to enhanced metabolism of other agents 
handled by the same process. The effect is selective and it is 
not possible to predict which drugs may be affected. The most 
important are warfarin, the anticoagulant effect of which is 
thereby diminished, and oral contraceptives, with possible 
breakthrough bleeding and unwanted pregnancy. Addisonian 
crises have been described, and adjustments to steroid dos-
age in patients with Addison’s disease may be necessary. 
Plasma concentrations of a number of other drugs may be 
affected, including digoxin, quinidine, methadone, hypogly-
cemic agents and barbiturates, with corresponding pharma-
cological effects.

Among antiretroviral drugs, use in combination with indi-
navir and its congeners is not recommended, but it can be 
used with ritonavir or nevirapine.

 ToxIcITy ANd sIde eFFecTs

Rifampicin is relatively non-toxic, even when adminis-
tered for a long period (as in the treatment of tuberculosis). 
However, several unwanted effects, including pink stain-
ing of soft contact lenses, are associated with its use. Other 
reactions can be divided into those associated with daily or 
intermittent administration, and those found only with inter-
mittent therapy.

adverse events associated with daily 
or intermittent therapy

Most common are skin reactions (mostly flushing with or 
without rash, and often transient even when therapy is con-
tinued), gastrointestinal disturbances (usually mild and most 

common in the early weeks of treatment) and  disturbance of 
hepatic function. Transient abnormalities of liver function, 
especially a rise in serum transaminases (and, less often, 
a raised bilirubin level), are common, and clinical hepati-
tis, usually of mild degree, also occurs. Hepatitis was com-
monly recorded in some early studies, but the incidence in 
short-course regimens appears to be low. Early suggestions 
that hepatic damage was more common in rapid acetyla-
tors when given in combination with isoniazid have not been 
confirmed.

Thrombocytopenia, associated with complement-fixing 
serum antibodies, is uncommon. The platelet count falls 
within a few hours, returning to normal within a day or 
two. Rifampicin administration should be discontinued at 
once. Thrombocytopenia is more common with intermittent 
schemes, but is also encountered in patients receiving daily 
treatment.

adverse events confined to patients receiving 
intermittent therapy

The most important is the ‘flu’ syndrome, with fever, chills 
and malaise usually developing after 3–6 months of treatment. 
Its incidence is less with frequent than infrequent dosage; 
less with lower than higher doses; and less when intermittent 
therapy is preceded by an initial phase of daily treatment. It 
was not, however, prevented by a daily supplement of 25 mg 
in an intermittent regimen. Circulating immunoglobulin 
M (IgM) antibodies to rifampicin are found in serum, and 
the ‘flu’ syndrome may be caused by resulting complement 
activation.

Other rare syndromes associated with intermittent 
administration are acute renal failure, sometimes associ-
ated with acute hemolysis. Shortness of breath, wheezing 
and fall of blood pressure have occasionally been recorded. 
Immunosuppressive properties are demonstrable in a number 
of experimental systems, but no resultant adverse effect has 
been described in humans.

 clINIcAl Use

Reference is made to its use in legionellosis (Ch. 45), menin-
gitis (Ch. 50) and brucellosis (Ch. 61).

Tuberculosis (in combination with other antituberculosis agents; see 

Ch. 58)

Leprosy (in combination with other antileprotic agents; see Ch. 57)

Serious infection with multiresistant staphylococci and pneumococci 

(in combination with a glycopeptide)

Elimination of nasopharyngeal carriage of Neisseria meningitidis and H. 

influenzae.



 RIFAPENTINE  331

 Further information

Acocella G. Clinical pharmacokinetics of rifampicin. Clin Pharmacokinet. 
1978;3:108–127.

Bemer-Melchior P, Bryskier A, Drugeon HB. Comparison of in vitro activities of 
rifapentine and rifampicin against Mycobacterium tuberculosis complex. J 
Antimicrob Chemother. 2000;46:571–576.

Ellard GA, Fourie PB. Rifampicin bioavailability: a review of its pharmacology and 
the chemotherapeutic necessity for ensuring optimal absorption. Int J Tuberc 
Lung Dis. 1999;3(suppl 3):301S–308S.

Havlir DV, Barnes PF. Tuberculosis in patients with human immunodeficiency virus 
infection. N Engl J Med. 1999;340:367–373.

Loeffler AM. Uses of rifampin for infections other than tuberculosis. Pediatr Infect 
Dis. 1999;18:631–632.

Martinez E, Collazos J, Mayo J. Hypersensitivity reactions to rifampin. Pathogenic 
mechanisms, clinical manifestations, management strategies, and review of 
anaphylactic-like reactions. Medicine (Baltimore). 1999;78:361–369.

Venkatesan K. Pharmacokinetic drug interactions with rifampicin. Clin 
Pharmacokinet. 1992;22:47–65.

RIFAPeNTINe

Molecular weight: 877.04.

An analog of rifampicin in which a cyclopentyl group is sub-
stituted for a methyl group on the piperazine ring. It is avail-
able for oral administration.

 ANTImIcRoBIAl AcTIvITy

Activity is similar to that of rifampicin, but it is more active 
against atypical mycobacteria, especially the M. avium 
complex (MIC <0.06–0.5 mg/L). It has good activity on 
staphylococci and streptococci (MIC 0.01–0.5 mg/L), 
L. monocytogenes and Brucella spp.; less against Enterococcus 
faecalis (MIC 1–4 mg/L). Bacteroides spp. are inhibited by 
0.5–2 mg/L. Gram-negative cocci are susceptible and, 
although some Gram-negative bacilli are inhibited by 4–32 mg/L, 
most are resistant.

 PhARmAcokINeTIcs

Oral absorption c. 70%

C
max

 600 mg oral 12 mg/L after 5 h

Plasma half-life 13 h

Volume of distribution 1.5 L/kg

Plasma protein binding 97%

absorption

The absolute oral bioavailability of rifapentine has not been 
determined. The relative bioavailability of capsules (with an 
oral solution as reference) is 70%. Food increases absorption: 
a 600 mg dose taken after a meal gives Cmax and AUC values 
44% higher than under fasting conditions. The extended half-
life provides therapeutic concentrations for at least 72 h after 
administration, allowing less frequent dosing.

Distribution

Animal data suggest that it is well distributed in the body, with 
tissue concentrations exceeding the plasma concentration, except 
in bone, testes and brain. The ratio of intracellular:extracellular 
concentration in macrophages was estimated as 24:1.

Metabolism

The main metabolite is an antimicrobially active 25-desacetyl 
derivative. Although it induces liver cytochromes it is not 
an inducer of its own metabolism, which is mediated by an 
esterase. The peak concentration of 25-desacetyl rifapen-
tine is about one-third of that of the unchanged drug, and is 
attained after about 11 h.

 preparations and dosage

Proprietary names: Rifadin, Rimactane. In combination with isoniazid: 

Rifinah, Rimactazid. In combination with isoniazid and with pyrazinamide: 

Rifater.

Preparations: Capsules, syrup, i.v. infusion.

Dosage: Adults, oral, 450–600 mg per day as a single dose, based on 

approx. 10 mg/kg per day. Children, up to 20 mg/kg per day as a single 

dose (maximum dose, 600 mg per day). Premature and newborn infants, 

5–10 mg/kg once daily; treat only in cases of emergency and with 

extreme caution because their liver enzyme system may not be fully 

developed. Adults, i.v. infusion, 450–600 mg per day as a single dose, 

based on approx. 10 mg/kg per day. Lower doses are recommended 

for small or frail patients. Children, 20 mg/kg per day (maximum dose, 

600 mg per day). Premature and newborn infants, 10 mg/kg per day 

with caution, as for oral dose. Chemoprophylaxis of meningococcal 

meningitis: adults, oral, 600 mg every 12 h for 2 days; children 1–12 

years, 10 mg/kg every 12 h for 2 days; infants up to 1 year, 5 mg/kg every 

12 h for 2 days.

Widely available.
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excretion

The main route of elimination is through the bile. In healthy 
volunteers about 70% of a 600 mg dose of 14C rifapentine was 
recovered in the feces, and less than 17% in the urine. There 
is evidence of enterohepatic recycling in humans.

 dRUg INTeRAcTIoNs

The metabolism of several drugs concurrently adminis-
tered can be substantially accelerated and adjustment of 
their dosage may be necessary. In particular, treatment of 
AIDS patients with rifapentine resulted in a 70% reduction 
in the AUC of indinavir. It should be used with extreme 
caution, if at all, in patients who are also taking protease 
inhibitors.

 ToxIcITy ANd sIde eFFecTs

Signs of teratogenic effects and fetal toxicity have been 
observed when administered during pregnancy to rats and 
rabbits. Rifapentine should be used during pregnancy only 
if the potential benefit justifies the potential risk to the 
fetus.

The most common adverse effect observed in combi-
nations with other antimycobacterial agents was hyper-
uricemia, most probably due to pyrazinamide. Effects 
likely to be due to rifapentine were neutropenia (3.7% of 
patients) and hepatitis (increased transaminases in 1.6% 
of patients).

 clINIcAl Use

 Further information

Burman WJ, Gallicano K, Peloquin C. Comparative pharmacokinetics and 
pharmacodynamics of the rifamycin antibacterials. Clin Pharmacokinet. 
2001;40:327–341.

Jarvis B, Lamb MM. Rifapentine. Drugs. 1998;56:607–616.

Klemens SP, Grossi MA, Cynamon MH. Comparative in vivo activities of rifabutin 
and rifapentine against Mycobacterium avium complex. Antimicrob Agents 
Chemother. 1994;38:234–237.

Mor N, Simon B, Mezo N, Heifets LB. Comparison of activities of rifapentine and 
rifampin against Mycobacterium tuberculosis residing in human macrophages. 
Antimicrob Agents Chemother. 1995;39:2073–2077.

Temple ME, Nahata MC. Rifapentine: its role in treatment of tuberculosis. Ann 
Pharmacother. 1999;33:1203–1210.

RIFAxImIN

Molecular weight: 785.879.

A semisynthetic derivative of rifamycin S formulated for oral 
administration. It is poorly absorbed from the gastrointestinal 
tract, where its high concentrations are effective against a vari-
ety of gastrointestinal pathogens.

 ANTImIcRoBIAl AcTIvITy

The in-vitro activity is slightly inferior to that of rifampicin. 
The MIC90 for Gram-positive cocci is well below 1 mg/L, 
with the exception of enterococci (MIC 2–8 mg/L). Among 
intestinal pathogens C. difficile is sensitive (MIC90 0.8 mg/L), 
Esch. coli, Salmonella spp. and Shigella spp. are inhibited by 
4–8 mg/L. Campylobacter jejuni is mostly insensitive.

 PhARmAcokINeTIcs

Oral absorption is very low. However, a fraction of the dose may 
be absorbed and rapidly eliminated through the bile. A 400 mg 
oral dose produces a maximum plasma concentration of 
3.8 mg/L after 1.2 h. The plasma half-life is 5.8 h. Up to 90% of 
the administered dose is concentrated in the gut, less than 0.2% 
in the liver and kidney, and less than 0.01% in other tissues.

 ToxIcITy ANd sIde eFFecTs

Oral doses up to 100 mg/kg for 6 months produced no sig-
nificant signs of toxicity to rats. Teratogenic effects in rats and 
rabbits have been reported (pregnancy category C).

Very few adverse effects were reported during human treat-
ment, mostly gastrointestinal discomfort. Prolonged therapy 
was associated with infrequent urticarial skin reactions.

Tuberculosis (in combination with other antituberculosis drugs)

 preparations and dosage

Proprietary name: Priftin.

Preparation: 150 mg tablets.

Dosage: Adults, oral, 600 mg (4 tablets) twice a week during the 

2-month intensive phase treatment; 600 mg once a week in the 4-month 

continuation phase.

Available in the USA.
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 clINIcAl Use

It is used for a variety of gastrointestinal diseases, includ-
ing the treatment of traveler’s diarrhea. Preliminary results 
 suggest clinical efficacy in the therapy of hepatic encephalopa-
thy and of C. difficile infections.

 Further information

Garey KW, Salazar M, Shah H, Rodrigue R, DuPont HL. Rifamycin antibiotics for 
the treatment of Clostridium difficile-associated diarrhea. Ann Pharmacother. 
2008;42:827–835.

Gerard L, Garey KW, DuPont HL. Rifaximin: a non-absorbable rifamycin antibiotic 
for use in nonsystemic gastrointestinal infections. Expert Rev Anti Infect Ther. 
2005;3:201–211.

Gillis JC, Brogden RN. Rifaximin: a review of its antibacterial activity, pharmacoki-
netic properties and therapeutic potential in conditions mediated by gastroin-
testinal bacteria. Drugs. 1995;49:467–484.

Lawrence KR, Klee JA. Rifaximin for the treatment of hepatic encephalopathy. 
Pharmacotherapy. 2008;28:1019–1032.

Scarpignato C, Pelosini I. Rifaximin, a poorly absorbed antibiotic: pharmacology 
and clinical potential. Chemotherapy. 2005;51(suppl 1):36–66.

oTheR RIFAmycINs

 RIFAmIde

The diethyl amide of rifamycin B, formulated as the sodium 
salt for parenteral administration. It exhibits high activity 
against Gram-positive organisms and M. tuberculosis typical 
of the group. MICs for Gram-negative bacilli are of the order 
of 20–50 mg/L.

It is absorbed orally and is rapidly eliminated through the 
bile, achieving concentrations sufficient to inhibit Gram-
negative bacilli. In contrast to rifampicin, it can be administered 
as the sodium salt by intramuscular injection. A dose of 150 mg 
produces mean plasma levels of about 1 mg/L. The plasma half-
life is about 2 h. The same dosage produces concentrations over 
1 g/L in bile and c. 40 mg/L in the gallbladder wall.

Toxicity and side effects are similar to those of other rifa-
mycins. It has been used in staphylococcal infections and 
infections of the biliary tract. It is unsuitable for the  treatment 

of tuberculosis because of insufficient distribution to the 
tissues.

 Further information

Acocella G, Lamarina F, Tenconi LT, Nicolis FB. Study of the secretion in bile and 
concentration in gall bladder wall of rifamide. Gut. 1966;7:380–386.

Pallanza R, Furesz S, Timbal MT, Carniti G. In vitro bacteriological studies on rifamy-
cin B diethylamide (rifamide). Arzneimittelforschung. 1965;15:800–802.

 RIFAmycIN sv

The simplest rifamycin in clinical use, obtained by elimination 
of a glycolic moiety from rifamycin B. Formulated as sodium 
salt for parenteral administration. Also available for topical 
use. Its activity, general properties and pharmacokinetics are 
very similar to those of rifamide. It is orally absorbed and 
excreted mainly in the bile. Intramuscular doses of 250 mg  
produce mean plasma levels of about 2 mg/L. The plasma 
half-life is around 2 h.

In addition to uses similar to those of rifamide, it is admin-
istered topically in surgery and has been proposed for the 
treatment of synovitis by intra-articular injections. A topical 
preparation is used for application to wounds and bedsores. 
Cases of anaphylactic reactions have been reported after local 
administration of the drug.

 Further information

Bergamini G, Fowst G, Rifamycin SV. A review. Arzneimittelforschung. 
1965;15:951–1002.

Cardot E, Tillie-Leblond I, Jeannin P, et al. Anaphylactic reaction to local adminis-
tration of rifamycin SV. J Allergy Clin Immunol. 1995;95:1–7.

Radossi P, Baggio R, Petris U, et al. Intra-articular rifamycin in haemophilic arthrop-
athy. Haemophilia. 2003;9:60–63.

 preparations and dosage

Preparations: Parenteral injection, i.m., i.v., topical.

Dosage: i.m., 250 mg every 8 h; i.v. infusion (slow), up to 750 mg every 12 h.

Limited availability.

 preparations and dosage

Proprietary names: Chibro-Rifamycin, Otofa, Rifocine.

Preparations: Parenteral injection, i.m, i.v., topical.

Dosage: i.m., 250 mg every 8 h; i.v. infusion (slow), up to 750 mg every 12 h.

Available in Italy, Switzerland and Germany.

 preparations and dosage

Proprietary names: Normix, Rifacol, Xifaxan, Rifaximina, Rifaximine and 

others.

Preparations: Tablets, granules, topical.

Dosage: Adults, oral, 10–15 mg/kg per day. Children, oral, 20–30 mg/kg 

per day.

Widely available.
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28 Streptogramins

Francisco Soriano

Streptogramins are natural mixtures of cyclic peptides produced by 
Streptomyces spp., which display a synergistic inhibitory effect on some 
bacteria. They are macrocyclic lactone peptolides, having two basic 
chemical structures classified as either group A or group B. Compounds 
of group A are polyunsaturated cyclic peptolides, the best known being 
virginiamycin M

1
, pristinamycin II

A
, pristinamycin II

B
 and dalfopristin 

 (a pristinamycin II
B
 derivative). Compounds of group B are cyclic hexa-

depsipeptides, with virginiamycin S and pristinamycins I
A
, I

B
, and I

C
 as the 

principal compounds. Quinupristin is a pristinamycin I
A
 derivative.

Streptogramins behave as bacteriostatic drugs, but a mixture of 
group A and group B antibiotics causes a 10–100-fold greater inhi-
bition of bacterial growth than the individual components. Useful 
activity is mainly restricted to Gram-positive organisms (Table 28.1). 
Naturally occurring group A and group B components are both highly 
water insoluble and have to be administered by mouth. Quinupristin 
and dalfopristin are water soluble and can be administered parenter-
ally in a fixed 30:70 ratio marketed as Synercid.

 Further information

Bonfiglio G, Furneri PM. Novel streptogramin antibiotics. Expert Opin Investig Drugs. 
2001;10:185–198.

QUINUPRISTIN–DALFOPRISTIN

Molecular weight quinupristin: 1022; dalfopristin: 690

 Quinupristin–dalfopristin pristinamycin NXL 103

Staphylococcus aureus
methicillin-susceptible
methicillin-resistant

 
0.12–0.5
0.12–1

 
≤0.06–1
0.25–2

 
0.06–0.25
0.06–0.5

Staphy. epidermidis ≤0.06–0.5 ≤0.06–2 0.06–1

Streptococcus pneumoniae 0.12–1 0.12–1 0.06–1

Str. pyogenes 0.25–1 ≤0.06–0.12 ≤0.06

Str. agalactiae 0.5–2 0.12–0.25 ≤0.03–0.06

Viridans group streptococci 0.12–4 0.25–1 0.06–0.25

Enterococcus faecium 0.5–2 0.12–2 ≤0.06–1

E. faecalis 1–32 0.5–16 0.12–2

table 28.1 In-vitro activity of three streptogramins against Gram-positive organisms: MIC (mg/L)
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A fixed combination of two purified water-soluble com-
pounds derived from natural pristinamycin IA and IIB, respec-
tively. Both compounds are formulated as the mesylate for 
 intravenous infusion. It is the only streptogramin combina-
tion presently available for parenteral use.

 ANTImIcRObIAL AcTIvITy

Quinupristin–dalfopristin is mainly active against Gram-
positive organisms, with modest activity against selected 
Gram-negative and anaerobic pathogens. It inhibits vanco-
mycin-sensitive and -resistant Enterococcus faecium, including 
multidrug-resistant strains with a minimum inhibitory con-
centration required to inhibit the growth of 90% of organ-
isms (MIC90) of £4 mg/L, but has little activity against 
E. faecalis (MIC90 16 mg/L). It is active against Staphylococcus 
aureus, including methicillin-resistant Staph. aureus (MRSA), 
 coagulase-negative staphylococci, Streptococcus pneumoniae 
and Str. pyogenes. The drug is also active against Moraxella 
catarrhalis, Chlamydophila (formerly Chlamydia) pneumoniae, 
Legionella pneumophila, Mycoplasma hominis and Ureaplasma 
urealyticum. The use of this drug should be governed by sus-
ceptibility testing.

Quinupristin–dalfopristin exhibits a significant post-
 antibiotic effect estimated at 5–7.5 h for staphylococci and 4 h 
for enterococci.

 AcQUIReD ReSISTANce

Resistance can be chromosomal or plasmid mediated and 
is mainly due to methylation of the drug target, resulting in 
resistance to all macrolides, lincosamides and group B strep-
togramins, but not to group A streptogramins. Resistance can 
also occur by drug-modifying enzymes or active efflux. Other 
mechanisms of resistance to macrolides and lincosamides, 
including those of target modification and active efflux, do 
not affect streptogramins.

 PhARmAcOkINeTIcS

  Quinupristin and 

metabolites

Dalfopristin and 

metabolites

C
max

 7.5 mg/kg i.v. infusion 

(1 h)

2.5–3.2 mg/L 6.5–7.96 mg/L

Plasma half-life 1 h 0.75 h

Volume of distribution c. 1.0 L/kg c. 1.0 L/kg

Plasma protein binding 55–78% 11–26%

Quinupristin–dalfopristin is usually administered by 1 h intra-
venous infusion at a dose of 7.5 mg/kg in 5% glucose– dextrose 
every 8–12 h. Reported values for protein binding vary con-
siderably. The compound does not cross the non-inflamed 
blood–brain barrier or placenta to any significant degree and 
is rapidly converted in the liver to several active metabolites. 
In experimental endocarditis quinupristin is homogeneously 
distributed in cardiac vegetations whereas dalfopristin shows a 
gradient concentration. Biliary excretion into feces is the main 
route of elimination for both compounds and their metabo-
lites with only 15–19% eliminated in the urine. Dosage adjust-
ments may be needed in patients with hepatic dysfunction but 
it seems unnecessary in patients with renal impairment, those 
undergoing peritoneal dialysis, the obese or the elderly.

 INTeRAcTIONS

The metabolism is not affected by the cytochrome P450 3A4 
system but may alter the metabolism of other drugs metab-
olized by this pathway, such as ciclosporin (cyclosporine). 
Quinupristin–dalfopristin can also interfere with the metab-
olism of drugs associated with QTc prolongation and 
 co-administration of these compounds should be avoided.

 TOxIcITy AND SIDe eFFecTS

The drug has significant toxicity problems, including arthralgia–
myalgia syndrome (7.3–9.5%), venous intolerance experienced 
as pain at the infusion site (14.8%) and inflammation (6.2–
11.1%). Hyperbilirubinemia and liver toxicity can also occur.

 cLINIcAL USe

If mixed infection is documented or suspected, the drug 
should be used in combination with an agent active against 
Gram-negative organisms.
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organisms, including Staph. aureus and E. faecium
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 Further information

Allington DR, Rivey MP. Quinupristin/dalfopristin: a therapeutic review. Clin Ther. 
2001;23:24–44.

Drew RH, Perfect JR, Srinath L, et al. Treatment of methicillin-resistant 
Staphylococcus aureus infections with quinupristin–dalfopristin in patients intol-
erant of or failing prior therapy. For the Synercid Emergency-Use Study Group.  
J Antimicrob Chemother. 2000;46:775–784.

Fantin B, Leclercq R, Merlé Y, et al. Critical influence of resistance to strepto-
gramin B-type antibiotics on activity of RP 59500 (quinupristin–dalfopristin) in 
experimental endocarditis due to Staphylococcus aureus. Antimicrob Agents 
Chemother. 1995;39:400–405.

Metzger R, Bonatti H, Sawyer R. Future trends in the treatment of serious Gram-
positive infections. Drugs of Today. 2009;45:33–45.

Moellering RC, Linden PK, Reinhardt J, et al. The efficacy and safety of quinupris-
tin/dalfopristin for the treatment of infections caused by vancomycin-resistant 
Enterococcus faecium. Synercid Emergency-Use Study Group. J Antimicrob 
Chemother. 1999;44:251–261.

Nichols RL, Graham DR, Barriere SL, et al. Treatment of hospitalized patients with 
complicated gram-positive skin and skin structure infections: two random-
ized, multicentre studies of quinupristin/dalfopristin versus cefazolin, oxacillin 
or vancomycin. Synercid Skin and Skin Structure Infection Group. J Antimicrob 
Chemother. 1999;44:263–273.

Rubinstein E, Bompart F. Activity of quinupristin/dalfopristin against gram-positive 
bacteria: clinical applications and therapeutic potential. J Antimicrob Chemother. 
1997;39(suppl A):139–143.

Wang JL, Hsueh PR. Therapeutic options for infections due to vancomycin-
 resistant enterococci. Expert Opin Pharmacother. 2009;10:785–796.

OTheR STRePTOGRAmINS

PRISTINAmycIN

The two major components are pristinamycin IA and pris-
tinamycin IB. It is available in some countries for the oral  
treatment of upper respiratory, bronchopulmonary, dental, 
skin, genital and bone infections caused by susceptible organ-
isms. In-vitro activity is summarized in Table 28.1. The drug 

is usually well tolerated, although minor gastrointestinal dis-
turbances and rash may occur.

vIRGINIAmycIN

A natural product of Streptomyces virginiae with antimicrobial 
activity similar to that of other streptogramins. It has chiefly 
been used as an animal feed additive, but is available in some 
countries for oral administration and in topical preparations.

NxL103

NXL103 (formerly XRP 2868) is one of several new oral 
streptogramins under development. It is a 30:70 mixture of 
streptogramins B and A (RPR 202868 and RPR 132552) 
and is in clinical trial as a treatment for mild to moder-
ate community-acquired pneumonia. It is somewhat more 
active than quinupristin–dalfopristin in vitro (Table 28.1). 
Clinical efficacy and safety appear to be good, with the most 
frequent adverse events related to gastrointestinal intoler-
ance. Available information suggests that the relationship 
between its pharmacokinetics and efficacy is similar to that 
of quinupristin–dalfopristin.

 Further information

Andes D, Craig WA. Pharmacodynamics of a new streptogramin, XRP 2868, 
in murine thigh and lung infection models. Antimicrob Agents Chemother. 
2006;50:243–249.

Eliopoulos GM, Ferraro MJ, Wennersten CB, et al. In vitro activity of an oral strep-
togramin antimicrobial, XRP2868, against Gram-positive bacteria. Antimicrob 
Agents Chemother. 2005;49:3034–3039.

 preparations and dosage

Proprietary name: Synercid.

Preparation: Intravenous infusion. Vials of 500 and 600 mg containing 

quinupristin–dalfopristin in a 30:70 ratio (mesylate salts).

 Dosage: Adults, i.v., 7.5 mg/kg every 8 h.

Widely available.

 preparations and dosage

Proprietary name: Pyostacine.

Preparation: Tablets (250 and 500 mg).

Dosage: Adults, oral, 2–4 g per day, in three equal doses, with meals. 

Children, 50–100 mg/kg per day in three equal doses, with meals.

Available in Belgium and France.
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29 Sulfonamides

David Greenwood

ANTIBACTERIAL ACTIVITY

Sulfonamides exhibit broad-spectrum activity against common 
Gram-positive and Gram-negative pathogens, although the 
potency against many bacteria within the spectrum is modest 
by present standards. Meningococci are generally much more 
susceptible than gonococci. Other organisms commonly sus-
ceptible include Bordetella pertussis, Yersinia pestis, Actinomyces 
spp., Nocardia spp., Bacillus anthracis, Corynebacterium diphthe-
riae, Legionella pneumophila, Brucella spp. and several important 
causes of sexually transmitted diseases (Chlamydia trachoma-
tis, Haemophilus ducreyi and Calymmatobacterium granuloma-
tis). Activity against anaerobes is generally poor. Pseudomonas 
aeruginosa is usually resistant, as are Leptospira, Treponema 
and Borrelia spp., rickettsiae, Coxiella burnetii and mycoplas-
mas. Mycobacteria are resistant, although the related sulfone, 
dapsone, exhibits good activity against M. leprae (see p. 387) 
and para-aminosalicylic acid, which is structurally similar, was 
formerly widely used in tuberculosis (p. 392). Sulfonamides 
act synergistically with certain diaminopyrimidines against 
many bacteria and some protozoa, including plasmodia and 
Toxoplasma gondii (see Ch. 17).

In-vitro tests are markedly influenced by the composi-
tion of the culture medium and the size of the inoculum. The 
 different derivatives vary somewhat in antibacterial activity 
(Table 29.1). Among those that are still fairly widely available 
as antibacterial agents, sulfadimidine shows comparatively 
low activity, whereas sulfadiazine, sulfisoxazole (sulphafura-
zole) and sulfamethoxazole, the sulfonamide commonly com-
bined with trimethoprim (p. 256), are relatively more active.

ACQUIRED BACTERIAL RESISTANCE

Resistance is now widespread and there is complete cross-
resistance among sulfonamides. Plasmid-mediated resis-
tance in all enterobacteria is common. Resistance is found in 
25–40% of strains of Escherichia coli and other enterobacteria 
infecting the urinary tract. Many strains of meningococci and 
H. ducreyi are now resistant.

PHARMACOKINETICS

Most sulfonamides are well absorbed after oral administration, 
reaching a peak concentration in the blood of 50–100 mg/L 
2–4 h after a dose of 2 g. After absorption, the behavior of the 
individual compounds varies widely, depending on the extent 
of protein-binding and metabolization. The main metabolic 
pathway is conjugation by acetylation in the liver, although 
glucuronidation and oxidation also occur. Sulfonamide acety-
lation shows a bimodal distribution in the population, rapid 
and slow inactivators corresponding with rapid and slow inac-
tivators of isoniazid (p. 390). The conjugates are inactive anti-
bacterially and the low solubility of the acetyl conjugates of 
some of the earlier compounds may give rise to renal toxicity.

A proportion, varying considerably with different com-
pounds, is contained in the red cells, some is free in the 
plasma and some is bound to plasma albumin. Protein bind-
ing varies widely, the highest levels being seen with  long-acting 

The original sulphonamide, sulphanilamide, is the active principle of 
Prontosil, which holds a special place in medicine as the first agent 
to exhibit broad-spectrum activity against systemic bacterial disease 
(see Ch. 1). Within a few years of the introduction of Prontosil, numer-
ous sulfonamide derivatives were synthesized. Advances included 
increased antibacterial potency, decreased toxicity, and the intro-
duction of compounds with special properties such as high or low 
solubility and prolonged duration of action. Most have since been 
discarded, as safer and more active antibacterial agents have over-
taken them, but a few are still in use for particular purposes, often 
in combination with diaminopyrimidines (see Ch. 17). Some sur-
vive in topical preparations, often in multi-ingredient formulations. 
Discussion here is limited to the most important sulfonamides that 
are still widely available; a short description is included of some of the 
many other compounds that are of more restricted availability.
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 sulfonamides such as sulfadoxine. Sulfonamides can be dis-
placed from their protein binding sites by a variety of com-
pounds, the most important clinically being oral anticoagulant 
drugs. Administration of these compounds with sulfonamides 
potentiates the anticoagulant effect and produces higher con-
centrations of diffusible sulfonamide. Competition for plasma 
albumin binding sites causes sulfonamides to displace albu-
min-bound bilirubin.

Sulfonamides are distributed throughout the body tissues. 
Access to the cerebrospinal fluid (CSF) is normally limited to 
the unbound drug, but with increasing capillary permeabil-
ity and the passage of protein into the CSF in inflammation, 
protein-bound sulfonamide enters and the total concentra-
tion of drug in the CSF rises. The concentration of short-
acting sulfonamides in CSF varies between 30% and 80% of 
the corresponding plasma concentration. Sulfonamides also 
enter other body fluids, including the eye. They pass readily 
through the placenta into the fetal circulation and also reach 
the infant via the breast milk.

Sulfonamides are excreted mainly in the urine, the free 
drug and its conjugates being frequently excreted at differ-
ent rates and by different mechanisms. Excretion is partly 
by glomerular filtration and partly by tubular secretion, dur-
ing which some of the drug is reabsorbed. Substances with 
high clearances (e.g. sulfisoxazole) are rapidly eliminated 
from the plasma and achieve high concentrations in the urine. 
Substances with low clearances are slowly excreted, plasma 
levels are maintained for long periods, and low concentrations 
appear in the urine. If renal function is impaired, excretion 
may be delayed still further and therapeutic levels may persist 
for considerably longer; if the drugs are given repeatedly, high 
and possibly toxic levels may develop. Less than 1% of the 
dose of most sulfonamides is excreted in the bile, but the pro-
portion is 2.4–6.3% for the long-acting compounds.

TOXICITY AND SIDE EFFECTS

With proper attention to dosage, side effects are relatively 
uncommon, but some are serious. Crystals of less soluble 
compounds, such as sulfadiazine, or of less soluble conju-
gates may deposit in the urine and block the renal tubules or 
the upper orifice of the ureter. Hematuria is a common early 
sign. However, renal damage during sulfonamide therapy is 
often due to a hypersensitivity reaction, rather than to tubular 
blockage, with changes of tubular necrosis or vasculitis. Renal 
failure has been recorded in several patients after treatment 
with sulfamethoxazole, as a component of co-trimoxazole.

Hypersensitivity reactions usually occur as moderate 
fever with a rash on about the ninth day of a course of treat-
ment. Repetition after an interval elicits the reaction imme-
diately. Rashes are commonly erythematous, maculopapular 
or urticarial, and recur if the drug is given again. Well doc-
umented, but uncommon, is a severe serum-sickness-like 
reaction with fever, urticarial rash, polyarthropathy and 
eosinophilia. Eosinophilia may occur without other allergic 
manifestations.

Stevens–Johnson syndrome is a rare but potentially fatal 
complication (one estimate puts the risk at 1–2 cases per 
10 million doses). The relative risks of different sulfonamides 
are not known accurately, but there are many reports of this 
complication following the use of long-acting sulfonamides. 
The time of onset varies from 2 to 24 days, and sometimes 
as long as 6 weeks after discontinuing the drug. Toxic epider-
mal necrolysis (Lyell’s syndrome) has also been recorded after 
administration of long-acting sulfonamides.

Drug fever without other features may occur. A special 
problem of hypersensitivity to the sulfonamide component 
of co-trimoxazole is its frequency in the treatment of AIDS. 

  Sulfadiazine Sulfadimidine Sulfamethoxazole Sulfisoxazole

Staphylococcus aureus 16–32 32–R 4–32 4–16

Streptococcus pyogenes 0.5–64 1–64 0.25–16 0.25–4

Str. pneumoniae 8–64 4–64 4–64 2–16

Enterococcus faecalis R R R R

Haemophilus influenzae 2–4 8–16 2–4 0.5–2

Neisseria gonorrhoeae 1–32 16–R 1–32 1–64

N. meningitidis 0.12–1 0.5–8 0.12–1 0.12–0.5

Escherichia coli 4–16 16–64 4–8 8–16

Klebsiella pneumoniae 8–16 64–R 4–16 8–16

Pseudomonas aeruginosa 64 R R R

table 29.1 Activity of selected sulfonamides against common pathogenic bacteria: miC (mg/l)

R, resistant (MIC >64 mg/L).
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Sulfonamides are among the compounds reported to provoke 
systemic lupus erythematosus. An intractable type of sensiti-
zation may result from local applications.

In patients with inherited glucose-6-phosphate dehydroge-
nase deficiency, intravascular hemolysis and hemoglobinuria 
may occur. Hemolysis may also occur as part of a general-
ized sensitivity reaction. Agranulocytosis, aplastic anemia and 
thrombocytopenia have been occasionally reported, especially 
with earlier sulfonamides. Liver injury is rare.

Interference with bilirubin transport in the fetus by sul-
fonamide administered to the mother may increase the free 
plasma bilirubin level and result in kernicterus. Many other 
interactions arise as a result of competition for plasma albu-
min binding sites. Those of greatest potential clinical impor-
tance are increases in the actions of oral anticoagulants and 
sulfonylureas (but not biguanides) and increased toxicity of 
methotrexate.

CLINICAL USE

Sulfonamides were formerly much used, alone or in com-
bination with trimethoprim, for the treatment of urinary 
tract infection, but are no longer recommended because of 
potential adverse reactions. Use in the treatment of respira-
tory infections is now confined to a few special problems, 
notably nocardiasis (and also for cerebral nocardiasis) and, 
in combination with trimethoprim, in the prevention and 
treatment of Pneumocystis jirovecii pneumonia. The value of 
sulfonamides in the prophylaxis and treatment of meningo-
coccal infection is now greatly reduced by bacterial resis-
tance. Sulfonamides are sometimes used for chlamydial 
infections and chancroid but are unreliable. Some formula-
tions are used topically in eye infections and bacterial vagi-
nosis. Combined preparations with pyrimethamine are used 
in the treatment of drug-resistant malaria and for toxoplas-
mosis (see Chs 62 and 63).

 Further information

Dibbern DA, Montanaro A. Allergies to sulfonamide antibiotics and sulfur-
 containing compounds. Ann Allergy Asthma Immunol. 2008;100:91–100.

Smith CL, Powell KR. Review of the sulfonamides and trimethoprim. Pediatr Rev. 
2000;21:368–371.

SULFADIAZINE

2-Sulfanilamidopyrimidine. Molecular weight: 250.3.

Sulfadiazine is almost insoluble in water and unstable on 
exposure to light. It is administered orally or, as the sodium 
salt, by intravenous injection. It is a component of several 
multi-ingredient preparations. Its low solubility in urine led 
to its general replacement by other compounds. The intra-
venous solution is highly alkaline and should not be given by 
any other route.

 ANTIMICROBIAL ACTIVITY

Sulfadiazine is somewhat more active than other sulphon-
amides (Table 29.1).

 PHARMACOKINETICS

Oral absorption Very good

C
max

 3 g oral c. 50 mg/L after 3–4 h

Plasma half-life 7–12 h

Volume of distribution 0.36 L/kg

Plasma protein binding c. 40%

absorption and distribution

Adequate blood concentrations are easily achieved and 
maintained after oral administration. It is well distrib-
uted and penetrates in therapeutic concentrations into 
the CSF, but because of resistance it is no longer the 
drug of choice in meningitis. It crosses the placenta and 
enters breast milk to achieve concentrations around 20% 
of plasma levels.

Metabolism and excretion

Sulfadiazine is subject to acetylation in the liver. The acetyl 
derivative lacks antibacterial activity and is excreted more 
slowly (half-life 8–18 h). Parent compound and metabolite 
are both excreted mainly by glomerular filtration.

 TOXICITY AND SIDE EFFECTS

In addition to side effects common to the group, sulfadiaz-
ine inhibits the metabolism of phenytoin. The risk of crystal-
luria can be reduced by high fluid intake and alkalization of 
the urine.
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 CLINICAL USE

See also silver sulfadiazine (p. 343).

 Further information

Anonymous. Sulfadiazine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:S126–S129.

Dusseault BN, Croce KJ, Pais VM. Radiographic characteristics of sulfadiazine uro-
lithiasis. Urology. 2009;73:928.

SULFADOXINE

4-Sulfanilamido-5,6-dimethoxypyrimidine. Molecular weight: 
310.3.

An ultra-long-acting sulfonamide. It is no longer prescribed alone, 
but is used in combination with pyrimethamine as the antimalar-
ial agent Fansidar (see Ch. 62). It is poorly soluble in water.

 ANTIMICROBIAL ACTIVITY

Its antibacterial activity is relatively poor. Used alone it has a 
slow and uncertain effect against malaria parasites. Resistance 
of malaria parasites to the combination with pyrimethamine is 
common in many endemic areas.

 PHARMACOKINETICS

Oral absorption Extensive

C
max

 500 mg oral c. 60 mg/L after 3–4 h

Plasma half-life c. 6 days

Volume of distribution 0.13 L/kg

Plasma protein binding 94%

The extremely long half-life allows administration at weekly 
intervals. The acetyl metabolite has a similarly long half-life, 
but sulfadoxine is less extensively metabolized than many 
other sulfonamides.

 TOXICITY AND SIDE EFFECTS

Side effects are those common to the group. There have been 
many reports of Stevens–Johnson syndrome following its use 
and the combination with pyrimethamine is no longer recom-
mended for the prophylaxis of malaria.

 CLINICAL USE

Sulfadoxine is used only in combination with pyrimethamine.

 Further information

Anonymous. Sulfadoxine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:S132–S135.

Barnes KI, Little F, Smith PJ, Evans A, Watkins WM, White NJ. Sulfadoxine–
pyrimethamine pharmacokinetics in malaria: pediatric dosing implications. Clin 
Pharmacol Ther. 2006;80:582–596.

 preparations and dosage

Preparations: 4 mL ampoules, each containing 1 g for i.v. injection; 

tablets.

Dosage: Adult, i.v., 1–1.5 g every 4 h for 2 days, then oral.

Available in the UK, the USA, Canada, Belgium and Australia. Widely 

available in multi-ingredient preparations.

 preparations and dosage

Proprietary names: Fansidar, Fanasil, in combination with 

pyrimethamine.

Preparation: Tablets containing 500 mg sulfadoxine and 25 mg 

pyrimethamine.

Dosage: Adults, oral, three tablets as a single dose. Children 10–14 years, 

two tablets; 7–9 years, 1½ tablets; 4–6 years, one tablet; under 4 years, 

half a tablet.

Limited availability. No longer available in UK and Europe.

Urinary tract infection

Nocardiasis

Chancroid

Toxoplasmosis (in combination with pyrimethamine)

Meningococcal infections

Prophylaxis of rheumatic fever
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SULFAMETHOXAZOLE

5-Methyl-3-sulfanilamidoisoxazole. Molecular weight: 253.2.

This is the sulfonamide component of co-trimoxazole (p. 256). 
It is slightly soluble in water.

 ANTIMICROBIAL ACTIVITY

The intrinsic activity is similar to that of sulfadiazine 
(Table 29.1).

 PHARMACOKINETICS

Oral absorption 85%

C
max

 800 mg oral c. 50 mg/L after 3–6 h

Plasma half-life 6–20 h

Volume of distribution 12–18 L

Plasma protein binding 65%

Penetration of extravascular sites, including the CSF, is good. 
It crosses the placenta and achieves levels in breast milk of 
about 10% of the simultaneous plasma concentration. It is 
extensively metabolized, but about 30% of the dose is excreted 
unchanged in urine so that high concentrations are achieved.

 TOXICITY AND SIDE EFFECTS

Unwanted effects are those common to sulfonamides. In addi-
tion, benign intracranial hypertension has been reported in 
children. Most side effects of co-trimoxazole are thought to 
be attributable to the sulfonamide component.

 CLINICAL USE

Sulfamethoxazole is used only in combination with the 
diaminopyrimidine trimethoprim (see p. 256).

 Further information

Anonymous. Sulfamethoxazole and trimethoprim combination. In: Dollery 
C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: Churchill Livingstone; 
1999:S136–S140.

OTHER SULFONAMIDES

 SULFACETAMIDE

N-acetylsulfanilamide. It is very soluble in water and was 
formerly used in urinary tract infection. It is available in 
some countries in ophthalmic preparations and as a com-
ponent (with sulfathiazole and sulfabenzamide) of a triple 
sulfonamide cream for the topical treatment of bacterial 
vaginosis.

Sulfacetamide is one of the least active sulfonamides. It 
is well absorbed when given orally and is excreted in the 
urine with a half-life of around 9 h. About 70% is excreted 
unchanged, the remainder being present as the acetyl metab-
olite. Adverse reactions are those common to the group. 
Stevens–Johnson syndrome has been reported several times 
after topical use in conjunctivitis.

 SULFADIMETHOXINE

2,4-Dimethoxy-6-sulfanilamido-1,3-diazine. A rapidly absorbed 
compound with a long half-life (38–40 h) and a high degree of 
protein binding (98%). Renal clearance is very slow, and daily 
dosage maintains adequate plasma levels.

 SULFADIMIDINE

2-Sulfanilamido-4,6-methylpyrimidine (syn: sulphamethaz-
ine, sulfamezathine). A water-soluble compound, unsta-
ble on exposure to light. It is usually administered by 
mouth and is a component of some triple sulfonamide 
combinations.

The spectrum is typical of the group, but sulfadimidine 
exhibits relatively low potency (Table 29.1). It is well absorbed 
after oral administration. It is extensively  metabolized, 
 predominantly by acetylation. The mean plasma half-life 
(1.5–5 h) varies with acetylator status.

In addition to side effects common to the group, a seri-
ous interaction between ciclosporin (cyclosporin A) and sul-
fadimidine, leading to reduced ciclosporin levels, has been 
reported.

 preparations

Very limited availability as a single agent.
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 SULFAFURAZOLE (SULFISOXAZOLE)

3,4-Dimethyl-5-sulfanilamidoisoxazole. It is highly soluble, 
even in acid urine. The spectrum and potency are typical of 
the group. It is well absorbed, achieving a concentration of 
around 20 mg/L 3–4 h after a 2 g oral dose.

Side effects are those common to other sulfonamides. It 
is less prone than some other members of the group to cause 
renal problems. Its principal use is in urinary tract infection, 
and is present in some ophthalmic preparations.

 SULFAgUANIDINE

1-Sulfanilylguanidine. A poorly absorbed compound, less 
potent than succinylsulfathiazole but with similar uses. Blood 
concentrations of 15–40 mg/L have been found after single 
doses of 1–7 g. Excretion in the urine is rapid.

 SULFALENE (SULFAMETOPYRAZINE)

2-Sulfanilamido-3-methoxypyrazine. A very long-acting 
compound (plasma half-life 60 h). Adequate blood lev-
els can be maintained by giving a dose of 2 g once weekly. 
The protein binding is c. 70%. It has been successfully used 
in the single-dose treatment of urinary tract infection. As 
with other long-acting compounds, sulfametopyrazine has 
been associated with an increased incidence of erythema 
multiforme.

 SULFALOXATE

A poorly absorbed compound formulated as the calcium 
salt. About 5% is absorbed from the gastrointestinal tract. 
Formerly used to treat intestinal infections.

 SULFAMERAZINE

2-Sulfonamido-4-methylpyrimidine. A component of some 
triple sulfa combinations. Plasma half-life is c. 24 h and pro-
tein binding c. 75%. It is less active than sulfadiazine.

 SULFAMETHIZOLE

2-Sulfanilamido-5-methyl-1,3,4-thiodiazole. A short-acting 
sulfonamide (plasma half-life 2.5 h). Protein binding is c. 85%. 
About 60% is excreted in the urine within 5 h. It was formerly 
widely used in the treatment of urinary tract infection.

 SULFAMETHOXYDIAZINE

2-Sulfanilamido-5-methoxypyrimidine. A long-acting com-
pound with activity similar to that of sulfadiazine. Binding to 
plasma proteins is about 75%.

 SULFAMETHOXYPYRIDAZINE

3-Sulfanilamido-6-methoxypyridazine. Properties are similar 
to those of sulfadimethoxine. A rapidly absorbed, long-acting 
compound (half-life 38 h) with a high degree of protein bind-
ing (96%). A 1 g oral dose achieves a peak plasma concentra-
tion of around 100 mg/L after 5 h. Its use has been largely 
discontinued because of frequent adverse effects, but there are 
reports of benefit in dermatitis herpetiformis. It has been used 
in combination with trimethoprim.

 SULFATHIAZOLE

2-Sulfanilamidothiazole. A short-acting compound (half-life 
c. 4 h) with relatively high activity. Protein binding is c. 75%. 
Its use has declined because of a high incidence of side effects. 
It is one of the constituents of triple sulfonamide mixtures, of 
which local preparations are still available.

Two compounds, phthalylsulfathiazole (sulfathalidine) and 
succinylsulfathiazole (sulfasuxidine) owe their activity to the 
slow liberation of sulfathiazole in the bowel. They are poorly 
soluble and very little is absorbed after oral administration. 
They were formerly used in the treatment of intestinal infec-
tions and in bowel preparation before surgery. They are avail-
able in multi-ingredient preparations in some countries.

 SULFISOMIDINE

6-Sulfanilamido-2,4-dimethylpyrimidine (syn: sulphasomi-
dine). A highly soluble sulfonamide with a plasma half-life of 
6–8 h. Protein binding is about 90%. Activity is similar to that 
of sulfadiazine. It is less extensively metabolized than most other 
sulfonamides and is largely excreted unchanged in the urine.

SULFONAMIDES FOR SPECIAL 
PURPOSES

 MAFENIDE

p-Aminomethylbenzene sulfonamide; Sulfamylon.
A topical agent formerly used extensively in burns, espe-

cially for its action in suppressing Ps. aeruginosa. It is rapidly 
absorbed through burned skin and is unusual in that it is 
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not neutralized by p-aminobenzoic acid or by tissue  exudates. 
Disadvantages of its use are local pain and burning, a vari-
ety of allergic reactions including erythema multiforme and 
its capacity to inhibit carbonic anhydrase, necessitating care-
ful observation to detect the development of metabolic aci-
dosis. Its metabolite, p-carboxybenzene sulfonamide, also 
inhibits carbonic anhydrase but has no antibacterial activ-
ity. Mafenide propionate was formerly used in ophthalmic 
preparations.

 SILVER SULFADIAZINE

Silver sulfadiazine is extremely insoluble. In addition to the 
usual activity of sulfonamides it exhibits activity – almost cer-
tainly attributable to the silver component – against Ps. aerugi-
nosa and some fungi.

It is variably absorbed after topical application depend-
ing on the integrity of the skin. Toxic concentrations may 
be achieved in patients with extensive burns. It is used topi-
cally, mainly for burns, pressure sores and leg ulcers. Central 
venous catheters impregnated with chlorhexidine and silver 
sulfadiazine have been developed to reduce bacterial col-
onization. Other suggested uses include the prevention of 
infection in skin graft donor sites and cord care in newborn 
infants.

 Further information

Anonymous. Silver sulfadiazine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:S32–S35.

Atiyeh BS, Costagliola M, Hayek SN, Dibo SA. Effect of silver on burn 
wound infection control and healing: review of the literature. Burns. 
2007;33:139–148.

Fuller FW. The side effects of silver sulfadiazine. J Burn Care Res. 2009;30:464–470.

 SULFASALAZINE

One of the earliest and most successful sulfonamides to be 
developed was sulfapyridine, which fell into disuse because 
of unwanted effects such as crystalluria. Later, a number of 
salicylazosulfonamides, developed because of their increased 
water solubility, showed anti-inflammatory properties; one of 
them, sulfasalazine (salicylazosulfapyridine), has come into 
general use for ulcerative colitis.

After oral administration, some intact compound is 
absorbed from the upper gastrointestinal tract, appearing in 
the blood in 1–2 h, but most is cleaved by colonic bacteria 
to yield sulfapyridine and 5-aminosalicylic acid (mesalamine, 
mesalazine). Controlled trials have confirmed the efficacy of 
5-aminosalicylic acid alone in ulcerative colitis, the sulfon-
amide component merely acting as a carrier. Thus, in remark-
able extension of the good fortune that attended the discovery 
of sulfanilamide as the unexpected active principle of Prontosil 
(see Ch. 1), a cleavage product appears to be responsible for 
the beneficial effect of sulfasalazine. Since most of the side 
effects associated with sulfasalazine are attributable to sul-
fapyridine, there seems little reason, other than cost, to use it 
in preference to mesalamine.

Sulfasalazine is also of benefit in Crohn’s disease and rheu-
matoid arthritis, but the role, if any, of sulfapyridine in the 
overall effect is unclear.

 Further information

Anonymous. Sulfasalazine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:S140–S144.

Anonymous. Mesalamine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:M61–M65.

Plosker GL, Croom KF. Sulfasalazine: a review of its use in the management of 
rheumatoid arthritis. Drugs. 2005;65:1825–1849.

 preparations

Proprietary name: Flamazine.

Preparation: Topical cream containing 1% w/w silver sulfadiazine.

Widely available.

 preparations

Proprietary name: Salazopyrin.

Preparations: Tablets, enema, suppositories, suspension.

Widely available.
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ANTIMICROBIAL SPECTRUM

Tetracyclines are broad-spectrum, essentially bacteristatic agents. 
They share a similar spectrum of activity, though that of tigecy-
cline is somewhat different from that of earlier tetracyclines.

In general, tetracyclines are active against many Gram-positive 
and Gram-negative bacteria, chlamydiae, mycoplasmas, rickett-
siae, coxiellae, spirochetes and some mycobacteria. Most strepto-
cocci are sensitive, except Streptococcus agalactiae, and enterococci. 
Susceptible Gram-positive bacilli include Actinomyces israelii, 
Arachnia propionica, Listeria monocytogenes, most clostridia and 
Bacillus anthracis. Nocardia spp. are much less susceptible, mino-
cycline demonstrating the greatest activity against them.

Among Gram-negative bacteria most enterobacteria and 
most strains of Moraxella catarrhalis, Neisseria  meningitidis 
and Haemophilus influenzae are sensitive. Legionellae, 

 brucellae, Francisella tularensis, Vibrio cholerae, Campylobacter 
spp., Helicobacter pylori, Plesiomonas shigelloides and Aeromonas 
hydrophila are all susceptible. Many anaerobic bacteria are 
susceptible, doxycycline and minocycline being the most 
active. Rickettsiae are generally sensitive, especially to doxy-
cycline, minocycline and tetracycline. None is active against 
Pseudomonas aeruginosa, Proteus spp. or Providencia spp., but 
Burkholderia pseudomallei and Stenotrophomonas maltophilia are 
usually susceptible.

ACQUIRED RESISTANCE

Resistance to tetracyclines has emerged in an ever- increasing 
number of bacterial species and is geographically widespread. 
Resistance arises primarily from acquisition of genes that 
either encode transporters of the major facilitator superfam-
ily (MFS), which remove the antibiotics from the cell (e.g. 
TetB, TetK), or encode proteins that protect the ribosome 
from inhibition (e.g. TetM, TetO). Tigecycline is not affected 
by these resistance mechanisms and consequently is active 
against many species resistant to earlier tetracyclines. In 
some Gram-negative bacteria resistance can also be due to 
the activity of innate (endogenous) bacterial efflux proteins 
such as the chromosomally encoded resistance–nodulation–
cell division efflux pumps that confer resistance to several 
structurally unrelated biocides and antibiotics, as well as all 
classes of tetracyclines. The presence of these pumps explains 
the inherent resistance of most Ps. aeruginosa and Proteus spp. 
to all tetracyclines.

PHARMACOKINETICS

 ABSORPTION

Tetracyclines are usually administered by mouth. However, 
tigecycline is available only for intravenous infusion.

A group of natural products derived from Streptomyces spp. and their 
semisynthetic derivatives. The minimum pharmacophore is a linear 
fused tetracyclic molecule, 6-deoxy-6-demethyltetracycline:

The various members of the class contain a variety of functional groups 
attached to the rings designated A, B, C and D. Natural products 
include chlortetracycline, oxytetracycline, tetracycline and demeclo-
cycline (demethychlortetracycline). Semisynthetic derivatives include 
doxycycline, minocycline, methacycline, lymecycline, rolitetracycline 
and tigecycline, a glycylcycline that has been specifically developed to 
overcome problems of bacterial resistance to earlier tetracyclines.
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Absorption of oral tetracyclines occurs largely in the 
proximal small bowel, but may be diminished by the simul-
taneous presence of food, milk or cations, which form non-
absorbable tetracycline chelates. Cimetidine and presumably 
other H2-receptor antagonists also impair absorption of 
 tetracyclines by interfering with their dissolution, which is 
pH dependent.

The absorption problems of earlier compounds have been 
essentially overcome in the later tetracyclines. Improved 
absorption is claimed for lymecycline, demeclocycline and 
methacycline, but is best established for doxycycline and 
minocycline, which may be administered with food and for 
which the proportion of administered dose absorbed is more 
than 90%.

 DISTRIBUTION

For orally administered tetracyclines, peak serum concen-
trations follow 1–4 h after ingestion. Serum levels achieved 
after normal dosage of orally bioavailable tetracyclines are of 
the order of 1.5–4.0 mg/L. Most tetracyclines must be given 
four times daily to maintain therapeutic concentrations in the 
blood, but demeclocycline and minocycline can be adminis-
tered twice daily and doxycycline once daily.

Tetracyclines penetrate moderately well into body fluids 
and tissues, reflected in relatively large volumes of distribu-
tion. Concentrations of most tetracyclines in the cerebro-
spinal fluid (CSF) are usually about 10–25% of those in the 
blood, although penetration of tigecycline into the CSF is 
poor.  A unique feature of tetracyclines is deposition and per-
sistence in areas where bone is being laid down. Radioactive 
tracer studies in animals suggest that tigecycline also concen-
trates in the bone but concentration at this site in humans 
remains unproven owing to technical difficulties with assay 
methods.

Older tetracyclines are known to penetrate into the 
sebum and are excreted in perspiration, properties which 
contribute to their usefulness in the management of acne. 
The older  tetracyclines are also known to be concentrated 
in the eye.

 EXCRETION

Excretory routes are the kidney and feces. Fecal excre-
tion occurs even after parenteral administration as a result 
of passage of the drug into the bile. The concentrations 
obtained in bile are 5–25 times those in the blood, doxycy-
cline attaining especially high levels. These concentrations 
are lowered in the presence of biliary obstruction. The pro-
portion of administered dose found in the urine is, for most 
tetracyclines, in the range 20–60%, but is less for chlortet-
racycline and doxycycline and least for minocycline and 
tigecycline.

TOXICITY AND SIDE EFFECTS

Known adverse effects are primarily based on studies with 
older tetracyclines and it is not yet clear whether they also 
apply to tigecycline. However, it might be expected that tige-
cycline will share at least some of the unwanted side effects 
associated with all members of the class.

The most important adverse effect is gastrointestinal intol-
erance, reported for all tetracyclines including tigecycline. 
Photosensitivity is a class phenomenon; it is most marked 
for demeclocycline but is not yet reported for tigecycline. 
Deposition in developing bones and teeth precludes the use 
of older tetracyclines in young children and during late preg-
nancy; tigecycline may also exhibit these properties and is con-
traindicated in these situations. Most compounds accumulate 
in renal failure, with the exception of doxycycline and tigecy-
cline. Nausea and vomiting are presumed to be due to a direct 
irritant effect of the drug on the gastric mucosa, but diarrhea 
is probably the result of disturbance of the normal flora. The 
frequency and nature of superinfection with resistant organ-
isms depends much on local ecology. Pseudomembranous 
colitis has been associated with the use of older tetracyclines, 
but they do not appear to be a common precursor of that com-
plication. Other organisms that often become dominant in the 
fecal flora after administration of tetracyclines are Candida, 
Proteus or Pseudomonas spp. Staph. aureus enterocolitis, which 
was described in hospital patients when tetracyclines were 
widely prescribed, now seems to be rare.

Glossitis and pruritus ani, vulvitis and vaginitis are well-
recognized side effects associated with the use of older tet-
racyclines; less common side effects include esophageal 
ulceration and acute pancreatitis. Changes occur in the sur-
face lipids of the skin, notably a decrease in fatty acids and 
reciprocal increase in triglycerides that probably results from 
inhibition of extracellular bacterial lipase production by 
Propionibacterium acnes.

Deaths have been reported in pregnant women given large 
intravenous doses (>1 g per day), usually for the treatment 
of pyelonephritis. The main lesion found at autopsy was dif-
fuse fatty degeneration of the liver, which may also involve 
the pancreas, kidneys and brain. Mild derangements of liver 
enzyme function are not uncommon.

A number of infants have developed bulging of the ante-
rior fontanelle; benign intracranial hypertension has also been 
described in older children and even in adults, with headache, 
photophobia and papilledema. Symptoms disappear quickly 
after the drug is withdrawn, but papilledema may persist in 
some patients for many months or reappear when tetracy-
clines are given again. The mechanism is unknown.

Hypersensitivity rashes, including exfoliation, occasion-
ally occur, but skin reactions are more often manifestations 
of photosensitivity. A reaction may occur after administration 
of any tetracycline, but is especially associated with deme-
clocycline and may be less common with doxycycline and 
minocycline. Fixed drug eruptions, onycholysis and nail and 
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thyroid pigmentation have also been reported. Angiodema 
and  anaphylaxis are rare. Hypersensitivity reactions to one 
tetracycline generally infer cross-hypersensitivity to the other 
agents. Reported inhibitory effects on several human poly-
morphonuclear leukocyte and lymphocyte functions in vitro 
have yet to be shown to have any therapeutic significance.

Drug interactions include complexes with divalent and 
trivalent cations together with chelation by iron-containing 
preparations. The anticonvulsants carbamazepine, phenytoin 
and barbiturates decrease the half-life of doxycycline through 
enzyme induction. The anesthetic methoxyflurane has been 
reported to cause nephrotoxicity when co- administered with 
older tetracyclines. Tigecycline is reported to affect the phar-
macokinetic profile of warfarin such that anticoagulation tests 
should be performed if it is administered with warfarin. The 
efficiency of oral contraceptives is reduced by  tetracyclines, 
as with many other broad-spectrum antibiotics.

CLINICAL USE

The use of tetracyclines has significantly declined in 
most countries as the incidence of bacterial resistance has 
increased and more active and better tolerated antimicrobial 
agents have been introduced. However, some new applica-
tions have emerged, such as their use as part of multidrug 
regimens for the management of gastritis and peptic ulcer 
disease associated with H. pylori. Their activity against 
malaria has become important for prophylaxis following 
the rapid increase of chloroquine- and mefloquine-resistant 
Plasmodium falciparum.

Current applications of the older tetracyclines are 
 summarized in Table 30.1. Tigecycline is currently approved 
only for use in complicated skin and skin structure infec-
tions (including those caused by methicillin-resistant Staph. 
aureus), complicated intra-abdominal infections and commu-
nity-acquired bacterial pneumonia, but use for other indi-
cations, including those listed in Table 30.1, may emerge if 
there is  suitable  clinical evidence.

 Further information

Bryskier A. Tetracyclines. In: Bryskier A, ed. Antimicrobial agents: antibacteri-
als and antifungals. Washington, D.C.: American Society for Microbiology; 
2005:642–651.

Chopra I. Glycylcyclines: third-generation tetracycline antibiotics. Curr Opin 
Pharmacol. 2001;1:464–469.

Chopra I, Roberts M. Tetracycline antibiotics: mode of action, applications, 
molecular biology and epidemiology of bacterial resistance. Microbiology and 
Molecular Microbiology Reviews. 2001;65:232–260.

Dean CR, Visalli MA, Projan SJ, et al. Efflux-mediated resistance to tigecycline 
(GAR-936) in Pseudomonas aeruginosa PAO1. Antimicrob Agents Chemother. 
2003;47:972–978.

Maurin M, Raoult D. Q fever. Clin Microbiol Rev. 1999;12:518–553.
Pankey GA. Tigecycline. J Antimicrob Chemother. 2005;56:470–480.
Petersen PJ, Jacobus NV, Weiss WJ, Sum PE, Testa RT. In vitro and in vivo 

antibacterial activities of a novel glycylcycline, the 9-t-butylglycylam-
ido derivative of minocycline (GAR-936). Antimicrob Agents Chemother. 
1999;43:738–744.

Roberts MC. Tetracycline therapy: update. Clin Infect Dis. 2003;36:462–467.
Van Steenberghe D, Rosling B, Soder PO, et al. A 15-month evaluation of the 

effects of repeated subgingival minocycline in chronic adult periodontitis. 
J Periodontol. 1999;70:657–667.

Zhanel GC, Homenuik K, Nichol K, et al. The glycylcyclines: a comparative review 
with the tetracyclines. Drugs. 2004;64:63–88.

type of infection First choice acceptable alternative to other agents

Respiratory 
 

Atypical pneumonia due to Mycoplasma 
 pneumoniae, Chlamydophila (formerly Chlamydia)  
pneumoniae, Ch. psittaci

Community-acquired pneumoniaa

Infective exacerbations of chronic bronchitisa

Legionellosis (doxycycline)

Bowel Cholera
Prophylaxis of traveler’s diarrhea

 

Genital 
 
 

Non-gonococcal urethritis; cervicitis
Lymphogranuloma venereum
Pelvic inflammatory disease
Granuloma inguinale

Syphilis
Epididymitis
Prostatitis
 

Other infections 
 
 
 
 
 
 
 

Rocky Mountain spotted fever
Endemic and epidemic typhus
Trachoma (topical or oral)
Q fever
Brucellosisb

Lyme disease
Relapsing fever
Periodontal infection (topical tetracycline or minocycline)
Acne vulgaris (topical and systemic treatment)

Plague
Tularemia
Bartonellosis
Leptospirosis
Whipple’s disease
Cutaneous Mycobacterium marinum infections
Helicobacter pylori infectionsb

Prophylaxis of drug-resistant Plasmodium falciparum malaria 

table 30.1 current applications of tetracyclines (excluding tigecycline)

a Except in situations where there is a high rate of resistance among pneumococci and/or H. influenzae.
b In combination with other agents.
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CHLORTETRACYCLINE

Molecular weight (free base): 478.9; (hydrochloride): 515.3.

7-Chlortetracycline. A fermentation product of certain strains 
of Streptomyces aureofaciens. Formulated as the hydrochloride 
or the free base for oral or topical application.

 ANTIMICROBIAL ACTIvITY

The activity against a range of pathogenic bacteria is shown in 
Table 30.2. It is slightly less active than tetracycline against many 
bacteria, with the exception of Gram-positive organisms.

 PHARMACOKINETICS

Oral absorption 30–60%

C
max

 500 mg oral 2.5–7 mg/L

Plasma half-life 5–6 h

Volume of distribution c. 2 L/kg

Plasma protein binding 47–65%

Absorption is relatively poor compared with other tetracyclines. 
It undergoes rapid metabolism and is largely eliminated by bil-
iary excretion, with only a small proportion eliminated via the 
kidney. Despite this, chlortetracycline is not recommended for 
patients in renal failure, since accumulation occurs as a conse-
quence of the half-life increase to approximately 7–11 h.

 TOXICITY AND SIDE EFFECTS

Side effects are typical of the group (p. 345). Contact hyper-
sensitivity has been reported with topical application to 
abraded skin and varicose ulcers.

 CLINICAL USE

Its uses are those common to the group (Table 30.1, p. 346). 
It has also been used topically in the management of recur-
rent aphthous ulcers of the mouth, but experience is limited 
and the mechanism of action is unknown.

Organism Chlortetracycline Demeclocycline Doxycycline Minocycline Oxytetracycline tetracycline tigecycline

Staphylococcus aureus 0.5–R 1–R 0.5–16 0.5–16 2–R 2–R 0.25–2

Streptococcus pyogenes 0.1–32 0.25–32 0.1–16 0.1–16 0.25–32 0.25–32 0.06–0.25

Str. pneumoniae No data No data 0.06–32 0.06–16 No data 0.12–R 0.03–0.25

Enterococcus faecalis 4–R 2–R 2–R 2–R 8–R 8–R 0.12–1

Neisseria gonorrhoeae 0.25–>8 0.5–>8 0.1–>8 0.25–8 1–>8 0.5–>8 0.008–0.12

N. meningitidis No data No data No data 0.06–0.12 No data 0.06–0.25 0.015–0.12

Haemophilus influenzae 1–>8 2–>8 1–2 0.12–2 4–16 0.25–>8 1–4

Escherichia coli 8–16 4–16 2–16 4–8 2–16 2–16 0.12–0.25

Klesbsiella pneumoniae 8–R 8–R 8–R 4–32 16–R 4–R 0.5–4

Proteus mirabilis R 32–R R R R 32–R 2–R

Seratia marcescens R R R 32 R 4–16 1–8

Pseudomonas aeruginosa R 32–R 32–R R R 32–R 0.5–32

Bacteroides fragilis No data No data No data 0.25–R 0.5–R No data 0.5–8

table 30.2 activity of the most important tetracyclines against common pathogenic bacteria: Mic (mg/l). data compiled  
from a variety of sources

R, resistant (MIC >32 mg/L).

 preparations and dosage

Proprietary name: Aureomycin.

Preparations: Topical, ophthalmic, capsules.

Dosage: Adults, oral, 250–500 mg, every 6 h.

Widely available; oral preparation not available in the UK.
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 Further information

Anonymous. Chlortetracycline (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:C199–C201.

DEMECLOCYCLINE

Molecular weight (free base): 464.9; (hydrochloride): 501.3.

6-Demethyl-7-chlortetracycline. A fermentation product of a 
mutant strain of Streptomyces aureofaciens formulated as the 
hydrochloride for oral administration.

 ANTIMICROBIAL ACTIvITY

Activity against a range of pathogenic bacteria is shown 
in Table 30.2. Occasional strains of viridans streptococci,  
N. gonorrhoeae and H. influenzae are more susceptible than to tet-
racycline. It is the most active tetracycline against Brucella spp.

 PHARMACOKINETICS

Oral absorption 60–70%

C
max

 300 mg oral 2 mg/L after 3–6 h

Plasma half-life c. 12 h

Volume of distribution c. 1.7 L/kg

Plasma protein binding 90%

absorption

It is promptly yet incompletely absorbed by mouth, giving 
mean peak plasma levels after a single dose that are slightly 
higher than those produced by oxytetracycline and chlor-
tetracycline, but lower than those achieved by tetracycline. 
However, with repeat dosing, steady-state concentrations 
exceed those for tetracycline. Simultaneous administration of 
antacids markedly depresses blood levels.

Distribution and excretion

It is widely distributed, achieving concentrations in  pleural 
 exudates similar to those of blood. CSF penetration is 
poor, especially in the absence of inflammation. Biliary 
 concentrations are 20–30 times higher than those of plasma, 

and 40–50% of the drug can be recovered from feces. The 
other route of elimination is via glomerular filtration without 
reabsorption and accumulation occurs in renal failure.

 TOXICITY AND SIDE EFFECTS

Untoward reactions, notably gastrointestinal intolerance, 
are generally those typical of the group (p. 345). Occasional 
patients develop transient steatorrhea.

Of particular note is the occurrence of nephrogenic diabe-
tes insipidus with development of vasopressin-resistant poly-
uria. The effect is dose dependent and occurs with daily doses 
in excess of 1.2 g. The drug inhibits activation of adenylate 
cyclase and protein kinase, which are both important in the 
interaction of antidiuretic hormone (ADH) with receptors 
within the renal tubule, thus decreasing the effect of ADH on 
the kidney. As a result, it has found a place in the treatment of 
inappropriate ADH secretion.

Renal failure may occur, particularly if prescribed for those 
with advanced liver cirrhosis. The mechanism is uncertain but 
may in part be related to the antianabolic effect of the tetracy-
clines as well as a direct toxic effect.

Photosensitivity may be severe and accompanied by vesicu-
lation, edema and onycholysis. It is largely restricted to exposed 
skin; patients should avoid prolonged exposure to sunlight.

 CLINICAL USE

Its uses are those common to the group (Table 30.1, p. 346). 
It has been extensively used in the management of the syn-
drome of inappropriate ADH secretion in a dose of at least 
1.2 g per day; therapeutic response may take several days, but 
is superior to that of lithium. It has also found occasional use 
in patients with water retention as a result of congestive car-
diac failure and in those with alcoholic cirrhosis and water 
and electrolyte retention.

 Further information

Anonymous. Demeclocycline (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:D29–D31.

Geheb M, Cox M. Renal effects of demeclocycline. J Am Med Assoc. 
1980;243:2519–2520.

Miller PD, Linas SL, Schrier RW. Plasma demeclocycline levels and nephro-
toxicity. Correlation in hyponatremic cirrhotic patients. J Am Med Assoc. 
1980;243:2513–2515.

 preparations and dosage

Proprietary names: Declomycin, Ledermycin.

Preparations: Capsules, tablets.

Dosage: Adults, oral, 150 mg every 6 h, or 300 mg every 12 h.

Widely available.
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DOXYCYCLINE

Molecular weight (free base): 444.5; (hyclate): 512.9.

6-Deoxy-5 β-hydroxytetracycline. A semisynthetic product 
supplied as the hyclate, calcium salt or the hydrochloride for 
oral and intravenous administration.

 ANTIMICROBIAL ACTIvITY

Its activity and spectrum are typical of the group (Table 30.2). It 
is active against some tetracycline-resistant Staph. aureus and 
is more active than other tetracyclines against Str. pyogenes, 
enterococci and Nocardia spp. Mor. catarrhalis (MIC 0.5 
mg/L), Legionella pneumophila and most strains of Ureaplasma 
urealyticum (MIC 0.5 mg/L) are susceptible.

 PHARMACOKINETICS

Oral absorption 90%

C
max

 100–200 mg oral

100 mg intravenous infusion (1 h)

1.7–5.7 mg/L after 2–3.5 h

2.5 mg/L end infusion

Plasma half-life 18 h

Volume of distribution 0.9–1.8 L/kg

Plasma protein binding 90%

absorption

Doxycycline is rapidly absorbed from the upper gastrointesti-
nal tract and absorption appears to be linearly related to the 
administered dose. Food, especially dairy products, reduces 
peak serum concentrations by 20%. Alcohol also delays 
absorption. As with other tetracyclines, divalent and triva-
lent cations, as in antacids and ferrous sulfate, form chelates 
which reduce absorption.

Distribution

The greater lipophilicity of doxycycline is responsible for its 
widespread tissue distribution. Concentrations in liver, biliary 
system, kidneys and the digestive tract are approximately twice 
those in plasma. Within the respiratory tract, it achieves concen-
trations of 2.3–6.7 mg/kg in tonsils and 2.3–7.5 mg/kg in max-
illary sinus mucosa. In bronchial secretions  concentrations are 

about 20% of plasma levels, increasing to 25–35% in the pres-
ence of pleurisy. Gallbladder concentrations are  approximately 
75% those of plasma, and prostate concentrations are 60–100%. 
It penetrates well into the aqueous humor. CSF concentrations 
range from 11% to 56% of plasma levels and are not affected by 
inflammation. In the elderly, tissue concentrations are 50–100% 
higher than in young adults. The half-life remains unaltered and 
one explanation is reduced fecal elimination.

Metabolism and excretion

Doxycycline is largely excreted unchanged. Around 35% is 
eliminated through the kidneys and the remainder through 
the digestive tract. Renal clearance ranges from 1.8 to 2.1 L/h, 
and is largely via glomerular filtration, with approximately 
70% tubular reabsorption. Alkalinization enhances renal 
clearance. Fecal elimination partly reflects biliary excretion 
but also includes diffusion across the intestinal wall. Provided 
the drug is not chelated, reabsorption occurs with enterohe-
patic recycling. The elimination half-life is long (15–25 h).

The half-life and the area under the concentration–time 
curve (AUC) are little altered in renal insufficiency, with no 
evidence of accumulation after repeat dosing, even in anuric 
patients, evidently as a result of increased clearance through 
the liver or gastrointestinal tract, since biliary and fecal concen-
trations increase in renal failure. Although the plasma elimina-
tion half-life is unchanged, the drug appears to accumulate in 
tissues with increasing renal failure, and it has been suggested 
that less drug is bound to plasma protein and red cells through 
competition with other metabolites, which in turn increases 
hepatic elimination. Pharmacokinetics are unaltered by hemo-
dialysis or peritoneal dialysis. Clearance is decreased by about 
half in patients with type IIa and type IV hyperlipidemia.

The plasma elimination half-life is shortened by various 
antiepileptic agents including phenytoin, barbiturates and 
carbamazepine, presumably as a result of liver enzyme induc-
tion, although there is also evidence for some interference 
with the protein binding of doxycycline.

 TOXICITY AND SIDE EFFECTS

Untoward reactions are generally those typical of the group 
but gastrointestinal side effects are less common than with 
other tetracyclines due to the lower total dosage and the abil-
ity to administer the drug with meals. Esophageal ulceration 
as a result of capsule impaction has been reported. Dental and 
bone deposition appear to be less common than with other 
tetracycline derivatives. Other adverse phenomena include 
occasional vestibular toxicity.

Hypersensitivity reactions include photosensitivity and 
eosinophilia, but rarely anaphylaxis. In common with deme-
clocycline and chlortetracycline it may be a more powerful 
sensitizer than other tetracyclines. It is contraindicated in 
patients with acute porphyria because it has been demon-
strated to be porphyrinogenic in animals.
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 CLINICAL USE

Uses are those common to the group (Table 30.1, p. 346). 
Its once-daily administration and safety in renal insufficiency 
make it one of the most widely used tetracyclines. It is used 
in the prophylaxis and treatment of malaria in areas in which 
resistance to conventional antimalarial agents is common.

 Further information

Anonymous. Doxycycline hyclate. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:D229–D232.

Cunha BA. Doxycycline re-visited. Arch Intern Med. 1999;159:1006–1007.

MINOCYCLINE

7-Dimethylamino-6-demethyl-6-deoxy-tetracycline. 
Molecular weight (free base): 457.5; (hydrochloride): 
493.9.

A semisynthetic tetracycline derivative supplied as the hydro-
chloride for oral administration.

 ANTIMICROBIAL ACTIvITY

Activity against common bacterial pathogens is shown in 
Table 30.2 (p. 347). It exhibits the broad-spectrum activity 
typical of the group, but retains activity against some strains 
of Staph. aureus resistant to older tetracyclines. It is active 
against β-hemolytic streptococci and some tetracycline-
 resistant pneumococci. It is also active against some entero-
bacteria resistant to other tetracyclines, probably because 
some Gram-negative efflux pumps remove minocycline less 
 effectively than other tetracyclines. Some strains of H.  influenzae 

 resistant to other tetracyclines are susceptible. Sten. malto-
philia is susceptible, as are most strains of Acinetobacter spp. 
and L. pneumophila.

It is notable for its activity against Bacteroides and 
Fusobacterium spp., and is more active than other tetracyclines 
against C. trachomatis, brucellae and nocardiae. It inhibits 
Mycobacterium tuberculosis, M. bovis, M. kansasii and M. intrac-
ellulare at 5–6 mg/L. Candida albicans and C. tropicalis are also 
slightly susceptible.

 PHARMACOKINETICS

Oral absorption 95–100%

C
max

 150 mg oral

300 mg oral

2 mg/L after 2 h

4 mg/L after 2h

Plasma half-life 12–24 h

Volume of distribution 80–115 L

Plasma protein binding 76%

absorption

Food does not significantly affect absorption, which is depressed 
by co-administration with milk. It is chelated by metals and 
suffers the effects of antacids and ferrous sulfate common to 
tetracyclines. On a regimen of 100 mg every 12 h, steady-state 
concentrations ranged between 2.3 and 3.5 mg/L.

Distribution

The high lipophilicity of minocycline provides wide distri-
bution and tissue concentrations that often exceed those of 
the plasma. The tissue:plasma ratio in maxillary sinus and 
tonsillar tissue is 1.6; that in lung is 3–4. Sputum concen-
trations may reach 37–60% of simultaneous plasma levels. 
In bile, liver and gallbladder the ratios are 38, 12 and 6.5, 
respectively.

Prostatic and seminal fluid concentrations range from 40% 
to 100% of those of serum. CSF penetration is poor, espe-
cially in the non-inflamed state. Concentrations in tears and 
saliva are high, and may explain its beneficial effect in the 
treatment of meningococcal carriage.

Metabolism

Biotransformation to three microbiologically  inactive 
metabolites occurs in the liver; the most abundant is 
9-hydroxyminocycline.

excretion

Only 4–9% of administered drug is excreted in the urine, and 
in renal failure elimination is little affected. Neither hemodi-
alysis nor peritoneal dialysis affects drug elimination. Fecal 

 preparations and dosage

Proprietary name: Vibramycin.

Preparations: Capsules, tablets, suspension.

Dosage: Adults, oral, 200 mg on day 1 then 100 mg per day; severe 

infections, 200 mg per day; acne, 50 mg per day for 6 weeks or longer.

Widely available.
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excretion is relatively low and evidence for enterohepatic 
recirculation remains uncertain. Despite high hepatic excre-
tion, dose accumulation does not occur in liver disease, such 
as cirrhosis. Type IIa and type IV hyperlipidemic patients 
show a decreased minocycline clearance of 50%, suggesting 
that dose modification may be necessary.

 TOXICITY AND SIDE EFFECTS

Minocycline shares the untoward reactions common to the 
group with gastrointestinal side effects being most com-
mon, and more prevalent in women. Diarrhea is relatively 
uncommon, presumably as a result of its lower fecal con-
centrations. Hypersensitivity reactions, including rashes, 
interstitial nephritis and pulmonary eosinophilia, are occa-
sionally seen.

Staining of the permanent dentition occurs with all tetracy-
clines; a side effect that appears to be unique to minocycline 
is that of tissue discoloration and skin pigmentation. Tissues 
that may become pigmented include the skin, skull and other 
bones and the thyroid gland, which at autopsy appears black-
ened. The pigmentation tends to resolve slowly with discon-
tinuation of the drug and is related to the length of therapy. 
Three types of pigmentation have been identified:
•	 A	brown	macular	discoloration	(‘muddy	skin	syndrome’),	

which occurs in sun-exposed parts and is histologically 
associated with melanin deposition.

•	 Blue–black	macular	pigmentation	occurring	within	
inflamed areas and scars associated with hemosiderin 
deposition.

•	 Circumscribed	macular	blue–gray	pigmented	areas	
occurring in sun-exposed and unexposed skin, which 
appears to be linked to a breakdown product of 
minocycline.

CNS toxicity has been prominent, notably benign intracra-
nial hypertension, which resolves on discontinuation of the 
drug, and, more commonly, dizziness, ataxia, vertigo, tinni-
tus, nausea and vomiting, which appear to be more frequent 
in women. These primarily vestibular side effects have ranged 
in frequency from 4.5% to 86%. They partly coincide with 
plasma concentration peaks, but their exact pathogenesis has 
yet to be determined.

 CLINICAL USE

There appear to be few situations in which it has a unique 
therapeutic advantage over other tetracyclines. Its use has been 
tempered by the high incidence of vestibular side effects.

Although used in the long-term management of acne, the 
potential for skin pigmentation must be considered. Because 
of its high tissue concentrations, it may occasionally provide a 
useful alternative to other agents for the treatment of chronic 
prostatitis. It has a role in the treatment of sexually transmit-
ted chlamydial infections.

 Further information

Anonymous. Minocycline (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:M187–M190.

Dykhuizen RS, Zaidi AM, Godden DJ, Jegarajah S, Legge JS. Minocycline and 
 pulmonary eosinophilia. Br Med J. 1995;310:1520–1521.

Freeman CD, Nightingale CH, Quintiliani R. Minocycline: old and new therapeutic 
uses. Int J Antimicrob Agents. 1994;4:325–335.

Okada N, Moriya K, Nishida K, et al. Skin pigmentation associated with minocycline 
therapy. Br J Dermatol. 1989;121:247–257.

Saivin S, Houin G. Clinical pharmacokinetics of doxycycline and minocycline. 
Clin Pharmacokinet. 1988;15:355–366.

OXYTETRACYCLINE

5-Hydroxytetracycline. Molecular weight (free base): 460.4; 
(dihydrate): 496.5.

A fermentation product of certain strains of Streptomyces rimo-
sus, supplied as the dihydrate or hydrochloride for oral or par-
enteral administration.

 ANTIMICROBIAL ACTIvITY

Its spectrum and activity are typical of the group (Table 30.2, 
p. 347). It is slightly less active than other tetracyclines against 
most common pathogenic bacteria.

 PHARMACOKINETICS

Oral absorption c. 60%

C
max

 500 mg oral 3–4 mg/L after 2–4 h

Plasma half-life c. 9 h

Volume of distribution c. 1.8 L/kg

Plasma protein binding 20–35%

Oxytetracycline is moderately well absorbed from the upper 
gastrointestinal tract. Food decreases plasma levels by approx-
imately 50%. Although widely distributed in the tissues, it 

 preparations and dosage

Proprietary name: Minocin.

Preparations: Tablets, capsules.

Dosage: Adults, oral, 100 mg every 12 h; acne, 100 mg per day as a single 

dose or two divided doses.

Widely available.
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achieves lower concentrations than related agents such as mino-
cycline. Sputum concentrations of 1 mg/L have been recorded 
on a daily dosage of 2 g. Approximately 60% is excreted in the 
urine and the half-life is prolonged in renal insufficiency.

 TOXICITY AND SIDE EFFECTS

Gastrointestinal intolerance is responsible for most side 
effects, and tends to be more severe than with other tetra-
cyclines. Esophageal irritation may result from the local 
effects of the swallowed drug. Potentially serious adverse 
reactions have included neuromuscular paralysis follow-
ing intravenous administration to patients with myasthenia 
gravis. Thrombocytopenic purpura and lupus erythematosus 
syndrome have been reported, although a direct role for the 
drug in the latter remains uncertain. Apart from the effect on 
nitrogen balance common to many tetracyclines, a metabolic 
effect on glucose homeostasis has been noted in type 1 dia-
betes mellitus. Allergic contact  sensitivity reactions have also 
been reported.

 CLINICAL USE

Its uses are those common to the group (Table 30.1, p. 346). 
It offers no unique therapeutic advantages, although it is one 
of the cheaper preparations.

 Further information

Anonymous. Oxytetracycline (dihydrate). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:O55–O58.

TETRACYCLINE

Molecular weight (free base): 444.4; (hydrochloride): 480.9.

A fermentation product of Streptomyces aureofaciens, also pro-
duced from chlortetracycline. Available as the hydrochloride 
for oral and topical use.

 ANTIMICROBIAL ACTIvITY

Its activity against common pathogenic bacteria is shown in 
Table 30.2 (p. 347). It is also active against V. cholerae, chla-
mydiae, rickettsiae and spirochetes.

 PHARMACOKINETICS

Oral absorption c. 75%

C
max

 500 mg oral 2–4 g/L

Plasma half-life 8.5 h

Volume of distribution c. 1.3 L/kg

Plasma protein binding c. 50–60%

absorption

When taken with food, absorption is reduced by approxi-
mately 50%. Steady-state plasma concentrations of 4–5 
mg/L occur after oral doses of 500 mg every 6 h. Women 
appear to produce higher concentrations than men. Divalent 
and trivalent cations such as calcium and aluminum pres-
ent in antacids and milk interfere with absorption through 
chelation, as does ferrous sulfate. H2-receptor antagonists, 
by raising gastric pH, also interfere with absorption through 
impaired drug dissolution. Despite the effect of gastric 
pH, oral absorption is not affected in elderly patients with 
achlorhydria.

Distribution

Tetracycline is widely distributed in the body tissues. In 
particular, it penetrates well into the prostate, uterus, ovary 
and bladder, and also appears to be preferentially taken 
up by the gastrointestinal tract. It is also detectable within 
reticuloendothelial cells of the liver, spleen and bone 
marrow.

Protein binding is reduced in states of malnutrition. It is 
also bound to bone, dentine and tooth enamel of unerupted 
teeth. Sputum concentrations of 0.4–2.6 mg/L have been 
detected after 250 mg oral dosage every 8 h. Maxillary sinus 
secretions and bronchial mucosal tissue have concentrations 
comparable to those of serum.

CSF penetration is poor, but increases with meningeal 
inflammation. It crosses the placenta readily to enter the fetal 
circulation, where it achieves 25–75% of the maternal plasma 
concentration. It is also present in breast milk.

 preparations and dosage

Proprietary name: Terramycin.

Preparations: Tablets, capsules.

Dosage: Adults, oral, 250–500 mg every 6 h; acne, 250 mg–1 g per day as 

a single dose or two divided doses.

Widely available.
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Metabolism

A small amount is metabolized to 4-epitetracycline.

excretion

Tetracycline is largely eliminated unchanged by glomeru-
lar filtration, with more than 50% excreted within 24 h after 
oral administration. This rises to approximately 70% fol-
lowing parenteral administration. Urinary concentrations of 
300 mg/L occur within the first 2 h and persist for up to 12 h. 
Urinary excretion is enhanced in alkaline urine. Renal clear-
ance is reduced in severe protein calorie malnutrition, possi-
bly through reduced glomerular filtration. It accumulates in 
the presence of renal failure and is only slowly removed by 
hemodialysis and minimally by peritoneal dialysis.

The bile is an important route of excretion, accounting for 
about one-third of the dose. Biliary concentrations may be 
10–25 times those found in serum. Impaired hepatic function 
or biliary obstruction leads to an increase in blood levels.

 TOXICITY AND SIDE EFFECTS

The gastrointestinal side effects common to the group are the 
most frequent cause of intolerance. Metallic taste and glos-
sitis are less burdensome than diarrhea. Antibiotic-associated 
enterocolitis caused by Clostridium difficile toxin and staph-
ylococcal enterocolitis have been reported. Steatorrhea and 
acute pancreatitis has also been described. Irritation and 
ulceration of the esophagus has occurred with local impac-
tion of the drug. C. albicans overgrowth is common and may 
result in symptomatic oral or vaginal candidiasis and occa-
sionally candida diarrhea.

Hypersensitivity reactions include contact dermatitis, urti-
caria, facial edema and asthma. Anaphylaxis is rare. A lupus 
syndrome has been reported, but its cause is uncertain. 
Photosensitivity can be severe and cause vesiculation, desqua-
mation and onycholysis. The Jarisch–Herxheimer reaction 
has been observed in the treatment of syphilis, louse-borne 
relapsing fever, leptospirosis, brucellosis and tularemia. 
Deposition in deciduous teeth and bone (where it may tem-
porarily inhibit growth) is of continuing concern. Between 
3% and 44% of administered tetracycline is incorporated in 
the inorganic phase of bone, which may become visibly dis-
colored and fluoresce. Concentrations as high as 290 mg/g 
have been recorded in bone in those on long-term tetracycline 
treatment for acne.

Existing renal insufficiency may be aggravated and is prob-
ably related to the antianabolic effect of this class of drugs; 
interference with protein synthesis places an additional  burden 
on the kidney from amino acid metabolism. Acute renal  failure 
may occur and can be aggravated by drug-induced diarrhea. 
Dehydration and salt loss from diuretic therapy may aggra-
vate nephrotoxicity. Methoxyflurane and tetracycline in com-
bination may be synergistically nephrotoxic.

An uncommon but serious adverse reaction is acute fatty 
liver, which may be complicated by renal insufficiency and 
electrolyte abnormalities. This is most likely to occur with high-
dose intravenous administration, especially during pregnancy.

Hematological toxicity is uncommon. Leukopenia, throm-
bocytopenia and hemolytic anemia have been reported. 
Altered coagulation may also occur with high intravenous 
dosage. Phagocyte function may be impaired as a result of the 
increased excretion of vitamin C.

Neurological toxicity is uncommon but includes benign 
intracranial hypertension (p. 345). A transient myopa-
thy has complicated long-term oral use for the treatment 
of acne, while intravenous administration has caused 
increased muscle weakness in those with myasthenia gravis 
and has also potentiated curare-induced neuromuscular 
blockade.

Metabolic effects include: precipitation of lactic acido-
sis in diabetic patients receiving phenformin; a reduction 
in vitamins B12, B6 and pantothenic acid with long-term 
therapy; interference with laboratory tests of urinary cat-
echolamines and urinary tests for glucose (Clinitest and 
Benedict’s);	 and	 elevation	 of	 serum	 lithium	 concentra-
tions. In addition, warfarin is potentiated and failure of oral 
 contraception occurs.

 CLINICAL USE

Uses are those listed in Table 30.1 (p. 346). Along with doxy-
cycline it is one of the most commonly used tetracyclines.

 Further information

Anonymous. Tetracycline (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 
2nd ed. Edinburgh: Churchill Livingstone; 1999:T66–T69.

Boer de WA, Driessen WM, Potters VP, Tytgat GN. Randomized study comparing 
1 with 2 weeks of quadruple therapy for eradicating Helicobacter pylori. Am J 
Gastroenterol. 1994;89:1993–1997.

Feurle GE, Marth T. An evaluation of antimicrobial treatment for Whipple’s 
disease. Tetracycline versus trimethoprim–sulfamethoxazole. Dig Dis Sci. 
1994;39:1642–1648.

Labenz J, Ruhl GH, Bertrams J, Borsch G. Effective treatment after failure of 
omeprazole plus amoxycillin to eradicate Helicobacter pylori infection in peptic 
ulcer disease. Alimen Pharmacol Ther. 1994;8:323–327.

Looareesuwan S, Vanijanota S, Viravan C, et al. Randomised trial of mefloquine–
tetracycline and quinine–tetracycline for acute uncomplicated falciparum 
malaria. Acta Trop. 1994;57:47–53.

 preparations and dosage

Proprietary names: Achromycin, Sustamycin, Tetrabid-Organon, 

Tetrachel, Deteclo (in combination with chlortetracycline and 

demeclocycline), Mysteclin (in combination with nystatin).

Preparations: Tablets, capsules.

Dosage: Adults, oral, 250–500 mg every 6–8 h, depending on severity of 

infection; acne, 500 mg–1 g per day as a single dose or two divided doses.

Widely available as oral formulation.
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Murphy AA, Zacur HA, Charache P, Burkman RT. The effect of tetracycline on levels 
of oral contraceptives. Am J Obstet Gynecol. 1991;164:28–33.

Nicolau DP, Mengedoht DE, Kline JJ. Tetracycline-induced pancreatitis. Am J 
Gastroenterol. 1991;86:1669–1671.

TIGECYCLINE

Molecular weight: 585.6

9-T-butylglycylamido-minocycline. A compound of the glycyl-
cycline class available as a powder for intravenous infusion.

 ANTIMICROBIAL ACTIvITY

Activity against common bacterial pathogens is shown in 
Table 30.2 (p. 347). It is as potent as, or more potent than, 
earlier tetracyclines and activity is retained against strains 
expressing acquired tetracycline resistance determinants. It 
displays better activity than tetracycline, doxycycline or 
minocycline against Streptococcus spp. and against Enterococcus 
faecalis and E. faecium. Among Gram-negative organisms it 
displays improved activity against Citrobacter freundii, 
Escherichia coli, Enterobacter cloacae, Klebsiella pneumoniae, 
Salmonella spp., Serratia marcescens and Shigella spp. The 
spectrum includes rapidly growing mycobacteria. Ps. aerugi-
nosa, Pr. mirabilis, other Proteus spp. and some strains of 
Corynebacterium jeikeium are resistant. Activity against strains 
expressing acquired resistance to earlier tetracyclines is 
attributed to failure of the MFS efflux pumps to recognize 
tigecycline, and to a novel mechanism of ribosome binding 
that permits tigecycline to overcome ribosomal protection 
mechanisms.

Comparative susceptibility data for some atypical patho-
gens are not available. However, in common with  earlier tet-
racyclines, it is active against Chlamydophila and Mycoplasma 
spp. and rapidly growing Mycobacteria spp. It is less active 
than minocycline or tetracycline against U. urealyticum.

 PHARMACOKINETICS

C
max

 100 mg intravenous infusion (1 h) 0.85–1 mg/L

Plasma half-life 37–67 h

Volume of distribution 7–10 L/kg

Plasma protein binding 68%

Distribution and excretion

It is widely distributed and is concentrated in the gallbladder, 
colon and lung. The volume of distribution is dose related and 
variable, but is generally greater than that of older tetracy-
clines. CSF penetration is poor. Tigecycline is excreted in the 
feces and urine predominantly as the unchanged molecule. 
The elimination half-life is long (37–67 h). Tigecycline clear-
ance is decreased by 20% in patients with renal failure. No 
dosage adjustments are apparently necessary for tigecycline 
in patients with renal impairment.

 TOXICITY AND SIDE EFFECTS

Side effects typical of the group, including nausea, vomiting, 
diarrhea and headache, occur. Occasional cases of pancreati-
tis, hypoproteinemia, antibiotic-associated colitis and throm-
bocytopenia have also been reported.

 CLINICAL USE

Recommended principally for the treatment of infections with 
multiresistant organisms.

 Further information

Muralidharan G, Micalizzi M, Speth J, et al. Pharmacokinetics of tigecycline after 
single and multiple doses in healthy subjects. Antimicrob Agents Chemother. 
2005;49:220–229.

Olson MW, Ruzin A, Feyfant E, et al. Functional, biophysical and structural 
bases for antibacterial activity of tigecycline. Antimicrob Agents Chemother. 
2006;50:2156–2166.

Rodvold KA, Gotfried MH, Cwik M, et al. Serum, tissue and body fluid concen-
trations of tigecycline after a single 100 mg dose. J Antimicrob Chemother. 
2006;58:1221–1229.

Various authors. Tigecycline, a therapeutic option from a new antibiotic class 
(the glycylcyclines) in an era of increasing resistance. J Antimicrob Chemother. 
2008;62(supp 1):i1–i40.

Complicated skin and skin structure infections

Complicated intra-abdominal infections

Community-acquired bacterial pneumonia

 preparations and dosage

Proprietary name: Tygacil.

Preparation: Powder.

Dosage: Adults, i.v. infusion of 100 mg followed by 50 mg every 12 h for 

5–14 days.

Available in the USA, Europe and Japan.
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OTHER TETRACYCLINES

 LYMECYCLINE

2-N-lysinomethyl-tetracycline. A water-soluble prodrug of 
tetracycline available for oral administration.

Its antimicrobial activity is due to the tetracycline content. It 
is lipophilic, rapidly absorbed from the gastrointestinal tract and 
widely distributed. Concentrations around 1 mg/kg have been 
found in maxillary sinus tissue some 3 h after administration 
of a conventional dose. The half-life is 7–14 h. Approximately 
30% of an orally administered dose is excreted as active drug in 
the urine, where it achieves concentrations of 300 mg/L.

Its untoward effects and clinical uses are those of tetracy-
cline, although it is claimed to be better tolerated.

 METHACYCLINE

6-Methylene-5-hydroxy-tetracycline. A semisynthetic deriva-
tive supplied as the hydrochloride for oral administration.

Mean peak plasma concentrations of 2–6 mg/L are found 
about 4 h after a 300 mg oral dose. Both food and milk reduce 
uptake by half. Protein binding is 80–90%. The plasma elimi-
nation half-life varies between 7 and 15 h and increases to 44 h 
in severe renal impairment. It is widely distributed, producing 
lung concentrations similar to, or greater than, the simultaneous 
plasma concentration. About one-third is excreted in the urine.

Gastrointestinal intolerance is reported to be less fre-
quent than with other tetracyclines, largely because of the 

lower  dosages used. There are no unique adverse drug reac-
tions, although skin and conjunctival pigmentation have been 
reported.

 ROLITETRACYCLINE

2-N-pyrrolidinomethyl-tetracycline. A semisynthetic deriva-
tive of tetracycline supplied as the nitrate sesquihydrate for 
parenteral use.

It is not absorbed from the gastrointestinal tract. It is highly 
soluble and therefore can be administered parenterally. Peak 
plasma concentrations of 4–6 mg/L occur at 0.5–1 h after  
350 mg intravenously. The plasma elimination half-life is 5–8 h.  
About 50% of the dose is excreted in the urine, producing 
high concentrations.

Intravenous administration is occasionally accompanied by 
abnormal taste, shivering and rigors, hot flushes, facial red-
dening, dizziness and, rarely, circulatory collapse. Symptoms 
of myasthenia gravis have occasionally been exacerbated.

 preparations and dosage

Proprietary name: Tetralysal 300.

Preparation: Capsules.

Dosage: Adults, oral, 408 mg every 12 h.

Available in the UK and continental Europe.

 preparations and dosage

Proprietary name: Rondomycin.

Preparation: Capsules.

Dosage: Adults, oral, 600 mg per day in two or four divided doses.

Widely available in continental Europe.

 preparations and dosage

Proprietary name: Reverin.

Preparation: Injection.

Dosage: Adults, i.m., 350 mg per day; i.v., 275 mg per day.

Limited availability in continental Europe.



Chapter

This chapter is concerned with various antimicrobial compounds 
that are structurally different from the major antimicrobial drug fami-
lies and from each other. Most are of limited use in human medicine, 
except in specific diseases or as topical agents.

NITROFURANS

Antimicrobial nitrofurans are based on the 5-nitro-2-
 furaldehyde molecule:

Antimicrobial activity requires the 5-nitro group. 
Substitutions on the aldehyde at the 2 position produce com-
pounds with varying activities and pharmacokinetic proper-
ties. They are yellow or orange compounds and are relatively 
easy to synthesize. They are poorly soluble in water, but 
often dissolve well in  solvents such as dimethyl sulfoxide or 
dimethylformamide.

Many nitrofurans have been developed since their antibac-
terial activity was discovered in the early 1940s, but few have 
survived into medical and veterinary practice. Nitrofurantoin 
is the most important, but furazolidone is also widely used in 
some countries for non-specific treatment of gastrointestinal 
infections.

Nitrofurans are active in vitro against a wide range of 
bacteria, including staphylococci, streptococci, enterococci, 
corynebacteria, clostridia and many species of enterobacteria 
(Table 31.1). Serratia marcescens, Pseudomonas aeruginosa and 
members of the Proteae tribe are resistant. They are less active 
under alkaline conditions.

They are active against strains of Helicobacter pylori that 
have acquired resistance to metronidazole, but it is not 
clear whether this reflects therapeutic efficacy. Nifurtimox 
is one of the few antimicrobial agents with activity against 
trypanosomes.

Many nitrofurans are mutagenic, and some are said to 
be co-carcinogenic. However, therapeutic use of nitrofurans 
over many years has shown no evidence of long-term harmful 
effects. Nitrofurans share a class side effect of causing nausea. 
They may also bring about hemolysis in patients with a defi-
ciency of glucose-6-phosphate dehydrogenase.

 Further information

Buzás GM, Józan J. Nitrofuran-based regimens for the eradication of Helicobacter 
pylori infection. J Gastroenterol Hepatol. 2007;22:1571–1581.

Raether W, Hänel H. Nitroheterocyclic drugs with broad spectrum activity. 
Parasitological Research. 2003;90(supp 1):S19–S39.

FURAZOLIDONE

Molecular weight: 225.2.

A non-ionic synthetic compound, available for oral use only. 
It is poorly soluble in water (40 mg/L) and ethanol (90 mg/L), 
but dissolves well in dimethylformamide (10 g/L). It decom-
poses in the presence of alkali.

 ANTImIcRObIAL AcTIvITy

Activity against common bacterial pathogens is shown in Table 
31.1. It is active against a wide range of enteric pathogens, 
including Salmonella enterica, Shigella spp., enterotoxigenic 
Escherichia coli, Campylobacter jejuni, Aeromonas hydrophila, 
Plesiomonas shigelloides, Vibrio cholerae and V. parahaemolyticus.  
Yersinia enterocolitica is intrinsically resistant. Furazolidone 
is also active against the protozoa Giardia  lamblia and 
Trichomonas vaginalis.

31 Miscellaneous antibacterial 
agents
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 AcqUIRED RESISTANcE

Acquired resistance has been observed in V. cholerae O1 
and O139, S. enterica serotypes Typhi and Enteritidis,  
A. hydrophila and Shigella spp. Such resistance may be 
transferable, and there is cross-resistance with nitrofuran-
toin. Many of these reports come from the Indian sub-
continent, where furazolidone is used widely for treating 
diarrheal diseases.

 PhARmAcOkINETIcS

There is substantial absorption (65–70%) after oral admin-
istration, but the drug is heavily metabolized, so that only 
about 5% of the material excreted is microbiologically active. 
A dose of 5 mg/kg achieves a maximum plasma concentration 
of around 1 mg/L. Protein binding is about 30%. Intact drug 
can be found in various body fluids in concentrations approx-
imating to the minimum inhibitory concentration (MIC) 
for various intestinal pathogens. Less than 1% of the drug is 
excreted into urine.

 TOxIcITy AND SIDE EFFEcTS

Most reported side effects are mild and only rarely cause dis-
continuation of treatment. Nausea and vomiting are experi-
enced by around 8% of patients. Other adverse events include 
neurological reactions (mainly headache; 1.3% of patients), 
‘systemic’ reactions such as fever and malaise (0.6%) and skin 

rashes (0.54%). Administration of furazolidone may give rise 
to inhibition of monoamine oxidase, and disulfiram-like reac-
tions have been reported.

 cLINIcAL USE

Furazolidone is used in gastrointestinal infections and vagini-
tis. It is mainly used in developing countries to treat diarrheal 
diseases of varying etiology, but it is not the drug of choice 
if a specific pathogen has been identified. Use as a second-
line agent in giardiasis and as part of multidrug regimens in 
Helicobacter infection has been advocated.

 Further information

Gardner TB, Hill DR. Treatment of giardiasis. Clin Microbiol Rev. 2001;14:114–128.
Graham DY, Qureshi WA. Antibiotic-resistant H. pylori and its treatment. Curr 

Pharm Des. 2000;6:1537–1544.
Samal SK, Khuntia HK, Nanda PK, et al. Incidence of bacterial enteropathogens 

among hospitalized diarrhea patients from Orissa, India. Jpn J Infect Dis. 
2008;61:350–355.

 Furazolidone Nitrofurantoin Nitrofurazone

Staphylococcus aureus 2–8 4–32 8–16

Streptococcus pyogenes 4–8 4–16 8–64

Enterococcus faecalis 8–32 4–128 32–128

Neisseria gonorrhoeae No data 0.25–2 0.1–8

Escherichia coli <0.5–4 0.5–16 4–16

Proteus spp. 32–128 8–R 8–128

Klebsiella pneumoniae 2–8 32–R 8–128

Salmonella enterica 0.25–2 4–128 4–16

Shigella spp. 0.25–4 4–128 4–32

Pseudomonas aeruginosa R R R

Bacteroides fragilis 8–16 8–16 4–32

Helicobacter pylori 0.06–0.25 8–32 No data

table 31.1 Activity of nitrofurans against common pathogenic bacteria: MIC (mg/L)

R, resistant (MIC >128 mg/L).

preparations and dosage

Preparations: Tablets, suspension.

Dosage: Adults, oral, 100 mg, every 6 h for 7–10 days. Children, 1.25 mg/kg 

every 6 h (suspension available).

Limited availability in the USA and continental Europe.
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NITROFURANTOIN

Molecular weight: 238.2.

A synthetic compound available only for oral administration. 
There are three formulations, differing in their crystalline 
nature: microcrystalline, macrocrystalline, and a delayed-
release preparation containing a combination of the two. The 
macrocrystalline form is said to be less liable to give rise to 
the most common adverse event, nausea. However, pharma-
cokinetic and clinical trial evidence for this assertion is not 
very strong.

It is slightly soluble in water (c. 200 mg/L) but more so 
in dilute alkali. Solubility in ethanol is modest (500 mg/L), 
but the compound dissolves very well in dimethylformamide 
(80 g/L). If packaged in light-resistant containers and kept at 
room temperature, it is stable for more than 5 years. The yel-
low solution should be kept in the dark.

 ANTImIcRObIAL AcTIvITy

Activity against common bacterial pathogens is shown in 
Table 31.1. It is active against almost all the common urinary 
pathogens, except Proteus mirabilis. It is bactericidal.

It antagonizes the activity of nalidixic acid and other qui-
nolones in vitro, but this combination is unlikely to be used 
clinically.

 AcqUIRED RESISTANcE

Surprisingly for an agent that has been used for so long, resis-
tance remains uncommon. R-factor-mediated resistance has 
been reported, but this appears to be very unusual. The mech-
anism of resistance seems to be a decreased nitroreductase 
activity in the target organism.

There is cross-resistance within the nitrofuran group, but 
none with antibiotics of other chemical classes.

 PhARmAcOkINETIcS

Oral absorption >95%

C
max

 100 mg oral <2 mg/L after 1–4 h

Plasma half-life 0.5–1 h

Volume of distribution 0.6 L/kg

Plasma protein binding 60–70%

absorption

It is absorbed mainly from the proximal small intestine and 
the plasma peak concentration may not be achieved for as 
long as 4 h. The recommendation to take the drug with food 
may be motivated by reducing the incidence of nausea rather 
than increasing bioavailability.

Bioavailability varies widely between different brands and 
this may not be apparent from results of standard in-vitro 
pharmaceutical tests. Therefore, different brands should not 
be substituted unless therapeutic equivalence has been for-
mally established.

Distribution

Serum levels are low, owing to extensive metabolism and the 
short plasma half-life. Tissue concentrations are too low for 
adequate treatment of systemic infection, including pyelo-
nephritis. Negligible concentrations are found in breast milk 
and only a small amount crosses the placenta.

Metabolism and excretion

About 20% of the dose is excreted in microbiologically 
active form in the urine, sufficient to give inhibitory con-
centrations against urinary pathogens for up to 6 h. With 
reduced renal function (creatinine clearance <60 mL/min), 
urinary excretion falls, and virtually ceases when creatinine 
clearance is below 20 mL/min. This gives rise to the risk of 
accumulation in the blood and inadequate urine levels. With 
this proviso, it can be given to elderly patients. Infants over 
the age of 3 months may also be treated, but in the absence 
of a suitable suspension, and at the recommended dosage, a 
6-month baby would need to be given one-tenth of a stan-
dard 50 mg tablet.

 TOxIcITy AND SIDE EFFEcTS

Nausea, which may be combined with anorexia or vom-
iting, or both, occurs in about 30% of patients taking the 
microcrystalline form, causing about 10% to stop treatment. 
The frequency of nausea is approximately halved with the 
 macrocrystalline formulation. Nausea is due to a direct effect 
on the vomiting center; it occurs early in the course, and its 
incidence may be reduced by taking the medication with 
food or milk.

Pulmonary, hepatic, neurological and hematological side 
effects have been reported, but are very uncommon. There 
are two kinds of pulmonary reaction. Acute reactions are the 
more common, starting within 5–10 days of the first dose, or 
within a few hours on re-challenge. Symptoms may resemble 
those found in asthma, tracheobronchitis or pneumonia, and 
usually resolve permanently within 2 days. There may be an 
eosinophilia. Subacute or chronic reactions, often referred to 
as pneumonitis, are of more gradual onset, and resolve only 
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slowly when the drug is stopped. Prolonged dyspnea and 
cough may be accompanied by fibrosis.

Hepatic reactions follow prolonged drug usage and usually 
manifest as chronic active hepatitis, sometimes with cirrhosis. 
The prognosis is good, but recovery may take months.

Peripheral neuropathy has been reported mainly in patients 
with pre-existing impaired renal function. The prognosis 
depends upon the severity of the symptoms. Unlike hepatic 
and pulmonary effects, for which immunological phenomena 
seem to be responsible, neurological events have been attrib-
uted to a direct toxic effect of the drug, one of its metabolites 
or the superoxide generated in vivo.

In common with other nitrofurans, nitrofurantoin may 
cause hemolysis in patients who lack glucose-6-phosphate 
dehydrogenase.

 cLINIcAL USE

A nitrofurantoin analog, furagin (furazidin), with similar 
properties and use is available in eastern Europe.

 Further information

Anonymous. Nitrofurantoin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:N114–N117.

Arya SC, Agarwal N. Nitrofurantoin: the return of an old friend in the wake of 
growing resistance. BJU Int. 2009;103:994–995.

Dybowski B, Jabłońska O, Radziszewski P, Gromadzka-Ostrowska J, Borkowski A. 
Ciprofloxacin and furagin in acute cystitis: comparison of early immune and 
microbiological results. Int J Antimicrob Agents. 2008;31:130–134.

Guay DR. Contemporary management of uncomplicated urinary tract infections. 
Drugs. 2008;68:1169–1205.

Gupta K, Hooton TM, Roberts PL, Stamm WE. Short-course nitrofurantoin for 
the treatment of acute uncomplicated cystitis in women. Arch Intern Med. 
2007;167:2207–2212.

Lumbiganon P, Villar J, Laopaiboon M, et al. (World Health Organization 
Asymptomatic Bacteriuria Trial Group). One-day compared with 7-day 
nitrofurantoin for asymptomatic bacteriuria in pregnancy: a randomized 
controlled trial. Obstet Gynecol. 2009;113(2 Part 1):339–345.

OThER NITROFURANS

 NIFURATEL

A synthetic compound available as tablets and vaginal prepa-
rations. It is poorly soluble in water, but readily soluble in 
dimethylformamide.

The activity is similar to that of nitrofurantoin but it is 
more active, especially against Gram-negative anaerobes. 
It also has modest, but clinically useful, activity against 
Candida albicans. Little is known about the pharmacoki-
netics. It structurally resembles furazolidone, and may 
undergo a similar degree of metabolism. It does not achieve 
therapeutic concentrations in the bloodstream after oral  
administration and it seems likely that the antibacterial 
activity in urine is due to active metabolites. There is little 
or no systemic absorption when vaginal suppositories are 
used.

As with other members of the group, side effects are mostly 
associated with the upper gastrointestinal tract. It is used to 
treat urinary infections and vaginal candidiasis.

 Further information

Mendling W, Mailland F. Microbiological and pharmaco-toxicological profile of 
nifuratel and its favourable risk/benefit ratio for the treatment of vulvo-vaginal 
infections: a review. Arzneimittelforschung. 2002;52:8–13.

Mendling W, Poli A, Magnani P. Clinical effects of nifuratel in vulvovaginal 
infections. A meta-analysis of metronidazole-controlled trials. 
Arzneimittelforschung. 2002;52:725–730.

 NIFURTImOx

A water-soluble synthetic compound available for oral use. It 
exhibits antibacterial activity typical of the group, but its most 
notable property is its activity against trypanosomes, espe-
cially Trypanosoma cruzi.

A plasma concentration of 0.5–1 mg/L is achieved c. 2 h 
after an oral dose of 15 mg/kg. The plasma half-life is 2–4 h. In 
common with other nitrofurans, it is rapidly and extensively 
metabolized, so that less than 1% of a dose is excreted intact 
in the urine. In renal failure, clearance is somewhat reduced 
but the half-life is unchanged.

preparations and dosage

Proprietary names: Furadantin (microcrystalline), Macrodantin 

(macrocrystalline), Macrobid (mixture).

Preparations: Tablets, capsules, suspension.

Dosage: Adults, oral, 50 or 100 mg every 6 h for 5 or 7 days for acute 

infection; 50–100 mg at night for prophylaxis. Children >3 months, 3 mg/kg 

per day in four divided doses; 1 mg/kg at night for prophylaxis.

Widely available.

Acute dysuria and frequency

Bacteriuria in pregnancy

Prophylaxis of recurrent cystitis (reduced dosage)

preparations and dosage

Preparations: Tablets and vaginal pessaries.

Dosage: Adults, oral, 200–400 mg every 8 h. A 250 mg vaginal pessary 

may be used concurrently once a day for 10 days.

Available in some countries in continental Europe.
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Adverse events are common. Many patients experience 
anorexia, which may be combined with vomiting and  abdominal 
pain. There may also be neurological reactions such as restless-
ness, insomnia, headache and disorientation.

It is used in the treatment of Chagas disease (South 
American trypanosomiasis). It has also found some use in the 
treatment of African sleeping sickness in combination with 
eflornithine (p. 419).

 Further information

Anonymous. Nifurtimox. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:N91–N95.

Castro JA, de Mecca MM, Bartel LC. Toxic side effects of drugs used to treat 
Chagas’ disease (American trypanosomiasis). Hum Exp Toxicol. 2006;25:471–479.

Jannin J, Villa L. An overview of Chagas disease treatment. Memórias do Instituto 
Oswaldo Cruz. 2007;102(supp 1):95–97.

Kennedy PG. The continuing problem of human African trypanosomiasis (sleeping 
sickness). Ann Neurol. 2008;64:116–126.

 NIFURTOINOL

The hydroxymethyl derivative of nitrofurantoin, formulated 
for oral administration. The activity is similar to that of nitro-
furantoin. Little is known about the pharmacokinetic behav-
ior. It is said to be more rapidly absorbed than nitrofurantoin 
and excreted into the urine to a greater extent. Available in 
some countries in continental Europe.

 NITROFURAZONE (NITROFURAL)

A synthetic compound used in the topical treatment of 
wounds and burns and as an instillation for bladder wash-
out. A nitrofurazone-impregnated urinary catheter is said 
to reduce infection in catheterized patients. Activity against 
the common bacterial pathogens is sufficient to cover most 
pathogens that cause infections of burns and wounds, 
with the important exception of Ps. aeruginosa. Attention 
has been drawn to its activity against methicillin- resistant 
Staphylococcus aureus, and its use in clearing carriage has 
been suggested. Slight absorption occurs from intact skin 
(c. 1%) and burned skin (5%). It is neither a primary 

 irritant nor a sensitizer, but some preparations contain 
polyethylene glycol as a vehicle, and absorption can cause 
problems in patients with reduced renal function. Of lim-
ited availability.

 Further information

Schumm K, Lam TB. Types of urethral catheters for management of short-term 
voiding problems in hospitalized adults: a short version Cochrane review. 
Neurourol Urodyn. 2008;27:738–746.

Stensballe J, Tvede M, Looms D, et al. Infection risk with nitrofurazone-
impregnated urinary catheters in trauma patients: a randomized trial. Ann Intern 
Med. 2007;147:285–293.

PEPTIDE ANTIbIOTIcS

Peptides of various kinds were among the earliest antibiot-
ics isolated from natural sources. The recovery of tyrothricin 
from Bacillus brevis was reported in 1939 and its separation 
into gramicidin (a linear peptide) and tyrocidine (a cyclic 
peptide) in 1940. Gramicidin S (Soviet), which is also pro-
duced by a strain of B. brevis, is a cyclic peptide similar to 
tyrocidine. It was developed in the former Soviet Union and 
is not generally available.

Another cyclic peptide, bacitracin, was isolated from 
Bacillus licheniformis in 1945 and named after Margaret 
Tracy, the young girl from whom the organism was iso-
lated. Polymyxin B, which was discovered almost simulta-
neously in the USA as a product of Bacillus polymyxa and 
in the UK as a product of Bacillus aerosporus followed in 
1947. 

The disruptive activity of these peptides on cell mem-
branes, to which they owe their mammalian toxicity, has lim-
ited their therapeutic use largely to topical application, but 
the polymyxins, notably as colistimethate sodium (colistin 
sulfomethate), are still occasionally used systemically against 
otherwise resistant organisms. Daptomycin, a lipopeptide 
originally developed and discarded in the 1980s, has been 
revived for the treatment of infections with resistant Gram-
positive cocci.

Antibacterial oligopeptides are virtually ubiquitous 
throughout the natural world and are thought to play a 
part in native defences against infection. Such peptides 
include, among many others: cecropins (originally described 
in insects); magainins (from the skin of the toad Xenopus  
laevis); lantibiotics (lanthionine-containing peptides, like nisin, 
from bacteria); and defensins (from mammalian phagocytes). 
Many of these compounds interfere with membrane integrity 
and exhibit differential activity against various species. Some 
of them, and related synthetic oligopeptides, continue to be 
investigated, but none has yet emerged as a possible thera-
peutic agent.

preparations and dosage

Preparation: Oral.

Dosage: Adults, oral, 8–10 mg/kg per day in divided doses. Children: 1–10 

years, 15–20 mg/kg per day in divided doses; 11–16 years, 12.5–15 mg/kg 

per day in divided doses. Treatment should last 60–120 days.

Available in South America.
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DAPTOmycIN

A semisynthetic lipopeptide derived from a fermentation 
product of Streptomyces roseosporus.

Daptomycin is a cyclic peptide with a lipophilic tail and thus 
resembles the polymyxins structurally. Its useful activity is 
restricted to Gram-positive cocci, notably Staph. aureus and its 
chief attraction is that it retains activity against multiresistant 
strains. Its activity in vitro is greatly potentiated by the pres-
ence of calcium (but not magnesium) ions and in these condi-
tions it is more potently bactericidal than the glycopeptides.

 PhARmAcOkINETIcS

Oral absorption Poor

C
max

 4 mg/kg intravenous infusion 55 mg/L end infusion

Plasma half-life 8–9 h

Volume of distribution c. 0.1 L/kg

Plasma protein binding 92–95%

Oral absorption is poor and it is administered intravenously. 
It is eliminated predominantly by the kidneys, about half the 
dose being excreted unchanged within 24 h. The plasma half-
life increases in patients with impaired renal function so that 
the dosage interval should be extended. Around 10% of an 
administered dose is removed by peritoneal and hemodialysis.

 TOxIcITy AND SIDE EFFEcTS

It is generally well-tolerated, but gastrointestinal side effects, 
headache and various other adverse reactions occur with 
varying frequency. Less commonly, but more seriously, 
myalgia, muscle weakness and myositis may occur requir-
ing regular monitoring of creatine kinase during treatment. 
Rhabdomyolysis has been reported, but is very rare.

 Further information

Hair PI, Keam SJ. Daptomycin: a review of its use in the management of 
complicated skin and soft tissue infections and Staphylococcus aureus 
bacteraemia. Drugs. 2007;67:1483–1512.

Hawkey PM. Pre-clinical experience with daptomycin. J Antimicrob Chemother. 
2008;62(supp 3):iii7–iii14.

Sauermann R, Rothenburger M, Graninger W, Joukhadar C. Daptomycin: a review 
4 years after first approval. Pharmacology. 2008;81:79–91.

Tally FP, DeBruin MF. Development of daptomycin for gram-positive infections. 
J Antimicrob Chemother. 2000;46:523–526.

POLymyxINS

Polymyxin B and colistin (polymyxin E); mixtures of sul-
fates of polypeptides produced by strains of B. polymyxa and 
B.  polymyxa var. colistinus. Colistimethate sodium (colistin sul-
fomethate sodium). Molecular weights: polymyxin B1 1203; 
polymyxin B2 1189; colistimethate sodium 1748.

A group of basic polypeptide antibiotics with a side chain ter-
minated by characteristic fatty acids. Five polymyxins (A–E) 
were originally characterized and others have since been 
added. Polymyxin B and colistin (polymyxin E) sulfates have 
been commercially developed.

By treatment with formalin and sodium bisulfite, five of 
the six diaminobutyric acid groups of the polymyxins can be 
modified by sulfomethyl groups to form undefined mixtures 
of the mono-, di-, tri-, tetra- and penta-substituted deriva-
tives. Sulfomethyl polymyxins differ considerably in their 

preparations and dosage

Proprietary name: Cubicin.

Preparation: Injection.

Dosage: Adults, i.v., 2–6 mg/kg once daily.

Widely available.
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properties from the parent antibiotics: they are less active 
antibacterially, less painful on injection, more rapidly excreted 
by the kidney and less toxic. Only colistimethate sodium is 
now commercially available for systemic use, but polymyxin 
B and colistin sulfates are found as ingredients of several topi-
cal formulations.

 ANTImIcRObIAL AcTIvITy

All the polymyxins have a similar antibacterial spectrum, 
although there are slight quantitative differences in their 
activity in vitro. They are inactive against Gram-positive 
organisms, but nearly all enterobacteria, except Proteus spp., 
Burkholderia cepacia and Ser. marcescens, are highly suscepti-
ble. The MIC of polymyxin B or colistin sulfate for Esch. coli 
and Klebsiella spp. is 0.01–1 mg/L; the corresponding concen-
tration for Ps. aeruginosa is 0.03–4 mg/L. Bacteroides fragilis is 
resistant, but other Bacteroides spp. and fusobacteria are sus-
ceptible. Resistance of V. cholerae eltor to polymyxin B distin-
guishes it from the classic vibrio.

The sulfomethyl derivatives are generally 4–8 times less 
active than the sulfates, but their activity is difficult to mea-
sure precisely since on incubation they spontaneously decay 
to the parent compound, with a corresponding progressive 
increase in antibacterial activity.

Binding of polymyxins to the bacterial cell membrane can 
increase permeability to hydrophilic compounds, including 
sulfonamides and trimethoprim, producing significant syn-
ergy. Synergy with ciprofloxacin is also described. Calcium 
ions exert a strong pH-dependent competition for membrane 
binding sites, and the presence of calcium and magnesium 
ions in certain culture media adversely affects the bactericidal 
activity, notably against Ps. aeruginosa.

 AcqUIRED RESISTANcE

There is complete cross-resistance between the  polymyxins, 
but stable acquired resistance in normally susceptible 
species is very rare. Adaptive resistance, probably due to 
changes in cell-wall permeability, is readily achieved by pas-
sage of a variety of enterobacteria in the presence of the 
agents in vitro.

 PhARmAcOkINETIcS

Oral absorption Negligible

C
max

 (colistimethate sodium) 2 mega-units  

(c. 16 mg colistin base) i.m.

6–7 mg/L after 2–3 h

Plasma half-life (colistimethate sodium) c. 4–6 h

Plasma protein binding Very low

absorption

Polymyxins are not absorbed from the alimentary tract or 
mucosal surfaces, but can be absorbed from denuded areas 
or large burns.

Distribution

After parenteral administration of the sulfates, blood levels are 
usually low (1–4 mg/L 2 h after a 500 000 unit intramuscu-
lar dose). Substantially higher plasma levels are obtained from 
intramuscular injections of sulfomethyl polymyxins. There 
is some accumulation in patients receiving 120 mg every 
8 h. In patients treated intravenously with a priming dose of  
1.5–2.5 mg/kg followed by continuous infusion of 4.8–6.0 mg/h 
for 20–30 h, steady state levels were around 5–10 mg/L.

The volume of distribution is unknown, but polymyxins 
diffuse poorly into tissue fluids and penetration to cerebro-
spinal fluid is poor. As a result of binding to mammalian cell 
membranes (sulfomethates less so), they persist in the tissues, 
where they accumulate on repeated dosage, although they dis-
appear from the serum. Polymyxin crosses the placenta, but 
the levels achieved are low. A small amount appears in the 
breast milk.

Metabolism and excretion

The sulfates are excreted almost entirely by the kidney, but 
after a considerable lag, with very little of the dose appear-
ing in the first 12 h. The sulfomethyl derivatives are much 
more rapidly excreted, accounting for their shorter half-lives. 
Around 80% of a parenteral dose of colistimethate sodium 
is eventually found in the urine, with concentrations reach-
ing around 100–300 mg/L at 2 h. The fate of the remainder 
is unknown, but no metabolic products have been described 
and none is excreted in the bile. Polymyxins accumulate in 
renal failure and are not removed by peritoneal dialysis.

 TOxIcITy AND SIDE EFFEcTS

Pain and tissue injury can occur at the site of injection of the 
sulfates, but this is less of a problem with the sulfo methyl 
derivatives. Neurological symptoms such as paresthesia with 
typical numbness and tingling around the mouth, dizziness 
and weakness are relatively common, and neuromuscular 
blockade, sometimes severe enough to impede respiration, 
occurs. Evidence of nephrotoxicity is observed in about 20% 
of patients, leading to acute tubular necrosis in about 2%. 
Damage is more likely in patients with pre-existing renal dis-
ease. The appearance of any evidence of deterioration of renal 
function or of neuromuscular blockade calls for immediate 
cessation of treatment. All the toxic manifestations appear to 
be reversible, but complete recovery may be slow.

Although less toxic than the sulfate, untoward effects 
have been observed in up to one-quarter of those treated 
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with colistimethate sodium. Nephrotoxicity is common, with 
an increase in urea and creatinine over the first few days of 
treatment. Acute tubular necrosis is heralded by the appear-
ance of proteinuria, hematuria and casts, sometimes without 
prior evidence of functional impairment. Renal damage usu-
ally continues to progress for up to 2 weeks after withdrawal 
of therapy. Renal damage is likely to increase with the dose 
and with the simultaneous administration of other potentially 
nephrotoxic agents.

Manifestations of central and peripheral neurotoxicity 
occur particularly in patients with impaired renal function. 
Neuromuscular blockade is seen principally in patients also 
receiving anesthetics or other agents that impair neuromuscu-
lar transmission. Complete flaccid paralysis with respiratory 
arrest and subsequent complete recovery has been seen in a 
patient with myasthenia gravis. Allergy is occasionally seen, and 
nebulized colistin has caused bronchial hyperreactivity with 
tightness in the chest in adults with cystic fibrosis. Application 
of colistin or polymyxin B ear drops can lead to ototoxicity.

 cLINIcAL USE

 Further information

Anonymous. Colistin (sulfate) and colistimethate (sodium). In: Dollery C, ed. 
Therapeutic Drugs. 2nd ed. Edinburgh: Churchill Livingstone; 1999:C326–C329.

Anonymous. Polymyxin B (sulfate). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:P162–P164.

Evans ME, Feola DJ, Rapp RP. Polymyxin B sulfate and colistin: old antibiotics for 
emerging gram-negative bacteria. Ann Pharmacother. 1999;33:960–967.

Landman D, Georgescu C, Martin DA, Quale J. Polymyxins revisited. Clin Microbiol 
Rev. 2008;21:449–465.

Li J, Nation RL, Turnidge JD, et al. Colistin: the re-emerging antibiotic for 
multidrug-resistant Gram-negative bacterial infections. Lancet Infect Dis. 
2006;6:589–601.

Littlewood JM, Koch C, Lambert PA, et al. A ten year review of colomycin. Respir 
Med. 2000;94:632–640.

Nation RL, Li J. Optimizing use of colistin and polymyxin B in the critically ill. Semin 
Respir Crit Care Med. 2007;28:604–614.

OThER PEPTIDE ANTIbIOTIcS

 bAcITRAcIN

A mixture of peptides produced by Bacillus licheniformis. 
Bacitracin A is the major constituent of commercial prepara-
tions. The more stable zinc salt is used in topical formulations. 
It has been widely used as a growth promoter in animals, but 
has been banned for that purpose in the European Union.

It is highly active against many Gram-positive bacteria 
and is mainly used as a component of topical preparations. 
Although strains of Staph. aureus are usually susceptible, 
they are rather less so than most other Gram-positive bac-
teria. Streptococcus pyogenes is so much more susceptible than 
other hemolytic streptococci that bacitracin susceptibility is 
used as a screening test for identification. Clostridium difficile 
and Actinomyces spp. are susceptible, but enterobacteria and 
Pseudomonas spp. are resistant. Entamoeba histolytica is inhib-
ited by 0.6–10 mg/L.

Resistance is uncommon, but has been detected in Staph. 
aureus following topical treatment.

It is nephrotoxic and unsuitable for parenteral use. Systemic 
toxicity from application to skin or ulcerated areas is rare, but 
it may cause allergic reactions and occasional anaphylaxis has 
been described. It is found in many ointments and ophthal-
mic preparations, usually together with other components, 
including polymyxins, neomycin and corticosteroids.

Bacitracin is not absorbed by mouth but oral prepara-
tions have been used for suppression of gut flora, including 
C. difficile.

 Further information

Andrews BJ, Bjorvatn B. Chemotherapy of Entamoeba histolytica: studies in vitro 
with bacitracin and its zinc salt. Trans R Soc Trop Med Hyg. 1994;88:98–100.

Jacob SE, James WD. From road rash to top allergen in a flash: bacitracin. Dermatol 
Surg. 2004;30:521–524.

Nelson R, 2007; Antibiotic treatment for Clostridium difficile-associated diarrhoea in 
adults. Cochrane Database Syst Rev. (3):CD004610.

preparations and dosage

Proprietary name: Aerosporin.

Preparations: Injection, ear and eye drops and ointment. Also in multi-

ingredient topical preparations.

Dosage: Adults, i.v., 1.5–2.5 mg/kg per day.

Topical preparations widely available.

Proprietary name: Colomycin.

Preparations: Injection, tablets, syrup, multi-ingredient topical 

applications.

Dosage: Adults, oral, 1.5–3 million units every 8 h. Children, oral, 15–30 kg, 

750 000 units–1.5 million units every 8 h; <15 kg, 250 000–500 000 units 

every 8 h. Adults i.m., i.v., 2 million units every 8 h. Children, i.m., i.v., <60 kg, 

50 000 units/kg per day in three divided doses; inhalation of nebulized 

solution, patients >40 kg, 1 million units every 12 h, <40 kg, 500 000 units 

every 12 h.

Widely available.

Colistimethate sodium

Infections due to Ps. aeruginosa and other Gram-negative rods resistant to 

less toxic agents

Cystic fibrosis (inhalation therapy for pseudomonas infection)

polymyxin B and colistin sulfate

Component of preparations for local application

Superficial infections with Ps. aeruginosa and to prevent the colonization 

of burns

Selective decontamination of the gut (p. 531) and as a paste for control of 

upper respiratory tract colonization in patients on prolonged mechanical 

ventilation (in combination with other agents)
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 GRAmIcIDIN

Gramicidin as used in topical formulations is a mixture of 
several closely related compounds, of which about 80% is in 
the form of gramicidin A. It is part of the tyrothricin complex 
originally isolated from B. brevis.

It is active against most species of Gram-positive bacteria, 
including mycobacteria. Gram-negative bacilli are completely 
insensitive.

It is highly toxic to erythrocytes, liver and kidney, and is 
used only in topical formulations, usually as one of several 
components.

PLEUROmUTILINS

A group of compounds with a structure and mechanism of 
activity that distinguishes them from other agents, hence 
offering the attraction of lack of cross-resistance to existing 
drugs. The original pleuromutilin is a naturally occurring 
diterpene product of Clitopilus scyphoides (formerly Pleurotus 
mutilis). Two of these compounds, tiamulin and valnemulin, 
are used in veterinary medicine. Interest now centers on other 
semisynthetic derivatives, of which one, retapamulin, has been 
marketed for human use as a  topical agent.

RETAPAmULIN

A semisynthetic pleuromutilin formulated as a 1% oint-
ment for topical use. It is active against staphylococci 
(MIC 0.12 mg/L), including methicillin-resistant strains, and 
against streptococci (MIC 0.03–0.25 mg/L), including Str. 
pyogenes and Str. pneumoniae. Most enterococci and Gram-
negative bacilli are resistant. Propionibacteria are susceptible, 
suggesting that it might be useful in acne. Early indications 
suggest that resistance does not emerge readily, but experi-
ence with veterinary pleuromutilins indicates that chromo-
somal resistance may develop with extended use.

It is metabolized in the liver and rapidly excreted, preclud-
ing use in systemic infection. Systemic exposure is said to be 
low following topical application and it appears safe, but there 
are few data on absorption through broken and unbroken skin. 
Principal side effects noted include local irritation and occa-
sional allergic reactions. Licensed use is presently restricted to 
the treatment of impetigo and uncomplicated skin infections. 
Possible value in methicillin-resistant Staph. aureus (MRSA) 
infection or carriage has not yet been established.

 Further information

Pankuch GA, Lin G, Hoellman DB, Good CE, Jacobs MR, Appelbaum PC. 
Activity of retapamulin against Streptococcus pyogenes and Staphylococcus 
aureus evaluated by agar dilution, microdilution, E-test and disk diffusion 
methodologies. Antimicrob Agents Chemother. 2006;50:1727–1730.

Traczewski MM, Brown SD. Proposed MIC and disk diffusion microbiological 
cutoffs and spectrum of activity of retapamulin, a novel topical antimicrobial 
agent. Antimicrob Agents Chemother. 2008;52:3863–3867.

Yang LP, Keam SJ. Retapamulin: a review of its use in the management of 
impetigo and other uncomplicated superficial skin infections. Drugs. 
2008;68:855–873.

cOUmARINS

A group of naturally occurring antibiotics chemically related 
to the coumarin group of anticoagulants. The best known 
is novobiocin, but a few naturally occurring coumarins and 
some semisynthetic derivatives have been studied. They 
share a narrow range of antimicrobial activity largely directed 
against aerobic Gram-positive organisms. Novobiocin inhib-
its susceptible strains of Staph. aureus (including β-lactamase-
producing and methicillin-resistant strains), Str. pyogenes and 
Str. pneumonia at a concentration of 0.1–2 mg/L and it has 
been considered for the treatment of infection with multire-
sistant Staph. aureus and other Gram-positive cocci. However, 
since resistance arises readily and side effects are common, 
the general consensus is that it no longer has a place in anti-
bacterial therapy.

There has been some revived interest in coumarins as 
potentiating agents of antineoplastic drugs.

 Further information

Anderle C, Stieger M, Burrell M, et al. Biological activities of novel gyrase 
inhibitors of the aminocoumarin class. Antimicrob Agents Chemother. 
2008;52:1982–1990.

Donnelly A, Blagg BS. Novobiocin and additional inhibitors of the Hsp90 
C-terminal nucleotide-binding pocket. Curr Med Chem. 2008;15:2702–2717.

OThER ANTIbAcTERIAL AGENTS

FIDAxOmIcIN

Formerly known as difimicin. An 18-membered macrocy-
clic compound related to the tiacumicin group of antibiot-
ics rather than conventional macrolides. It is active against 
staphylococci (MIC 0.5–2 mg/L) and most anaerobic Gram-
positive bacilli and cocci, but Gram-negative bacilli, includ-
ing Gram-negative anaerobes, are resistant. It is very poorly 
absorbed when given orally and most interest surrounds its 
activity against C. difficile (MIC 0.12–0.25 mg/L). Such data 
as are presently available from clinical trials suggest that it is 
as safe and effective in the treatment of C. difficile-associated 
diarrhea as vancomycin.

preparations and dosage

Proprietary names: Altabax, Altargo.

Preparations: 1% ointment

Dosage: Adults and children >9 months, apply twice daily for 5 days.

Widely available.
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 Further information

Finegold SM, Molitoris D, Vaisanen M-L, Song Y, Liu C, Bolaños M. In vitro activities 
of OPT-80 and comparator drugs against intestinal bacteria. Antimicrob Agents 
Chemother. 2004;48:4898–4902.

Gerber M, Ackermann G. OPT-80, a macrocyclic antimicrobial agent for the 
treatment of Clostridium difficile infections: a review. Expert Opin Investig Drugs. 
2008;17:547–553.

Shue YK, Sears PS, Shangle S, et al. Safety, tolerance, and pharmacokinetic studies 
of OPT-80 in healthy volunteers following single and multiple oral doses. 
Antimicrob Agents Chemother. 2008;52:1391–1395.

mEThENAmINE

Methenamine (hexamine, hexamethylenetetraamine), under 
the name Urotropin, was successfully used in cystitis by the 
German physician Nicolaier in 1895. It has no intrinsic antibac-
terial activity and owes its effect to decomposition in acid con-
ditions to formaldehyde, which is non-specifically microbicidal, 
and ammonia. It is often used in the form of organic acid salts, 
methenamine hippurate and methenamine mandelate, which 
have been claimed (unconvincingly) to keep the urinary pH low. 
Mandelic acid has some antibacterial activity in its own right 
and is sometimes given alone as a urinary antiseptic, usually 
as the calcium or ammonium salt. Infection with urea-splitting 
organisms such as Proteus spp. causes the urine to become alka-
line and methenamine is unsuitable for these infections.

Methenamine is absorbed from the gut and mainly excreted 
unchanged in the urine, achieving concentrations of around 
2–60 mg/L, sufficient to inhibit most bacteria and yeasts. 
Higher concentrations are achieved by the hippurate salt.  

It is given in enteric-coated tablets to prevent the liberation 
of formaldehyde by gastric acid. There is little breakdown in 
the blood and no systemic effect or toxicity.

Some patients complain of gastrointestinal upset or fre-
quent and burning micturition. Attempts to control these side 
effects with alkali will abolish the antibacterial effect of the 
drug. Contact dermatitis and anterior uveitis have occasion-
ally been encountered. Prolonged administration or high dos-
age may produce proteinuria, hematuria and bladder changes. 
Methenamine should not be given to patients with acidosis, 
gout or hepatic insufficiency. There have been fears about the 
potential carcinogenicity of formaldehyde.

Methenamine and its salts are unsuitable for the treatment 
of acute urinary tract infection. Their main use, now largely 
supplanted by other agents, has been in the long-term pro-
phylaxis of recurrent cystitis.

 Further information

Lee BB, Simpson JM, Craig JC, Bhuta T. Methenamine hippurate for preventing 
urinary tract infections. Cochrane Database Syst Rev. 2007;(4):CD003265.

preparations and dosage

Preparation: Tablets.

Dosage: Adults, oral, 1 g every 8–12 h. Children, oral, 6–12 years, 500 mg 

every 12 h (maximum dose, 2 g per day).

Widely available.
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Effective drugs are available for a wide range of fungal infections, cov-
ering most of the major systemic pathogens and providing a choice 
for many conditions. In the more common superficial infections it 
is possible to cure many patients with topical treatment, and the 
details of administration are often more important than the choice 
of agent. There are now few conditions for which there is no effec-
tive treatment.

There are four main families of antifungal agents: the allylamines, 
the azoles, the echinocandins and the polyenes. In addition, there is 
a miscellaneous group of drugs that includes flucytosine, griseofulvin 
and various agents that are used for topical treatment. Resistance, 
although not a major problem, has been recorded with some azole 
antifungals and with the echinocandins, usually in situations where 
the drugs have been given for long periods of time in the face of per-
sistent infection.

 Further information

Barker KS, Rogers PD. Recent insight into the mechanisms of antifungal resistance. 
Curr Infect Dis Rep. 2006;8:449–456.

Dodds Ashley ES, Lewis R, Lewis JS, et al. Pharmacology of systemic antifungal 
agents. Clin Infect Dis. 2006;43(suppl 1):S28–S39.

Goodwin ML, Drew RH. Antifungal serum concentration monitoring: an update. 
J Antimicrob Chemother. 2008;61:17–25.

Gubbins PO, Amsden JR. Drug–drug interactions of antifungal agents and 
implications for patient care. Expert Opin Pharmacother. 2005;6:2231–2243.

Rex JH, Pfaller MA, Walsh TJ, et al. Antifungal susceptibility testing: practical 
aspects and current challenges. Clin Microbiol Rev. 2001;14:643–658.

Sanglard D, Odds FC. Resistance of Candida species to antifungal agents: 
molecular mechanisms and clinical consequences. Lancet Infect Dis. 
2002;2:73–85.

Spanakis EK, Aperis G, Mylonakis E. New agents for treatment of fungal 
infections: clinical efficacy and gaps in coverage. Clin Infect Dis. 
2006;43:1060–1068.

ALLYLAMINES

A group of synthetic compounds effective in the topical and 
oral treatment of dermatophytoses and superficial forms of 
candidosis. Two drugs, naftifine and terbinafine, are in clini-
cal use.

NAFTIFINE

A topical antifungal used as a 1% cream for the treatment 
of dermatophytoses, including tinea pedis, tinea corporis and 
tinea cruris.

 Further information

Gupta AK, Ryder JE, Cooper EA. Naftifine: a review. J Cutan Med Surg. 
2008;12:51–58.

TERBINAFINE

Molecular weight (free base): 291.4; (hydrochloride): 327.9.

A synthetic allylamine available as the hydrochloride for oral 
and topical administration.

preparation and dosage

Proprietary name: Naftin, Exoderil.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to condition.

Available in a number of countries, including the USA; not available  

in the UK..
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 ANTIFuNgAL AcTIvITY

Terbinafine is active against a wide range of pathogenic fungi, 
including dermatophytes (Epidermophyton, Microsporum and 
Trichophyton spp.), various Candida spp., Aspergillus spp., 
some dimorphic fungi (Blastomyces dermatitidis, Histoplasma 
capsulatum and Sporothrix schenckii) and many dematiaceous 
fungi.

 AcquIREd RESISTANcE

Resistance has not been reported.

 PhARMAcokINETIcS

Oral absorption 70–80%

C
max

 250 mg oral c. 1 mg/L after 2 h

Plasma half-life c. 17 h

Volume of distribution 1000 L

Plasma protein binding >99%

Blood concentrations increase in proportion to dosage. It is 
lipophilic and is rapidly and extensively distributed to body 
tissues. It reaches the stratum corneum by diffusion through 
the dermis and epidermis, and secretion in sebum. Diffusion 
from the nail bed is the major factor in its rapid penetration 
of nails. It is metabolized by the liver and the inactive metabo-
lites are mostly excreted in the urine. The elimination half-life 
is prolonged in patients with hepatic or renal impairment.

 INTERAcTIoNS

It is a potent competitive inhibitor of the human hepatic 
cytochrome P450 CYP-2D6 enzyme system, and concomi-
tant administration with drugs predominantly metabolized 
by this system (e.g. tricyclic antidepressants, neuroleptics, 
antihypertensives, opioids and antiarrhythmics) should be 
carefully monitored. Blood concentrations are reduced 
following concomitant administration with drugs such as 
rifampicin (rifampin) that induce the hepatic cytochrome 
P450 enzyme system. Conversely, levels are increased if it 
is given with drugs such as cimetidine that inhibit hepatic 
metabolism.

 ToxIcITY ANd SIdE EFFEcTS

These include abdominal discomfort, loss of appetite, 
nausea, diarrhea, headache, impairment of taste, rash 

and urticaria. Serious skin reactions, including Stevens–
Johnson syndrome, and rare hepatotoxic reactions, includ-
ing jaundice, cholestasis and hepatitis, are occasionally 
encountered.

 cLINIcAL uSE

 Further information

Darkes MJ, Scott LJ, Goa KL. Terbinafine: a review of its use in onychomycosis in 
adults. Am J Clin Dermatol. 2003;4:39–65.

Elewski BE, Caceres HW, DeLeon L, et al. Terbinafine hydrochloride oral granules 
versus oral griseofulvin suspension in children with tinea capitis: results of two 
randomized, investigator-blinded, multicenter, international controlled trials. J 
Am Acad Dermatol. 2008;59:41–54.

McClellan KJ, Wiseman LR, Markham A. Terbinafine: an update of its use in 
superficial mycoses. Drugs. 1999;58:179–202.

Revankar SG, Nailor MD, Sobel JD. Use of terbinafine in rare and refractory 
mycoses. Future Microbiol. 2008;3:9–17.

AZoLES

A large group of synthetic agents, which includes drugs used in 
bacterial and parasitic infections (5-nitroimidazoles, Ch. 24; 
benzimidazoles, Ch. 34). Antifungal azoles have in common 
an imidazole or triazole ring with N-carbon substitution. The 
activity is essentially fungistatic, but some of the newer tri-
azoles exert fungicidal effects at therapeutic concentrations. 
They are effective in the topical treatment of dermatophy-
toses and superficial forms of candidosis; several are suitable 
for systemic administration.

Several molecular mechanisms of resistance have been elu-
cidated. These include overexpression of efflux pump genes, 
point mutations in the gene that encodes the target enzyme, 
lanosterol demethylase, and overexpression of this gene. 
Changes in other enzymes involved in ergosterol biosynthe-
sis, such as sterol desaturase, may also contribute to azole 
resistance.

Tinea pedis, tinea corporis, tinea cruris, tinea capitis

Onychomycosis caused by dermatophytes

preparations and dosage

Proprietary name: Lamisil.

Preparations: Tablets, cream, oral granules.

Dosage: Adults, oral, 250 mg per day for 2–6 weeks in tinea pedis, 

2–4 weeks in tinea cruris, 2–4 weeks in tinea corporis, at least 4 weeks 

in tinea capitis, 6–12 weeks or longer in nail infections. Children, oral 

granules, 250 mg per day if >35 kg, 187.5 mg per day if 25–35 kg,  

125 mg per day if <25 kg for 6 weeks in tinea capitis.

Widely available.
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 INTERAcTIoNS

Azoles are metabolized by the human hepatic cytochrome 
P450 enzyme system, and are potent inhibitors of CYP-3A4; 
some also inhibit CYP-2C9 and CYP-2C19. Administration 
with drugs that are metabolized by these enzymes can result 
in increased concentrations of the azole, the interacting drug, 
or both. Administration with drugs that are potent inducers 
of the human cytochrome P450 enzyme system, such as rifam-
picin, results in a marked reduction in blood levels, especially 
with itraconazole and ketoconazole.

Among systemically administered azoles, fluconazole and 
voriconazole weakly inhibit CYP-3A4, whereas itraconazole, 
ketoconazole and posaconazole are potent inhibitors of the 
enzyme.

 Further information

Aperis G, Mylonakis E. Newer triazole antifungal agents: pharmacology, spectrum, 
clinical efficacy and limitations. Expert Opin Investig Drugs. 2006;15:579–602.

Gubbins PO. Mould-active azoles: pharmacokinetics, drug interactions in 
neutropenic patients. Curr Opin Infect Dis. 2007;20:579–586.

Hope WW, Billaud EM, Lestner J, Denning DW. Therapeutic drug monitoring for 
triazoles. Curr Opin Infect Dis. 2008;21:580–586.

FLucoNAZoLE

Molecular weight 306.3.

A synthetic bis(triazole) available for oral or parenteral admin-
istration. A prodrug formulation, fosfluconazole, is available 
for intravenous use in Japan.

 ANTIFuNgAL AcTIvITY

The spectrum is limited, but includes most Candida spp., 
Cryptococcus spp., dermatophytes and dimorphic fungi (Blast. 
dermatitidis, Coccidioides spp., Hist. capsulatum and Paracoccidioides 
brasiliensis). Strains of C. krusei appear to be insensitive.

 AcquIREd RESISTANcE

Resistant strains of C. albicans have been isolated from AIDS 
patients given long-term treatment for oral or esophageal 
candidosis. Strains of C. glabrata frequently become resistant 
during short courses of treatment. There are a few reports 
of fluconazole-resistant strains of Cryp. neoformans recovered 

from AIDS patients with relapsed meningitis. Most, but not 
all, C. albicans and C. glabrata strains resistant to fluconazole 
are cross-resistant to other azoles.

 PhARMAcokINETIcS

Oral absorption >93%

C
max

 50 mg oral c. 1 mg/L after 2 h

Plasma half-life 25–30 h

Volume of distribution 0.6–0.8 L/kg

Plasma protein binding <10%

absorption

Oral absorption is rapid (1–3 h) and is not affected by food or 
intragastric pH. Blood concentrations increase in proportion 
to dosage. Maximum serum concentrations increase to about 
2–3 mg/L after repeated dosing with 50 mg.

Distribution

It is widely distributed, achieving therapeutic concentrations 
in most tissues and body fluids. Concentrations in cerebrospi-
nal fluid (CSF) are 50–60% of the simultaneous serum con-
centration in normal individuals and even higher in patients 
with meningitis.

Metabolism and excretion

More than 90% of an oral dose is eliminated in the urine: 
about 80% as unchanged drug and 10% as inactive metabo-
lites. The drug is cleared by glomerular filtration, but there is 
significant tubular reabsorption. The plasma half-life is pro-
longed in renal failure, necessitating adjustment of the dos-
age. Fluconazole is removed during hemodialysis and, to a 
lesser extent, during peritoneal dialysis. In children the vol-
ume of distribution and plasma clearance are increased, and 
the half-life is considerably shorter (15–25 h).

 INTERAcTIoNS

It is a potent inhibitor of CYP-2C9 and CYP-2C19, and 
administration with other drugs metabolized by these P450 
enzymes should be avoided.

 ToxIcITY ANd SIdE EFFEcTS

These are rare, but untoward reactions include nausea, 
abdominal discomfort, diarrhea and headache. Transient 
abnormalities of liver enzymes and rare serious skin reac-
tions, including Stevens–Johnson syndrome, have been 
reported.
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 cLINIcAL uSE

 Further information

Charlier C, Hart E, Lefort A, et al. Fluconazole for the management of invasive candidiasis: 
where do we stand after 15 years? J Antimicrob Chemother. 2006;57:384–410.

Debruyne D. Clinical pharmacokinetics of fluconazole in superficial and systemic 
mycoses. Clin Pharmacokinet. 1997;33:52–77.

Pfaller MA, Diekema DJ. Twelve years of fluconazole in clinical practice: global 
trends in species distribution and fluconazole susceptibility of bloodstream 
isolates of Candida. Clin Microbiol Infect. 2004;10(suppl 1):11–23.

ITRAcoNAZoLE

Molecular weight: 705.6.

A synthetic dioxolane triazole available for oral or parenteral 
administration.

 ANTIFuNgAL AcTIvITY

The spectrum includes dermatophytes, dimorphic fungi 
(Blast. dermatitidis, Coccidioides spp., Hist. capsulatum, Paracocc. 

 brasiliensis, Penicillium marneffei and Spor. schenckii), molds 
(including Aspergillus spp.), dematiaceous fungi and yeasts 
(Candida spp. and Cryptococcus spp.).

 AcquIREd RESISTANcE

This is uncommon, but fluconazole-resistant C. albicans and 
C. glabrata are often cross-resistant to itraconazole. There are 
reports of itraconazole-resistant strains of A. fumigatus.

 PhARMAcokINETIcS

Oral absorption 30% (capsules); 55% (solution)

C
max

 100 mg oral 0.1–0.2 mg/L after 2–4 h

Plasma half-life 20–30 h

Volume of distribution 11 L/kg

Plasma protein binding >99%

absorption

Absorption is improved if the drug is given with food or an 
acidic beverage. In contrast, absorption is reduced if it is given 
together with compounds that reduce gastric acid secretion. 
Higher concentrations are obtained with repeated dosing, but 
there is much individual variation. Incorporation into a solu-
tion of hydroxypropyl-β-cyclodextrin enhances bioavailability 
and leads to much higher blood levels in neutropenic indi-
viduals and persons with AIDS. This formulation is better 
absorbed if given without food. Increases in dosage produce 
disproportionate changes in blood concentrations.

Distribution

Levels in the CSF are low, but concentrations in lung, liver 
and bone are 2–3 times higher than in serum, and concen-
trations in the genital tract are 3–10 times higher. High con-
centrations are also found in the stratum corneum, as a result 
of drug secretion in sebum. The drug persists in the skin and 
nails for weeks to months after treatment is discontinued.

Metabolism and excretion

It is degraded by the liver into a large number of (mostly 
inactive) metabolites which are excreted with the bile and 
urine. Itraconazole is unusual because the major  metabolite, 
hydroxyitraconazole, is bioactive and has a similar spectrum 
of activity as the parent compound. In the steady state, this 
metabolite is found at serum concentrations about two-fold 
higher than those of the parent drug. About 80–90% of the 
intravenous carrier, hydroxypropyl-β-cyclodextrin, is excreted 
unchanged in the urine. No adjustment of dosage is required 
in hepatic or renal failure, or during hemodialysis or  peritoneal 
dialysis.

Mucosal, cutaneous and systemic candidosis

Coccidioidomycosis

Cryptococcosis

Dermatophytosis

Pityriasis versicolor

preparation and dosage

Proprietary names: Diflucan, Prodif (Japan).

Preparations: Capsules, oral suspension, i.v. infusion.

Dosage: Adults, oral, vaginal candidosis or balanitis, 150 mg as a single 

dose; oropharyngeal candidosis, 200 mg on the first day, followed by 

100 mg once daily for at least 14 days; esophageal candidosis, 200 mg on 

the first day, followed by 100 mg once daily for at least 3 weeks. Tinea pedis, 

corporis, cruris, pityriasis versicolor, 50 mg per day for 2–4 weeks. Systemic 

candidosis, cryptococcal meningitis and other forms of cryptococcosis, 

oral or i.v. infusion, 200–400 mg on the first day, then 100–400 mg per day; 

treatment is continued according to response. For the prevention of relapse 

of cryptococcal meningitis in AIDS patients, 200 mg per day, indefinitely. 

Prevention of fungal infections in neutropenic patients, 400 mg per day.

Children >1 year, oral, i.v. infusion, superficial candidosis, 3 mg/kg per day; 

systemic candidosis and cryptococcosis, 6–12 mg/kg per day (maximum 

dose, 400 mg per day).

Widely available.
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 INTERAcTIoNS

Itraconazole and its metabolites potently inhibit CYP-3A4, 
and it should not be given with drugs metabolized by this 
enzyme. Concomitant administration with drugs that induce 
the cytochrome P450 system, such as phenytoin, phenobarbital 
(phenobarbitone), carbamazepine, rifamycins and nevirapine, 
results in a marked reduction in blood levels of the azole.

 ToxIcITY ANd SIdE EFFEcTS

Unwanted effects are more common with oral solution than 
with capsules, and are more severe. They include nausea, 
abdominal discomfort, dyspepsia, diarrhea, headache, pruri-
tus and skin rash. Rare side effects include Stevens–Johnson 
syndrome, transient abnormalities of liver enzymes, reversible 
idiosyncratic hepatitis and hypokalemia.

Intravenous itraconazole has been associated with congestive 
heart failure. Neither intravenous nor oral itraconazole should 
be used to treat infections in patients with evidence of ven-
tricular dysfunction unless the expected benefit clearly exceeds 
the risk. Patients with risk factors for congestive heart failure 
should be treated with caution and their condition monitored.

 cLINIcAL uSE

 Further information

Caputo R. Itraconazole (Sporanox) in superficial and systemic fungal infections. 
Expert Rev Anti Infect Ther. 2003;1:531–542.

De Beule K, Van Gestel J. Pharmacology of itraconazole. Drugs. 2001;61 
(suppl 1):27–37.

Maertens J, Boogaerts M. The place for itraconazole in treatment. J Antimicrob 
Chemother. 2005;56(suppl 1):i33–i38.

kETocoNAZoLE

Molecular weight: 531.4.

A synthetic dioxolane imidazole available for oral and  topical 
use.

 ANTIFuNgAL AcTIvITY

The spectrum includes dermatophytes, some dimorphic fungi 
and Candida spp.

 AcquIREd RESISTANcE

Resistance has been documented in patients treated for 
chronic mucocutaneous candidosis and AIDS patients with 
oropharyngeal or esophageal candidosis. Some fluconazole-
resistant C. albicans and C. glabrata are cross-resistant to 
ketoconazole.

 PhARMAcokINETIcS

Oral absorption Variable

C
max

 400 mg oral c. 5–6 mg/L after 2 h

Plasma half-life 6–10 h

Volume of distribution 0.36 L/kg

Plasma protein binding >95%

It is erratically absorbed after oral administration. Absorption 
is favored by an acid pH. Food delays absorption, but does not 
significantly reduce the peak serum concentration. Absorption 
is reduced if it is given with compounds that reduce gas-
tric acid secretion. Penetration into CSF is  generally poor 
and unreliable, although effective concentrations have been 

Aspergillosis

Systemic mycoses with dimorphic fungi (blastomycosis, 

coccidioidomycosis, histoplasmosis, paracoccidioidomycosis, penicilliosis)

Subcutaneous mycoses (chromoblastomycosis, sporotrichosis)

Mucosal and cutaneous candidosis.

Dermatophytosis

Phaeohyphomycosis

Pityriasis versicolor

preparations and dosage

Proprietary name: Sporanox.

Preparations: Capsules, oral solution, i.v. infusion.

Dosage: Adults, oral, oropharyngeal candidosis, 100 mg per day (200–400 

mg per day in AIDS or neutropenia) for 15 days. Vaginal candidosis, 200 mg 

every 12 h for 1 day. Pityriasis versicolor, 200 mg per day for 7 days; tinea 

corporis, tinea cruris, 100 mg per day for 15 days; tinea pedis, tinea manuum, 

100 mg per day for 30 days or 200 mg every 12 h for 7 days. Onychomycosis, 

200 mg once daily for 3 months or 200 mg every 12 h for 7 days, repeated 

once after 21 days for fingernails and repeated twice at 21-day intervals for 

toenails. Aspergillosis and other systemic or subcutaneous fungal infections, 

oral or i.v. infusion, 200 mg every 12 or 24 h; treatment is continued 

according to response. For the prevention of relapse of histoplasmosis or 

penicilliosis in AIDS patients, 200 mg per day, indefinitely. Prevention of 

fungal infections in neutropenic patients, 200–400 mg per day.

Widely available.
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recorded with high doses in some cases of active meningitis. It 
is extensively metabolized by the liver, and the metabolites are 
excreted in the bile. Less than 1% of an oral dose is excreted 
unchanged in the urine.

 INTERAcTIoNS

It is a potent inhibitor of CYP-3A4 and administration 
with other drugs metabolized by this enzyme can lead to 
potentially dangerous levels of the azole, the interacting 
drug, or both. Concomitant administration with rifampi-
cin results in a marked reduction in blood levels of the 
azole.

 ToxIcITY ANd SIdE EFFEcTS

Unwanted effects include nausea, vomiting, abdominal 
pain, headache, rashes, urticaria and pruritus. Transient 
abnormalities of liver enzymes, interference with testos-
terone synthesis (leading to gynecomastia, alopecia and 
oligospermia) and rare fatal hepatic damage have been 
reported.

 cLINIcAL uSE

 Further information

Daneshmend TK, Warnock DW. Clinical pharmacokinetics of ketoconazole. 
Clin Pharmacokinet. 1988;14:13–34.

Lake-Bakkar G, Scheuer PJ, Sherlock S. Hepatic reactions associated with 
ketoconazole in the United Kingdom. Br Med J. 1987;294:419–422.

Sugar AM, Alsip SG, Galgiani JN, et al. Pharmacology and toxicity of high-dose 
ketoconazole. Antimicrob Agents Chemother. 1987;31:1874–1878.

PoSAcoNAZoLE

Molecular weight: 700.8.

A synthetic triazole available for oral administration.

 ANTIFuNgAL AcTIvITY

The spectrum includes dimorphic fungi (Blast. dermatitidis, 
Coccidioides spp., Hist. capsulatum, Pen. marneffei, and Spor. 
schenckii), molds (Aspergillus spp., Mucor spp., Rhizomucor 
spp. and Rhizopus spp.), some dematiaceous fungi and yeasts 
(Candida spp. and Cryptococcus spp.).

 AcquIREd RESISTANcE

This has not yet been described.

 PhARMAcokINETIcS

C
max

 200 mg oral 0.5 mg/L after 4 h

Plasma half-life 35 h

Volume of distribution 1774 L

Plasma protein binding >98%

absorption

Oral absorption is slow. Absorption from the gastrointestinal 
tract is improved if the drug is given with a high-fat meal. 
Blood concentrations increase in proportion to dosage up to 
800 mg.

Distribution

It is extensively distributed into body tissues.

Metabolism and excretion

It is not as extensively metabolized by the hepatic cytochrome P450 
system as other triazole antifungals. More than 70% of an adminis-
tered dose is eliminated in the feces, predominantly as unchanged 
drug. The remainder is excreted as glucuronidated derivatives in 
the urine. Posaconazole is a substrate for intestinal P-glycoprotein, 

preparations and dosage

Proprietary name: Nizoral.

Preparations: Tablets, suspension, topical cream, shampoo.

Dosage: Adult, oral, 200–400 mg per day for 14 days. Children, oral,  

3 mg/kg per day.

Widely available.

Mucosal candidosis

Pityriasis versicolor

Seborrheic dermatitis

Non-life-threatening forms of blastomycosis, coccidioidomycosis, 

histoplasmosis and paracoccidioidomycosis
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an adenosine triphosphate-dependent plasma membrane trans-
porter responsible for drug efflux from cells. Multiple peaks in 
blood concentrations have been observed, suggesting that effluxed 
drug is reabsorbed into the systemic circulation.

 INTERAcTIoNS

Because it is primarily metabolized through glucuronida-
tion and is a substrate for P-glycoprotein efflux, drugs that 
inhibit or induce these clearance pathways may increase or 
decrease blood concentrations of posaconazole. It inhib-
its the CYP-3A4 system, and co-administration may lead to 
increased serum concentrations of drugs metabolized by this 
enzyme. When posaconazole is discontinued, dosage of the 
other drugs may need to be decreased.

 ToxIcITY ANd SIdE EFFEcTS

It is generally well tolerated even for long periods. Unwanted 
effects include gastrointestinal discomfort and mild to moder-
ate, transient abnormalities of liver enzymes. Rare side effects 
include cholestasis and hepatic failure.

 cLINIcAL uSE

With the exception of oropharyngeal candidosis and prophy-
laxis, use is presently restricted to patients with disease that 
is refractory to other antifungal drugs, or who are  intolerant 
to them.

 Further information

Kwon DS, Mylonakis E. Posaconazole: a new broad-spectrum antifungal agent. 
Expert Opin Pharmacother. 2007;8:1167–1178.

Raad II, Graybill JR, Bustamante AB, et al. Safety of long-term oral posaconazole 
use in the treatment of refractory invasive fungal infections. Clin Infect Dis. 
2006;42:1726–1734.

Rachwalski EJ, Wieczorkiewicz JT, Scheetz MH. Posaconazole: an oral triazole with 
an extended spectrum of activity. Ann Pharmacother. 2008;42:1429–1438.

voRIcoNAZoLE

Molecular weight: 349.3.

A synthetic triazole formulated for oral and parenteral use.

 ANTIFuNgAL AcTIvITY

The spectrum includes most fungi that cause human disease: 
dimorphic fungi (Blast. dermatitidis, Coccidioides spp., Hist. cap
sulatum, Paracocc. brasiliensis, Pen. marneffei and Spor. schenckii), 
molds (Aspergillus spp., Fusarium spp. and Scedosporium spp.), 
dematiaceous fungi and yeasts (Candida spp., Cryptococcus 
spp. and Trichosporon spp.).

 AcquIREd RESISTANcE

Some fluconazole- and itraconazole-resistant strains of 
Candida and Aspergillus spp. show reduced susceptibility to 
voriconazole.

 PhARMAcokINETIcS

Oral absorption 96%

C
max

 400 mg oral c. 2 mg/L after 2 h

Plasma half-life c. 6 h

Volume of distribution 4.6 L/kg

Plasma protein binding 58%

absorption

Oral absorption is rapid and almost complete, and is unaf-
fected by intragastric pH. In adults, there is a disproportion-
ate increase in blood concentrations with increasing oral and 
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Invasive aspergillosis

Fusarium infection

Chromoblastomycosis and mycetoma

Coccidioidomycosis

Oropharyngeal candidosis

Prophylaxis of invasive fungal infections in patients at serious risk

preparation and dosage

Proprietary name: Noxafil.

Preparation: Oral suspension.

Dosage: Adults, oral, oropharyngeal candidosis, 200 mg (5 mL) once 

a day on the first day, then 100 mg (2.5 mL) once daily for 13 days 

with food. Invasive fungal infections, 400 mg (10 mL) every 12 h with food. 

Prevention of invasive fungal infections, 200 mg (5 mL) every 8 h with 

food. Not recommended for children under 18 years.

Widely available.
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 parenteral dosage, due to partial saturation of first-pass metab-
olism. In children given low dosages of the drug,  proportional 
changes in drug levels are seen.

Distribution

It is widely distributed into body tissues and fluids, including 
brain and CSF.

Metabolism and excretion

It is extensively metabolized by the liver. More than 80% of a dose 
appears in the urine, but less than 2% is excreted in unchanged 
form. It is metabolized by several different hepatic cytochrome 
P450 enzymes. Some people with point mutations in the genes 
encoding these enzymes are poor metabolizers while others are 
extensive metabolizers. Drug levels are as much as four-fold 
lower in individuals who metabolize the drug more extensively.

 INTERAcTIoNS

Like fluconazole, voriconazole inhibits several cytochrome 
P450 enzymes, and there is considerable potential for the drug 
and its metabolites to increase the serum concentrations of 
other drugs metabolized by this system. Blood levels of vori-
conazole are significantly reduced by administration with 
drugs that induce hepatic cytochrome P450 enzyme activity.

 ToxIcITY ANd SIdE EFFEcTS

Unwanted effects include mild to moderate visual distur-
bance, rashes, and transient abnormalities of liver enzymes. 
Rare side effects include life-threatening hepatitis.

Clinical use

 Further information

Maschmeyer G, Haas A. Voriconazole: a broad spectrum triazole for the 
treatment of serious and invasive fungal infections. Future Microbiol. 
2006;1:365–385.

Pascual A, Calandra T, Bolay S, et al. Voriconazole: therapeutic drug monitoring 
in patients with invasive mycoses improves efficacy and safety outcomes. Clin 
Infect Dis. 2008;46:201–211.

Scott LJ, Simpson D. Voriconazole: a review of its use in the management of 
invasive fungal infections. Drugs. 2007;67:269–298.

Theuretzbacher U, Ihle F, Derendorf H. Pharmacokinetic/pharmacodynamic profile 
of voriconazole. Clin Pharmacokinet. 2006;45:649–663.

oThER AZoLES

In addition to the systemic agents, numerous imidazoles are 
presently available for topical use. They include:

•	 Bifonazole. Used for the topical treatment of 
dermatophytoses and pityriasis versicolor.

•	 Butoconazole. Used for the topical treatment of vaginal 
candidosis.

•	 Clotrimazole. Used for the topical treatment of 
dermatophytoses, and oral, cutaneous and genital candidosis.

•	 Econazole nitrate. Used for the topical treatment 
of dermatophytoses, and oral, cutaneous and genital 
candidosis. It has also been used to treat corneal infection.

•	 Fenticonazole nitrate. Used for the topical treatment of 
vaginal candidosis.

•	 Isoconazole nitrate. Used for the topical treatment of 
dermatophytoses, and cutaneous and vaginal candidosis.

•	 Miconazole nitrate. Used for the topical treatment of 
dermatophytoses, pityriasis versicolor, and oral, cutaneous 
and genital candidosis. (Formerly also available for 
intravenous use.)

•	 Oxiconazole. Used for the topical treatment of 
dermatophytoses and cutaneous candidosis.

•	 Sertaconazole nitrate. Used for the topical treatment of 
dermatophytoses and vaginal candidosis.

•	 Sulconazole nitrate. Used for the topical treatment of 
dermatophytoses and cutaneous candidosis.

•	 Terconazole. Used for the topical treatment of 
dermatophytoses, and cutaneous and vaginal candidosis.

•	 Tioconazole. Used for the topical treatment of 
dermatophytoses (including nail infections), and 
cutaneous and vaginal candidosis.

Acute and chronic invasive aspergillosis

Serious invasive Candida infections

Serious infections caused by Scedosporium and Fusarium spp.

preparations and dosage

Proprietary name: Vfend.

Preparations: Film-coated tablets (50 mg and 200 mg); lyophilized power 

(200 mg) for reconstitution for infusion.

Dosage: Adult, oral, 200–400 mg every 12 h for 24 h, then 100–300 mg 

every 12 h; i.v. 6 mg/kg every 12 h for 24 h, then 4 mg/kg every 12 h. Not 

recommended for children under 2 years.

Widely available.

preparations and dosages

Bifonazole

Proprietary names: Amycor, Mycospor.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to condition.

Widely available.

Butoconazole

Proprietary name: Femstat.

Preparations: Pessaries, vaginal cream.

Dosage: Adults, pessaries, 100 mg per day for 3–6 consecutive days.

Widely available.
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 Further information

Sheehan DJ, Hitchcock CA, Sibley CM. Current and emerging azole antifungal 
agents. Clin Microbiol Rev. 1999;12:40–79.

EchINocANdINS

Semisynthetic cyclic lipopeptides that interfere with the syn-
thesis of the cell wall of susceptible fungi (p. 19). They are 
active against Candida spp. resistant to azoles and amphoteri-
cin B. Three agents of this type – anidulafungin, caspofungin 
and micafungin – have been licensed for use in systemic fun-
gal infections.

Echinocandins do not interact with the human hepatic 
cytochrome P450 enzyme system, and their use has been asso-
ciated with very few significant drug interactions.

 Further information

Cappelletty D, Eiselstein-McKitrick K. The echinocandins. Pharmacotherapy. 
2007;27:369–388.

Perlin D. Resistance to echinocandin-class antifungal drugs. Drug Resist Updat. 
2007;10:121–130.

Wagner C, Graninger W, Presteri E, et al. The echinocandins: comparison of their 
pharmacokinetics, pharmacodynamics and clinical applications. Pharmacology. 
2006;78:161–177.

ANIduLAFuNgIN

Molecular weight: 1140.3.

preparations and dosages—cont’d

Clotrimazole

Proprietary names: Canesten, Gyne-Lotrimin, Lotrimin, Mycelex.

Preparations: Pessaries, vaginal cream, oral troche, topical.

Dosage: Adults, pessaries, 500 mg as a single dose, or 200 mg per day 

for 3 consecutive days, or 100 mg per day for 6 days. Oral troches, 10 mg 

five times daily for 2 weeks or longer. For fungal skin infections dosage 

and duration of treatment varies according to condition.

Widely available.

econazole nitrate

Proprietary names: Ecostatin, Gyno-Pevaryl, Pevaryl, Spectazole.

Preparations: Pessaries, topical.

Dosage: Adults, pessaries, 150 mg per day for 3 consecutive days. For 

fungal skin infections dosage and duration of treatment varies according to 

condition.

Widely available.

Fenticonazole nitrate

Proprietary name: Lomexin.

Preparation: Pessaries.

Dosage: Adult, pessaries, 600 mg as a single dose or 200 mg per day for 3 

consecutive days.

Widely available.

Isoconazole

Proprietary names: Fazol, Travogen, Travogyn.

Preparations: Pessaries, topical.

Dosage: Adult, pessaries, 600 mg as a single dose or 300 mg per day for 

3 days. For fungal skin infections dosage and duration of treatment varies 

according to condition.

Widely available.

Miconazole nitrate

Proprietary names: Daktarin, Femeron, Gyno-Daktarin, Micatin, Micozole, 

Monistat.

Preparations: Pessaries, vaginal cream, oral gel, topical.

Dosage: Adults, pessaries, 200 mg per day for 7 consecutive days, or 100 mg 

per day for 14 days; oral gel, 125 mg every 6 h. Children 2–6 years, 125 mg 

every 12 h; infants <2 years, 62.5 mg every 12 h. For fungal skin infections 

dosage and duration of treatment varies according to condition.

Widely available.

Oxiconazole

Proprietary names: Oxistat, Oxizole.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to the condition being treated.

Widely available.

Sertaconazole nitrate

Proprietary name: Ertaczo

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to condition.

Widely available.

Sulconazole nitrate

Proprietary name: Exelderm.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to the condition being treated.

Widely available.

terconazole

Proprietary name: Terazol.

Preparations: Pessaries, vaginal cream.

Dosage: Adults, pessaries, 80 mg per day for 3 consecutive days.

Widely available.

tioconazole

Proprietary names: Trosyd, Trosyl, Vagistat.

Preparations: Pessaries, nail solution, cream.

Dosage: Adults, pessaries, 300 mg as a single dose. For fungal skin and 

nail infections dosage and duration of treatment varies according to the 

condition being treated.

Widely available.
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A semisynthetic lipopeptide derived from a fermentation 
product of Aspergillus nidulans. Formulated for intravenous 
infusion.

 ANTIFuNgAL AcTIvITY

It is active against Aspergillus spp., Candida spp. and the cyst 
stage of Pneumocystis jirovecii. Resistance has not yet been 
reported.

 PhARMAcokINETIcS

C
max

 100 mg 1-h infusion c. 9 mg/L end infusion

Plasma half-life 18–27 h

Volume of distribution 0.6 L/kg

Plasma protein binding 84%

Blood concentrations increase in proportion to dosage. The 
steady state is achieved on the first day after a loading dose 
(twice the daily maintenance dose).

Distribution

Levels in the CSF are negligible.

Metabolism and excretion

Unlike caspofungin and micafungin, anidulafungin is not 
metabolized by the liver, but undergoes slow non-enzymatic 
degradation in the blood to a peptide breakdown product 
which is enzymatically degraded and excreted in the feces and 
bile. About 30% of a dose is eliminated in the feces, of which 
less than 10% is unchanged drug. Less than 1% of a dose is 
excreted in the urine. No dosage adjustment is required in 
patients with hepatic or renal impairment. Anidulafungin is 
not cleared by hemodialysis.

toxicity and side effects

Occasional histamine-mediated infusion-related reactions, 
injection site reactions and transient abnormalities of liver 
enzymes have been reported.

Interactions

No clinically significant interactions have yet been reported.

Clinical use

 Further information

Joseph JM, Kim R, Reboli AC. Anidulafungin: a drug evaluation of a new 
echinocandin. Expert Opin Pharmacother. 2008;9:2339–2348.

Vazquez JA, Sobel JD. Anidulafungin: a novel echinocandin. Clin Infect Dis. 
2006;43:215–222.

cASPoFuNgIN

Molecular weight: 1213.42.

A semisynthetic lipopeptide derived from a fermentation 
product of Glarea lozoyensis. Formulated as the diacetate for 
intravenous infusion.
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Candidemia and certain invasive forms of candidosis

Esophageal candidosis

preparations and dosage

Proprietary names: Eraxis, Ecalta.

Preparation: i.v. infusion.

Dosage: Adult, candidemia and invasive candidosis, 200 mg on the first 

day, then 100 mg per day; treatment is continued according to response. 

Esophageal candidosis, 100 mg on the first day, then 50 mg per day for at 

least 2 weeks. The rate of infusion should not exceed 1.1 mg/min.

Widely available.
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 ANTIFuNgAL AcTIvITY

It is active against Aspergillus spp., Candida spp. and the cyst 
form of Pn. jirovecii.

 AcquIREd RESISTANcE

This is rare, but resistant strains of C. albicans, C. glabrata and 
C. parapsilosis have been recovered from patients failing caspo-
fungin treatment. These strains are typically cross-resistant to 
other echinocandins.

 PhARMAcokINETIcS

C
max

 70 mg 1-h infusion c. 10 mg/L 1 h post infusion

Plasma half-life 9–11 h

Volume of distribution 0.15 L/kg

Plasma protein binding 97%

Blood concentrations increase in proportion to dosage.

Distribution

The drug is widely distributed, the highest concentrations 
being found in the liver. Levels in the CSF are negligible.

Metabolism and excretion

It is slowly metabolized by the liver through non-enzymatic 
peptide hydrolysis and N-acetylation, and the two inactive 
metabolites are excreted in the feces and bile. No dosage 
adjustment is required in patients with renal impairment; 
however, a dose reduction to 35 mg following the 70 mg 
loading dose is recommended for patients with moder-
ate hepatic impairment. Caspofungin is not cleared by 
hemodialysis.

 INTERAcTIoNS

It has few documented interactions. In some patients, admin-
istration with ciclosporin (cyclosporin) results in transaminase 
elevations two to three times the upper limit of normal, resolv-
ing when both drugs are discontinued. Co-administration of 
these drugs is not recommended unless the expected bene-
fit outweighs the risk. Caspofungin interacts with tacrolimus, 
reducing its serum concentrations. Tacrolimus concentrations 
should be monitored and the dosage adjusted if required. 
Caspofungin concentrations are reduced when it is given with 
rifampicin.

 ToxIcITY ANd SIdE EFFEcTS

Occasional histamine-mediated infusion-related reactions, 
injection site reactions and transient abnormalities of liver 
enzymes have been reported. Rare cases of significant hepatic 
dysfunction, hepatitis or worsening liver failure have also been 
described.

 cLINIcAL uSE

 Further information

Hope WW, Shoham S, Walsh TJ. The pharmacology and clinical use of 
caspofungin. Expert Opin Drug Metab Toxicol. 2007;3:263–274.

Kartsonis NA, Nielsen J, Douglas CM. Caspofungin: the first in a new class of 
antifungal agents. Drug Resist Updat. 2003;6:197–218.

McCormack PL, Perry CM. Caspofungin: a review of its use in the treatment of 
fungal infections. Drugs. 2005;65:2049–2068.

MIcAFuNgIN

Molecular weight: 1292.26.

Candidemia and certain invasive forms of candidosis

Esophageal candidosis

Invasive aspergillosis unresponsive to other antifungal drugs

Empirical treatment of presumed fungal infections in febrile neutropenic 

patients

preparations and dosage

Proprietary name: Cancidas.

Preparation: i.v. infusion.

Dosage: Adult, i.v., 70 mg on the first day, then 50 mg per day; treatment 

is continued according to response.

Widely available.
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A semisynthetic lipopeptide derived from a fermentation 
product of Coleophoma empetri. Formulated as the monoso-
dium salt for intravenous infusion.

 ANTIFuNgAL AcTIvITY

It is active against Aspergillus spp., Candida spp. and the cyst 
form of Pn. jirovecii. Resistance has rarely been reported.

 PhARMAcokINETIcS

C
max

 50 mg 1-h infusion c. 5 mg/L 1 h post infusion

Plasma half-life 11–15 h

Volume of distribution 0.4 L/kg

Plasma protein binding 99%

Blood concentrations increase in proportion to dosage. Unlike 
anidulafungin and caspofungin, a loading dose is not required.

Distribution

The drug is widely distributed, the highest concentrations being 
found in the liver. Levels in the CSF and urine are negligible.

Metabolism and excretion

It is metabolized by the liver and the three inactive metabo-
lites are excreted in the feces (70%). Less than 1% of a dose is 
eliminated as unchanged drug in the urine. No dosage adjust-
ment is required in patients with severe renal impairment or 
mild to moderate hepatic impairment. The effect of severe 
hepatic impairment on micafungin pharmacokinetics has not 
been studied. Micafungin is not cleared by hemodialysis.

 INTERAcTIoNS

Micafungin inhibits the cytochrome P450 CYP-3A4 metab-
olism of sirolimus and nifedipine, and may increase blood 
concentrations of these drugs. Patients receiving concurrent 
treatment with these drugs should be monitored for signs of 
toxicity, and the dosage of sirolimus or nifedipine should be 
reduced if necessary.

 ToxIcITY ANd SIdE EFFEcTS

Occasional histamine-mediated infusion-related reactions, 
injection site reactions and transient abnormalities of liver 
enzymes have been reported. Isolated cases of significant 
hepatic or renal dysfunction, hepatitis, or liver or renal failure 
have also been described.

 cLINIcAL uSE

 Further information

Cross SA, Scott LJ. Micafungin: a review of its use in adults for the treatment of 
invasive and oesophageal candidiasis, and as prophylaxis against Candida 
infections. Drugs. 2008;68:2225–2255.

Joseph JM, Jain R, Danziger LH. Micafungin: a new echinocandin antifungal. 
Pharmacotherapy. 2007;27:53–67.

Wiederhold NP, Lewis JS. The echinocandin micafungin: a review of the 
pharmacology, spectrum of activity, clinical efficacy and safety. Expert Opin 
Pharmacother. 2007;8:1155–1166.

PoLYENES

Around 100 polyene antibiotics have been described, but few 
have been developed for clinical use. They are large amphip-
athic molecules: closed macrolide rings with a variable num-
ber of hydroxyl groups along the hydrophilic side, and along 
the hydrophobic side a variable number of conjugated double 
bonds to which they owe the name ‘polyene’; e.g. tetraene 
(four double bonds), heptaene (seven double bonds). They 
bind to sterols in the membranes of susceptible fungal cells 
(p. 19), causing impairment of membrane function and cell 
death. Polyenes can also damage fungal cells through a cas-
cade of oxidative reactions linked to lipoperoxidation of the 
cell membrane. Non-selective binding of polyenes to choles-
terol in mammalian cell membranes may account for some of 
the toxic side effects.

The most important member of the group is amphotericin 
B, a heptaene that is administered parenterally for the treat-
ment of systemic fungal infections.

 Further information

Sugar AM. The polyene macrolide antifungal drugs. In: Peterson PK, Verhoef 
J, eds. The Antimicrobial Agents Annual. Vol. 1. Amsterdam: Elsevier; 
1986:229–244.

preparations and dosage

Proprietary name: Mycamine.

Preparation: i.v. infusion.

Dosage: Adult, i.v., invasive candidosis, 100 mg per day; treatment is 

continued according to response. Esophageal candidosis, 150 mg per day. 

Prevention of Candida infections in HSCT recipients, 50 mg per day.

Widely available.

Candidemia and certain invasive forms of candidosis

Esophageal candidosis

Prophylaxis of Candida infections in hematopoietic stem cell transplant 

(HSCT) recipients
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AMPhoTERIcIN B

Molecular weight: 924.1.

A fermentation product of Streptomyces nodosus available for 
intravenous infusion or oral administration. The traditional 
micellar suspension formulation is often associated with seri-
ous toxic effects, in particular renal damage, and this has 
stimulated efforts to develop chemical modifications and new 
formulations. Three lipid-associated formulations have been 
licensed for use (Table 32.1):

•	 Liposomal	amphotericin	B,	in	which	the	drug	is	
encapsulated in phospholipid-containing liposomes.

•	 Amphotericin	B	colloidal	dispersion,	in	which	the	drug	is	
packaged into small lipid disks containing cholesterol sulfate.

•	 Amphotericin	B	lipid	complex,	in	which	the	drug	is	complexed	
with phospholipids to produce ribbon-like structures.

These formulations are less toxic than the micellar suspension 
because of their altered pharmacological distribution, allow-
ing higher doses to be given.

 ANTIFuNgAL AcTIvITY

The spectrum includes most fungi that cause human disease: 
A. fumigatus, Blast. dermatitidis, Candida spp., Coccidioides spp., 
Cryptococcus spp., Hist. capsulatum, Paracocc. brasiliensis and Spor. 
schenckii. Dermatophytes, Fusarium spp. and some other Aspergillus 
spp., including A. terreus and A. flavus, may be less susceptible, 
while Scedosporium spp., Trichosporon asahii (formerly T. beigelii) 
and some fungi that cause mucormycosis are resistant.

It also exhibits useful activity against Prototheca spp., some 
protozoa, including Leishmania spp., and the genera Naegleria 
and Hartmanella.

 AcquIREd RESISTANcE

Resistant strains of C. tropicalis, C. lusitaniae, C. krusei and C. 
guilliermondii, with alterations in the cell membrane, including 
reduced amounts of ergosterol, have occasionally been iso-
lated after prolonged treatment, particularly of infections in 
partially protected sites, such as the vegetations of endocardi-
tis. Significant resistance in yeasts, including C. albicans and 
C. glabrata, has been reported in isolates from cancer patients 
with prolonged neutropenia. In some cases resistant strains 
have caused disseminated infection. There are a few reports of 
amphotericin-resistant strains of Cryp. neoformans recovered 
from AIDS patients with relapsed meningitis.

 PhARMAcokINETIcS

Less than 10% of a parenteral dose of the conventional micel-
lar suspension of amphotericin B remains in the blood 12 h 
after administration. The remainder is thought to bind to tis-
sue cell membranes, the highest concentrations being found 
in the liver (up to 40% of the dose). Levels in the CSF are 
less than 5% of the simultaneous blood concentration. The 
conventional formulation has a terminal half-life of about 2 
weeks. About 75% of a given dose is excreted unchanged in 
the urine and feces. No metabolites have been identified.

The pharmacokinetics of lipid-based formulations are 
quite diverse (Table 32.1). Maximal serum concentrations of 
the liposomal formulation are much higher than those of the 
conventional micellar formulation, while levels of colloidal 
dispersion and lipid complex formulations are lower due to 
more rapid distribution of the drug to tissue. Administration 
of lipid-associated formulations of amphotericin B results in 
much higher drug concentrations in the liver and spleen than 
are achieved with the conventional formulation. Renal con-
centrations of the drug are much lower and its nephrotoxic 
side effects are greatly reduced.
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table 32.1 Pharmacokinetics of amphotericin B formulations

 amphotericin B amphotericin B lipid 
complex

amphotericin B colloidal 
dispersion

Liposomal amphotericin B

Dose 0.5 mg/kg 5 mg/kg for 1 week 5 mg/kg for 1 week 5 mg/kg for 1 week

Cmax 1.2 mg/L 1.7 mg/L 3.1 mg/L 83 mg/L

Plasma half-life 91 h 173 h 28.5 h 6.8 h

Volume of distribution 3–5 L/kg 131 L/kg 4.3 L/kg 0.1 L/kg

Plasma protein binding >95% >95% >95% >95%
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Blood concentrations are unchanged in hepatic or renal 
failure. Hemodialysis does not influence serum concentra-
tions unless the patient is hyperlipidemic, in which case 
there is some drug loss due to adherence to the dialysis 
membrane.

 INTERAcTIoNS

Amphotericin B can augment the nephrotoxic effects of 
other drugs, such as aminoglycoside antibiotics, ciclosporin, 
 interleukin-2 and certain antineoplastic agents. It can also 
augment corticosteroid-induced potassium loss. Reducing 
the risk of amphotericin B-induced nephrotoxicity is cen-
tral to avoiding toxicity due to delayed clearance of other 
agents.

 ToxIcITY ANd SIdE EFFEcTS

Common side effects of conventional amphotericin B include 
hypotension, fever, rigors, chills, headache, backache,  nausea, 
vomiting, anorexia, anemia, disturbances in renal function 
(including hypokalemia and hypomagnesemia), renal tox-
icity, abnormal liver function (discontinue treatment), rash 
and anaphylactoid reactions. Risk factors for nephrotoxicity 
include average daily dose, concomitant treatment with other 
nephrotoxic drugs and elevated baseline serum creatinine.

The lipid-associated formulations all lower the risk of 
amphotericin B-induced renal failure. However, infusion-
related side effects, such as fever, rigors and hypotension, 
develop in up to 40% of patients treated with the colloi-
dal dispersion, and hypoxic events also occur; as a result 
this formulation is not widely used. In contrast, infusion-
related reactions are uncommon with liposomal amphot-
ericin B or the lipid complex. Patients who have developed 
renal impairment while receiving the conventional formula-
tion of amphotericin B have improved or stabilized when 
lipid-associated amphotericin B was substituted, even when 
the dose was increased. Renal function should be measured 
at regular intervals, particularly in patients receiving other 
nephrotoxic drugs.

 cLINIcAL uSE
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oThER PoLYENES

Other clinically useful polyenes, which in general resemble 
amphotericin B in antifungal action and spectrum of activity, 
are mostly used only topically.

•	 Mepartricin; methyl partricin (heptaene).  
A product of Str. aureofaciens used for intravenous 
treatment of deep candidosis and for the topical 
treatment of vaginal candidosis. It offers no 
conspicuous advantages over amphotericin B as 
a systemic antifungal.

•	 Natamycin; pimaricin (tetraene). A product of Str. 
chatanoogensis or Str. natalensis used for the topical 
treatment of ophthalmic and bronchopulmonary 
infections and vaginal candidosis.

•	 Nystatin (tetraene). A product of Str. albulus or 
Str. noursei used for the topical treatment of oral, 
esophageal, gastrointestinal and genital candidosis, 
and gastrointestinal prophylaxis.

preparations and dosage

Proprietary names: Abelcet (lipid complex), AmBisome (liposomal), 

Amphocil (colloidal dispersion), Amphocin, Amphotec (colloidal 

dispersion), Fungilin, Fungizone.

Preparations: Tablets, lozenges, oral suspension, i.v. infusion.

Dosage: Adults, oral, 100–200 mg every 6 h. Lozenges, 1–2, every 6h. Infants 

and children, 1 mL of suspension every 6 h. Intravenous infusion, adults and 

children, 0.25 mg/kg per day, gradually increasing to 1 mg/kg per day. In 

severely ill patients the dose can be increased to 1.5 mg/kg per day. Lipid 

formulations, adults and children, i.v. infusion, 1–5 mg/kg per day.

Widely available.

Aspergillosis

Systemic mycoses with dimorphic fungi (blastomycosis, 

coccidioidomycosis, histoplasmosis, paracoccidioidomycosis, penicilliosis)

Candidosis

Cryptococcosis

Hyalohyphomycosis, mucormycosis, phaeohyphomycosis

Visceral leishmaniasis
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oThER SYSTEMIc AgENTS

FLucYToSINE

5-Fluorocytosine. Molecular weight: 129.1.

A synthetic fluorinated pyrimidine available for intravenous 
infusion or oral administration.

 ANTIFuNgAL AcTIvITY

The spectrum of activity is restricted to Candida spp., Crypto
coccus spp. and some fungi causing chromoblastomycosis.

 AcquIREd RESISTANcE

About 2–3 of Candida spp. isolates (more in some centers) are 
resistant before treatment starts, and resistance may develop 
during treatment. The most common cause of resistance 
appears to be loss of the enzyme uridine monophosphate 
pyrophosphorylase.

 PhARMAcokINETIcS

Oral absorption Complete

C
max

 25 mg/kg 6-hourly oral 70–80 mg/L after 1–2 h

Plasma half-life 3–6 h

Volume of distribution 0.7–1 L/kg

Plasma protein binding c. 12%

Absorption is slower in persons with impaired renal func-
tion, but peak concentrations are higher. Levels in the CSF 
are around 75% of the simultaneous serum concentration. 
More than 90% of a dose of flucytosine is excreted in the 
urine in unchanged form. The serum half-life is much longer 
in renal failure, necessitating modification of the dosage regi-
men: for patients with a creatinine clearance below 40 mL/
min the dosage interval should be doubled to 12 h; in severe 
renal failure the dosage interval should be further increased to 
once daily or less, based on frequent serum drug concentra-
tion measurements.

 INTERAcTIoNS

Cytosine arabinoside has been reported to inactivate flucyto-
sine. Drugs that are known to be myelosuppressive, such as 
zidovudine and ganciclovir, should be used with caution in 
individuals receiving flucytosine.

 ToxIcITY ANd SIdE EFFEcTS

Nausea, vomiting, abdominal pain and diarrhea are common. 
Serious side effects include myelosuppression and hepatic 
toxicity; they occur more frequently when serum concentra-
tions exceed 100 mg/L.

The nephrotoxic effects of amphotericin B can result in 
elevated blood concentrations of flucytosine, and levels of the 
latter drug should be monitored when these compounds are 
administered together.

 cLINIcAL uSE

Monitoring of flucytosine concentrations is desirable in all 
patients, and mandatory in those with renal impairment.

preparations and dosages

Mepartricin

Preparations: Tablets, vaginal preparations, topical cream, oral 

suspension.

Available in continental Europe; not available in the UK.

Natamycin

Preparations: Oral suspension, ophthalmic suspension, cream, vaginal 

preparations, lozenges.

Dosage: Adults, oral, tablets: oral candidiasis 10 mg every 4–6 h; intestinal 

candidiasis 100 mg every 4–6 h.

Available in continental Europe; not available in the UK.

Nystatin

Proprietary names: Mycostatin, Nystan.

Preparations: Tablets, pastilles, oral suspension, vaginal and topical 

preparations.

Dosage: Adults, oral: oral candidiasis 100 000 units every 6 h; intestinal 

candidiasis 500 000 units every 6 h. Prophylaxis: adults, 1 million units per 

day; children, 100 000 units every 6 h h; neonates, 100 000 units per day as 

a single dose. Vaginal pessaries, 1–2 at night for at least 14 nights.

Widely available.
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Candidosis (in combination with amphotericin B or fluconazole)

Cryptococcosis (in combination with amphotericin B or fluconazole)



 oTHeR ToPiCAl AgenTs  381

 Further information
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Vermes A, Guchelaar HJ, Dankert J. Flucytosine: a review of its pharmacology, 
clinical indications, pharmacokinetics, toxicity and drug interactions.  
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gRISEoFuLvIN

Molecular weight: 352.8.

A fermentation product of various species of Penicillium, 
including Pen. griseofulvum. Available as fine-particle or ultra-
fine-particle formulations for oral use.

 ANTIFuNgAL AcTIvITY

The spectrum of useful activity is restricted to dermato-
phytes causing skin, nail and hair infections (Epidermophyton, 
Microsporum and Trichophyton spp.). Resistance has seldom 
been reported.

 PhARMAcokINETIcS

Absorption from the gastrointestinal tract is dependent on drug 
formulation. Administration with a high-fat meal will increase 
the rate and extent of absorption, but individuals tend to achieve 
consistently high or low blood concentrations. It appears in the 
stratum corneum within 4–8 h as a result of secretion in per-
spiration. However, levels begin to fall soon after the drug is 
discontinued, and within 48–72 h it can no longer be detected. 
It is metabolized in the liver, the metabolites being excreted in 
the urine. The elimination half-life is 9–21 h.

 INTERAcTIoNS

Griseofulvin can diminish the anticoagulant effect of warfa-
rin. Its absorption is reduced in persons receiving concomi-
tant treatment with phenobarbital.

 ToxIcITY ANd SIdE EFFEcTS

Adverse reactions occur in about 15% of patients and include 
headache, nausea, vomiting, rashes and photosensitivity.

 cLINIcAL uSE

 Further information

Bennett ML, Fleischer AB, Loveless JW, et al. Oral griseofulvin remains the treatment 
of choice for tinea capitis in children. Pediatr Dermatol. 2000;17:304–309.

oThER ToPIcAL AgENTS

There is a large and miscellaneous group of topical  antifungal 
agents, all of which are effective treatments for superficial 
mycoses. They include the following:

•	 Amorolfine hydrochloride. A synthetic morpholine 
derivative that inhibits ergosterol biosynthesis. It is used 
for the treatment of tinea corporis, tinea cruris, tinea 
pedis and onychomycosis.

•	 Butenafine hydrochloride. A synthetic benzylamine 
derivative which acts as an ergosterol biosynthesis 
inhibitor. It is used for the treatment of tinea corporis, 
tinea cruris and tinea pedis.

•	 Ciclopirox. A synthetic pyridinone used in onychomycosis 
and as the olamine salt in tinea corporis, tinea cruris, tinea 
pedis, cutaneous candidosis and pityriasis versicolor.

•	 Haloprogin. A halogenated phenolic which is effective in tinea 
corporis, tinea cruris, tinea pedis and pityriasis versicolor.

•	 Tolnaftate. A thiocarbamate used in tinea cruris and 
tinea pedis.

preparations and dosage

Proprietary names: Fulcin, Fulvicin, Grifulvin V, Grisactin, Grisovin, Grisol.

Preparations: Tablets, capsules, oral suspension.

Dosage: Adults, oral, 500 mg per day as a single or divided dose. In severe 

infections the dose may be doubled, reducing when response occurs. 

Children, 10 mg/kg per day in divided doses, or as a single dose.

Widely available.

Dermatophyte infections of hair, skin and nail

preparations and dosage

Proprietary names: Alcobon, Ancobon, Ancotil.

Preparations: Tablets, capsules, i.v. infusion.

Dosage: Adults, oral, i.v., 200 mg/kg per day in four divided doses. For 

extremely sensitive organisms, 50–150 mg/kg per day in four divided 

doses may be sufficient.

Widely available.
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 Further information

Haria M, Bryson HM. Amorolfine, a review of its pharmacological properties and 
therapeutic potential in the treatment of onychomycosis and other superficial 
fungal infections. Drugs. 1995;49:103–120.

McNeely W, Spencer CM. Butenafine. Drugs. 1998;55:405–412.

The use of product names in this chapter does not imply their 
endorsement by the U.S. Department of Health and Human 
Services. The findings and conclusions in this chapter are those of 
the author and do not necessarily represent the views of the Centers 
for Disease Control and Prevention.

preparations and dosages

amorolfine hydrochloride

Proprietary name: Loceryl.

Preparations: Nail solution, cream.

Dosage: For fungal skin infections, apply once daily for at least 2–3 weeks 

(up to 6 weeks for tinea pedis). For nail infections, apply solution 1–2 times 

weekly; treat fingernails for 6 months, toenails for 9–12 months.

Widely available.

Butenafine hydrochloride

Proprietary name: Mentax.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to condition.

Widely available.

Ciclopirox

Proprietary names: Loprox, Penlac.

Preparations: Nail solution, cream, powder.

Dosage: For fungal skin infections, apply twice daily for at least 2–4 weeks. 

For nail infections, apply solution once daily for at least 6 months.

Widely available.

haloprogin

Proprietary name: Halotex.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to condition.

Widely available.

tolnaftate

Proprietary names: Aftate, Mycil, Tinactin.

Preparation: Topical.

Dosage: For fungal skin infections dosage and duration of treatment 

varies according to condition.

Widely available.



Chapter

33 Antimycobacterial agents

John M. Grange

The mycobacteria causing human disease, and therefore requiring 
treatment by antibacterial agents, are divisible into three groups: the 
tuberculosis complex (principally Mycobacterium tuberculosis, M. bovis 
and M. africanum in humans); the leprosy bacillus (M. leprae); and 
various environmental saprophytes that occasionally cause human 
disease. Patients with AIDS are particularly likely to develop disease 
due to the latter species, notably the Mycobacterium avium com-
plex (MAC), although the incidence of such infection has declined in 
regions where antiretroviral therapy is widely available.

Antimycobacterial agents include natural and semisynthetic anti-
biotics and synthetic agents. Some, such as rifampicin (rifampin; Ch. 
27) and streptomycin (Ch. 12), are active against a wide range of bac-
teria, although their use is mostly restricted to the treatment of myco-
bacterial disease, and some are synthetic agents, mostly with activity 
only against mycobacteria. The four first-line drugs used in modern 
short-course antituberculosis regimens (Ch. 58) are rifampicin, isoni-
azid, pyrazinamide and ethambutol, with the latter three being syn-
thetic agents.

Resistance to one or more of these agents requires the use 
of second-line drugs of which there are six classes – aminogly-
cosides (streptomycin, kanamycin, amikacin), cyclic peptides 
(capreomycin and, rarely, viomycin), thioamines (ethionamide, 
prothionamide), fluoroquinolones (Ch. 26), cycloserine and 
p-aminosalicylic acid.

As a result of the increasing prevalence of tuberculosis resistant 
to many or most of the currently available antituberculosis agents, 
there is a pressing need for new drugs but there was little finan-
cial incentive for the pharmaceutical industry to meet this need. 
This serious deficit has been addressed by the establishment of 
the Global Alliance for TB Drug Development by various agencies, 
especially the World Health Organization (WHO), and private foun-
dations. This Alliance has facilitated the development and clinical 
evaluation of several new agents, the progress of which is shown 
on the Alliance website, http://www.tballiance.org. As at April 2010 
PA-824, a nitroimidazole (Ch. 24), moxifloxacin, a fluoroquinolone 
(Ch. 26), and TMC 207, a diarylquinolone, were in clinical trial, and 
several other agents were undergoing preclinical evaluation. In 
addition, the sequencing of the entire genome of M. tuberculosis 
and innovations in computer modeling have paved the way to the 

development of ‘designer’ agents based on unique mycobacterial 
structures and metabolic pathways. There is also growing interest 
in the use of adjunct immunotherapy to improve the treatment 
outcome in tuberculosis, particularly in drug-resistant cases.

The principal drugs for the treatment of leprosy (Ch. 57) are dap-
sone, rifampicin and clofazimine, with prothionamide for patients 
who will not take clofazimine. An alternative and increasingly used 
regimen is based on rifampicin, ofloxacin and minocycline.

Treatment of opportunist disease due to environmental 
 mycobacteria poses serious problems as many patients have 
 underlying complicating conditions, notably various causes of immu-
nosuppression. Drugs and regimens (see below) that are active in 
vitro are often ineffective clinically against these mycobacteria and 
novel approaches to treatment are required.

ANTIMICROBIAL ACTIVITY

The action of antimycobacterial agents in vivo depends on the 
population dynamics of the mycobacteria within the lesions. 
In the case of tuberculosis, some bacilli replicate freely in the 
walls of well-oxygenated cavities, some replicate more slowly 
in acidic and anoxic tissue and within macrophages and a few 
are in a near-dormant ‘persister’ state. Isoniazid exerts a pow-
erful and rapid bactericidal activity against the freely repli-
cating bacilli and kills the great majority of such bacilli, with 
a substantial reduction of infectiousness, within a few days 
of commencing treatment. It has little or no effect against 
the near-dormant bacilli, which are killed by rifampicin. The 
slowly replicating bacilli in acidic, often anoxic, environments 
are killed by pyrazinamide, which is active only at low pH. 
Thus a distinction may be drawn between agents that are 
bactericidal in vitro and those that actually ‘sterilize’ lesions 
in vivo. Accordingly, the most widely used short-course anti-
tuberculosis regimen is based on a 2-month intensive phase 
of treatment with isoniazid, rifampicin, pyrazinamide and 
ethambutol, during which all except a few persisters are killed, 
and a 4-month continuation phase of rifampicin (which kills 
persisters during shorter bursts of metabolic activity) and 
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isoniazid to kill any rifampicin-resistant mutants that might 
commence replication (Ch. 58). In both tuberculosis and lep-
rosy, the great majority of bacilli are killed during the first 
few weeks of therapy; prolonged therapy, with its associated 
problems of cost, compliance and the need for supervision, is 
required to kill a few remaining metabolically inactive persist-
ers and thus prevent relapse.

In the absence of acquired drug resistance, strains of 
M. tuberculosis and related members of the tuberculosis complex 
are very similar in their susceptibility to the antituberculosis 
drugs, although strains of M. bovis and some strains of M. afri-
canum are naturally resistant to pyrazinamide. Environmental 
mycobacteria show very variable resistance to antituberculosis 
drugs and other antimicrobial agents, and in vitro susceptibility 
tests do not accurately reflect clinical responses.

DRUG RESISTANCE

Mutation to drug resistance occurs at a low but constant rate 
in all mycobacterial populations and such mutants (Table 
33.1) are readily selected if the patient is treated with a single 
drug. Successful therapy thus requires the use of at least two 
drugs to which the strain is susceptible. An exception is the 
use of a single drug, usually isoniazid, to prevent the emer-
gence of active tuberculosis in infected but healthy persons 
who are assumed to have very small numbers of bacilli in 
their tissues. Emergence of drug resistance is uncommon in 
patients receiving a fully supervised course of modern short-
course chemotherapy based on drugs of known quality.

Unfortunately, poor prescribing habits, unavailability of 
drugs, inadvertent use of time-expired or even counterfeit 

drugs, poor supervision of therapy and unregulated ‘over-
the-counter’ sales of drugs have led to the emergence of 
drug-resistant tubercle bacilli in many countries. Even fixed 
dose combination formulations occasionally lead to the 
development of single- or multiple-drug resistance if taken 
irregularly.

Tuberculosis resistant to rifampicin and isoniazid, with or 
without additional resistances, is termed multidrug-resistant 
(MDR) tuberculosis. Extensive drug resistance (XDR) has 
arisen in many countries and is variously defined as MDR 
with additional resistance to three or more of the six classes 
of second-line drugs, or to fluoroquinolones and at least one 
injectable drug (aminoglycosides and cyclic peptides). The 
exact definition is an academic one as, despite the establish-
ment of regional and supraregional reference laboratories, few 
countries have adequate facilities for conducting drug suscep-
tibility tests.

Drug resistance may develop in an inadequately treated 
patient (acquired or secondary resistance) or a person may 
become infected with a resistant strain (initial or primary 
resistance). Likewise, primary and acquired drug resistance 
is encountered in leprosy and the WHO has advised that all 
cases of leprosy should be treated by combination therapy.

The WHO recommends that periodic surveys of primary 
drug resistance should be undertaken as these give a good 
measure of the efficiency of control programs. The extent to 
which such surveys are carried out varies considerably from 
country to country: whereas in developed nations drug sus-
ceptibility tests are carried out on most or all clinical isolates 
of M. tuberculosis, such testing is often carried out only spo-
radically, and perhaps on unrepresentative isolates, in many 
developing countries.

 
agent

 
target

Gene(s) encoding target(s) or in which mutations 
conferring resistance occur

p-Aminosalicylic acid Folic acid metabolism Unknown

Clofazimine Uncertain Unknown

Cyclic peptides (capreomycin and 
viomycin)

50S or 30S ribosomal subunit vicA (50S) or vicB (30S) 

Cycloserine Peptidoglycan synthesis alrA

Dapsone Folic acid synthesis folP1

Ethambutol Cell wall arabinogalactan synthesis embA, embB and embC

Isoniazid Mycolic acid synthesis katG, inhA gene or its promoter region, intergenic region  
of the oxyR–ahpC locus

Pyrazinamide ? Bacterial membrane energetics and transport pncA

Thioacetazone (amithiozone) Synthesis of cyclopropane rings in mycolic acid Genes coding for cyclopropane mycolic acid synthetase 
enzymes

Thioamines (ethionamide and 
prothionamide)

Mycolic acid synthesis inhA 

table 33.1 Targets of antimycobacterial agents and genes determining resistancea

aFor details on aminoglycosides and rifampicin, see Chapters 12 and 27, respectively.
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In four global surveys of resistance undertaken between 
1994 and 2007, the global prevalence of various patterns of 
drug resistance varied enormously from region to region, with 
particularly high levels in certain regions. In 2008 the reported 
prevalence of MDR TB was over 5% in 14 regions: Armenia, 
Azerbaijan, the Baltic States (Estonia, Latvia, Lithuania), 
two provinces of China, Georgia, Moldova, three districts 
(Oblasts) of Russia, Ukraine and Uzbekistan. The incidence 
of MDR TB in new and previously treated cases in the WHO 
epidemiological regions is shown in Figure 33.1. The precise 
incidence of XDR tuberculosis is unknown as resistance to 
the full range of antituberculosis agents is determined in a 
minority of laboratories worldwide, but in June 2008 cases 
had been reported in 49 countries. In 2008, there were an 
estimated 490 000 cases of MDR TB and 40 000 cases of 
XDR TB.

PHARMACOKINETICS

With the exception of streptomycin, other aminoglycosides and 
the cyclic peptides, all the antimycobacterial agents currently 
in use are absorbed adequately when given orally. They are 
distributed to all tissues and organs and adequate amounts of 
the first-line antituberculosis agents cross the blood–brain bar-
rier. Thus, in principle, standard regimens and doses are suit-
able for treatment of all forms of tuberculosis, although many 
clinicians prescribe more prolonged courses of therapy for 
extrapulmonary tuberculosis, particularly tuberculous men-
ingitis, and for cases of HIV-related tuberculosis. Rifampicin, 

 isoniazid, pyrazinamide, ethionamide and protionamide are 
either eliminated in the bile or metabolized, and may therefore 
be given in standard doses to patients with impaired renal func-
tion. Ethambutol and aminoglycosides, which are eliminated 
predominantly or entirely by the kidney, should be avoided, if 
possible, in patients with impaired renal function.

Only small amounts of isoniazid and even smaller amounts 
of the other antituberculosis drugs enter the milk, so breast 
feeding is not contraindicated.

TOXICITY AND SIDE EFFECTS

Unwanted side effects occur with all antituberculosis agents, 
but those caused by the first-line drugs (rifampicin, isoniazid, 
pyrazinamide, ethambutol) are less frequent and severe than 
those due to the older agents (streptomycin, p-aminosalicylic 
acid, thioacetazone). Side effects are particularly likely to occur 
in HIV-positive patients, who should never be given thioaceta-
zone as fatal exfoliative dermatitis may occur (specific toxici-
ties are discussed under the individual drugs). A transient and 
clinically insignificant rise in serum hepatic enzyme levels com-
monly occurs during the first few weeks of therapy and, unless 
the patient is known to have liver disease, routine assay of these 
enzymes is generally regarded as unnecessary. Clinically evi-
dent hepatitis occurs in about 1% of patients and the inci-
dence increases with age, although it usually resolves rapidly 
when therapy ends; usually therapy with the same drugs can be 
continued. More generalized reactions, with rashes, influenza-
like symptoms and sometimes lymphadenopathy and hepatic 
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Fig. 33.1 Estimates, as a percentage, of multidrug-resistant tuberculosis among new (upper bar) and previously treated (lower bar) cases by 
World Health Organization epidemiological regions. Black bars show the 95% confidence ranges.
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enlargement, with or without jaundice, may occur in the first 2 
months of therapy. Therapy must be stopped, the responsible 
drug identified by giving small challenge doses sequentially, 
and treatment resumed without that drug.

Interactions between the antimycobacterial drugs them-
selves have been described: pyrazinamide and ethionamide 
may increase serum concentrations of isoniazid while pyrazin-
amide may decrease that of rifampicin, but these effects are of 
no known clinical significance. More significant interactions 
occur between the antimycobacterial agents and drugs used 
for other purposes, particularly antiretroviral drugs (Chs. 
36 and 43). Most recorded drug interactions involve rifampi-
cin and quinolones but some interactions with isoniazid have 
been described, especially in slow acetylators (p. 390).

CLINICAL USE

Definite recommendations for the treatment of tuberculosis 
and leprosy have been made by the WHO (Chs 57 and 58). 
These regimens are also used for treating human tuberculosis 
due to M. bovis and for the rare cases of disseminated disease 
due to the vaccine strain bacille Calmette-Guérin (BCG), 
although both are naturally resistant to pyrazinamide.

Isoniazid preventive therapy has a controversial history, 
but the HIV pandemic, leading to a greatly enhanced risk of 
tuberculosis, has led to re-evaluation of its protective role. 
It can be safely used in HIV-infected persons as long as they 
do not have active tuberculosis and it prevents the risk of the 
latter by 33–67% for up to 4 years. It is recommended for 
HIV-infected persons living in regions with a prevalence of 
latent tuberculosis of over 30% and for all those with known 
latent disease or exposure to a case of infectious tuberculo-
sis. Where available, a combination of isoniazid and antiret-
roviral therapy provides even greater protection.

Treatment of opportunist mycobacterial disease continues 
to pose problems, with a high failure rate, often due to coex-
istent HIV infection or other forms of immunosuppression. 
Disease caused by slowly growing mycobacteria, principally 
the Mycobacterium avium complex, M. kansasii, M. xenopi and 
M. malmoense, is usually treated with rifampicin (or rifabutin) and 
ethambutol, together with clarithromycin or a fluoroquinolone.

In the absence of clinical trials, therapy of disease due to 
the rapidly growing mycobacteria, principally M. abscessus, 
M. chelonae and M. fortuitum, is empirical. Limited infections 
such as post-injection abscesses respond to co-trimoxazole 
together with erythromycin. More serious infections have 
responded to cefoxitin with amikacin. The outcome of ther-
apy is, however, unpredictable. In-vitro drug susceptibility 
tests do not give an accurate indication of clinical response.

 FORMULATIONS

Compliance with antituberculosis therapy is aided by 
use of fixed drug combination preparations and calendar 

 blister-packs. Several preparations containing rifampicin + 
isoniazid, rifampicin + isoniazid + pyrazinamide or all four of 
the first-line drugs are commercially available but only those 
approved by the WHO should be used as in some combina-
tions the bioavailability of the component drugs, especially 
rifampicin, is inadequate.
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CLOFAZIMINE

Molecular weight: 473.4.
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One of a number of substituted iminophenazine dyes origi-
nally synthesized as potential antituberculosis agents. It is 
almost insoluble in water. It stimulates various phagocyte 
functions including release of free oxygen radicals, but it is 
not clear whether this contributes to its antimicrobial activ-
ity. It also has anti-inflammatory properties, attributed to its 
ability to inhibit certain patterns of intracellular T-cell recep-
tor-mediated signaling, making it a useful drug for treating 
leprosy reactions and possibly other autoimmune processes.

 ANTIMICROBIAL ACTIVITY

The mode of action is not fully understood. It has bacteri-
static and weak bactericidal activity against several species of 
mycobacteria and some species of Actinomyces and Nocardia. 
In-vitro minimum inhibitory concentrations (MICs) are: 
M. tuberculosis 0.5 mg/L and M. leprae (assayed in a mouse 
model) 0.1–1 mg/L, but these MICs have  limited clinical 
relevance as clofazimine shows marked differences in accu-
mulation in various tissues. Activity against M. leprae is demon-
strable in humans only after 50 days of  therapy. Clofazimine 
resistance, although reported, appears to be rare.

 PHARMACOKINETICS

Clofazimine is well absorbed by the intestine and is taken 
up by adipose tissue and cells of the macrophage/monocyte 
series, including those in the intestinal wall. It has a very long 
half-life (variously estimated as 10–70 days) and is eliminated, 
mostly unchanged, in the urine and feces.

 TOXICITY AND SIDE EFFECTS

Clofazimine is usually well tolerated, but some patients develop 
nausea, abdominal pain and diarrhea, relieved to some extent 
by taking the drug with a meal or glass of milk. Dose-related, 
reversible, skin discoloration is very common and is unaccept-
able to some patients. Discoloration of the hair, cornea, urine, 
sweat and tears also occurs. Infants born to mothers receiving 
clofazimine are reversibly pigmented at birth. Edema of the 
wall of the small intestine leading to subacute obstruction is 

a rare but serious complication of prolonged high-dose ther-
apy for leprosy reactions. Deposition of clofazimine in lymph 
nodes may interfere with lymphatic drainage, occasionally 
manifesting as edema of the feet.

 CLINICAL USE

Clofazimine has been suggested as a drug for treatment of 
MDR tuberculosis, although its efficacy is unproven. It has 
been used to treat M. ulcerans infection (Buruli ulcer) but with 
limited responses. Use in disease caused by mycobacteria of 
the M. avium complex is no longer recommended as more 
effective and less toxic alternative agents are available.

 Further information

Grange JM. Detection of drug resistance in Mycobacterium leprae and the 
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in the chemotherapy of mycobacterial infections. Boca Raton, FL: CRC Press; 
1991:161–177.
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DAPSONE

Diaminodiphenyl sulphone (DDS). Molecular weight: 248.3.

The most effective of a number of sulfonamide derivatives to 
be tested against leprosy. The dry powder is very stable. It is 
only slightly soluble in water.

SO2H2N NH2
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Multibacillary leprosy (in combination with other anti-leprosy drugs)

Erythema nodosum leprosum (anti-inflammatory activity)

 preparations and dosage

Proprietary name: Lamprene.

Preparation: Capsules.

Dosage: Multibacillary forms of leprosy: adults, oral, 300 mg once a 

month, supervised, and 50 mg per day or 100 mg on alternate days self-

administered. Erythema nodosum leprosum: 300 mg once a day for no 

longer than 3 months.
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 ANTIMICROBIAL ACTIVITY

Dapsone is active against many bacteria and some protozoa. 
Fully susceptible strains of M. leprae are inhibited by a little 
as 0.003 mg/L. It is predominantly bacteristatic. Resistance 
is associated with mutations in the folP1 gene involved in the 
synthesis of para-aminobenzoic acid.

 ACqUIRED RESISTANCE

Resistance to high levels is acquired by several sequential muta-
tions. As a result of prolonged use of dapsone monotherapy, 
acquired resistance emerged in patients with multibacillary lep-
rosy in many countries. Initial resistance also occurs in patients 
with both paucibacillary and multibacillary leprosy. Thus, 
leprosy should always be treated with multidrug regimens. 
Resistance of M. leprae to dapsone (and other anti-leprosy 
drugs) may now be determined by use of DNA microarrays.

 PHARMACOKINETICS

Oral absorption >90%

C
max

 100 mg oral c. 2 mg/L after 3–6 h

Plasma half-life 10–50 h

Plasma protein binding c. 50%

It is slowly but almost completely absorbed from the intes-
tine and widely distributed in the tissues, but selectively 
retained in skin, muscle, kidneys and liver. It is metabolized 
by N-oxidation and also by acetylation, which is subject to the 
same genetic polymorphism as isoniazid (p. 390). The elimi-
nation half-life is consequently very variable, but on standard 
therapy the trough levels are always well in excess of inhibi-
tory concentrations. It is mostly excreted in the urine: in the 
unchanged form (20%), as N-oxidation products (30%) and 
as a range of other metabolites.

 TOXICITY AND SIDE EFFECTS

Although usually well tolerated at standard doses, gastrointes-
tinal upsets, anorexia, headaches, dizziness and insomnia may 
occur. Less frequent reactions include skin rashes, exfoliative 
dermatitis, photosensitivity, peripheral neuropathy (usually 
in non-leprosy patients), tinnitus, blurred vision, psychoses, 
hepatitis, nephrotic syndrome, systemic lupus erythematosus 
and generalized lymphadenopathy.

The term ‘dapsone syndrome’ is applied to a skin rash and 
fever occurring 2–8 weeks after starting therapy and some-
times accompanied by lymphadenopathy, hepatomegaly, 
jaundice and/or mononucleosis.

Blood disorders include anemia, methemoglobinemia, 
sulfhemoglobinemia, hemolysis (notably in patients with 
 glucose-6-phosphate dehydrogenase deficiency), mononucle-
osis, leukopenia and, rarely, agranulocytosis. Severe anemia 
should be treated before patients receive dapsone.

The incidence of adverse reactions declined in the 1960s 
but reappeared around 1982 when multidrug therapy was 
introduced, and may represent an unexplained interaction 
with rifampicin.

 CLINICAL USE

 Further information
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ETHAMBUTOL

Hydroxymethylpropylethylene diamine. Molecular weight 
(dihydrochloride): 277.2.

 preparations and dosage

Preparation: Tablets.

Dosage: For all forms of leprosy (in combination with other anti-leprosy 

drugs): Adults, 100 mg per day, children 1–2 mg/kg (maximum dose, 

100 mg per day). Duration of treatment depends on type of leprosy and 

the other agents used.

Leprosy (multidrug regimens)

Prophylaxis of malaria, treatment of chloroquine-resistant malaria (in 

combination with pyrimethamine)

Prophylaxis of toxoplasmosis (in combination with pyrimethamine)

Prophylaxis (monotherapy) and treatment (in combination with 

trimethoprim) of Pneumocystis jirovecii pneumonia

Dermatitis herpetiformis and related skin disorders
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A synthetic ethylenediamine derivative formulated as the 
dihydrochloride for oral administration. The dry powder is 
very soluble and stable.

 ANTIMICROBIAL ACTIVITY

Ethambutol is active against several species of mycobacte-
ria and nocardiae. MICs on solid media are: M. tuberculo-
sis 0.5–2 mg/L; M. kansasii 1–4 mg/L; other slowly growing 
mycobacteria 2–8 mg/L; rapidly growing pathogens 2–16 
mg/L; Nocardia spp. 8–32 mg/L.

Resistance is uncommon and is a multistep process due to 
mutations in the embA, embB and embC gene cluster. A muta-
tion in codon 306 of the embB gene predisposes to the devel-
opment of resistance to a range of antituberculosis agents, 
possibly by affecting cell-wall permeability.

 PHARMACOKINETICS

Oral absorption c. 80%, but some patients absorb it poorly

C
max

 25 mg/kg oral 2–6 mg/L after 2–3 h

Plasma half-life 10–15 h

Volume of distribution >3 L/kg

Plasma protein binding 20–30%

Absorption is impeded by aluminum hydroxide and alcohol. 
It is concentrated in the phagolysosomes of alveolar mac-
rophages. It does not enter the cerebrospinal fluid (CSF) in 
health but CSF levels of 25–40% of the plasma concentration, 
with considerable variation between patients, are achieved in 
cases of tuberculous meningitis.

Various metabolites are produced, including dialdehyde, 
dicarboxylic acid and glucuronide derivatives. Around 50% is 
excreted unchanged in the urine, with an additional 10–15% 
as metabolites, and 20% is excreted unchanged in feces.

 TOXICITY AND SIDE EFFECTS

The most important side effect is optic neuritis, which may be 
irreversible if treatment is not discontinued. This complica-
tion is rare if the higher dose (25 mg/kg) is given for no more 
than 2 months. National codes of practice for prevention of 
ocular toxicity should be adhered to; in particular, patients 
should be advised to stop therapy and seek medical advice if 
they notice any change in visual acuity, peripheral vision or 

color perception, and the drug should not be given to young 
children and others unable to comply with this advice.

Other side effects include gastrointestinal upsets, periph-
eral neuritis, arthralgia, nephritis, myocarditis, hyperurice-
mia, dermal hypersensitivity and, rarely, thrombocytopenia 
and hepatotoxicity.

 CLINICAL USE

 Further information

Citron KM. Ocular toxicity from ethambutol. Thorax. 1986;41:737–739.
Donald PR, Maher D, Maritz JS, Qazi S. Ethambutol dosage for the treatment 
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Safi H, Sayers B, Hazbón MH, Alland D. Transfer of embB codon 306 mutations 
into clinical Mycobacterium tuberculosis strains alters susceptibility to 
ethambutol, isoniazid, and rifampin. Antimicrob Agents Chemother. 
2008;52:2027–2034.

McIlleron H, Wash P, Burger A, Norman J, Folb PI, Smith P. Determinants 
of rifampin, isoniazid, pyrazinamide, and ethambutol pharmacokinetics 
in a cohort of tuberculosis patients. Antimicrob Agents Chemother. 
2006;50:1170–1177.

ISONIAZID

Isonicotinic acid hydrazide (INH). Molecular weight: 137.1.

One of a number of nicotinamide analogs found to have anti-
tuberculosis activity, following the observation that nicotin-
amide inhibited the replication of M. tuberculosis. It is soluble 
in water. The dry powder is stable if protected from light. It is 
a prodrug requiring oxidative activation by KatG, a mycobac-
terial catalase–peroxidase enzyme.

CONHNH2

N

HC NH CH2

C2H5

CH2OH C2H5

CH2OH

NH CHCH2

 preparations and dosage 

Proprietary name: Myambutol.

Preparations: Tablets (and syrup on special request).

Dosage: Adults and children, oral, 15–25 mg/kg per day for 2 months or 

25–30 mg/kg three times a week or 45–50 mg/kg twice a week. If more 

prolonged therapy is indicated, the daily dose should not exceed  

15 mg/kg; retreatment 25 mg/kg per day for the first 60 days.

Widely available.

Tuberculosis (initial intensive phase of short-course therapy)

Other mycobacterioses (M. kansasii, M. xenopi, M. malmoense and the 

M. avium complex) (with appropriate additional drugs)
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 ANTIMICROBIAL ACTIVITY

Susceptibility to isoniazid is virtually restricted to the M. tuber-
culosis complex (MIC 0.01–0.2 mg/L). It is highly bactericidal 
against actively replicating M. tuberculosis. Other mycobacteria 
are resistant, except for some strains of M. xenopi (MIC 0.2  mg/L)  
and a few strains of M. kansasii (MIC 1 mg/L).

 ACqUIRED RESISTANCE

Mutations in the katG gene, the inhA gene or its promoter 
region, and in the intergenic region of the oxyR–ahpC locus 
confer resistance to isoniazid (Table 33.1, p. 384). The rela-
tive proportions of such mutations vary geographically and 
are related to the distribution of the various lineages or super-
families of M. tuberculosis.

Isoniazid resistance is the commonest form of drug resis-
tance worldwide and the great majority of strains resistant to 
another agent are also resistant to isoniazid (see pp. 384–385).

 PHARMACOKINETICS

Oral absorption >95%

C
max

 300 mg oral 3–5 mg/L after 1–2 h

Plasma half-life 0.5–1.5 h (rapid acetylators)

2–4 h (slow acetylators)

Volume of distribution 0.6–0.8 L/kg

Plasma protein binding Very low

absorption and distribution

Isoniazid is almost completely absorbed from the gut and is 
well distributed. Absorption is impaired by aluminum hydrox-
ide. Therapeutic concentrations are achieved in sputum and 
CSF. It crosses the placenta and is found in breast milk.

Metabolism

Isoniazid is extensively metabolized to a variety of pharma-
cologically inactive derivatives, predominantly by acetylation. 
As a result of genetic polymorphism, patients are divisible 
into rapid and slow acetylators. About 50% of Caucasians 
and Blacks, but 80–90% of Chinese and Japanese, are rapid 
acetylators. Acetylation status does not affect the efficacy of 
daily administered therapy. The rate of acetylation is reduced 
in chronic renal failure.

excretion

Nearly all the dose is excreted in the urine within 24 h, as 
unchanged drug and metabolic products.

 TOXICITY AND SIDE EFFECTS

Toxic effects are unusual on recommended doses and are 
more frequent in slow acetylators. Many side effects are neu-
rological, including restlessness, insomnia, muscle twitching 
and difficulty in starting micturition. More serious but less 
common neurological side effects include peripheral neurop-
athy, optic neuritis, encephalopathy and a range of psychiatric 
disorders, including anxiety, depression and paranoia.

Neurotoxicity is usually preventable by giving pyridox-
ine (vitamin B6) 10 mg per day. Pyridoxine should be given 
to patients with liver disease, pregnant women, alcoholics, 
renal dialysis patients, HIV-positive patients, the malnourished 
and the elderly. Encephalopathy, which has been reported in 
patients on renal dialysis, may not be prevented by, or respond 
to, pyridoxine, but usually resolves on withdrawal of isoniazid.

Isoniazid-related hepatitis occurs in about 1% of patients 
receiving standard short-course chemotherapy. The incidence 
is unaffected by acetylator status. It is more common in those 
aged over 35 years and preventive isoniazid monotherapy 
should be used with care in older people.

Less common side effects include arthralgia, a ‘flu’-like 
syndrome, hypersensitivity reactions with fever, rashes and, 
rarely, eosinophilia, sideroblastic anemia, pellagra (which 
responds to treatment with nicotinic acid) and hemolysis in 
patients with glucose-6-phosphate dehydrogenase deficiency. 
It exacerbates acute porphyria and induces antinuclear anti-
bodies, but overt systemic lupus erythematosus is rare.

 DRUG INTERACTIONS

Isoniazid increases the plasma concentrations of phenytoin 
and carbamazepine, sometimes enough to cause toxicity; anti-
epileptic therapy requires monitoring and adjustment of dos-
age as necessary. It enhances defluorination of the anesthetic 
enflurane. Drug interactions may be more pronounced in 
slow acetylators. Prednisolone reduces isoniazid levels in both 
slow and rapid acetylators, but the mechanism is unclear.

 CLINICAL USE

 preparations and dosage

Preparations: Tablets, elixir and injectable form.

Dosage: Adults, oral, 300 mg per day; children, 5–10 mg/kg per day 

(maximum dose, 300 mg per day). Neonates, 3–5 mg/kg per day 

(maximum dose, 10 mg/kg per day).

Widely available.

Tuberculosis (intensive and continuation phases)

Prevention of primary tuberculosis in close contacts and reactivation 

disease in infected but healthy persons (monotherapy)
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PYRAZINAMIDE

Pyrazinoic acid amide. Molecular weight: 123.1.

Like isoniazid, pyrazinamide is a synthetic nicotinamide analog, 
although its mode of action is quite distinct.

 ANTIMICROBIAL ACTIVITY

It is principally active against actively metabolizing intracel-
lular bacilli and those in acidic, anoxic inflammatory lesions. 
Activity against M. tuberculosis is highly pH dependent: at pH 
5.6 the MIC is 8–16 mg/L, but it is almost inactive at neutral 
pH. Other mycobacterial species, including M. bovis, are resis-
tant. Activity requires conversion to pyrazinoic acid by the 
mycobacterial enzyme pyrazinamidase, encoded for by the 
pncA gene, which is present in M. tuberculosis but not M. bovis. 
A few resistant strains lack mutations in pncA, indicating alter-
native mechanisms for resistance, including defects in trans-
portation of the agent into the bacterial cell.

 ACqUIRED RESISTANCE

Drug resistance is uncommon and cross-resistance to other 
antituberculosis agents does not occur. Susceptibility testing 

is technically demanding as it requires very careful control of 
the pH of the medium, but molecular methods for detection 
of resistance-conferring mutations are available.

 PHARMACOKINETICS

Oral absorption >90%

C
max

 20–22 mg/kg oral 10–50 mg/L after 2 h

Plasma half-life c. 9 h

Plasma protein binding c. 50%

It readily crosses the blood–brain barrier, achieving CSF 
concentrations similar to plasma levels. It is metabolized to 
pyrazinoic acid in the liver and oxidized to inactive metabo-
lites, which are excreted in the urine, although about 70% of 
an oral dose is excreted unchanged.

 TOXICITY AND SIDE EFFECTS

It is usually well tolerated. Moderate elevations of serum 
transaminases occur early in treatment. Severe hepatotoxicity 
is uncommon with standard dosage, except in patients with 
pre-existing liver disease.

Its principal metabolite, pyrazinoic acid, inhibits renal 
excretion of uric acid, but gout is extremely rare. An unre-
lated arthralgia, notably of the shoulders and responsive to 
analgesics, also occurs.

Other side effects include anorexia, nausea, mild flushing 
of the skin and photosensitization.

 CLINICAL USE

 Further information

Denkin S, Volokhov D, Chizhikov V, Zhang Y. Microarray-based PncA genotyping 
of pyrazinamide-resistant strains of Mycobacterium tuberculosis. J Med Microbiol. 
2005;54:1127–1131.

CONH2N

N

Tuberculosis (a component of the early, intensive phase of short-course 

therapy)

 preparations and dosage

Proprietary names: Tebrazid, Zinamide.

Preparation: Tablets.

Dosage: Adult, oral, 2 g per day (>50 kg), 1.5 g per day (<50 kg); children, 

25–35 mg/kg per day in 3–4 divided doses. Alternatively, adults and 

children, oral, 50 mg/kg three times a week or up to 75 mg/kg twice a week.

Widely available.
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Lacroix C, Hoang TP, Nouveau J, et al. Pharmacokinetics of pyrazinamide and its 
metabolites in healthy subjects. Eur J Clin Pharmacol. 1989;36:395–400.

Raynaud C, Laneelle MA, Senaratne RH, et al. Mechanisms of pyrazinamide 
resistance in mycobacteria: importance of lack of uptake in addition to lack of 
pyrazinamidase activity. Microbiology. 1999;145:1359–1367.

Scorpio A, Zhang Y. Mutations in pncA, a gene encoding pyrazinamidase/
nicotinamidase, cause resistance to the antituberculous drug pyrazinamide in 
tubercle bacillus. Nat Med. 1996;2:662–667.

Stamatakis G, Montes C, Trouvin JH, et al. Pyrazinamide and pyrazinoic acid 
pharmacokinetics in patients with chronic renal failure. Clin Nephrol. 
1988;30:230–234.

Zhang Y, Mitchison D. The curious characteristics of pyrazinamide: a review. Int J 
Tuberc Lung Dis. 2003;7:6–21.

OTHER ANTIMYCOBACTERIAL AGENTS

Para-AMINOSALICYLIC ACID

A salicylic acid derivative formulated as the dihydrate or 
sodium salt for oral administration. The activity is bacteri-
static and against extracellular bacteria. Inhibitory concen-
trations for M. tuberculosis are 0.5–10 mg/L, depending on 
the medium used and the inoculum size. It appears to act 
by interfering with folic acid metabolism. Resistance is very 
uncommon as the drug is rarely used.

It is well absorbed, achieving a plasma concentration of 70– 
80 mg/L 1–2 h after a 4 g oral dose. High tissue concentrations are 
achieved. The drug is rapidly acetylated in the liver and about 80% 
is excreted in the urine within 7 h, mostly in the acetylated form.

Adverse effects, leading to problems of compliance, occur 
in 10–30% of patients. Gastrointestinal effects, including 
abdominal pain, nausea, vomiting and diarrhea, are very com-
mon. It interferes with iodine metabolism in the thyroid, and 
prolonged therapy may lead to goiter, and less frequently to 
myxedema, which respond to thyroxine therapy. Allergic skin 
reactions are common. Less common side effects include 
blood dyscrasias, crystalluria, eosinophilic pneumonia, mal-
absorption, encephalopathy and optic neuritis. It is used only 
in MDR tuberculosis.

 Further information

Peloquin CA. Para-aminosalicylic acid. In: Yu VL, Edwards G, McKinnon PS, 
Peloquin CA, Morse GD, eds. Antimicrobial Chemotherapy and Vaccines. 2nd ed. 
Vol. 2. Pittsburgh, PA: Esun Technologies; 2005:551–558.

Peloquin CA, Berning SE, Huitt GA, Childs JM, Singleton MD, Jones GT. Once-daily 
and twice daily doses of p-aminosalicylic acid granules. Am J Respir Crit Care 
Med. 1999;159:932–934.

Rengarajan J, Sassetti CM, Naroditskaya V, Sloutsky A, Bloom BR, Rubin EJ. The 
folate pathway is a target for resistance to the drug para-aminosalicylic acid 
(PAS) in mycobacteria. Mol Microbiol. 2004;53:275–282.

CAPREOMYCIN AND VIOMYCIN

These are naturally occurring cyclic peptide antibiotics syn-
thesized by several Streptomyces species. Both are supplied as 
water-soluble sulfates. There is evidence that capreomycin 
is active against non-replicating cells of M. tuberculosis. They 
inhibit M. tuberculosis, including strains resistant to most other 
antituberculosis agents, at a concentration of 1.25–2.5 mg/L 
in liquid media. MICs are higher (8–16 mg/L) on egg media 
owing to protein binding. There is complete cross-resistance 
between capreomycin and viomycin and part cross-resistance 
of both to aminoglycosides.

They are not absorbed from the intestine and do not read-
ily enter cells or the CSF. Intramuscular injection of 1 g gives 
peak serum concentrations of 20–50 mg/L. They are mostly 
excreted unchanged in the urine. No metabolites have been 
described.

Pain, induration and excessive bleeding may occur at the 
injection site. Cyclic peptides are ototoxic, affecting both 
cochlear and vestibular functions, and nephrotoxic, causing 
loss of K+, Ca2+ and Mg2+, leading to neuromuscular block-
ade. Anorexia, thirst and polyuria occasionally occur. These 
toxic effects are uncommon if the drugs are given two or three 
times weekly. Auditory and vestibular functions and serum 
potassium levels should be monitored before and regularly 
during therapy. Capreomycin is used for MDR tuberculosis 
(with other antituberculosis drugs). Viomycin is rarely, if ever, 
used (for the same purpose) and is of very limited availability. 
A derivative, enviomycin, is available in Japan and is said to 
be less ototoxic.

 Further information

Black HR, Griffith RS, Peabody AM. Absorption, excretion and metabolism 
of capreomycin in normal and diseased states. Ann N Y Acad Sci. 
1966;135:974–982.

Heifets L, Simon J, Pham V. Capreomycin is active against non-replicating 
M. tuberculosis. Ann Clin Microbiol Antimicrob. 2005;4:6.

Lehmann CR, Garrett LE, Winn RE, et al. Capreomycin kinetics in renal 
impairment and clearance by hemodialysis. Am Rev Respir Dis. 
1988;138:1312–1313.

Maus CE, Plikaytis BB, Shinnick TM. Molecular analysis of cross-resistance 
to capreomycin, kanamycin, amikacin, and viomycin in Mycobacterium 
tuberculosis. Antimicrob Agents Chemother. 2005;49:3192–3197.

 preparations and dosage

Preparations: Tablets, oral granules.

Dosage: Adults 200–300 mg/kg per day in 3 divided doses (maximum 

dose, 12 g per day). Children 150 mg/kg in 2–3 divided doses (maximum 

dose, 12 g per day).

Limited availability.

 preparations and dosage (capreomycin)

Proprietary name: Capastat.

Preparation: Injection.

Dosage: Adults, deep i.m. injection, 1 g per day (maximum dose, 20 mg/kg per 

day) for 2–4 months, then 1 g 2–3 times a week for the remainder of therapy. 

Children, 20 mg/kg per day (maximum dose, 1 g per day).
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CYCLOSERINE

A fermentation product of Strep. orchidaceus and other related 
organisms now produced synthetically. Aqueous solutions are 
stable at pH 7.8 but the agent is rapidly destroyed in acid condi-
tions. It is active against a wide range of Gram-negative and Gram-
positive bacteria, including Staphylococcus aureus,  streptococci, 
including Enterococcus faecalis, various enterobacteria, Nocardia 
and Chlamydia spp. M. tuberculosis is inhibited by 8–16 mg/L. 
Some environmental mycobacteria, including M. avium, are also 
susceptible. Its action is specifically antagonized by d- alanine, 
from which media for in-vitro tests should be free. Its use is lim-
ited by neurological and psychiatric side effects. Primary resis-
tance in M. tuberculosis is rare and  develops only slowly in patients 
treated with cycloserine alone. Its  inclusion in combinations 
deters the development of resistance to other drugs. There is no 
cross-resistance with other therapeutic antibiotics.

It is well absorbed when given orally, achieving a concentration 
of c. 10 mg/L 3–4 h after a 250 mg dose. Doubling the dose approx-
imately doubles the plasma level. Some accumulation occurs over 
the first 3 or 4 days of treatment. In children receiving 20 mg/kg 
orally, plasma levels of 20–35 mg/L have been found. It is widely 
distributed throughout the body fluids, including the CSF. About 
50% is excreted unchanged in the glomerular filtrate over 24 h 
and 65–70% over the subsequent 2 days. The remainder is metab-
olized. There is no tubular secretion and no effect of probenecid. 
Cycloserine accumulates in renal failure, reaching toxic levels if 
dosage is uncontrolled. It can be removed by hemodialysis.

Evidence of central nervous system toxicity, including head-
ache, somnolence, vertigo, visual disturbances, confusion, depres-
sion, acute psychotic reactions and tremors, may develop over 
the first 2 weeks of treatment. The effects may be exacerbated 
by alcohol and can be reduced, to some extent, by administering 
pyridoxine. Treatment should be stopped promptly if any mental 
or neurological signs develop. Convulsions are said to occur in 
about 50% of patients when the plasma concentration exceeds 
20–25 mg/L, but the relationship to dose is not particularly close. 
No permanent damage appears to be caused. Cycloserine inhibits 
mammalian transaminases and this and the convulsant effects of 
the drug have been attributed to a metabolite, amino- oxyalanine. 
Use of the drug should be avoided in patients with previous fits or 
other neurological or psychiatric abnormalities. Rare side effects 
include rashes, cardiac arrhythmia and deficiency in folate and 
vitamin B12 leading to peripheral neuritis.

It is occasionally used in MDR tuberculosis (with other 
antituberculosis drugs) and other mycobacterioses (with 
appropriate additional drugs).

 Further information

Wolinsky E. Statement of the Tuberculosis Committee of the Infectious Diseases 
Society of America. Clin Infect Dis. 1993;16:627–628.

ETHIONAMIDE AND PROTIONAMIDE 
(PROTHIONAMIDE)

These are closely related thioamides structurally similar to 
isoniazid. They are almost insoluble in water and are unstable 
on exposure to light. Their antibacterial activity and phar-
macokinetics are almost identical, but protionamide is said 
to be better tolerated. Ethionamide is a second-line agent 
for treatment of MDR tuberculosis. Protionamide is seldom 
used in tuberculosis but is used in place of clofazimine for the 
treatment of leprosy in patients who find skin pigmentation 
caused by that drug unacceptable. It is more effective than an 
equivalent dose of ethionamide for killing M. leprae, but not 
as effective as some other agents (fluoroquinolones, mino-
cycline and newer macrolides) currently used in leprosy. If 
given simultaneously with isoniazid, the blood levels of thio-
amides may be raised, resulting in more side effects unless 
the dosage is adjusted.

The MIC for M. tuberculosis on solid egg media is  0.8– 
1.6 mg/L; MICs for the M. avium complex, M. kansasii and 
M. malmoense are similar. There is complete cross-resistance 
between ethionamide and protionamide but complete cross-
resistance to isoniazid does not occur and partial cross-
 resistance is uncommon.

They are almost completely absorbed, achieving a plasma 
concentration of c. 1.8 mg/L 2–3 h after a 250 mg oral dose 
given as an enteric-coated formulation. The uncoated drugs 
are less well tolerated, but produce serum levels double those 
of enteric-coated tablets. The plasma half-life is about 2 h. 
CSF concentrations approach the unbound plasma levels. 
Thioamides are degraded in the liver to several metabolites, 
including a biologically active sulfoxide and various inert 
compounds including nicotinic acid. Less than 1% is excreted 
unchanged in the urine.

The principal side effect is gastric irritation, which is more 
common in adults and in women. This effect is reduced by 
commencing with a low dose and gradually increasing to the 
full dose, by the use of antacids and by taking the drug at 
 bedtime. As gastric irritation often leads to non- compliance, 
supervised therapy is recommended. Hypersensitivity 
 reactions and hepatitis also occur. Rare side effects include 
hypothyroidism, menstrual irregularities, alopecia, convul-
sions, deafness, diplopia, peripheral neuropathy, mental 
disturbances (including depression) and, in male patients, 
impotence and gynecomastia.

Ethionamide is used with other antituberculosis drugs 
in MDR tuberculosis. Protionamide is used with other 
anti-leprosy drugs in non-responsive multibacillary 
leprosy.

 preparations and dosage

Proprietary names: Cycloserine, Seromycin.

Preparation: Capsules.

Dosage: Adults, oral, 250 mg every 12 h (maximum dose, 500 mg every 

12 h) for 2 weeks. Children, initially 10 mg/kg per day, adjusted according 

to blood levels and response.
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 Further information

Donald PR, Seifart HL. Cerebrospinal fluid concentrations of ethionamide in 
children with tuberculous meningitis. J. Pediatr. 1989;115:483–486.

Fajardo TT, Guinto RS, Cellona RV, Abalos RM, Dela Cruz EC, Gelber RH. A clinical 
trial of ethionamide and prothionamide for treatment of lepromatous leprosy. 
Am J Trop Med Hyg. 2006;74:457–461.

Jenner PJ, Ellard GA, Gruer PJK, Aber VR. Plasma levels and urinary excretion 
of ethionamide and prothionamide in man. J Antimicrob Chemother. 
1984;13:267–277.

THIOACETAZONE (AMITHIOZONE)

Thioacetazone (USAN amithiozone) is a synthetic compound 
discovered during initial work on the sulfonamides, to which 
it is structurally related. It is only slightly soluble in water. It 
is a weak bacteristatic drug, with frequent serious side effects, 
particularly in HIV-positive persons to whom it must never 
knowingly be given. On the advice of the WHO it no longer 
has a place in the treatment of tuberculosis, except as a last 
resort in cases of extreme drug resistance.

In-vitro MICs vary considerably according to the medium 
used and bear little relation to in-vivo efficacy. Many strains 
of M. tuberculosis isolated in East Africa, India and Hong 
Kong are naturally more resistant than strains from Europe. 
Acquired resistance, as a result of monotherapy, is prevalent 
in the developing countries.

Thioacetazone is well absorbed, achieving a plasma 
 concentration of 1–4 mg/L 2–4 h after a 100 mg oral dose. 

The plasma half-life is 8–12 h. Little is known about the 
 distribution of the drug. Several metabolites are described. 
About 20% is eliminated in the urine; the fate of the remain-
der is unknown. Rashes are common, occurring in 2–4% 
of patients in Africa but much more frequently in those of 
Chinese ethnic origin. More severe skin reactions, exfoliative 
dermatitis and Stevens–Johnson syndrome occur in less than 
0.5% of HIV-negative patients, but there is a 10-fold increase 
of these reactions in HIV-positive patients, proving fatal in up 
to 3% of such patients. Other common side effects include 
gastrointestinal reactions, vertigo and conjunctivitis. Less 
common reactions include hepatitis, erythema multiforme, 
hemolytic anemia and, rarely, agranulocytosis. Prolonged 
therapy may rarely lead to hypertrichosis, gynecomastia and 
osteoporosis. It is very rarely used, but may occasionally be 
considered (with other antituberculosis drugs) in extremely 
drug resistant tuberculosis.

 Further information

Alahari A, Trivelli X, Guérardel Y, et al. Thiacetazone, an antitubercular drug that 
inhibits cyclopropanation of cell wall mycolic acids in mycobacteria. PLoS ONE. 
2007;2:e1343.

Heifets LB, Lindholm-Levy PJ, Flory M. Thiacetazone in vitro activity against 
Mycobacterium avium and M. tuberculosis. Tubercle. 1990;71:287–292.

Lawn SD, Griffin GE. Further consequences of thiacetazone-induced cutaneous 
reactions. Int J Tuberc Lung Dis. 2000;4:92–93.

 preparations and dosage

Proprietary names: Trecator (ethionamide), Peteha (protionamide).

Preparation: Tablets.

Dosage: Adult, oral, 15–20 mg/kg per day in divided doses with meals. 

Children, 12–15 mg/kg per day to a maximum of 750 mg in divided doses, 

with meals.

 preparations and dosage

Preparation: Tablets.

Dosage: Adults, oral, 150 mg per day. Children, 2.5 mg/kg (maximum 

dose, 150 mg per day).

Limited availability and very rarely used.
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34 Anthelmintics

George a. Conder

The helminths, or parasitic worms, comprise the nematodes (round-
worms), trematodes (flukes), cestodes (tapeworms) and acan-
thocephalans (thorny-headed worms). Most anthelmintics were 
discovered and developed for use in the veterinary field, where hel-
minths significantly impact health and productivity. Few compa-
nies are searching for new compounds for use in human medicine, 
but commercial competition has produced a steady supply of new 
products for the veterinarian. Three new classes of anthelmintic 
(cyclic octadepsipeptides, amino-acetonitrile derivatives and para-
herquamides) have entered or will soon enter the veterinary market 
and these have potential for human medicine. In addition, some 
members of established classes have exhibited promising results in 
preliminary investigations (moxidectin for filariasis; artemisinins for 
schistosomiasis).

Despite the lack of new anthelmintics for human treatment,  
satisfactory results can be achieved with current products for nearly 
all helminth infections. In some cases such as for filariasis, combina-
tions of available drugs are being used to enhance treatment. Side 
effects usually include gastrointestinal upsets, but these are as likely 
to be related to the worm burden as to the drug. As helminths are 
often large and/or present in large numbers, their death and dis-
integration after chemotherapy can result in an obstruction or an 
allergic–anaphylactic type reaction.

The biggest problems still remaining to be solved are treatment of 
infections with larval cestodes, especially Echinococcus spp. There is 
no satisfactory drug against these parasites; although benzimidazole 
carbamates have useful activity, they are poorly absorbed from the 
gut when administered orally and painful injection-site reactions pre-
clude parenteral use. Praziquantel also may be useful in some cases 
for larval cestodes. Another problem is the treatment of disseminated 
strongyloidiasis, which occurs when patients with a latent infection 
are immunosuppressed (see pp. 844–845). No satisfactory chemo-
therapy is available for the macrofilarial stages in filarial infections, or 
to treat Guinea worm (Dracunculus medinensis) infection, although 
an eradication program has greatly reduced its incidence.

Although drug resistance is common in the veterinary field it is 
not yet a problem in human medicine, except with regard to schis-
tosomiasis where resistance is known for hycanthone and prazi-
quantel. This discrepancy is because anthelmintics are very widely 

and frequently used in the veterinary world but much less so in 
human medicine, in part due to the poverty of most of the peo-
ple who are infected. With increasing wealth in tropical countries 
where these infections are common, anthelmintics are being used 
much more widely and there is concern that drug resistance will 
develop.

 Further information

Cioli D, Pica-Mattoccia L, Archer S. Antischistosomal drugs: past, present… and 
future? Pharmacol Ther. 1995;68:35–85.

Conder GA. Chemical control of animal-parasitic nematodes. In: Lee D, ed. The 
biology of nematodes. London: Taylor & Francis; 2001:521–529.

Johnson SS, Coscarelli EM, Davis JP, et al. Interrelationships among 
physicochemical properties, absorption and anthelmintic activities of 
2-desoxoparaherquamide and selected analogs. J Vet Pharmacol Ther. 
2004;27:169–181.

Kaminsky R, Ducray P, Jung M, et al. A new class of anthelmintics effective against 
drug-resistant nematodes. Nature. 2008;452:176–180.

Vercruysse J, Rew RS. Macrocyclic Lactones in Antiparasitic Therapy. New York: CABI 
Publishing; 2002.

Welz C, Harder A, Schnieder T, et al. Putative G protein-coupled receptors 
in parasitic nematodes – potential targets for the new anthelmintic class 
cyclooctadepsipeptides? Parasitol Res. 2005;97(suppl 1):S22–S32.

World Health Organization. WHO model prescribing information. Drugs used in 
parasitic diseases. 2nd ed. Geneva: WHO; 1995.

BENZIMIDAZOLES

These synthetic compounds exhibit useful activity against 
cestodes, trematodes and nematodes. They are widely used 
in veterinary medicine. The first compound of this class to be 
marketed for human use, tiabendazole (thiabendazole), has 
been largely superseded by the benzimidazole carbamates, 
especially albendazole and mebendazole.

 ACQUIRED RESISTANCE

There are no published records of any human nematode 
developing resistance to benzimidazole derivatives.
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Since mebendazole is now available without prescription 
in some countries, there is a risk that resistance may develop 
in patients who do not complete the full course of treatment 
and such resistance may extend to related benzimidazoles. 
Experience in the veterinary world shows that if resistance to 
one benzimidazole occurs the parasite very rapidly becomes 
resistant to all members of the class.

 Further information

Various authors. Benzimidazole anthelmintics. Parasitol Today. 1990;6:106–136.

ALBENDAZOLE

Molecular weight: 265.33.

A benzimidazole carbamic acid methyl ester available for oral 
administration. Insoluble in water, soluble in dimethyl sulfox-
ide. Stable at room temperature.

 ANThELMINTIC ACTIvITy

Activity against the common intestinal nematodes is shown 
in Table 34.1. Albendazole is active against trichostrongyles 
and exhibits useful activity against tissue-dwelling larvae 
of Trichinella spiralis, larvae of animal hookworms (causing 
cutaneous larva migrans) and microfilariae of various filarial 
species. It also exhibits some activity against cysticercosis and 
hydatid stages of Echinococcus granulosus and Echinococcus 
multilocularis. It has been successfully used in infections with 
the protozoon Giardia lamblia and for microsporidiosis.

 PhARMACOkINETICS

Albendazole is better absorbed after oral absorption than 
other benzimidazole carbamates. It is extensively metab-
olized to the anthelmintically active albendazole sulfox-
ide, producing plasma concentrations of the metabolite 
of about 1.3 mg/L 2–5 h after a 400 mg oral dose. The 
half-life is about 8 h and the major route of excretion is 
via the bile. Plasma protein binding of the sulfoxide is  
around 70%.

 TOxICITy AND SIDE EffECTS

Various mild intestinal and other upsets usually resolve 
without treatment. With extended use, as for larval tape-
worm infections, hepatic abnormalities or leukopenia may 
require discontinuation of treatment. In rare cases granu-
locytopenia, pancytopenia, agranulocytosis or thrombocy-
topenia may occur. It should not be given during pregnancy 
since it may cause fetal harm; women should be cautioned 
against becoming pregnant within a month of completing 
treatment.

 CLINICAL USE

table 34.1 Activity of currently used anthelmintics against common intestinal nematodes

agent Enterobius  

vermicularis

Ascaris  

lumbricoides

Ancylostoma 

duodenale

Necator  

americanus

Strongyloides 

stercoralis

Trichuris  

trichiura

Piperazine ++ +++ – – – –

Levamisole – +++ +++ +++ – –

Pyrantel +++ +++ +++ ++ – –

Mebendazole +++ +++ +++ +++ ++ ++

Albendazole +++ +++ +++ +++ ++ ++

Ivermectin + +++ + + +++ +

+++, Highly effective; ++, moderately effective; +, poorly effective; –, no useful activity.

Intestinal worm infections

Trichinosis (including chronic stage)

Cutaneous larva migrans

Hydatid disease (as an adjunct, or alternative, to surgery)

Neurocysticercosis

Lymphatic filariasis (alone or in combination with ivermectin)

Giardiasis

Microsporidiosis

NHCOOCH3

CH3 CH2 CH2S

H
N

N
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 Further information

Anonymous. Albendazole. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:A51–A56.

Horton J. Albendazole: a review of anthelmintic efficacy and safety in humans. 
Parasitology. 2000;121:5113–5132.

Ottesen E. Lymphatic filariasis: treatment, control and elimination. Adv Parasitol. 
2006;61:395–441.

MEBENDAZOLE

Molecular weight: 295.29.

A benzimidazole carbamic acid methyl ester available for oral 
administration. It is insoluble in water and stable at room 
temperature.

 ANThELMINTIC ACTIvITy

Activity against common intestinal nematodes is shown in 
Table 34.1.

 PhARMACOkINETICS

Oral absorption is poor. Plasma concentrations achieved after 
oral administration of 100 mg every 12 h for three consecutive 
days do not exceed 0.03 mg/L. All metabolites are inactive. 
Most of the dose, as unchanged drug or a primary  metabolite, 

is retained in the intestinal tract and passed in the feces, with 
the remainder, approximately 2% of the dose, excreted in the 
urine.

 TOxICITy AND SIDE EffECTS

Diarrhea and gastrointestinal discomfort may occur, but 
adverse reactions are generally mild. Woman of childbearing 
age should be informed of a potential risk to the fetus if treated 
during pregnancy, particularly during the first trimester.

 CLINICAL USE

 Further information

Anonymous. Mebendazole. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:M12–M15.

OThER BENZIMIDAZOLES

 fLUBENDAZOLE

A benzimidazole carbamate used in some countries in place 
of mebendazole for the treatment of ascariasis. It is even less 
well absorbed after oral administration than mebendazole.

preparations and dosage

Proprietary names: Albenza, Eskazole, Zentel, etc.

Preparation: Tablets, 200 or 400 mg.

Dosage

Ascariasis, pinworm, hookworms, trichostrongyliasis: 400 mg as a single oral 

dose; for pinworm, a second dose may be needed after 2–3 weeks.

Strongyloidiasis, whipworm: 400 mg orally on three consecutive days.

Echinococcosis: therapy, presurgery or postsurgery, ≥60 kg, 400 mg orally 

every 12 h with meals for 28 days followed by 14 tablet-free days; up to 

three cycles of treatment may be given; <60 kg, 15 mg/kg per day orally 

every 12 h with meals (maximum dose, 800 mg per day).

Neurocysticercosis: ≥60 kg, 400 mg orally every 12 h with meals for 8–30 

days; <60 kg, 15 mg/kg per day orally every 12 h with meals (maximum 

dose, 800 mg per day).

Widely available.
Intestinal nematode infections

Trichinosis (larval stage)

preparations and dosage

Proprietary name: Vermox (many others).

Preparations: Tablets, 100 mg; suspension 100 mg/5 mL.

Dosage: Adults and children >2 years, not recommended for children  

<2 years of age.

Pinworm: 100 mg as a single dose; if reinfection occurs, a second dose may 

be needed after 2–3 weeks.

Ascariasis, hookworms and whipworm: 100 mg every 12 h on three 

consecutive days.

Widely available.

preparations and dosage

Dosage: Adults and children, oral, enterobiasis, 100 mg as a single 

dose, repeated if necessary after 2–3 weeks. Ascariasis, trichuriasis and 

hookworm, 100 mg every 12 h on three consecutive days.

Limited availability.

NHCOOCH3

C6H5 CO
N

H
N
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 TIABENDAZOLE

Thiabendazole; a thiazolyl benzimidazole available for oral 
administration. It is active against most common intestinal 
nematodes. As a result of its larvicidal and ovicidal activity, 
it is effective in strongyloidiasis, trichinosis, visceral larva 
migrans and cutaneous larva migrans.

It is well absorbed from the small intestine. Peak plasma 
levels are reached about 1–2 h after a single oral dose of the 
suspension. It is extensively metabolized in the liver to the 
5-hydroxy derivative, which is inactive. Most of the drug is 
excreted within 24 h. About 90% is excreted in the urine, 
chiefly as glucuronide or sulfate conjugates; the remainder is 
passed in the feces.

A wide range of unpleasant side effects occur, including 
nausea and other gastrointestinal upsets, fever and neuro-
logical effects. It has been largely replaced by the less toxic 
benzimidazole carbamates. Although active against Ascaris 
lumbricoides, E. vermicularis and hookworms, it should not be 
used as primary therapy for these infections.

 Further information

Anonymous. Thiabendazole. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:T81–T83.

MISCELLANEOUS ANThELMINTIC 
AGENTS

DIEThyLCARBAMAZINE

Molecular weight (free base): 199.29; (citrate): 391.42.

A carbamyl derivative of piperazine formulated as the citrate. 
It is readily soluble in water and slightly hygroscopic.

 ANThELMINTIC ACTIvITy

Useful activity is restricted to filarial worms. It is adulticidal 
and microfilaricidal against Loa loa. Against Wuchereria ban-
crofti and Brugia malayi it is predominantly microfilaricidal, 
but slowly kills adult worms. It kills microfilariae, but not 
adults, of Onchocerca volvulus.

 PhARMACOkINETICS

Oral absorption >90%

C
max

 200 mg 1.5–2 mg/L after 2 h

Plasma half-life c. 6–12 h

Volume of distribution 107–371 L

Plasma protein binding Very low

Like piperazine (to which it is related), diethylcarbamazine 
is rapidly and completely absorbed. About half the dose is 
excreted unchanged in the urine; the rest is metabolized and 
eliminated by renal and extrarenal routes.

 TOxICITy AND SIDE EffECTS

In uninfected people, diethylcarbamazine has virtually no 
side effects, but in those with various forms of filariasis it 
has unpleasant effects primarily due to the death of blood- 
or skin-dwelling microfilariae. Severe reactions (‘Mazzotti 
reactions’), most frequently of the skin, occur in patients 
with onchocerciasis and may also be systemic with fever, 
headache, prostration, nausea, joint and muscle pain, ver-
tigo, tachycardia, cough and respiratory distress, hypoten-
sion and ocular signs. In patients with L. loa who harbor 
very large numbers of microfilariae in their blood, neuro-
logical problems may be very severe. Cardiological dam-
age has also been reported. In patients with W. bancrofti and 
B. malayi high fever occurs in the first few days after treat-
ment. Reversible proteinuria may occur.

 CLINICAL USE

It has also been used for visceral larva migrans, but experi-
ence is limited and there is little evidence of its efficacy.

preparations and dosage

Proprietary names: Mintezol, Triasox.

Preparations: Tablets, 500 mg; oral suspension 500 mg/5 mL.

Dosage: Oral, based on patient’s weight.

Strongyloidiasis: Two doses a day on two successive days or 50 mg/kg as a 

single dose.

Trichinosis: Two doses a day on 2–4 successive days, depending on 

response.

Cutaneous larva migrans: Two doses a day on two successive days; repeat 

if active lesions are still present 2 days after completion of therapy.

Visceral larva migrans: Two doses a day on 5–7 successive days.

Widely available.

Filariasis
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 Further information

Anonymous. Diethylcarbamazine (citrate). In: Dollery C, ed. Therapeutic Drugs. 2nd 
ed. Edinburgh: Churchill Livingstone; 1999:D103–D106.

Mackenzie CD, Kron MA. Diethylcarbamazine: a review of its action in 
onchocerciasis, lymphatic filariasis and inflammation. Trop Dis Bull. 
1985;82:R1–R37.

Maizels RM, Denham DA. Diethylcarbamazine (DEC): immunopharmacological 
interactions of an anti-filarial drug. Parasitology. 1993;105:S49–S60.

IvERMECTIN

Molecular weight: (dihydroavermectin B1a): 875.1; (dihy-
droavermectin B1b): 861.07.

A mixture of two closely related semisynthetic derivatives of 
avermectins, a complex of macrocyclic lactone antibiotics 
produced by Streptomyces avermitilis. In commercial prepa-
rations the ratio of the two components, dihydroavermectin 
B

1a and dihydroavermectin B1b, are present within the limits 
80–90% and 10–20%, respectively.

 ANThELMINTIC ACTIvITy

Activity against intestinal nematodes is shown in Table 34.1 
(p. 396). It is also active against O. volvulus and other filarial 
worms, but the effect is chiefly directed against the larval 
forms (microfilariae). Uniquely among anthelmintic agents 

it exhibits activity against some ectoparasites, including 
Sarcoptes scabiei.

 PhARMACOkINETICS

Oral absorption c. 60%

C
max

 12 mg oral c. 30–47 ng/mL after 4 h

Plasma half-life c. 12 h

Volume of distribution 46.9 L

Plasma protein binding 93%

It is rapidly metabolized in the liver and the metabolites are 
excreted in the feces over about 12 days with minimal (<1%) 
urinary excretion. Highest concentrations occur in the liver 
and fat. Extremely small amounts are found in the brain.

 TOxICITy AND SIDE EffECTS

In the treatment of onchocerciasis mild Mazzotti-type reactions 
occur, with occasional neurological problems. Although it is 
highly effective against L. loa, care must be taken to avoid treat-
ing patients with high microfilarial counts: there is one report 
of a patient with a concomitant L. loa infection who died when 
treated for onchocerciasis. Mild gastrointestinal and nervous sys-
tem signs may occur following treatment for strongyloidiasis.

 CLINICAL USE

If the patient is harboring Asc. lumbricoides, the worms will be 
passed in the feces. Head lice will also be killed, which is very 
much welcomed by the treated patients. Ivermectin has been 
widely used in the veterinary field, where use is also made of 
its effect on ectoparasites.

preparations and dosage

Proprietary names: Banocide, Hetrazan, etc.

Preparation: Tablets, 50 or 100 mg.

Dosage:

Loiasis: Adults, oral, 1 mg/kg as a single dose, doubled on two successive 

days, and then adjusted to 2–3 mg/kg every 8 h for a further 18 days.

Wuchereria bancrofti: Adults and children >10 years of age, oral, 6 mg/kg 

per day for 12 days, preferably in divided doses after meals.

Brugia spp.: Adults and children >10 years of age, oral, 3–6 mg/kg per day 

for 6–12 days, preferably as divided doses after meals.

Limited availability.

Onchocerciasis

Non-disseminated strongyloidiasis

Lymphatic filariasis (in combination with albendazole)

Scabies

preparations and dosage

Proprietary names: Mectizan, Stromectol.

Preparation: Tablets, 3 or 6 mg.

Dosage:

Onchocerciasis: ≥15 kg, oral, 150 μg/kg as a single dose. Re-treat  

at 6–12-month intervals.

Strongyloidiasis: ≥15 kg, oral, 200 μg/kg as a single dose on two 

consecutive days.

Ivermectin should not be used during pregnancy or in nursing mothers. 

Limited availability.

CH3 CH3

CH3

OCH3

H3C

H3C

H3C

OCH3

OH

OH

HO

R
O

O

OO

O

O
O

O

O

R

secbutyl (80%)
isopropyl (20%)



400 ChApter 34 AnthelmintiCs

 Further information

Anonymous. Ivermectin. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:I127–I130.

Brown KR, Ricci FM, Ottesen EA. Ivermectin: effectiveness in lymphatic filariasis. 
Parasitology. 2000;121:S133–S146.

Campbell WC. Ivermectin as an antiparasitic agent for use in humans. Annu Rev 
Microbiol. 1991;45:445–474.

Goa KL, McTavish D, Clissold SP. Ivermectin: a review of its antifilarial activity, 
pharmacokinetic properties and clinical efficacy in onchocerciasis. Drugs. 
1991;42:640–658.

Ottesen EA, Campbell WC. Ivermectin in human medicine. J Antimicrob 
Chemother. 1994;32:195–203.

LEvAMISOLE

Molecular weight (free base): 204.29; (hydrochloride): 240.75.

The l-isomer of tetramisole, available as the monohydrochlo-
ride. The d-isomer has no anthelmintic activity. It is very sol-
uble in water and is stable in the dry state.

 ANThELMINTIC ACTIvITy

Its principal activity is against Asc. lumbricoides and hook-
worms (Table 34.1, p. 396). Worms are paralyzed and passed 
out in the feces within a few hours.

 PhARMACOkINETICS

Oral absorption c. 90%

C
max

 150 mg oral 0.5 mg/L after c. 2 h

Plasma half-life c. 4 h

Volume of distribution 100–120 L

Levamisole is rapidly absorbed from the gut and extensively 
metabolized in the liver. It is excreted chiefly in the urine.

 TOxICITy AND SIDE EffECTS

Nausea, gastrointestinal upsets and very mild neurological 
problems have been reported.

 CLINICAL USE

Levamisole has been used in rheumatoid arthritis and some 
other conditions that are said to respond to its immunomodu-
latory activity. 

 Further information

Anonymous. Levamisole (hydrochloride). In: Dollery C, ed. Therapeutic Drugs. 2nd 
ed. Edinburgh: Churchill Livingstone; 1999:L26–L29.

METRIfONATE

Trichlorfon (USAN). Molecular weight: 257.44.

An organophosphorus compound. It is soluble in water and 
stable at room temperature. At higher temperatures it decom-
poses to the insecticide dichlorvos.

 ANThELMINTIC ACTIvITy

Useful activity is restricted to Schistosoma haematobium. It 
has little activity against other schistosomes (Table 34.2). 
Although it exhibits activity against several other helminths, it 
is not used for their treatment.

 PhARMACOkINETICS

Metrifonate is rapidly absorbed after oral administration, 
achieving a peak concentration in plasma within 1–2 h. It 
undergoes chemical transformation to dichlorvos, which is 
the active molecule. Dichlorvos is rapidly and extensively 
metabolized and excreted mainly in the urine.

 TOxICITy AND SIDE EffECTS

Various side effects such as abdominal pain, gastrointesti-
nal upsets and vertigo occur in many patients. As the worms 

Ascariasis

Hookworm infection

preparations and dosage

Proprietary names: Ergamisol, Ketrax, Solaskil.

Preparation: Tablets, 40 or 50 mg.

Dosage:

Ascariasis: Adults, oral, 120–150 mg as a single dose; children, 3 mg/kg as 

a single dose.

Hookworm: Oral, 2.5–5 mg/kg as a single dose; in severe cases, a second 

dose may be given 7 days after the first.

Limited availability.
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release their hold of the veins in the bladder they pass through 
the blood system to the lungs, where they disintegrate; this 
may cause some of the side effects. Cholinesterase levels in 
the blood and on erythrocytes are depressed, but the signifi-
cance of this is unknown.

 CLINICAL USE

 Further information

Anonymous. Trichlorfon. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:T174–T179.

NICLOSAMIDE

Molecular weight: 327.12.

A synthetic chlorinated nitrosalicylanilide available for oral 
administration.

 ANThELMINTIC ACTIvITy

Useful activity is restricted to intestinal tapeworms, including 
Taeniarhynchus saginatus (syn. Taenia saginata), Taenia solium, 

Diphyllobothrium latum and Hymenolepis nana. It is not effec-
tive against larval stages of tapeworms.

 PhARMACOkINETICS

Conflicting data exist relative to the level of absorption of 
niclosamide from the gut. The metabolized drug is passed in 
the feces and urine, staining them yellow.

 TOxICITy AND SIDE EffECTS

Very few side effects have been reported, but these include 
mild nausea, abdominal cramps and dizziness.

 CLINICAL USE

OxAMNIQUINE

Molecular weight: 279.33.

agent Schistosoma  
mansoni

Schistosoma 
haematobium

Schistosoma 
japonicum

Schistosoma 
intercalatum

Schistosoma  
mekongi

Praziquantel +++ +++ +++ +++ +++

Metrifonate – +++ – – –

Oxamniquine +++ – – – –

table 34.2 Activity of commonly used antischistosome agents

+++, Highly effective; –, no useful activity.

Urinary schistosomiasis (especially mass chemotherapy control programs)

preparations and dosage

Proprietary name: Bilarcil.

Preparation: Tablets, 100 mg.

Dosage: Adults and children, oral. S. haematobium: three doses  

of 75–10 mg/kg may be given at intervals of 14 days.

Limited availability. Intestinal tapeworm infections

preparations and dosage

Proprietary names: Niclocide, Tredemine, Yomesan.

Preparation: Tablets, 500 mg.

Dosage:

T. saginatus, T. solium (intestinal stage) and D. latum: Adults, oral, 2 g as a 

single dose; children 10–35 kg, 1 g as a single dose; infants <10 kg, 0.5 g as 

a single dose. Chronically constipated patients should receive a purgative 

on the evening preceding treatment.

H. nana: A 7-day treatment is recommended; adults, 2 g on the first day 

and 1 g on each of the next 6 days; children 10–35 kg, 1 g on the first day 

and 0.5 g on each of the next 6 days; infants <10 kg, a total of 2 g should 

be given over 7 days.

Widely available.NO2
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A synthetic quinolinemethanol, available for oral administration.

 ANThELMINTIC ACTIvITy

Activity is restricted to Schistosoma mansoni (Table 34.2). 
Some strains, particularly those in Egypt and Southern 
Africa, require higher doses for efficacy owing to innate 
tolerance.

 PhARMACOkINETICS

It is rapidly absorbed after oral administration, achieving a 
peak concentration of 0.3–2.5 mg/L 1–3 h after an oral dose 
of 15 mg/kg body weight. Peak levels following intramuscular 
treatment at 7.5 mg/kg generally do not exceed 0.15 mg/L. It 
is extensively metabolized to biologically inactive 6-carboxylic 
and 2-carboxylic acid derivatives, which are excreted in the 
urine, mostly within 12 h.

 TOxICITy AND SIDE EffECTS

Dizziness, sleepiness, nausea and headache occur frequently. 
Other side effects are probably due to the death and disinte-
gration of the worms in the liver. Following treatment, urine 
may become red.

 CLINICAL USE

 Further information

Anonymous. Oxamniquine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:O35–O37.

PIPERAZINE

Molecular weight: piperazine: 86.14; (edetate calcium): 
416.44; (anhydrous citrate): 642.65.

A synthetic chemical, most commonly formulated as the cit-
rate, but also available as the adipate, edetate calcium and 
tartrate salts.

 ANThELMINTIC ACTIvITy

Activity against common intestinal nematodes is shown in 
Table 34.1 (p. 396). It has no other useful anthelmintic 
activity.

 PhARMACOkINETICS

Activity against intestinal worms requires that a substantial 
amount remains in the gut. However, after oral administra-
tion a variable amount is rapidly absorbed from the small 
intestine and subsequently excreted in the urine. Its half-life 
is extremely variable.

 TOxICITy AND SIDE EffECTS

Some people develop hypersensitivity, requiring cessation of 
treatment. Transient, mild gastrointestinal or neurological 
symptoms may occur.

 CLINICAL USE

Infection with S. mansoni

preparations and dosage

Proprietary name: Vansil.

Preparations: Capsule, 250 mg; syrup, 50 mg/mL.

Dosage:

West Africa, South America, Caribbean Islands: Adults, 15 mg/kg as a single 

oral dose; children <30 kg, 10 mg/kg orally every 12 h for 1 day.

East and Central Africa and Arabian Peninsula: Adults and children,  

15 mg/kg orally every 12 h for 1 day.

Egypt, Southern Africa and Zimbabwe: Adults and children, 60 mg/kg orally 

over 2–3 days with no single dose to exceed 20 mg/kg.

Limited availability. 
Ascariasis

Pinworm
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 Further information

Anonymous. Piperazine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:P137–P139.

PRAZIQUANTEL

Molecular weight: 312.41.

A synthetic pyrazinoquinoline formulated for oral administra-
tion. It is stable in the dry state, but hygroscopic.

 ANThELMINTIC ACTIvITy

All species of human schistosomes are susceptible (Table 34.2, 
p. 401), but there is a relative lack of efficacy against imma-
ture stages. It is also effective against adult and tissue-dwelling  
larval tapeworms; against the intestinal flukes Fasciolopsis 
buski, Metagonimus yokogawi, Heterophyes heterophyes and 
Nanophyetus salmincola; against Clonorchis and Opisthorchis 
spp. in the bile ducts; and against Paragonimus spp. in the 
lungs. It has variable activity against zoonotic Fasciola hepatica 
infections.

 ACQUIRED RESISTANCE

There is evidence that resistance to praziquantel is emerging 
in schistosomes, although there is debate as to whether treat-
ment failures are due to resistance or innate tolerance.

 PhARMACOkINETICS

Oral absorption >80%

C
max

 50 mg/kg oral 1 mg/L after 1–2 h

Plasma half-life: parent drug  

 metabolites

1–1.5 h

4–6h

Plasma protein binding 80%

Praziquantel is rapidly absorbed when given orally, but it 
undergoes extensive first-pass biotransformation and the con-
centration of unchanged drug in plasma is low. The major 
metabolite, a 4-hydroxy derivative, retains little to no anti-
parasitic activity. About 80% of the oral dose, as parent drug 
and its metabolites, is excreted in the urine by the fourth day 
post-treatment, 90% of this in 24 h. A higher peak plasma 
concentration is achieved in infected people, but other phar-
macokinetic values are unchanged.

 TOxICITy AND SIDE EffECTS

Very few side effects have been reported. In the treatment 
of cerebral cysticercosis the death of cysts in the brain may 
cause local inflammation and edema, but this usually sub-
sides quickly. Ocular cysticercosis should not be treated 
with this drug, because parasite destruction in the eye can 
lead to irreparable lesions. Adverse events seen in the treat-
ment of schistosomiasis, including abdominal pain, nausea, 
anorexia, diarrhea and mild neurological effects, are almost 
certainly due to the death and disintegration of the large 
adult worms.

 CLINICAL USE

Treatment may need to be prolonged in cerebral cysticercosis.

preparations and dosage

Proprietary names: Many (e.g. Antepar, Pripsen).

Preparations: Various oral presentations.

Dosage:

The dosage of piperazine is generally expressed relative to piperazine 

hexahydrate.

Ascariasis: Adults and children >12 years, the equivalent of 75 mg/kg to 

a maximum of 35 g of piperazine hexahydrate as a single oral dose or 

divided over two consecutive days; children 2–12 years, as for adults but 

to a maximum of 25 g; children <2 years, the equivalent of 50 mg/kg  

of piperazine hexahydrate administered under medical supervision. 

Alternative regimens exist.

Pinworm: Adults and children, the equivalent of 50 mg/kg of piperazine 

hexahydrate given orally on seven consecutive days. Treatment should 

be repeated at an interval of 2 weeks and all family members should be 

treated. Alternative regimens exist.

Widely available without prescription in many countries under numerous 

trade names.

Schistosomiasis

Other trematode infections (except F. hepatica)

Tapeworm infection, including cerebral cysticercosis
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 Further information

Anonymous. Praziquantel. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:P184–P189.

Botros SS, Bennett J. Praziquantel resistance. Expert Opin Drug Discov. 2007;2: 
(suppl 1):S35–S40.

Groll E. Praziquantel. Adv Pharmacol Chemother. 1984;20:219–238.
Kumar V, Gryseels B. Use of praziquantel against schistosomiasis: a review of 

current status. Int J Antimicrob Agents. 1994;4:313–320.
Pica-Mattoccia L, Ciola D. Sex- and stage-related sensitivity of Schistosoma 

mansoni to in vivo and in vitro praziquantel treatments. Int J Parasitol. 
2004;34:527–533.

PyRANTEL

Molecular weight: (free base): 206.3; (pamoate): 594.68.

A tetrahydropyrimidine, formulated as the pamoate (embon-
ate) in a 1:1 ratio and available as a suspension for oral admin-
istration. It is practically insoluble in water, but soluble in 
dimethyl sulfoxide. It is stable at room temperature.

 ANThELMINTIC ACTIvITy

Activity against the common intestinal nematodes is shown 
in Table 34.1 (p. 396). Pyrantel is less active against Necator 
americanus than against Ancylostoma duodenale.

 PhARMACOkINETICS

By synthetic design most of the dose is passed unchanged in 
the feces. The portion that is absorbed (<5%) is metabolized 
and excreted in the urine.

 TOxICITy AND SIDE EffECTS

Pyrantel should not be used at the same time as piperazine as 
their modes of action are antagonistic. Gastrointestinal upsets 
and, rarely, very mild neurological symptoms occur.

 CLINICAL USE

Higher and more prolonged doses may be necessary in hook-
worm infection caused by N. americanus. Pyrantel has been 
used in combination with an analog (oxantel) where concur-
rent whipworm infection was likely.

 Further information

Anonymous. Pyrantel (pamoate). In: Dollery C, ed. Therapeutic Drugs. 2nd ed. 
Edinburgh: Churchill Livingstone; 1999:P284–P286.

SURAMIN

A complex symmetrical molecule originally developed in 
Germany in the early 1920s for the treatment of African try-
panosomiasis. Its useful anthelmintic activity is restricted to 
O. volvulus and it has been used to achieve a radical cure of 
onchocerciasis by killing the adult worms. However, it is an 
extremely toxic drug and its use has become increasingly 
uncommon since ivermectin became available. Its properties 
are described in Chapter 35 (pp.424–425).
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preparations and dosage

Proprietary names: Biltricide, Distocide.

Preparation: Tablets, 600 mg.

Dosage:

Adults and children >4 years.

Schistosomiasis: 20 mg/kg orally three times a day at 4–6 h intervals on  

1 day or 40 mg/kg as a single dose.

Liver and lung flukes: 25 mg/kg orally three times a day at 4–6 h intervals on 

one day or two consecutive days.

Intestinal flukes: 25 mg/kg as a single oral dose.

Intestinal taeniasis: 5–10 mg/kg as a single oral dose.

Intestinal diphyllobothriasis: 5–10 mg/kg as a single oral dose.

Intestinal hymenolepiasis: 15–25 mg/kg as a single oral dose.

Cysticercosis: A total of 50 mg/kg per day in three divided doses on 14 

consecutive days. A corticosteroid should be administered for 2–3 days 

before and throughout treatment.

Limited availability. Ascariasis

Pinworm

Hookworm (especially A. duodenale)

Trichostrongyliasis

preparations and dosage

Proprietary names: Antiminth, Combantrin.

Preparations: Tablets, 250 mg; oral suspension, 50 mg/mL.

Dosage: Adults and children >6 months, 10 mg/kg as a single oral dose; 

treatment for pinworm should be repeated after 2 weeks; more severe 

infections of N. americanus require 20 mg/kg as a single dose on two 

consecutive days, or 10 mg/kg as a single dose on 3–4 consecutive days.

Widely available.
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OThER ANThELMINTIC AGENTS

Potassium antimony tartrate (tartar emetic), sodium antimony 
tartrate, the thioxanthone, hycanthone, and the 5-nitrothiaz-
ole, niridazole, were formerly used in the treatment of schis-
tosomiasis, but have been largely superseded by less toxic 
compounds. Niridazole has also been used in Guinea worm 
infection, but no drug interrupts transmission, and metron-
idazole or benzimidazole carbamates are much safer and as 
useful in providing symptomatic relief.

The chlorinated hydrocarbon tetrachloroethylene has 
been used since the 1920s in the treatment of hookworm 

infection. It is more effective in eliminating N. americanus 
than Ancyl. duodenale and has no useful effect against other 
intestinal worms. Bephenium, a quaternary ammonium 
compound formulated as the hydroxynaphthoate, is effective 
against several nematodes, including Asc. lumbricoides and 
Ancyl.duodenale, but not N. americanus. Pyrvinium, a cya-
nine dye formulated as the almost insoluble pamoate, was 
formerly used to treat pinworm infections. It is not absorbed 
from the gut, is very bright red in color, and stains the feces 
red. All of these drugs have been replaced by safer and more 
effective agents.



Chapter

35 Antiprotozoal agents

Simon L. Croft and Karin Seifert

Protozoa are unicellular, eukaryotic cells with an enormous diversity of 
biological characteristics. This is reflected in the requirements for differ-
ent drugs and limited overlap in sensitivity. Several antiprotozoal agents 
developed in the 1920s and 1930s (e.g. suramin, mepacrine, chloroquine 
and sodium stibogluconate) are still widely used. Standard drugs for the 
treatment of the most neglected diseases – human African trypanoso-
miasis (sleeping sickness), leishmaniasis and South American trypanoso-
miasis (Chagas disease) – remain inadequate, although the introduction 
of miltefosine for leishmaniasis has seen a significant improvement in 
potential for treatment of this condition. There is still a need to identify 
more effective drugs for diseases such as cryptosporidiosis and toxo-
plasmosis, which have emerged as important opportunistic pathogens 
in immunocompromised patients.

Awareness of the impact of protozoal diseases such as malaria on 
the development of many countries, and the spread of drug resistance 
(Ch. 62), has led to initiatives to discover and develop new drugs. Large 
screening programs are now in place through philanthropic and pub-
lic funding and the development of public–private partnerships.

 Further information

Croft SL, Barrett MP, Urbina JA. Chemotherapy of trypanosomiasis and 
leishmaniasis. Trends Parasitol. 2005;28:508–512.

Olliaro P, Wells TNC. The global portfolio of new antimalarial medicines under 
development. Clin Pharmacol Ther. 2009;85:584–599.

Renslo AR, McKerrow JH. Drug discovery and development for neglected diseases. 
Nat Chem Biol. 2006;2:701–710.

Stuart K, Brun R, Croft S, et al. Kinetoplastids: related protozoan pathogens, 
different diseases. J Clin Invest. 2008;118:1301–1310.

Witkowski B, Berry A, Benoit-Vical F. Resistance to antimalarial compounds: 
methods and applications. Drug Resistance Updates. 2009;12:42–50.

ORGANOMETALS

Arsenical and antimonial compounds such as atoxyl and 
tartar emetic have been used for the treatment of African 
sleeping sickness and leishmaniasis for over a century. The 
compounds presently used (sodium stibogluconate, melar-
soprol,  meglumine antimonate) were developed in the 1940s 
and are considerably less toxic than their predecessors.

MELARSOPROL

Molecular weight: 398.34.

Mel B. A derivative of trivalent melarsen oxide and dim-
ercaprol (BAL), possessing a melaminyl moiety. Formulated 
in 3.6% propylene glycol for intravenous administration. It is 
almost insoluble in water.

 ANTiMicRObiAL AcTiviTy

It is highly and rapidly active against Trypanosoma brucei 
gambiense and T. brucei rhodesiense in vitro at submicromo-
lar concentrations. It is much less active against the trypano-
somes that infect domestic animals, T. congolense and T. vivax. 
Co-administration with eflornithine is effective against cen-
tral nervous system (CNS) infection with T. brucei in rodent 
models, but clinical studies have found the combination less 
effective than nifurtimox–eflornithine.

 AcquiREd RESiSTANcE

Up to 25% of cases of T. brucei gambiense in Central Africa relapse. 
Patients infected with T. brucei rhodesiense normally respond to a 
second course of the drug, but those with T. brucei gambiense do 
not. In laboratory-generated resistant strains, decreased sensitiv-
ity results from reduced uptake of the drug by bloodstream try-
pomastigotes that either lack an adenine/adenosine transporter 
(TbAT1) or contain a transporter gene with point mutations. 
There is conflicting evidence about the role of this mechanism of 
resistance in isolates from patients unresponsive to treatment.
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 PhARMAcOkiNETicS

Serum levels of 2–4 mg/L were achieved 24 h after admin-
istration of 3.6 mg/kg, falling to 0.1 mg/L at 120 h after 
the fourth daily injection. Elimination was biphasic with a 
half-life of 35 h. The volume of distribution was 100 L. It 
is rapidly metabolized by microsomal enzymes to melar-
sen oxide, reaching maximum plasma concentration by 15 
min and eliminated with a half-life of 3.9 h. This metabolite 
can cross the blood–brain barrier and effect a CNS cure in 
mice. Levels of melarsoprol in the cerebrospinal fluid (CSF) 
reached around 300 μg/L, about 50 times lower than serum 
levels.

 TOxiciTy ANd SidE EffEcTS

The propylene glycol formulation can cause tissue trauma 
and long-term damage to veins. Drug-induced reactions 
include fever on first administration, abdominal colic pain, 
dermatitis and arthralgia. Polyneuropathy has been reported 
in about 10% of patients. Reactive arsenical encephalop-
athy is a serious side effect that occurs in around 10% of 
those treated, with death in 1–3% of cases. The frequency of 
encephalopathy increases with a rise in the white cell count 
or the presence of trypanosomes in the CSF. The causes of 
the immunological responses involved in the encephalopathy 
and the possible existence of two forms (reactive and hemor-
rhagic) are not completely resolved. Studies to identify anti-
inflammatory approaches to reduce reactive encephalopathy 
in late-stage T. brucei gambiense infection have produced lim-
ited results.

 cLiNicAL uSE

It is not recommended for early-stage disease, in which alter-
natives with less serious side effects are available.

 Further information

Balasegaram M, Young H, Chappuis F, et al. Effectiveness of melarsoprol and 
eflornithine as first-line regimes for sleeping sickness in nine Médicines sans 
Frontières programmes. Trans R Soc Trop Med Hyg. 2009;103:280–290.

Barrett MP, Boykin DW, Brun R, Tidwell RR. Human African trypanosomiasis: 
pharmacological re-engagement with a neglected disease. Br J Pharmacol. 
2007;152:1155–1171.

Bernhard SC, Nerima B, Mäser P, Brun R. Melarsoprol- and pentamidine-resistant 
Trypanosoma brucei rhodesiense populations and their cross-resistance. Int 
J Parasitol. 2007;37:1443–1448.

Keiser J, Ericsson O, Burri C. Investigations of the metabolites of the trypanocidal 
drug melarsoprol. Clin Pharmacol Ther. 2000;67:478–488.

SOdiuM STibOGLucONATE

Pentavalent sodium antimony gluconate.

A pentavalent antimonial of uncertain chemical composition; 
probably a complex mixture of polymeric forms. There is batch-
to-batch variation and solutions may contain 32–34% pentavalent 
antimony (SbV). The structural formula is conjectural as studies 
have identified a mixture of non-complexed SbV and large poly-
meric gluconate complexes. Chemical composition also depends 
on concentration and time. It is freely soluble in water.

 ANTiMicRObiAL AcTiviTy

It has low activity against the extracellular promastigote stage 
of Leishmania spp. in vitro, but is active against amastigotes 
in macrophages. The trivalent form is considered to be the 
toxophore, with metabolism of SbV to toxic SbIII in the host 
cell macrophage and the parasite; the level of metabolism is 
higher in amastigotes than promastigotes. Variation in the sen-
sitivity of different Leishmania species may contribute to dif-
ferences in clinical response. It is more active against visceral 
than cutaneous leishmaniasis in animal models. Sodium sti-
bogluconate cures CNS infections with T. brucei in rodents.

 AcquiREd RESiSTANcE

Unresponsiveness and relapse of L. donovani infections in 
Bihar State, India (over 60% of cases), is due to increas-
ing acquired resistance. In laboratory-generated and clinical 
 isolates, resistant Leishmania promastigotes show increased 
levels of intracellular thiols, for example trypanothione, to 
which SbIII is conjugated and extruded by efflux pumps.

Late-stage sleeping sickness caused by T. brucei gambiense and T. brucei 

rhodesiense

preparations and dosage

Proprietary name: Arsobal.

Preparation: Injection.

Dosage: Adults, i.v., 3.6 mg/kg per day for 3–4 days and repeat 2–3 times 

with an interval of at least 7 days between courses. An alternative regimen 

of 10 daily doses of 2.2 mg/kg, with no interval, did not improve safety but 

reduced time in hospital.

Limited availability.
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Lack of response is also reported in patients with mucosal 
leishmaniasis caused by L. braziliensis. Relapse is common 
in patients with visceral leishmaniasis who are immunosup-
pressed, for example by HIV infection, but this is due to 
pathogen interaction and the immune dependence of drug 
activity and not acquired resistance. High mortality has been 
reported in treatment of these co-infection cases.

 PhARMAcOkiNETicS

Peak concentrations of about 12–15 mg antimony/L are 
achieved in serum 1 h after a dose of 10 mg/kg. There is a slow 
accumulation in the central compartment, and tissue concen-
trations reach a maximum after several days. In contrast to triva-
lent derivatives, pentavalent antimonials are not accumulated by 
erythrocytes, but there is evidence of protein binding. Antimony 
is detected in the skin for at least 5 days after treatment. Some 
of the dose of SbV is converted to SbIII, possibly by the liver or 
by macrophages. It is rapidly excreted into urine with a half-life 
of about 2 h; 60–80% of the dose appears in the urine within  
6 h of parenteral administration. In a study on structurally related 
meglumine antimonate (see below) the pharmacokinetics of SbV 
and SbIII were similar as measured by serum and urine levels.

 TOxiciTy ANd SidE EffEcTS

The toxic effects are limited by the rapid excretion, but cumu-
lative toxicity increases in proportion to dose. Myalgia, arth-
ralgia, anorexia and electrocardiographic changes have been 
reported with high-dose regimens. In particular, development 
of ventricular tachyarrhythmias associated with prolongation 
of the QT interval has been recorded. Hepatocellular dam-
age, hepatic and renal functional impairment and pancreatitis 
have also been reported. The changes are reversible on dis-
continuation of treatment.

 cLiNicAL uSE

The combination with paromomycin has been used in unre-
sponsive cases and in relapses of visceral and cutaneous 
leishmaniasis.

 Further information

Croft SL, Sundar S, Fairlamb AH. Drug resistance in leishmaniasis. Clin Microbiol Rev. 
2006;19:116–126.

Frézard F, Martins PS, Barbosa MC, et al. New insights into the chemical 
structure and composition of the pentavalent antimonial drugs, 
meglumine antimonate and sodium stibogluconate. J Inorg Biochem. 
2008;102:656–665.

Mittal MK, Rai S, Ashutosh R, et al. Characterisation of natural antimony 
resistance in Leishmania donovani isolates. Am J Trop Med Hyg. 
2007;76:681–688.

Olliaro PL, Guerin PJ, Gerstl S, Haaskjold AA, Rottingen JA, Sundar S. Treatment 
options for visceral leishmaniasis: a systematic review of clinical studies done in 
India, 1980–2004. Lancet Infect Dis. 2005;5:763–774.

Ritmeijer K, Dejenie A, Assefa Y, et al. A comparison of miltefosine and 
sodium stibogluconate for treatment of visceral leishmaniasis in an 
Ethiopian population with high prevalence of HIV infection. Clin Infect Dis. 
2006;43:357–364.

MEGLuMiNE ANTiMONATE

N-Methylglucamine antimonate; methylaminoglucitol anti-
monate. The SbV content varies around 28% between batches. 
The major moieties are SbV–ligand complexes which are zwit-
terionic in solution.

The activity, pharmacology and toxicology are similar to 
those of sodium stibogluconate, with which it is essentially 
interchangeable.

 cLiNicAL uSE

Studies in Central and South America have indicated that the 
combination with interferon-γ is effective in the treatment of 
visceral and cutaneous leishmaniasis cases unresponsive to 
antimony alone.

quiNOLiNES

Quinine and related alkaloids have been the mainstay of anti-
malarial chemotherapy since the 17th century, originally in 
the form of Cinchona bark. Synthetic quinolines were devel-
oped in the 1920s and 1930s. The most important of these, 
the 4-aminoquinoline chloroquine, has succumbed to global 

Visceral, cutaneous and mucocutaneous leishmaniasis

 preparations and dosage

Proprietary name: Pentostam.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 10–20 mg/kg per day with a maximum of 850 mg 

for at least 20 days; the dose varies with different geographical regions.

Limited availability; not available in the USA.

Treatment of visceral and cutaneous leishmaniasis

 preparations and dosage

Proprietary name: Glucantime.

Preparation: Injection.

Dosage: Adults, i.m., i.v., 20 mg/kg per day for 20–28 days. The course can 

be repeated.

Limited availability, not available in the UK.
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resistance in Plasmodium falciparum. Quinine is still used for 
the therapy of severe malaria. The search for new derivatives 
led to the discovery of mefloquine. Amodiaquine, another 
4-aminoquinoline, is active against chloroquine-resistant 
strains of P. falciparum, but is not recommended for prophy-
laxis. Identification of the structure–function relationships for 
activity and resistance has enabled the development of qui-
nolines active against chloroquine-resistant P. falciparum; two 
bis(quinolines), piperaquine and hydroxypiperaquine, have 
been used in the treatment of drug-resistant malaria in China 
and are in development in co-formulations with artemisinin 
derivatives. The 8-aminoquinoline primaquine is used for the 
radical cure of benign tertian malaria. Others of this class are 
in clinical trial: tafenoquine for malaria and sitamaquine for 
visceral leishmaniasis.

 Further information

Egan TJ. Haemazoin formation. Mol Biochem Parasitol. 2008;157:127–136.
O’Neill PM, Ward SA, Berry NG, et al. A medicinal chemistry perspective on 

4-aminoquinoline antimalarial drugs. Curr Top Med Chem. 2006;6:479–507.
Tekwani BL, Walker LA. 8-Aminoquinolines: future role as antiprotozoal drugs. Curr 

Opin Infect Dis. 2006;19:623–631.

chLOROquiNE

Molecular weight: 319.9.

A synthetic 4-aminoquinoline, formulated as the phosphate 
or sulfate for oral administration and as the hydrochloride or 
sulfate for parenteral use. The salts are soluble in water.

 ANTiMicRObiAL AcTiviTy

Chloroquine accumulates 300-fold in infected erythrocytes 
and acts against the early erythrocytic stages of all four spe-
cies of Plasmodium that cause human malaria. It is also active 
against the gametocytes of P. vivax, P. ovale and P. malariae, 
but not against the hepatic stages or mature erythrocytic 
 schizonts and merozoites.

 AcquiREd RESiSTANcE

Resistance of P. falciparum is widespread and has become a 
major problem. The mechanism appears to be either decreased 
uptake or increased efflux of the drug by the  parasite, or both. 
Changes in genes encoding a P-glycoprotein homolog, Pfmdr1, 

and another putative transporter, Pfcrt, are associated with resis-
tance. Reversal of resistance with, for example, verapamil or 
probenecid has been demonstrated in experimental models, but 
human trials have been disappointing. Chloroquine-resistant P. 
vivax has been reported in South America and South East Asia.

 PhARMAcOkiNETicS

Oral absorption 80–90%

C
max

 300 mg oral 0.25 mg/L after 1–6 h

Plasma half-life c. 9 days (mean)

Volume of distribution 200 L/kg

Plasma protein binding 50–70%

There is extensive tissue binding and a high affinity for mel-
anin-containing tissues. Chloroquine is extensively metabo-
lized to a biologically active monodesethyl derivative that 
forms about 20% of the plasma level of the drug. The mean 
elimination half-life results from an initial phase (3–6 days), 
a slow phase (12–14 days) and a terminal phase (40 days). 
Renal clearance is about 50% of the dose.

 TOxiciTy ANd SidE EffEcTS

Minor side effects such as dizziness, headache, rashes, nau-
sea and diarrhea are common. Pruritus occurs in up to 20% 
of Africans taking chloroquine. Long-term treatment can 
induce CNS effects and cumulative dosing over many years 
may cause retinopathy. Rarely, photosensitization, tinnitus 
and deafness have occurred.

 cLiNicAL uSE

A combination with azithromycin has been suggested for 
intermittent preventive treatment.

 preparations and dosage

Proprietary names: Avloclor, Nivaquine.

Preparations: Tablets, syrup, injection.

Dosage: Treatment of benign malarias: adult, oral, 600 mg chloroquine 

base as initial dose then a single dose of 300 mg after 6–8 h, then a single 

dose of 300 mg per day for 2 days. Children, oral, initial dose of 10 mg/

kg of chloroquine base then a single dose of 5 mg/kg after 6–8 h, then 

a single dose of 5 mg/kg per day for 2 days. Malaria prophylaxis: consult 

specialist guidelines.

Widely available.

Prophylaxis and treatment of all types of malaria

Hepatic amebiasis (in sequential combination with dehydroemetine)
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 Further information

Chico RM, Pittrof R, Greenwood B, et al. Azithromycin–chloroquine and the 
intermittent preventive treatment of malaria in pregnancy. Malar J. 2008;7:255.

Fidock DA, Eastman RT, Ward SA, et al. Recent highlights in antimalarial drug 
resistance and chemotherapy research. Trends in Parasitolology. 2008;24:537–544.

Jensen M, Melhorn H. Seventy-five years of Resochin in the fight against malaria. 
Parasitol Res. 2009;105:609–622.

AMOdiAquiNE

Molecular weight: 355.86.

A mono-Mannich-base 4-aminoquinoline,  formulated 
as the dihydrochloride dihydrate or free base for oral 
administration.

It is active against P. falciparum and P. vivax and is more 
active than chloroquine for the treatment of uncomplicated P. 
falciparum malaria. Chloroquine-resistant strains may remain 
susceptible, but resistance to amodiaquine is also spreading 
in some regions of Africa. The pharmacological properties are 
similar to those of chloroquine. The terminal elimination half-
life is 1–3 weeks. It is rapidly and extensively metabolized to the 
desethyl derivative which has reduced antiplasmodial activity.

Prophylactic use has been abandoned because of agranu-
locytosis and hepatotoxicity due to formation of a quinone-
imine metabolite.

A fixed dose combination with artesunate and derivatives 
(for example, isoquine) with altered metabolism and reduced 
toxicity is in development.

 cLiNicAL uSE

 Further information

Olliaro P, Mussano P. Amodiaquine for treating malaria. Cochrane Database Syst 
Rev. 2003;(2) CD000016.

O’Neill PM, Park BK, Shone AE, et al. Candidate selection and preclinical 
evaluation of N-tert-butyl isoquine (GSK369796), an affordable and 
effective 4-aminoquinoline antimalarial for the 21st century. J Med Chem. 
2009;52(5):1408–1415.

Sasi P, Abdulrahaman A, Mwai L, et al. In vivo and in vitro efficacy of 
amodiaquine against Plasmodium falciparum in an area of continued use of 
4-aminoquinolines in East Africa. J Infec Dis. 2009;199:1575–1582.

MEfLOquiNE

Molecular weight (free base): 378.3; (hydrochloride): 414.8.

A synthetic 4-quinolinemethanol, formulated as the hydro-
chloride for oral administration. It is slightly soluble in water.

 ANTiMicRObiAL AcTiviTy

Mefloquine is a lipophilic drug with a high affinity to mem-
branes. A concentration of 10–40 nm has rapid dose-related 
activity against erythrocytic stages of Plasmodium spp., 
including strains resistant to chloroquine, sulfonamides and 
pyrimethamine. The C-11 (hydroxy) enantiomers have equal 
antimalarial activity. It also exhibits activity against bacteria 
(including methicillin-resistant Staphylococcus aureus), and 
some fungi and helminths.

 AcquiREd RESiSTANcE

Resistance in P. falciparum is widespread in South East Asia 
where high-grade resistance was found in 15% of patients and 
low-grade resistance in about 50%. There is cross-resistance 
with quinine and halofantrine, and an inverse  relationship 
with chloroquine resistance has been reported. The molecu-
lar basis of resistance remains unclear but polymorphisms 
of the pfmdr1 gene, associated with chloroquine resistance, 
led to increased sensitivity to mefloquine. Resistant strains of 
P. falciparum appeared in Africa before the drug was used in 
that continent, perhaps because of quinine abuse or  intrinsic 
resistance. In South East Asia, declining response rates to 
combination therapy with mefloquine and artesunate are 
reported.

Treatment of falciparum malaria

 preparations and dosage

Preparation: Tablets. Also co-formulation artesunate–amodiaquine tablets.

Dosage: Amodiaquine recommended at 30 mg/kg (range 25–35 mg/kg)  

given over 3 days (e.g. 10 mg/kg/day). Artesunate: amodiaquine fixed 

dose combination at 4 mg/kg (range 2–10 mg/kg) artesunate and 10 mg/kg  

(range 7.5–15 mg/kg) amodiaquine once daily for 3 days.

Limited availability.
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 PhARMAcOkiNETicS

Oral absorption 70–80%

C
max

 1 g oral 1 mg/L after 2–12 h

Plasma half-life 20 days

Volume of distribution 16–25 L/kg

Plasma protein binding 98%

Mefloquine is concentrated two- to five-fold in  erythrocytes. 
The major metabolites do not have antimalarial activity. 
Pregnant women require larger doses than non-pregnant 
women to achieve comparable blood levels. It is predominantly 
excreted in the bile. Less than 10% is excreted in urine.

 TOxiciTy ANd SidE EffEcTS

At prophylactic doses risks of serious toxicity are about 1 in 
10 000, similar to chloroquine. Doses used in therapy are 
more commonly associated with nausea, dizziness, fatigue, 
mental confusion and sleep loss. Psychosis, encephalopathy 
and convulsions are seen in about 1 in 1200–1700 patients. 
Mefloquine(+), the enantiomer with potential lower toxicity, 
is currently in development.

 cLiNicAL uSE

A mefloquine–artesunate co-formulation is available. 
Mefloquine has been used for the treatment of cutaneous 
leishmaniasis in South America.

 Further information

Carrara VI, Zwang J, Ashley EA, et al. Changes in the treatment responses to 
artesunate–mefloquine on the northwestern border of Thailand during 
13 years of continuous deployment. PLoS ONE. 2009;4:e4551.

Gutman J, Green M, Durand S, et al. Mefloquine pharmacokinetics and 
mefloquine–artesunate effectiveness in Peruvian patients with uncomplicated 
Plasmodium falciparum malaria. Malar J. 2009;8:58.

Sidhu AB, Uhlemann AC, Valderramos SG, et al. Decreasing pfmdr1 copy 
number in Plasmodium falciparum malaria heightens susceptibility to 
mefloquine, lumefantrine, halofantrine, quinine and artemisinin. J Infect Dis. 
2006;194:528–535.

Simpson JA, Watkins ER, Price RN, et al. Mefloquine pharmacokinetic–
pharmacodynamic models: implications for dosing and resistance. Antimicrob 
Agents Chemother. 2000;44:3414–3424.

PRiMAquiNE

Molecular weight (free compound): 259.3; (diphosphate): 455.3.

A synthetic 8-aminoquinoline, formulated as the diphosphate 
for oral administration.

 ANTiMicRObiAL AcTiviTy

Primaquine is highly active against the hepatic stages of the 
malaria life cycle, including the latent hypnozoite stage of P. 
vivax. It has poor activity against erythrocytic stages of malaria 
parasites, other than gametocytes. The isomers have similar 
antiplasmodial activity but differ in toxicity. It exhibits activ-
ity against Pneumocystis jirovecii and, in experimental models, 
against Babesia spp. and the intracellular stages of Leishmania 
spp. and Trypanosoma cruzi.

 AcquiREd RESiSTANcE

Failure rates of up to 35% have been reported in South East Asia 
in patients treated with a standard course for P. vivax infections.

 PhARMAcOkiNETicS

Oral absorption >75%

C
max

 45 mg oral 0.2 mg/L after 2–3 h

Plasma half-life 4–10 h

Volume of distribution 2 L/kg

Plasma protein binding Extensive

Bioavailability is variable after oral administration. There is 
extensive tissue distribution. About 60% of the dose is metab-
olized to carboxyprimaquine, which can reach levels 50 times 
that of the parent drug; this metabolite has a half-life of 16 h, 
a low tissue distribution and is detectable at 120 h. Methoxy 
and hydroxy metabolites are also detectable. Less than 4% of 
the original dose is excreted unchanged in urine.

Antimalarial prophylaxis in areas of chloroquine resistance

Treatment of uncomplicated multidrug-resistant malaria

 preparations and dosage

Proprietary names: Lariam, Mephaquine.

Preparation: Tablets. Co-formulation mefloquine–artesunate tablets.

Dosage: Malaria treatment, oral, 20–25 mg/kg as a single dose or in 2–3 

divided doses 6–8 h apart. A lower dose of 15 mg/kg may suffice for 

partially immune individuals. Malaria prophylaxis, see specialist guidelines.

Widely available.
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 TOxiciTy ANd SidE EffEcTS

At standard doses side effects are mild: abdominal cramps, 
anemia, leukocytosis and methemoglobinemia. However, 
 primaquine is often associated with serious adverse effects due 
to the toxic metabolites 5-hydroxyprimaquine or 6-methoxy-
8-aminoquinoline which are considered to be directly respon-
sible for complications such as hemolytic anemia. Toxicity is 
worse in people deficient of glucose-6-phosphate dehydroge-
nase (G6PD) or glutathione synthetase. Adverse effects can 
be further increased by the repeated administration of high 
doses, due to its limited oral bioavailability.

 cLiNicAL uSE

Because of its gametocytocidal properties, primaquine has 
been used rarely in a single dose to prevent the spread of chlo-
roquine-resistant P. falciparum.

 Further information

Bolchoz U, Budinsky RA, McMillan DC, Jollow DJ. Primaquine-induced hemolytic 
anemia: formation and hemotoxicity of the arylhydroxylamine metabolite 
6-methoxy-8-hydroxyaminoquinoline. J Pharmacol Exp Ther. 2001;297:509–515.

Vale N, Moreira R, Gomes P. Primaquine revisited six decades after its discovery. 
Eur J Med Chem. 2009;44:937–953.

quiNiNE

Molecular weight (free base): 324.4.

A quinolinemethanol from the bark of the Cinchona tree; the 
laevorotatory stereoisomer of quinidine. Formulated as the 
sulfate, bisulfate or ethylcarbonate for oral use and as the dihy-
drochloride for parenteral administration. The salts are highly 
soluble in water.

 ANTiMicRObiAL AcTiviTy

Quinine inhibits the erythrocytic stages of human malaria par-
asites at <1 mg/L, but not the liver stages. It is active against 
the gametocytes of P. vivax, P. ovale and P. malariae, but not  
P. falciparum. The dextrarotatory stereoisomer, quinidine, is  
more active than quinine, but epiquinine (cinchonine) and epiqu-
inidine (cinchonidine) have much lower antimalarial activities.

 AcquiREd RESiSTANcE

Resistance is now widespread in South East Asia, where 
some strains are also resistant to chloroquine, sulfadoxine–
pyrimethamine and mefloquine. Cross-resistance with meflo-
quine has been demonstrated in P. falciparum, but genetic 
polymorphisms associated with chloroquine resistance are 
not associated with quinine resistance.

 PhARMAcOkiNETicS

Oral absorption 80–90%

C
max

 600 mg oral 5 mg/L after 1–3 h

Plasma half-life 8.7 h

Volume of distribution 1.8 L/kg

Plasma protein binding c. 70%

Quinine is well absorbed by the oral route. Intramuscular 
administration gives more predictable data than intravenous 
administration and may be more useful in children. Plasma 
protein binding rises to 90% in uncomplicated malaria and 
92% in cerebral malaria due to high levels of acute-phase pro-
teins. Similarly, the elimination half-life rises to 18.2 h in severe 
malaria. There is extensive hepatic metabolism to hydroxylated 
derivatives. Urinary clearance is <20% of total clearance.

 TOxiciTy ANd SidE EffEcTS

Up to 25% of patients experience cardiac dysrhythmia, hypo-
glycemia, cinchonism (tinnitus, vomiting, diarrhea, headache). 
Severe effects, including hypotension and hypoglycemia, are 
of particular importance in children, pregnant women and the 
severely ill. Rarely, it can induce hemolytic anemia (‘black-
water fever’). Quinine inhibits tryptophan uptake into cells.

 cLiNicAL uSE

Falciparum malaria (alone or in combination with tetracycline, 

doxycycline, clindamycin or pyrimethamine–sulfadoxine)

Babesiosis (in combination with clindamycin)

Radical cure of malaria caused by P. vivax or P. ovale

Mild or moderately severe infections with Pn. jirovecii (in combination with 

clindamycin).

 preparations and dosage

Dosage: Malaria treatment, adults, oral, 15 mg per day for 14–21 days 

(after chloroquine). Children, oral, 250 μg/kg per day as per adult. Malaria 

prophylaxis, see specialist guidelines.

Limited availability in the UK.
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It is particularly used in cerebral malaria if chloroquine resis-
tance is suspected (Ch. 62). It is not recommended for treat-
ment of uncomplicated falciparum malaria.

 Further information

Khozoie C, Pleass RJ, Avery SV. The antimalarial drug quinine disrupts Tat2p-
mediated tryptophan transport and causes tryptophan starvation. J Biol Chem. 
2009;284:17968–17974.

Krishna S, Nagaraja NV, Planche T, et al. Population pharmacokinetics of 
intramuscular quinine in children with severe malaria. Antimicrob Agents 
Chemother. 2001;45:1803–1809.

Yeka A, Achan J, D’Alessandro U, Talisuna AO. Quinine monotherapy for treating 
uncomplicated malaria in the era of artemisinin-based combination therapy: an 
appropriate public health policy? Lancet Infect Dis. 2009;9:448–452.

OThER quiNOLiNES

 diiOdOhydROxyquiNOLiNE

Iodoquinol (USAN). Molecular weight: 396.98. An 8-  
hydroxyquinoline derivative formulated for oral use.

It has weak activity against Entamoeba histolytica and 
Dientamoeba fragilis in vitro and in vivo. It is slowly and incom-
pletely absorbed, with less than 10% of an oral dose reaching 
the circulation. Absorbed drug is metabolized to sulfate or 
glucuronide conjugates and excreted.

Side effects include nausea, diarrhea, rashes and cramps. 
Other halogenated hydroxyquinolines have been shown to 
cause subacute myelo-optic neuropathy from prolonged dos-
age and are banned in some countries. It is used in asymptom-
atic or mild intestinal amebiasis, but is not widely available.

 PiPERAquiNE

A bisquinoline used to treat malaria in China since 1978. It 
is structurally related to chloroquine, but active against chlo-
roquine-resistant P. falciparum. A combination with dihdyro-
artemisinin has shown excellent tolerability and high cure 
rates for multidrug-resistant falciparum malaria.

It is highly lipid-soluble and orally well absorbed. The elim-
ination half-life is 20–30 days and there is extensive metabo-
lism. Adverse effects are similar to chloroquine, but pruritus 
is uncommon.

 Further information

Davis TM, Hung TY, Sim IK, et al. Piperaquine: a resurgent antimalarial drug. Drugs. 
2005;65:75–87.

Karunajeewa HA, Ilett KF, Mueller I, et al. Pharmacokinetics and efficacy of 
piperaquine and chloroquine in Melanesian children with uncomplicated 
malaria. Antimicrob Agents Chemother. 2008;52:237–243.

Myint HY, Ashley EA, Day NPJ, et al. Efficacy and safety of dihydroartemisinin–
piperaquine. Trans R Soc Trop Med Hyg. 2007;101:858–866.

 TAfENOquiNE

Etaquine. A synthetic 8-aminoquinoline, formulated as the 
succinate for oral administration. Tafenoquine is an effec-
tive schizonticide against P. falciparum and P. vivax. It is also 
active against the pre-erythrocytic stages of these species and 
the hypnozoites of P. vivax. A dosage of 100 mg base corre-
sponds to 125 mg salt. Oral absorption is slow with a maxi-
mum plasma concentration reached after 12 h. The half-life is 
2 weeks, significantly longer than that of primaquine. It is not 
eliminated via the kidneys. Toxicity and side effects are simi-
lar to those of primaquine. Development of methemoglobin-
emia is common. Patients with G6PD deficiency may develop 
severe hemolysis.

It is in clinical development for the treatment and prophy-
laxis of P. vivax malaria and for the treatment of P. falciparum 
infection.

 Further information

Charles BG, Miller AK, Nasveld PE, Reid MG, Harris IE, Edstein MD. Population 
pharmacokinetics of tafenoquine during malaria prophylaxis in healthy 
subjects. Antimicrob Agents Chemother. 2007;51:2709–2715.

Kitchener S, Nasveld P, Edstein MD. Tafenoquine for the treatment of recurrent 
Plasmodium vivax malaria. Am J Trop Med Hyg. 2007;76:494–496.

diAMidiNES

Stilbamidine, propamidine, pentamidine and diminazene 
were initially developed for the treatment of African try-
panosomiasis. Pentamidine has been used extensively for 
early stage infections with T. brucei gambiense, but has also 
been used in the prophylaxis and treatment of Pn. jirovecii 
infections. Diminazene aceturate (Berenil) is used for cattle 
 trypanosomiasis, but is not registered for human use.

Propamidine and hexamidine have been used for the 
topical treatment of amebic keratitis, often in combina-
tion, caused by Acanthamoeba spp.; therapeutic activity is 
also reported for the structurally related polyhexamethylene 
biguanide.

 preparations and dosage

Preparations: Tablets, injection.

Dosage: Treatment of falciparum malaria: Adults, oral, 600 mg of quinine 

salt every 8 h for 7 days; i.v., initial loading dose of 20 mg/kg quinine salt 

(maximum dose, 1.4 g) infused over 4 h, then after 8–12 h a maintenance 

dose of 10 mg/kg (maximum dose, 700 mg) infused over 4 h, every 8–12 h 

until oral therapy can be taken to complete the 7-day course. Children, 

oral, 10 mg/kg of quinine salt every 8 h for 7 days. Malaria prophylaxis: see 

specialist guidelines.

Widely available.
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 Further information

Schuster FL, Visvesvara GS. Opportunistic amoeba: challenges in prophylaxis and 
treatment. Drug Resist Updat. 2004;7:41–51.

Werbowetz K. Diamidines as antitrypanosomal, antileishmanial and antimalarial 
agents. Curr Opin Investig Drugs. 2006;7:147–157.

Wilson WD, Tanious FA, Mathis A, Tevis D, Hall JE, Boykin DW. Antiparasitic 
compounds that target DNA. Biochimie. 2008;90:999–1014.

PENTAMidiNE

Molecular weight (isethionate): 592.7.

A synthetic diamidine, available as the isethionate 
(2-hydroxymethane sulfonate) salt for parenteral use. It is also 
administered by instillation of a nebulized solution directly 
into the lungs.

 ANTiMicRObiAL AcTiviTy

Pentamidine has broad activity in experimental models against 
P. falciparum, Toxoplasma gondii, Leishmania spp., Trypanosoma 
spp. and Babesia spp. It also has activity against Pn. jirovecii.

 AcquiREd RESiSTANcE

Relapse rates of 7–16% have been reported in the treatment 
of human African trypanosomiasis in West Africa. Patients 
usually respond to a subsequent course of treatment with 
melarsoprol. A membrane transporter is involved in cross-
resistance of arsenic-resistant T. brucei to diamidines, affect-
ing diminazene and stilbamidine more than pentamidine.

 PhARMAcOkiNETicS

Oral absorption Negligible

C
max

 4 mg/kg intramuscular c. 0.5 mg/L after 1 h

Plasma half-life c. 6.5 h

Volume of distribution 3 L/kg

Plasma protein binding c. 70%

Pentamidine is rapidly and extensively metabolized by rat liver, 
and high concentrations are retained in renal and hepatic tis-
sue for up to 6 months after administration. In humans distri-
bution is mainly in the liver, kidney, adrenal glands and spleen, 
with lower accumulation in the lung. This tissue retention is 

the basis for its prophylactic use. Although transport across 
the blood–brain barrier has been demonstrated in experi-
mental models, it is probably unable to cross the blood–brain 
barrier in sufficient quantity to be trypanocidal: <1% of the 
plasma concentration has been measured in the CSF of sleep-
ing sickness patients. About 15–20% of the dose is excreted 
in the urine but because of retention in tissues there is an 
extremely long terminal half-life (>12 days).

 TOxiciTy ANd SidE EffEcTS

Side effects range from local irritation and sterile abscess at 
the site of injection to transient effects (vomiting, abdominal 
discomfort) and serious systemic effects (hypotension, effects 
on the heart, hypoglycemia and hyperglycemia, leukopenia, 
thrombocytopenia). In a study of the treatment of South 
American cutaneous leishmaniasis, 17% of patients prema-
turely terminated treatment due to toxicity and another 30% 
reported side effects.

 cLiNicAL uSE

There is limited evidence for its use in the treatment of 
babesiosis.

 Further information

de Koning HP. Ever-increasing complexities of diamidine and arsenical cross 
resistance in African trypanosomes. Trends Parasitol. 2008;24:345–349.

Dorlo TP, Kager PA. Pentamidine dosage: a base/salt confusion. PLoS Neglected 
Tropical Diseases. 2008;2:e225.

Sanderson L, Dogruel M, Rodgers J, De Koning HP, Thomas SA. Pentamidine 
movement across the murine blood–brain and blood–cerebrospinal fluid 

Human African trypanosomiasis (early stages before CNS involvement)

Prophylaxis and therapy of Pn. jirovecii pneumonia

Visceral leishmaniasis unresponsive to pentavalent antimonials and 

cutaneous leishmaniasis caused by L. guyanensis

 preparations and dosage

Proprietary name: Pentacarinat.

Preparations: Injection, nebulizer solution.

Dosage:

Visceral leishmaniasis: Adults, i.m., 3–4 mg/kg once or twice weekly until 

the condition resolves; i.v., 3–4 mg/kg on alternate days to a maximum of 

10 injections.

Trypanosomiasis: Adults, i.m., 4 mg/kg per day or on alternate days to a 

total of 7–10 injections.

Pn. jirovecii pneumonia: i.v., 4 mg/kg per day for at least 14 days.

Widely available.
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barriers: effect of trypanosome infection, combination therapy, P-glycoprotein, 
and multidrug resistance-associated protein. J. Pharmacol Exp Ther. 
2009;329:967–977.

van der Meide WF, Sabajo LO, Jensema AJ, et al. Evaluation of treatment 
with pentamidine for cutaneous leishmaniasis in Suriname. Int J Dermatol. 
2009;48:52–58.

PROPAMidiNE

A synthetic diamidine formulated as the isethionate or as 
dibromopropamidine isethionate for topical administra-
tion to the eye. Resistant clinical isolates of Acanthamoeba 
have been identified. It is available over the counter in eye 
drops.

Its activity against bacterial pathogens is poor, but it exhib-
its specific activity against Acanthamoeba spp. Reduction in 
sensitivity of Acanthamoeba during encystation might reflect 
changes in drug uptake. It is still recommended for aggressive 
treatment of amebic keratitis (in combination with neomycin 
or other agents), but is not well tolerated.

 Further information

Schuster FL, Visvesvara GS. Opportunistic amoeba: challenges in prophylaxis and 
treatment. Drug Resist Updat. 2004;7:41–51.

Turner NA, Russell AD, Furr JR, Lloyd D. Emergence of resistance to biocides 
during differentiation of Acanthamoeba castellanii. J Antimicrob Chemother. 
2000;46:27–34.

biGuANidES

The biguanides proguanil and chlorproguanil are pro-
drugs, metabolized in vivo to the triazines cycloguanil 
and chlorcycloguanil, which have much enhanced activity 
in malaria treatment. Along with the diaminopyrimidines 
(Ch. 17), they are often referred to as antifolates due to 
their mechanism of action (p. 17). Proguanil is also used 
in combination with atovaquone, but the interaction has 
a different basis; antifolates do not enhance the effect of 
atovaquone.

PROGuANiL

Chlorguanide. Molecular weight (free base): 253.8; (hydro-
chloride): 290.2.

A synthetic arylbiguanide, formulated as the hydrochloride 
for oral use. It is slightly soluble in water.

 ANTiMicRObiAL AcTiviTy

Proguanil has low antiplasmodial action, but useful activity is 
attributable to the metabolite cycloguanil, which inhibits the 
early erythrocytic stages of all four Plasmodium spp. that cause 
human malaria and the primary hepatic stage of P. falciparum. 
Proguanil acts synergistically with atovaquone and probably 
enhances its effect on mitochondrial membrane charge.

 AcquiREd RESiSTANcE

Resistance of P. falciparum associated with point mutations 
of dihydrofolate reductase has been reported worldwide. 
Resistance in P. vivax and P. malariae has been reported in 
South East Asia. Cross-resistance with pyrimethamine is not 
absolute, because differential resistance can arise from differ-
ent point mutations on the dihydrofolate reductase gene.

 PhARMAcOkiNETicS

Oral absorption >90%

C
max

 100 mg oral 0.4 mg/L after 2–4 h

Plasma half-life 10 h

Plasma protein binding 75%

Oral absorption is slow. It is 75% protein bound and is con-
centrated 10- to 15-fold by erythrocytes. About 20% of the 
drug is metabolized to dihydrotriazene derivatives, most 
importantly cycloguanil, by hepatic cytochrome P450 pro-
cesses. Cycloguanil is detectable 2 h after administration of 
proguanil. High proportions of ‘non-metabolizers’ have been 
identified in Japan and Kenya, indicating another source of 
resistance. About 60% of the dose is excreted in the urine.

 TOxiciTy ANd SidE EffEcTS

It is well tolerated at recommended doses. Gastrointestinal and 
renal effects have been reported at doses exceeding 600 mg 
per day.

 preparations and dosage

Proprietary name: Brolene.

Preparations: Ophthalmic ointment and eye drops.

Widely available.
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 cLiNicAL uSE

 Further information

Boggild AK, Parise ME, Lewis LS, Kain KC. Atovaquone–proguanil: report from 
the CDC expert meeting on malaria chemoprophylaxis (II). Am J Trop Med Hyg. 
2007;76:208–223.

Khositnithikul R, Tan-Ariya P, Mungthin M. In vitro atovaquone/proguanil 
susceptibility and characterization of the cytochrome b gene of 
Plasmodium falciparum from different endemic regions of Thailand. Malar 
J. 2008;7:23.

Painter HJ, Morrisey JM, Mather MW, Vaidya AB. Specific role of mitochondrial 
electron transport in blood-stage Plasmodium falciparum. Nature. 
2007;446:88–91.

Srivastava IK, Vaidya AB. A mechanism for the synergistic antimalarial 
action of atovaquone and proguanil. Antimicrob Agents Chemother. 
1999;43:1334–1339.

SESquiTERPENE LAcTONES

Artemisinin (qinghaosu), a compound derived from a plant 
used in traditional Chinese medicine, Artemisia annua, has 
been used extensively in East Asia and Africa for the treat-
ment of malaria. This drug, and derivatives that have higher 
intrinsic antimalarial activity (artesunate, artemether and 
arteether), have replaced quinine as a treatment of falci-
parum malaria in many countries, normally in combination 
with other antimalarials. A semisynthetic derivative, artemi-
sone, which has higher efficacy than artesunate and lower 
toxicity potential, is in development. Artemisinin and its 
derivatives also show broad antiprotozoal, anthelmintic and 
antiviral activities.

The novel structure, containing an endoperoxide bridge, 
has stimulated the development of semisynthetic and syn-
thetic dioxane, trioxane and tetroxane compounds with 
activity against Plasmodium spp. and Schistosoma spp. Some 
of these synthetic trioxalanes are now in clinical devel-
opment with Medicines for Malaria Venture and other 
organizations.

 Further information

Efferth T, Romero MR, Wolf DG, Stamminger T, Marin JJ, Marschall M. The antiviral 
activities of artemisinin and artesunate. Clin Infect Dis. 2008;47:804–811.

Keiser J, Utzinger J. Artemisinins and synthetic trioxolanes in the treatment of 
helminth infections. Curr Opin Infect Dis. 2007;20:605–612.

Krishna S, Bustamante L, Haynes RK, Staines HM. Artemisinins: their growing 
importance in medicine. Trends Pharmacol Sci. 2008;29:520–527.

Vennerstrom JL, Arbe-Barnes S, Brun R, et al. Identification of an 
antimalarial synthetic trioxolane drug development candidate. Nature. 
2004;430:900–904.

White NJ. Qinghaosu (artemisinin): the price of success. Science. 2008;320:330–334.

ARTEMiSiNiN

Qinghaosu. Molecular weight (native compound): 282.3; 
(artemether): 298.4; (sodium artesunate): 407.4: (dihydroar-
temisinin): 284.3

A sesquiterpene peroxide derived from A. annua, chiefly used 
in the form of artemether, the methyl ester synthesized from 
dihydroartemisinin, or artesunate, the water-soluble hemisuc-
cinate. Formulated for administration by the oral, intra-
muscular or intrarectal routes; artesunate can also be given 
intravenously.

 ANTiMicRObiAL AcTiviTy

Artemisinins are active against the erythrocytic and gameto-
cyte stages of chloroquine-sensitive and chloroquine-resistant 
strains of P. falciparum and other malaria parasites. Two ano-
mers of artemether are produced on synthesis, α-artemether 
and β-artemether, of which the latter has higher antima-
larial activity. Activity against the protozoa Tox. gondii and 
Leishmania major and the helminth Schistosoma mansoni has 
been demonstrated in experimental models.

 AcquiREd RESiSTANcE

Resistance caused, for example, by changes in the plasmo-
dial endoplasmic reticulum ATPase has been shown in exper-
imental models. There have been clinical reports of reduced 
susceptibility to treatment with artesunate in Cambodia.

Antimalarial prophylaxis (usually in combination with chloroquine)

Treatment and prophylaxis for drug-resistant falciparum malaria (in 

combination with atovaquone)

 preparations and dosage

Proprietary names: Paludrine, Malarone (combination with atovaquone).

Preparation: Tablets.

For malaria prophylaxis, see specialist guidelines.

Widely available.
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 PhARMAcOkiNETicS

Oral absorption Incomplete

C
max

 500 mg oral 0.4 mg/L after 1.8 h

Plasma half-life (dihydroartemisinin) 40–60 min

Volume of distribution c. 0.25 L/kg

Plasma protein binding (artemether) 77%

Artemisinins are concentrated by erythrocytes and are rapidly 
hydrolyzed to dihydroartemisinin. They are hydroxylated by cyto-
chromes 2B6, 2C19 and 3A4; the derivatives induce this metab-
olism. After injection, peak plasma concentrations are reached 
within 1–3 h, when levels of dihydroartemisinin are included. 
The elimination half-life of intravenous artesunate is <30 min; 
artemether appears to have a much longer half-life (4–11 h).

 TOxiciTy ANd SidE EffEcTS

A few toxic effects in addition to drug-induced fever and a 
reversible decrease in reticulocyte counts have been reported. 
High-dose studies in animal models show neurotoxicity and 
reproducible dose-related neuropathic lesions; dihydroar-
temisinin is a toxic metabolite but the precise causes of neu-
rotoxicity are not clear. Embryotoxicity of artemisinin and 
derivatives has been reported in rodent and primate models, 
probably due to depletion of erythroblasts.

 cLiNicAL uSE

 Further information

Dondorp AM, Nosten F, Yi P, et al. Artemisinin resistance in Plasmodium falciparum 
malaria. New Eng J Med. 2009;361:455–467.

Giao PT, de Vries PJ. Pharmacokinetic interactions of antimalarial drugs. Clin 
Pharmacokinet. 2001;40:343–373.

Hartwig CL, Rosenthal AS, D’Angelo J, Griffin CE, Posner GH, Cooper RA. 
Accumulation of artemisinin trioxane derivatives within neutral lipids of 

Plasmodium falciparum malaria parasites is endoperoxide-dependent. Biochem 
Pharmacol. 2009;77:322–336.

Nagelschmitz J, Voith B, Wensing G, et al. First assessment in humans of the safety, 
tolerability, pharmacokinetics, and ex vivo pharmacodynamic antimalarial 
activity of the new artemisinin derivative artemisone. Antimicrob Agents 
Chemother. 2008;52:3085–3091.

Smith SL, Sadler CJ, Dodd CC, et al. The role of glutathione in the neurotoxicity of 
artemisinin derivatives in vitro. Biochem Pharmacol. 2001;61:409–416.

Sinclair D, Zani B, Donegan S, Olliaro P, Garner P. Artemisinin-based combination 
therapy for uncomplicated malaria. Cochrane Database Syst Rev. 2009;(3) CD007483.

MiScELLANEOuS ANTiPROTOZOAL 
AGENTS

ATOvAquONE

Molecular weight: 366.8.

A hydroxynaphthoquinone. Available as the trans isomer 
(which is more active than the cis form) for oral use. It is insol-
uble in water.

 ANTiMicRObiAL AcTiviTy

It is active against erythrocytic, liver and sexual stages of 
malaria parasites. It shows synergy with proguanil and tetra-
cyclines in vitro. It is also active against Babesia spp. and both 
tachyzoites and cysts of Tox. gondii. Pn. jirovecii is sensitive in 
vitro at 0.1–3.0 mg/L and high doses are effective in the rat.

 AcquiREd RESiSTANcE

Point mutations on parasite cytochrome b, in particular 
at codon 268, cause resistance and readily occur when the 
drug is used alone. The rapid selection of resistance led to 
the development of the synergistic combination with progua-
nil. Failure of Pn. jirovecii prophylaxis has also been associated 
with cytochrome b mutations.

 PhARMAcOkiNETicS

Oral absorption Poor

C
max

 750 mg oral 27 mg/L (steady state)

Plasma half-life 70 h

Plasma protein binding >99%

Malaria (including cerebral malaria), in combination with other antimalarials

 preparations and dosage

Preparations: Tablets, injection, suppositories.

Available in artesunate–amodiaquine, artesunate–mefloquine and 

artemether–lumefantrine co-formulations

Dosage: Adults, oral, 25 mg/kg on the first day, then 12.5 mg/kg on days 

two and three (plus mefloquine on day two to effect a radical cure). Other 

derivatives can also be given.

Limited availability.
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It is highly lipophilic and is poorly absorbed from the gastro-
intestinal tract following oral administration. Bioavailability is 
improved when administered with meals, particularly those 
with a high fat content. Steady-state plasma concentrations 
are up to 50% lower in AIDS patients than in asymptomatic 
HIV-positive cases and the elimination half-life is lower (55 h) 
in patients with AIDS. The concentration in CSF is <1% of 
the plasma level. Unlike some other naphthoquinones it is not 
metabolized by human liver microsomes. Combinations with 
co-trimoxazole (in HIV patients) and with proguanil plus 
artesunate in healthy adults did not produce any changes in 
atovaquone pharmacokinetics.

 TOxiciTy ANd SidE EffEcTS

Most clinical trials of atovaquone alone have involved patients 
with AIDS in whom adverse effects are often difficult to 
detect; however, more than 20% reported fever, nausea, diar-
rhea and rashes. There were limited changes in hepatocellular 
function. In malaria, in combination with proguanil, there are 
few reported side effects.

 cLiNicAL uSE

It has also been used in cerebral toxoplasmosis in AIDS 
patients and in a few cases of human babesiosis.

 Further information

Baggish AL, Hill DR. Antiparasitic agent atovaquone. Antimicrob Agents Chemother. 
2002;46:1163–1173.

Mather MW, Henry KW, Vaidya AB. Mitochondrial drug targets in apicomplexan 
parasites. Curr Drug Targets. 2007;8:49–60.

Painter HJ, Morrisey JM, Mather MW, Vaidya AB. Specific role of mitochondrial 
electron transport in blood-stage Plasmodium falciparum. Nature. 2007;446:88–91.

Rosenberg DM, McCarthy W, Slavinsky J, et al. Atovaquone suspension for treatment 
of Pneumocystis carinii pneumonia in HIV-infected patients. AIDS. 2001;15:211–214.

dEhydROEMETiNE

The synthetic racemic derivative of the plant alkaloid 
emetine. Formulated as the hydrochloride for  intramuscular 
 administration. Like the parent compound, emetine, it 
 inhibits E. histolytica at concentrations of 1–10 mg/L in vitro, 
but it is more active than the parent in animal models. Drug-
resistance in E. histolytica is rare.

No human pharmacokinetic data are available. A half-
life of 2 days, compared with 5 days for emetine, has been 
reported. There is selective tissue binding and accumulation 
in the liver, lung, spleen and kidney.

It is considerably less toxic than emetine, possibly because 
it is more rapidly eliminated. Nevertheless, nausea, vom-
iting, diarrhea and abdominal cramps frequently occur. 
Neuromuscular effects have also been reported. More seri-
ous cardiotoxic effects can lead to electrocardiogram (EGG) 
changes, tachycardia and a drop in blood pressure.

It was formerly used as a second-line treatment in severe 
intestinal or hepatic amebiasis, but is no longer recommended 
for use.

diLOxANidE

Molecular weight (furoate): 328.1.

Dichloro(hydroxyphenyl)methylacetamide. Available as an 
insoluble ester, the furoate, for oral administration.

 ANTiMicRObiAL AcTiviTy

Diloxanide inhibits E. histolytica with unusually high specific-
ity at concentrations of 0.01–0.1 mg/L.

 AcquiREd RESiSTANcE

No resistance has been reported. Patients with dysentery have 
lower cure rates than cyst excreters.

 PhARMAcOkiNETicS

Human pharmacokinetic data are limited. Animal data show 
that diloxanide furoate is rapidly absorbed from the intestine. 
The furoate is hydrolyzed in the gut, leaving high intraluminal 

 preparations and dosage

Proprietary names: Malarone (atovaquone–proguanil), Mepron 

(atovaquone suspension), Wellvone.

Preparations: Tablets, oral suspension.

Dosage:

Pn. jirovecii pneumonia treatment: adults, oral, 750 mg every 12 h 

(suspension) or every 8 h (tablets) for 21 days.

Malaria treatment: adults, oral, 1 g per day (plus proguanil 400 mg per day) 

for 3 days.

Malaria prophylaxis: see specialist guidelines.

Widely available.

Pn. jirovecii pneumonia; alternative therapy for mild to moderate illness 

(prophylaxis and treatment)

Prophylaxis and treatment of malaria in combination with proguanil
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concentrations of free diloxanide. About 75% is excreted via 
the kidney within 48 h, mostly as a glucuronide.

 TOxiciTy ANd SidE EffEcTS

It is well tolerated, but flatulence is common, and nausea and 
vomiting may occur.

 cLiNicAL uSE

It is also used in invasive amebiasis in conjunction with 
nitroimidazoles in order to eradicate luminal cysts.

 Further information

Blessmann J, Tannich E. Treatment of asymptomatic intestinal Entamoeba 
histolytica infection. N Engl J Med. 2002;347:1384.

Pritt BS, Clark CG. Amebiasis. Mayo Clin Proc. 2008;83:1154–1160.

EfLORNiThiNE

α-Difluoromethylornithine. Molecular weight (free base): 
182.2; (hydrochloride monohydrate): 236.6.

An analog of ornithine, formulated as the hydrochloride for 
intravenous infusion. It is freely soluble in water.

 ANTiMicRObiAL AcTiviTy

Cultured bloodstream trypomastigotes of T. brucei are rela-
tively insensitive, but high doses are effective against blood-
stream and CNS infections of T. brucei brucei and T. brucei 
gambiense in rodents, provided a strong antibody response 
is also present. Eflornithine entry into the CNS can be 

enhanced with suramin (see p. 424-425). T. brucei rhodesiense 
infections do not respond. Synergy with some arsenicals has 
been demonstrated.

Eflornithine is active against P. falciparum in experimen-
tal models and against Leishmania promastigotes and Giardia 
lamblia in culture.

 AcquiREd RESiSTANcE

Acquired resistance in T. brucei gambiense in West Africa has 
not been reported. East African T. brucei rhodesiense strains 
are innately less sensitive. Reported treatment failures are 
thought to be associated with severity of disease.

 PhARMAcOkiNETicS

Oral absorption 55%

C
max

 10 mg/kg oral

200 mg/kg intravenously

c. 7 mg/L after 4 h

15.9 mg/L (87.5 nmol/mL) (mean)

Plasma half-life 3.3 h

Volume of distribution 0.34 L/kg

Plasma protein binding Very low

Renal clearance is 83%, with most eliminated unchanged. 
In a study in Zaire the mean serum concentration in chil-
dren under 12 years old was half that of adults, probably due 
to more rapid renal clearance. CNS penetration is good in 
adult patients, with a CSF:plasma ratio of 0.91 at the end of 
administration for 14 days. However, the CSF:plasma ratio 
in children under 12 years old was 0.58. Relapses have been 
recorded in patients in whom CSF levels dropped below 
9 mg/L (50 nmol/mL) at the end of treatment.

 TOxiciTy ANd SidE EffEcTS

Osmotic diarrhea and bone marrow suppression are com-
mon, and up to 50% of sleeping sickness patients develop 
leukopenia. Reversible anemia and thrombocytopenia have 
been observed. Convulsions and seizures, different from those 
observed in melarsoprol-induced encephalopathy, have been 
reported in 4–18% of treated sleeping sickness patients but 
not in patients treated for Pn. jirovecii pneumonia. This differ-
ence might be due to the CNS inflammation associated with 
sleeping sickness.

 cLiNicAL uSE

It has been used speculatively for treatment of Pn. jirovecii 
infections in AIDS patients. Co-administration with oral 

Asymptomatic intestinal infection with E. histolytica

 preparations and dosage

Proprietary names: Entamizole, Furamide.

Preparation: Tablets.

Dosage: Adults, oral, 500 mg every 8 h for 10 days. Children >25 kg, oral, 

20 mg/kg per day in three divided doses for 10 days.

Limited availability. Available in the UK and the USA.

Late-stage T. brucei gambiense infections (including arsenic-resistant 

cases)
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nifurtimox has been added to the World Health Organization 
(WHO) List of Essential Medicines for second-stage sleeping 
sickness caused by T. brucei gambiense.

 Further information

Barrett MP, Boykin DW, Brun R, Tidwell RR. Human African trypanosomiasis: 
pharmacological re-engagement with a neglected disease. Br J Pharmacol. 
2007;152:1155–1171.

Pepin J, Khonde N, Maiso F, et al. Short-course eflornithine in Gambian 
trypanosomiasis: a multicentre randomized controlled trial. Bull World Health 
Org. 2000;78:1284–1295.

Priotto G, Kasparian S, Mutombo W, et al. Nifurtimox–eflornithine combination 
therapy for second-stage African Trypanosoma brucei gambiense 
trypanosomiasis: a multicentre, randomised, phase III, non-inferiority trial. 
Lancet. 2009;374:56–64.

Sanderson L, Dogruel M, Rodgers J, Bradley B, Thomas SA. The blood–brain barrier 
significantly limits eflornithine entry into Trypanosoma brucei brucei infected 
mouse brain. J Neurochem. 2008;107:1136–1146.

hALOfANTRiNE

Molecular weight (free base): 500.4; (hydrochloride): 536.9.

A phenanthrene methanol, formulated as the hydrochlo-
ride for oral administration. Parenteral formulations are not 
available. The enantiomers have equivalent activity in vitro. 
Aqueous solubility is extremely low.

 ANTiMicRObiAL AcTiviTy

It inhibits erythrocytic stages of chloroquine-sensitive and 
chloroquine-resistant P. falciparum and other Plasmodium spp. 
in vitro at concentrations of 0.4–4.0 mg/L. It is more active 
than mefloquine and the combination of proguanil and atova-
quone against P. falciparum, but less effective than mefloquine 
or chloroquine against P. vivax.

 AcquiREd RESiSTANcE

Resistance in P. falciparum has been reported in Central and 
West Africa, where it has been used widely. Cross-resistance 
with mefloquine has been reported in Thailand, where it has 
not been used.

 PhARMAcOkiNETicS

Absorption shows high intra- and inter-subject variability 
and depends on co-administration with fats. Bioavailability is 
increased more than six-fold after a fatty meal or by lipid-
based formulations. Bioavailability is significantly lower in 
patients with malaria than in healthy individuals. Peak plasma 
levels are variable and occur 3–6 h after administration. 
Unlike many other antimalarials, halofantrine is not concen-
trated by infected or uninfected erythrocytes. Distribution to 
lipoproteins is stereo-selective. About 20–30% of the dose is 
metabolized to an N-desbutyl derivative by cytochrome P

450 
(CYP) 3A4 and 3A5. The elimination half-life of the parent 
drug is generally 1–2 days and that of the metabolite 3 days. 
Little unchanged drug is excreted in urine.

 TOxiciTy ANd SidE EffEcTS

Abdominal pain, diarrhea and pruritus are the most frequent. 
High doses (24 mg/kg) induce prolongation of the PR and 
QTc intervals; this is not stereo-selective. There are indi-
vidual reports of fatal cardiac arrest and torsade de pointes. 
To reduce the risk of cardiac toxicity it should be taken on 
an empty stomach. It should not be administered with other 
antimalarials that have the potency to induce cardiac arrhyth-
mias (mefloquine, chloroquine, quinine). Halofantrine has 
also been associated with intravascular hemolysis.

 cLiNicAL uSE

Its use has been questioned due to the existence of safer 
alternatives.

 preparations and dosage

Proprietary name: Ornidyl.

Preparation: Injection.

Dosage: Trypanosomiasis: adults, i.v., 400 mg/kg per day in divided doses 

for at least 14 days.

Limited availability.

Treatment of multidrug-resistant falciparum malaria

 preparations and dosage

Proprietary name: Halfan.

Preparation: Tablets.

Dosage: Treatment of falciparum malaria: Adults, oral, 1.5 g divided into 

three doses of 500 mg given at intervals of 6 h on an empty stomach; 

repeat the course after an interval of 1 week. Children, oral, 24 mg/kg 

divided into three doses as adult.

Widely available.
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 Further information

Abernethy DR, Wesche DL, Barbey JT, et al. Stereoselective halofantrine disposition 
and effect: concentration-related QTc prolongation. Br J Clin Pharmacol. 
2001;51:231–237.

Baune B, Flinois JP, Furlan V, et al. Halofantrine metabolism in microsomes in man: 
major role of CYP 3A4 and CYP 3A5. J Pharm Pharmacol. 1999;51:419–426.

Bouchaud O, Monlun E, Muanza K, et al. Atovaquone plus proguanil versus 
halofantrine in the treatment of imported acute uncomplicated Plasmodium 
falciparum malaria in non-immune adults: a randomized comparative trial. Am J 
Trop Med Hyg. 2000;63:274–279.

White NJ. Cardiotoxicity of antimalarial drugs. Lancet Infect Dis. 2007;7:549–558.

LuMEfANTRiNE

Benflumetol. Molecular weight: 528.9

A dichlorobenzylidene derivative given orally in combination 
with artemether.

 ANTiMicRObiAL AcTiviTy

Lumefantrine has marked blood schizonticidal activity 
against a wide range of plasmodia, including chloroquine-
resistant P. falciparum. The 50% and 90% effective concen-
trations (EC50 and EC90) in vitro are similar: <10 and 40 
nmol/L, respectively. The racemate and the two enantiom-
ers exhibit similar activities. Blood schizonticidal activity of 
desbutylbenflumetol is four to five times greater than ben-
flumetol in vitro.

 AcquiREd RESiSTANcE

Treatment with artemether–lumefantrine can select for poly-
morphisms in the P. falciparum pfmdr1 gene. Resistance has 
been selected experimentally in murine malaria.

 PhARMAcOkiNETicS

Bioavailability after oral administration is variable; absorp-
tion is substantially increased by co-administration with food, 

 particularly with a high fat content. Peak plasma concentra-
tions occur after 6–8 h. The elimination half-life is 4–6 days. It 
is almost completely protein bound and metabolized mainly 
in the liver by CYP3A4.

 TOxiciTy ANd SidE EffEcTS

The most common adverse effects in combination with artemether 
include headache, dizziness and gastrointestinal disturbances.

 cLiNicAL uSE

Treatment of P. falciparum infections (including mixed infec-
tions) in a fixed-dose combination treatment with artemether.

 Further information

Dokomajilar C, Nsobya SL, Greenhouse B, Rosenthal PJ, Dorsey G. Selection of 
Plasmodium falciparum pfmdr1 alleles following therapy with artemether–
lumefantrine in an area of Uganda where malaria is highly endemic. Antimicrob 
Agents Chemother. 2006;50:1893–1895.

Kiboi DM, Irungu BN, Langat B, et al. Plasmodium berghei ANKA: selection of 
resistance to piperaquine and lumefantrine in a mouse model. Exp Parasitol. 
2009;122:196–202.

Noedl H, Allmendinger T, Prajakwong S, Wernsdorfer G, Wernsdorfer WH. 
Desbutyl-benflumetol, a novel antimalarial compound: in vitro activity in fresh 
isolates of Plasmodium falciparum from Thailand. Antimicrob Agents Chemother. 
2001;45:2106–2109.

Sidhu AB, Uhlemann AC, Valderramos SG, Valderramos JC, Krishna S,  
Fidock DA. Decreasing pfmdr1 copy number in Plasmodium  
falciparum malaria heightens susceptibility to mefloquine,  
lumefantrine, halofantrine, quinine, and artemisinin. J Infect Dis. 
2006;194:528–535.

Wernsdorfer WH, Landgraf B, Kilimali VA, Wernsdorfer G. Activity of benflumetol 
and its enantiomers in fresh isolates of Plasmodium falciparum from East Africa. 
Acta Trop. 1998;70:9–15.

MEPAcRiNE

Quinacrine (USAN). Molecular weight (dihydrochloride): 
508.9.

A synthetic acridine derivative, formulated as the hydrochlo-
ride for oral use.

 preparations and dosage

Proprietary name: Coartem, Riamet (contains 20 mg artemether and 

120 mg lumefantrine).

Dosage: see specialist guidelines.
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 ANTiMicRObiAL AcTiviTy

Mepacrine is active against the asexual erythrocytic stage of 
all four Plasmodium spp. that infect humans and the gameto-
cytes of P. vivax and P. malariae. The enantiomers have equal 
antimalarial activity. It exhibits broad  activity in experimen-
tal models against T. cruzi, Leishmania spp., E. histolytica, 
Trichomonas vaginalis, G. lamblia and Blastocystis hominis. It is 
also active against tapeworms.

 AcquiREd RESiSTANcE

The structural resemblance to chloroquine suggests the likeli-
hood of cross-resistance with that drug, but evidence for this 
is equivocal.

 PhARMAcOkiNETicS

Oral absorption Good

C
max

 100 mg oral 50 μg/L after 1–3 h

Plasma half-life 5 days

Plasma protein binding 85%

There is extensive tissue binding and a six-fold concentration into 
leukocytes from plasma. About 10% of the daily dose is excreted 
in the urine. It is widely distributed throughout the body.

 TOxiciTy ANd SidE EffEcTS

Dizziness, headache and gastric problems are common. 
Toxic psychoses, bone marrow depression, yellow skin and 
exfoliative dermatitis are described. Poor toleration is noted, 
 especially in children. It should not be used in combination 
with 8-aminoquinolines.

 cLiNicAL uSE

It has been superseded by other drugs, but is useful in giardia-
sis if treatment with nitroimidazoles fails. Intralesional injec-
tions have been tried in cutaneous leishmaniasis.

 Further information

Gardner TB, Hill DR. Treatment of giardiasis. Clin Microbiol Rev. 2001;14: 
114–128.

Vdovanko AA, Williams JE. Blastocystis hominis: neutral red supravital staining and 
its application to in vitro drug sensitivity testing. Parasitol Res. 2000;86:573–581.

MiLTEfOSiNE

Hexadecylphosphocholine. Molecular weight: 407.58.

An alkylphospholipid, originally investigated as an  anticancer 
compound, formulated for oral administration.

 ANTiMicRObiAL AcTiviTy

Concentrations of 1–5 μm inhibit the promastigotes and amas-
tigotes of Leishmania spp. and the epimastigotes and amastig-
otes of T. cruzi. Inhibitory concentrations against T. brucei spp. 
and E. histolytica are closer to 50 μm. Acanthamoeba spp. are vari-
ably susceptible, depending on the experimental conditions.

 AcquiREd RESiSTANcE

There are no reports of clinical resistance in Leishmania 
so far. Experimental resistance has been induced in vitro 
against the promastigote stage of Leishmania and two 
plasma membrane proteins, LdMT and Ld Ros3, are neces-
sary for miltefosine uptake. There is evidence that reduced 
sensitivity of promastigotes is passed on to intracellular 
amastigotes.

 PhARMAcOkiNETicS

In rodent models the drug is almost completely absorbed after 
oral administration. About 90% is bound to plasma proteins. It 
is widely distributed in the body; studies in rats showed highest 
uptake in kidney, liver and spleen. In rats and dogs bioavailability 
was 82% and 94%, with maximum values reached after 4–48 h.

In adult human trials repeated oral dosing with 100 mg per 
day achieved a peak plasma concentration of 70 mg/L after 
8–24 h (day 23). The half-life is 6–8 days.

Giardiasis

Prophylaxis of malaria

Tapeworm infections

 preparations and dosage

Preparation: Tablets.

Dosage: Adults, oral, 100 mg every 8 h for 5–7 days. A second course of 

treatment after 2 weeks is sometimes required. Children, oral, 2 mg/kg 

every 8 h.

Limited availability.
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 TOxiciTy ANd SidE EffEcTS

Mild to moderate gastrointestinal side effects are reported 
in 40–60% of patients. Moderate to severe nephrotoxicity 
was seen in 2% and 1% of patients, respectively; increases 
in  creatinine levels were reversible. Miltefosine is contrain-
dicated in pregnancy, based on findings of teratogenicity in 
rats. It causes hemolysis and cannot be given intravenously.

 cLiNicAL uSE

Studies to investigate short-course combination treatments 
with miltefosine are in progress.

 Further information

Bhattacharya SK, Sinha PK, Sundar S, et al. Phase 4 trial of miltefosine for  
the treatment of Indian visceral leishmaniasis. J Infect Dis. 
2007;196:591–598.

Croft SL, Seifert K, Duchene M. Antiprotozoal activities of phospholipid drugs. Mol 
Biochem Parasitol. 2003;126:165–172.

Perez-Victoria FJ, Sanchez-Canete MP, et al. Mechanisms of experimental 
resistance of Leishmania to miltefosine: implications for clinical use. Drug Resist 
Updat. 2006;9:26–39.

Pérez-Victoria FJ, Sánchez-Cañete MP, Castanys S, Gamarro F. Phospholipid 
translocation and miltefosine potency require both L. donovani miltefosine 
transporter and the new protein LdRos3 in Leishmania parasites. J Biol Chem. 
2006;281:23766–23775.

NiTAZOxANidE

Molecular weight: 307.3

A synthetic broad-spectrum antiparasitic nitroheterocycle (2-acety-
loxy-N-(5-nitro-2-thiazolyl) benzamide), formulated for oral use.

 ANTiMicRObiAL AcTiviTy

In vitro Cryptosporidium parvum sporocytes and oocysts are 
inhibited by <33 μm, and Giardia lamblia (intestinalis) tropho-
zoites by <10 μm. The metabolite tizoxanide is more active than 
the parent compound against some isolates. E. histolytica is inhib-
ited by 6–23 μm (parent compound) and  5.6–28 μm (metab-
olite), and T. vaginalis by 0.5–15.5 μm (parent compound) 
and 0.3–12.2 μm (metabolite). Activity against other micro-
 organisms, including some helminths, bacteria (Clostridium dif-
ficile) and viruses (hepatitis C) has also been demonstrated.

 AcquiREd RESiSTANcE

Resistance caused by altered expression of genes involved in 
stress response has been demonstrated in experimental stud-
ies with G. lamblia.

 PhARMAcOkiNETicS

After oral administration the major circulating metabolites 
are tizoxanide (desacetyl nitazoxanide) and its glucuronide. 
Minor metabolites include salicyluric acid and tizoxanide sul-
fate. Maximum concentrations of the active metabolites tizox-
anide and tizoxanide glucuronide are observed within 1–4 h. 
Following a single oral dose of 500 mg given with food, the Cmax 
of both metabolites was around 10 mg/L. Tizoxanide has a half-
life of around 1–2 h and is >99.9% bound to plasma proteins.

 TOxiciTy ANd SidE EffEcTS

Nitazoxanide appears well tolerated. Side effects may include 
abdominal pain diarrhea, headache and nausea.

 cLiNicAL uSE

It is indicated for the treatment of diarrhea caused by G. lamblia 
or C. parvum.

 preparations and dosage

Proprietary name: Alinia.

Preparations: Oral suspension, tablets.

Dosage: 1–3 years of age, 5 mL (100 mg nitazoxanide) oral suspension 

every 12 h with food for 3 days; 4–11 years: 10 mL (200 mg nitazoxanide) 

oral suspension every 12 h with food for 3 days; ≥12 years: 1 tablet (500 mg 

nitazoxanide) every 12 h with food for 3 days or 25 mL oral suspension 

(500 mg nitazoxanide) every 12 h with food for 3 days.

Available in USA.

Visceral leishmaniasis

Cutaneous leishmaniasis

 preparations and dosage

Proprietary name: Impavido, Miltex.

Preparation: Capsules (10 and 50 mg miltefosine).

Dosage: 2.5 mg/kg per day orally for 28 days (usually 100–150 mg per 

day) (maximum dose, 150 mg per day).

Available through private and public sources in India.
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 Further information

Adagu IS, Nolder D, Warhurst DC, Rossignol JF. In vitro activity of nitazoxanide and 
related compounds against isolates of Giardia intestinalis, Entamoeba histolytica 
and Trichomonas vaginalis. J Antimicrob Chemother. 2002;49:103–111.

Muller J, Ley S, Felger I, Hemphill A, Muller N. Identification of differentially 
expressed genes in a Giardia lamblia WB C6 clone resistant to nitazoxanide and 
metronidazole. J Antimicrob Chemother. 2008;62:72–82.

Rossignol JF, Ayoub A, Ayers MS. Treatment of diarrhea caused by Cryptosporidium 
parvum: a prospective double-blind, placebo-controlled study of nitazoxanide. 
J Infect Dis. 2001;184:103–106.

Rossignol JF, Kabil SM, El-Gohary Y, Younis AM. Nitazoxanide in the treatment of 
amebiasis. Trans R Soc Trop Med Hyg. 2007;101:1025–1031.

Rossignol JF. Cryptosporidium and Giardia: Treatment options and prospects for 
new drugs. Exp Parasitol. 2010;124: 45–53.

PyRONARidiNE

Molecular weight: 518.06.

An aza-aminoacridine formulated for oral use. A Mannich-
base derivative of mepacrine (see p. 421).

 ANTiMicRObiAL AcTiviTy

Pyronaridine is active against the asexual erythrocytic stage of 
P. falciparum with little or no activity against gametocytes or the 
hepatic stage. In-vitro blood schizonticide activities are in the 
range of 0.001–0.03 mg/L, showing a moderate correlation to 
chloroquine resistance. However, this correlation varies between 
studies and does not seem to be clinically significant. It is also 
active against P. vivax, P. ovale and P. malariae. Antagonistic 
interactions with artemisinins were reported in vitro, but syn-
ergy with artesunate has been observed in rodent models.

 AcquiREd RESiSTANcE

Decreasing in-vitro sensitivity has been observed in China.

 PhARMAcOkiNETicS

Peak plasma concentrations are reached after 3–14 h depend-
ing upon the formulation; there is also considerable interin-
dividual variation. Elimination half-lives of 63–190 h have 
been reported, again dependent upon the formulation.

 TOxiciTy ANd SidE EffEcTS

It is well tolerated and no outstanding toxic effects have been 
reported.

 cLiNicAL uSE

A fixed-dose combination with artesunate (Pyramax) is being 
developed for uncomplicated P. falciparum and P. vivax malaria.

 Further information

Auparakkitanon S, Chapoomram S, Kuaha K, Chirachariyavej T, Wilairat P. Targeting 
of hematin by the antimalarial pyronaridine. Antimicrob Agents Chemother. 
2006;50:2197–2200.

Kurth F, Pongratz P, Bélard S, Mordmüller B, Kremsner PG, Ramharter M. In vitro 
activity of pyronaridine against Plasmodium falciparum and comparative 
evaluation of anti-malarial drug susceptibility assays. Malar J. 2009;8:79.

Vivas L, Rattray L, Stewart L, et al. Anti-malarial efficacy of pyronaridine and 
artesunate in combination in vitro and in vivo. Acta Trop. 2008;105:222–228.

SuRAMiN

Molecular weight (hexasodium salt): 1429.21.

 preparations and dosage

Not widely available. Oral formulations have been used in China and in 

clinical trials in Thailand and Africa.

Treatment of uncomplicated P. falciparum and P. vivax malaria
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A sulfated naphthylamine formulated for intravenous admin-
istration. It is freely soluble in water. The dry powder is stable, 
but it is hygroscopic and unstable in solution.

 ANTiMicRObiAL AcTiviTy

Suramin has no significant trypanocidal activity in vitro, but 
is effective in animals infected with T. brucei. Trypanosomes 
take up suramin bound to plasma protein by a combination 
of fluid phase and receptor-mediated endocytosis. It acts 
synergistically with nitroimidazoles and eflornithine in the 
elimination of trypanosomes from CSF of infected mice.

 AcquiREd RESiSTANcE

Relapse rates of 30–50% have been recorded in Kenya and 
Tanzania but there is no evidence of resistant parasites. Stable 
resistance has been described in the related camel parasite 
Trypanosoma evansi.

 PhARMAcOkiNETicS

Oral absorption Poor

C
max

 1 g intravenous doses (6 doses 

at weekly intervals)

100 mg/L

Plasma half-life 44–54 days

Volume of distribution 20–80 L

Plasma protein binding >99%

It is normally administered by slow intravenous infusion. It can 
be detected in blood for 3 months; plasma levels >100 mg/L  
were observed for several weeks after a 6-week course of treat-
ment. No metabolism was observed and 80% was removed 
by renal clearance. Distribution to mononuclear phagocytes, 
especially liver macrophages, the adrenal glands and the kid-
ney is high. It does not enter erythrocytes and penetrates the 
blood–brain barrier poorly.

 TOxiciTy ANd SidE EffEcTS

Suramin is toxic, especially in malnourished patients. A test 
dose of 200 mg has been recommended. Immediate febrile 
reactions (nausea, vomiting, loss of consciousness) can be 
avoided by slow intravenous administration. Intramuscular or 
subcutaneous injections are painful and irritating, and can be 
followed by fever and urticaria. Anaphylactic shock occurs in 
fewer than 1 in 2000 patients. Delayed reactions include renal 
damage, exfoliative dermatitis, anemia, leukopenia, agranulo-
cytosis, jaundice and diarrhea.

 cLiNicAL uSE

 Further information

Amin DN, Masocha W, Ngan’dwe K, Rottenberg M, Kristensson K. Suramin and 
minocycline treatment of experimental African trypanosomiasis at an early 
stage of parasite brain invasion. Acta Trop. 2008;106:72–74.

Barrett MP, Boykin DW, Brun R, Tidwell RR. Human African trypanosomiasis: 
pharmacological re-engagement with a neglected disease. Br J Pharmacol. 
2007;152:1155–1171.

Kaminsky R, Maser P. Drug resistance in African trypanosomes. Curr Opin Anti Infect 
Investig Drugs. 2000;2:76–82.

ANTibAcTERiAL ANd OThER 
ANTiMicRObiAL AGENTS uSEd fOR 
PROTOZOAL diSEASES

Properties of the diaminopyrimidines (Ch. 17), sulfonamides 
(Ch. 29) nitroimidazoles (Ch. 24) and nitrofurans (Ch. 31) 
that are used as antiprotozoal agents are described in the 
appropriate chapters. Among antibiotics, tetracyclines (Ch. 
30), clindamycin (Ch. 21) and certain macrolides (Ch. 22) 
have a place in the treatment of some protozoal diseases, 
including malaria and toxoplasmosis. The aminoglycoside 
paromomycin (Ch. 12) is sometimes used in amebiasis, leish-
maniasis and in intractable cryptosporidiosis.

Antifungal polyene and azole derivatives (Ch. 32) are 
increasingly used in diseases caused by protozoa. Both extra-
cellular and intracellular forms of Leishmania spp. and T. cruzi 
are highly sensitive to amphotericin B in vitro at concentra-
tions below 1 mg/L. Lipid formulations, in particular liposomal 
amphotericin B (p. 378), are highly effective in visceral leishma-
niasis. Amphotericin B is also used for the treatment of primar-
ily amebic meningoencephalitis caused by Naegleria fowleri.

The imidazoles miconazole and ketoconazole (p. 370) and 
the triazole itraconazole (p. 369) are active against Leishmania 
spp. and T. cruzi in experimental models, but results have been 
equivocal in clinical trials. The triazoles posaconazole (p. 371) 
and ravuconazole are effective against T. cruzi in experimental 
models and may be useful in the treatment of Chagas disease. 
The anthelmintic benzimidazole albendazole (p. 396) is effec-
tive in infections caused by G. lamblia.

 preparations and dosage

Preparation: Injection.

Dosage: The dose schedule varies depending on the stage of the disease.

Limited availability.

African sleeping sickness (early stage before CNS involvement)

Onchocerciasis
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 Further information

Bern C, Adler-Moore J, Berenguer J, et al. Liposomal amphotericin B for the 
treatment of visceral leishmaniasis. Clin Infect Dis. 2006;43:917–924.

Dahl EL, Rosenthal PJ. Multiple antibiotics exert delayed effects against 
the Plasmodium falciparum apicoplast. Antimicrob Agents Chemother. 
2007;51:3485–3490.

Davidson RN, den Boer M, Ritmeijer K. Paromomycin. Trans R Soc Trop Med Hyg. 
2009;103:653–660.

Pukrittayakamee S, Clemens R, Chantra A, et al. Therapeutic responses 
to antibacterial drugs in vivax malaria. Trans R Soc Trop Med Hyg. 
2001;95:524–528.

Sosa-Estani S, Segura EL. Etiological treatment in patients infected by 
Trypanosoma cruzi: experiences in Chagas’ disease. Curr Opin Infect Dis. 
2006;19:583–587.

Sundar S, Jha TK, Thakur CP, et al. Injectable paromomycin for visceral 
leishmaniasis in India. N Engl J Med. 2007;356:2571–2581.

Urbina JA. Ergosterol synthesis and drug development for Chagas’ disease. 
Memorias Instituto Oswaldo Cruz. 2009;104:311–318.



Chapter

36 Antiretroviral agents

Mark  Boyd and David a. Cooper

Recognition of the serious threat that the human immunodeficiency 
virus (HIV) presents to global health and security has stimulated an 
enormous investment in the development of anti-HIV therapies. This 
has occurred in parallel with advances in the understanding of HIV 
replication; in particular, the identification of steps in the replicative 
cycle that are unique to the virus and thus potential targets for che-
motherapy (Figure 36.1).

The human immunodeficiency virus is a member of the lentivi-
rus subfamily of human retroviruses with a double-stranded RNA 
genome encoding at least nine functional or regulatory proteins. 
There are several potential points at which the process of virus repli-
cation could be blocked:

•	 Entry into host-cell membranes
•	 Reverse-transcription of the virus genome
•	 Integration of virus into the host genome
•	 Virus assembly and maturation.

The use of combination antiretroviral therapy has resulted in signifi-
cant and sustained reductions in morbidity and mortality in people 
with HIV infection, but no currently available therapy is curative. Once 
initiated, treatment is a lifelong commitment. Adverse effects and 
toxicities arise during long-term exposure but the causal relation-
ship between individual drugs and specific adverse effects, and the 
degree to which HIV infection or immunodeficiency itself contributes 
to pathogenesis, continues to be difficult to define. Many other chal-
lenges remain, arising from drug interactions, problems of long-term 
adherence to therapy and drug resistance.

Because antiretroviral drugs act intracellularly, where relative con-
centrations are virtually impossible to predict or measure, little  reliable 
information is available that relates plasma concentrations to in-vivo 
effectiveness. Clinical studies continue to attempt to determine the 
extent to which plasma drug level monitoring may be of clinical use 
in the treatment of HIV disease. Of all the available ART classes the 
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Fig. 36.1 Schematic representation of the HIV replicative cycle. Points at which antiretroviral therapies can inhibit virus replication are shown 
in boxed arrows.
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most evidence exists for a possible role of therapeutic drug moni-
toring (TDM) in the management of HIV Protease Inhibitors (PIs) and 
Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs). In the 
pharmacokinetic tables that accompany each drug in this chapter 
Cmin values for the PIs and NNRTIs have therefore been included.

Data on the human use of antiretroviral agents are mostly derived 
from developed countries in which HIV subtype B is most common. 
With the availability of cheap generic versions of antiretrovirals in 
low- and middle-income countries, data are emerging which sug-
gest that other subtypes may be associated with different resistance 
pathways. Thus it seems that HIV subtype C is more likely to select for 
resistance to thymidine analogs through the K65R mutation. This bias 
in the database should be borne in mind when reading this chapter.

 Further information

Brown KC, Paul S, Kashuba AD. Drug interactions with new and investigational 
antiretrovirals. Clin Pharmacokinet. 2009;48:211–241.

Calmy A, Hirschel B, Cooper DA, Carr A. A new era of antiretroviral drug toxicity. 
Antivir Ther. 2009;14:165–179.

Letendre S, Marquie-Beck J, Capparelli E, et al. Validation of the CNS 
 penetration–effectiveness rank for quantifying antiretroviral penetration into 
the central nervous system. Arch Neurol. 2008;65:65–70.

Martin AM, Nolan D, Gaudieri S, Phillips E, Mallal S. Pharmacogenetics 
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CLASSIFICATION

Drugs that interfere with HIV replication are categorized into 
five types based on where in the HIV replicative cycle they 
exert inhibitory effects:

•	 Nucleoside	reverse	transcriptase	inhibitors	(NRTIs)	and	
nucleotide	reverse	transcriptase	inhibitors	(N(t)RTIs)	
are analogs of naturally occurring deoxynucleotides and 
compete with them for incorporation into the growing 
viral	DNA	chain.

•	 Non-nucleoside	reverse	transcriptase	inhibitors	
(NNRTIs)	bind	to	a	site	distant	to	the	catalytic	site	of	
reverse transcriptase, inhibiting the movement of protein 
domains	required	for	DNA	synthesis.

•	 HIV	protease	inhibitors	block	enzymic	cleavage	of	HIV	
gag–pol	proteins.

•	 HIV	entry	inhibitors	prevent	virion	entry	into	cells	
in two ways: by preventing fusion with the cellular 
membrane;	or	as	antagonists	of	one	of	the	two	chemokine	
co-receptors	(CCR5	and	CXCR4)	that	HIV	attaches	to	
in	combination	with	the	CD4	molecule	to	gain	entry	into	
the	human	cell.

•	 HIV	integrase	inhibitors	block	the	enzyme	responsible	
for	incorporation	of	viral	DNA	into	the	host	
chromosome.

INTERACTIONS

HIV	protease	inhibitors,	NNRTIs	or	CCR5	antagonists	should	
not	be	co-administered	with	certain	other	drugs	because	of	the	
potential	for	serious	interactions	or	loss	of	efficacy.	These	inter-
actions are described in detail at the US Department of Health 
and	Human	Services	website	(http://aidsinfo.nih.gov/content-
files/AdultandAdolescentGL.pdf),	which	is	updated	regularly.	
Readers	are	also	referred	to	the	website	of	the	Liverpool	HIV	
Pharmacology	 Group	 at	 the	 University	 of	 Liverpool	 (http://
www.hiv-druginteractions.org),	another	useful	and	frequently	
updated	tool,	and	to	Chapter	6	in	this	book.

NUCLEOSIDE REVERSE TRANSCRIPTASE 
INHIBITORS

NRTIs	 are	 dideoxynucleosides	 that	 undergo	 intracellular	
phosphorylation	to	yield	triphosphates,	which	inhibit	HIV-1	
and	HIV-2	replication.

In addition to sharing a common mode of action, these 
drugs have a number of overlapping toxicities that may 
arise	 through	a	common	pathway.	They	 inhibit	 some	mam-
malian	 DNA	 polymerases,	 in	 particular	 those	 found	 exclu-
sively	within	mitochondria.	 Interference	with	mitochondrial	
replication	and	function	is	likely	to	be	a	mechanism	through	
which	 several	 significant	 toxicities,	 including	 fatal	 and	non-
fatal cases of lactic acidosis with hepatomegaly, are medi-
ated.	 Laboratory	 investigations	 indicate	 that	 the	 potency	 of	
this	class	of	drugs	for	inhibition	of	cellular	DNA	polymerases	
is: zalcitabine ≥didanosine ≥stavudine >zidovudine >abacavir 
=tenofovir =lamivudine =emtricitabine.

Resistance	is	well	described,	often	associated	with	failure	
of	combination	therapy	to	control	viral	replication.	Resistant	
isolates	may	show	varying	degrees	of	cross-resistance	to	other	
drugs within the class, and a switch to an apparently active 
alternative	drug(s)	within	 the	 class	 can	be	 accompanied	by	
selection of highly resistant variants at the cost of only mini-
mal	evolutionary	changes	to	the	virus.

 Further information

Brinkmann K, ter Hofstede HJM, Burger DM, et al. Adverse effects of reverse 
transcriptase inhibitors: mitochondrial toxicity as a common pathway. AIDS. 
1998;12:1735–1744.

Brinkmann K, Smeitink JA, Romjin JA, Reiss P. Mitochondrial toxicity induced 
by nucleoside analogue reverse transcriptase inhibitors is a key factor in 
the pathogenesis of antiretroviral therapy related lipodystrophy. Lancet. 
1999;354:1112–1115.

Clavel F, Hance AJ. HIV drug resistance. N Engl J Med. 2004;350:1023–1035.
Johnson VA, Brun-Vézinet F, Clotet B, et al. Update of the drug resistance muta-

tions in HIV-1: December 2008. Top HIV Med. 2008;16:138–145.
Lewis W, Dalakas MC. Mitochondrial toxicity of antiviral drugs. Nat Med. 

1995;1:417–421.
Moyle GJ, Datta D, Mandalia S, Morlese J, Asboe D, Gazzard BG. Hyperlactataemia 

and lactic acidosis during antiretroviral therapy: relevance, reproducibility and 
possible risk factors. AIDS. 2002;16:1341–1349 Erratum in: AIDS 2002; 16: 1708.
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ABACAVIR

Molecular	weight:	670.76.

A	synthetic	analog	of	guanine	formulated	for	oral	use.

 ANTIVIRAL ACTIVITy

Abacavir	has	activity	against	HIV-1,	HIV-2	and	human	T-cell	
lymphotrophic	virus	type-1	(HTLV-1).

 ACqUIRED RESISTANCE

Resistance	is	associated	with	specific	changes	in	codons	184	
with	 65,	 74	 or	 115	 in	 the	 HIV	 reverse	 transcriptase	 codon	
region.

 PHARmACOkINETICS

Oral absorption 83%

C
max

 300 mg oral twice daily

 600 mg once daily

3.0 ± 0.89 mg/L

4.26 mg/L

Plasma half-life 1.5 h

Volume of distribution 0.8 L/kg

Plasma protein binding c. 49%

absorption

After	 oral	 administration	 abacavir	 sulfate	 undergoes	 rapid	
and	extensive	absorption	unaffected	by	food.

Distribution

It	 penetrates	 well	 into	 the	 cerebrospinal	 fluid	 (CSF)	 and	
is	 an	NRTI	of	 choice	 if	 this	 characteristic	 is	 thought	desir-
able.	Good	penetration	 into	 the	male	genital	 tract	has	been	
observed.	The	drug	is	secreted	into	human	breast	milk.

Metabolism

It is primarily metabolized in the liver, mainly by alcohol 
dehydrogenase	and	glucuronidation.

excretion

Around	83%	of	the	dose	is	eliminated	in	the	urine,	<2%	as	
unchanged	drug;	the	remainder	is	excreted	in	the	feces.

Dose	adjustment	is	unnecessary	in	renal	impairment.	It	can	
be used in moderate hepatic impairment, but is contraindi-
cated	if	dysfunction	is	severe.

 TOxICITy AND SIDE EFFECTS

Life-threatening	hypersensitivity	 reactions	occur	 in	5–8%	
of	all	individuals,	necessitating	discontinuation	of	the	drug.	
Typically	patients	present	within	the	first	6	weeks	of	starting	
treatment with fever, rash or other symptoms that worsen 
in	severity	with	continued	drug	exposure.	Hypersensitivity	
is associated with carriage of the major histocompatibility 
complex	class	I	allele	HLA-B57*01	and	screening	for	this	
allele	can	significantly	reduce	the		incidence	of	this	effect.

Current	or	recent	(within	the	preceding	6	months)	use	of	
abacavir	has	been	associated	with	a	risk	of	myocardial	infarc-
tion,	but	studies	have	yielded	conflicting	data.

 CLINICAL USE

 Further information

D:A:D Study Group. Use of nucleoside reverse transcriptase inhibitors and risk 
of myocardial infarction in HIV-infected patients enrolled in the D:A:D study: 
a multi-cohort collaboration. Lancet. 2008;371:1417–1426. Erratum in: Lancet 
372: 292.

Mallal S, Phillips E, Carosi G, et al. HLA-B*5701 screening for hypersensitivity to 
abacavir. N Engl J Med. 2008;358:568–579.

DIDANOSINE

Molecular	weight:	236.2.
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preparations and dosage

Proprietary name: Ziagen.

Preparations: Tablets (300 and 600 mg), oral solution (20 mg/mL). The 

oral solution contains sorbitol, which is metabolized to fructose and is 

unsuitable for patients with hereditary fructose intolerance.

Dosage: Adults, oral, 300 mg every 12 h or 600 mg once daily. Children 

target dosing range: 8–10 mg/kg per dose every 12 h (maximum dose, 

300 mg every 12 h).

Available alone, in combination with lamivudine, and in combination with 

zidovudine and lamivudine.

Treatment of HIV infection in adults and children (in combination with 

other antiretroviral drugs)
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An	 analog	 of	 deoxyadenosine,	 formulated	 for	 oral	
administration.

 ANTIVIRAL ACTIVITy

Didanosine	is	active	against	HIV-1,	HIV-2	and	HTLV-1.

 ACqUIRED RESISTANCE

Codon	 changes	 at	 positions	 65	 or	 74	 in	 HIV	 reverse	 tran-
scriptase	are	associated	with	reduced	susceptibility.

 PHARmACOkINETICS

Oral absorption c. 40%

C
max

 400 mg once daily 0.93 mg/L

Plasma half-life c. 1.4 h

Volume of distribution c. 1 L/kg

Plasma protein binding <5%

absorption

Bioavailability	is	reduced	by	about	half	when	taken	with	food	
and	the	drug	should	be	given	at	least	30	min	before	a	meal.	
The	 peak	 plasma	 concentration	 achieved	 by	 enteric-coated	
tablets	is	less	than	half	that	of	buffered	tablets.

Distribution

Central	 nervous	 system	 (CNS)	 penetration	 is	 relatively	
poor.	 Median	 concentrations	 in	 semen	 (455	 ng/mL;	 range	
	<50–2190	ng/mL)	are	greater	than	those	in	blood	(<50	ng/mL;	
range	<50–860	ng/mL).	It	is	secreted	in	breast	milk.

Metabolism

Based	 upon	 animal	 studies	 it	 is	 presumed	 that	 metabolism	
occurs by the pathways responsible for the elimination of 
endogenous	purines	by	xanthine	oxidase.	Metabolism	may	be	
altered in patients with severe hepatic impairment; however, 
no	specific	dose	adjustment	is	recommended.

excretion

Renal	 clearance	 by	 glomerular	 filtration	 and	 active	 tubular	
secretion	accounts	for	50%	of	total	body	clearance.	Urinary	

recovery	accounts	for	about	20%	of	the	oral	dose	in	adults.	
The	half-life	increases	three-fold	in	patients	requiring	dialy-
sis.	Patients	with	a	creatinine	clearance	<60	mL/min	may	be	
at	greater	risk	of	toxicity.

 TOxICITy AND SIDE EFFECTS

Most	 serious	 are	 pancreatitis	 (fatal	 and	 non-fatal),	 lactic	
	acidosis	and	severe	hepatomegaly	with	steatosis	(fatal	and	non-
fatal),	retinopathy,	optic	neuritis	and	dose-related	peripheral	
neuropathy.	Patients	with	low	body	weight	may	require	dose	
modification.	A	 strong	association	with	non-	cirrhotic	portal	
hypertension	has	been	described.

The	 combination	 with	 stavudine	 should	 be	 avoided	 in	
pregnant women as fatal cases of lactic acidosis have been 
reported.	 Caution	 should	 also	 be	 exercised	 in	 patients	
with	 known	 risk	 factors	 for	 liver	 disease.	Therapy	 should	
be stopped in patients who develop clinical or laboratory 
evidence	 of	 lactic	 acidosis	 or	 hepatotoxicity.	 Monitoring	
lactate levels prospectively is not recommended as mild 
hyperlactatemia occurs in asymptomatic patients and has a 
poor positive predictive value for the development of lactic 
acidosis.

Caution	 should	 be	 exercised	 in	 co-administering	 other	
drugs	with	 known	neurotoxicity	 and	 in	patients	with	 a	his-
tory	of	neuropathy.	Treatment	should	stop	if	symptoms	and	
signs of neuropathy are observed, but the condition is usu-
ally reversible and patients with resolved neuropathy may be 
retreated	 at	 a	 reduced	 dosage.	 Retinal	 depigmentation	 has	
been	 observed	 in	 children	 and	 twice-yearly	 dilated	 retinal	
examination	is	recommended.

 CLINICAL USE

preparations and dosage

Proprietary name: Videx.

Preparations: Enteric-coated capsules (125, 200, 250 and 400 mg). Also 

available as tablets (25, 50, 100, 150 and 200 mg) and as a powder for 

reconstitution.

Dosage: Adults, oral, 400 mg once daily (weight ≥60 kg) or 250 mg once 

daily (weight <60 kg). Children <3 months, 50 mg/m2 per dose every 12 h; 

children >3 months, 120 mg/m2 per dose every 12 h. Children 20–<25 kg, 

200 mg once daily; 25–<60 kg, 250 mg once daily; ≥60 kg, 400 mg once 

daily. For patients <20 kg the recommended dose is based on age and 

body surface area: children aged 2 weeks–8 months should receive 

100 mg/m2 every 12 h; those older than 8 months should receive  

120 mg/m2 every 12 h.

Widely available.
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Treatment of HIV infection (in combination with other antiretroviral drugs)
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 Further information

Carr A, Amin J. Efficacy and tolerability of initial antiretroviral therapy: a systematic 
review. AIDS. 2009;23:343–353.

Kovari H, Ledergerber B, Peter U, et al. Association of noncirrhotic portal hyper-
tension in HIV-infected persons and antiretroviral therapy with didanosine: a 
nested case-control study. Clin Infect Dis. 2009;49:626–635.

Lactic Acidosis International Study Group. Risk factors for lactic acidosis and severe 
hyperlactataemia in HIV-1-infected adults exposed to antiretroviral therapy. 
AIDS. 2007;21:2455–2464.

Moreno S, Hernández B, Dronda F. Didanosine enteric-coated capsule: current role 
in patients with HIV-1 infection. Drugs. 2007;67:1441–1462.

EmTRICITABINE

Molecular	weight:	247.2.

A	synthetic	nucleoside	analog	of	cytosine,	formulated	for	oral	use.

 ANTIVIRAL ACTIVITy

Emtricitabine	is	active	against	HIV-1,	HIV-2	and	hepatitis	B	
virus	(HBV).

 ACqUIRED RESISTANCE

Resistance	is	associated	with	a	substitution	in	the	HIV-1	reverse	
transcriptase	gene	at	 codon	184	 (M184V/I).	Emtricitabine-
resistant	isolates	are	cross-resistant	to	lamivudine.	HIV-1	iso-
lates	with	the	K65R	substitution	in	the	reverse	transcriptase	
coding	region	have	reduced	susceptibility.

 PHARmACOkINETICS

Oral absorption: capsules 93%

C
max

 200 mg oral once daily 1.8 ± 0.7 mg/L

Plasma half-life c. 10 h

Volume of distribution 1.4 ± 0.3 L/kg

Plasma protein binding <4%

absorption and distribution

It	is	rapidly	and	extensively	absorbed.	There	is	moderate	CNS	
penetration.	 The	 estimated	 semen:plasma	 ratio	 is	 approxi-
mately	4.	There	are	presently	no	data	on	levels	in	breast	milk.

Metabolism and excretion

It does not inhibit human cytochrome P450	 enzymes.	About	
80%	 is	excreted	 in	 the	urine,	 the	 rest	 in	 feces.	Renal	clear-
ance is greater than the estimated creatinine clearance, sug-
gesting elimination by both glomerular filtration and active 
tubular	secretion.	There	may	be	competition	for	elimination	
with	other	compounds	that	are	renally	excreted.	Exposure	is	
significantly increased in renal insufficiency, but dose reduc-
tions	 are	 not	 generally	 recommended.	 It	 is	 unlikely	 that	 a	
dose adjustment would be required in the presence of hepatic 
impairment.

 TOxICITy AND SIDE EFFECTS

At	 least	 10%	 of	 patients	 suffer	 headache,	 diarrhea,	 nausea,	
fatigue, dizziness, depression, insomnia, abnormal dreams, 
rash,	abdominal	pain,	asthenia,	increased	cough	and		rhinitis.	
Skin	 hyperpigmentation	 is	 common	 (≥10%)	 in	 pediat-
ric	 patients.	 Emtricitabine	 competes	 with	 lamivudine	 for	
the enzymes involved in intracellular phosphorylation; their 
	co-administration	is	contraindicated.

 CLINICAL USE

 Further information

Anderson PL. Recent developments in the clinical pharmacology of anti-HIV 
nucleoside analogs. Curr Opin HIV AIDS. 2008;3:258–265.

Saag MS. Emtricitabine, a new antiretroviral agent with activity against HIV and 
hepatitis B virus. Clin Infect Dis. 2006;42:126–131.
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Treatment of HIV infection (in combination with other antiretroviral drugs)

preparations and dosages

Proprietary name: Emtriva.

Preparations: Capsules (200 mg), oral solution (240 mg/24 mL).

Dosage: Adults: one 200 mg capsule or 24 mL solution orally once daily. 

Children, 0–3 months, 3 mg/kg oral solution once daily; 3 months–17 

years, 6 mg/kg up to a maximum of 240 mg (24 mL); children weighing 

>33 kg who can swallow an intact capsule, 4.8–6 mg/kg once daily or one 

200 mg capsule once daily.

Available alone, in combination with tenofovir, and in combination with 

tenofovir and efavirenz.
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LAmIVUDINE

Molecular	weight:	229.3.

An	analog	of	cytidine	available	for	oral	administration.

 ANTIVIRAL ACTIVITy

Lamivudine	is	active	against	HIV-1,	HIV-2,	HBV	and	HTLV-1.

 ACqUIRED RESISTANCE

A	 single	 codon	 change	 at	 position	 184	 in	 the	 HIV	 reverse	
transcriptase	 gene	 confers	 high-level	 resistance.	The	 K65R	
mutation	is	also	associated	with	resistance.	In-vitro	data	indi-
cate that lamivudine resistance may restore HIV sensitivity to 
zidovudine-	and	tenofovir-resistant	virus.

 PHARmACOkINETICS

Oral absorption 80–85%

C
max

, 300 mg once daily 2.0 mg/L

Plasma half-life 5–7 h

Volume of distribution 1.3 L/kg

Plasma protein binding <36%

absorption

It is rapidly absorbed and there is no significant difference in 
bioavailability	when	taken	with	food.

Distribution

It	penetrates	moderately	well	into	the	CNS.	The	semen:plasma	
ratio	is	about	9.1	(2.3–16.1).	It	is	secreted	into	breast	milk.

Metabolism and excretion

Less	 than	 10%	 of	 the	 administered	 dose	 undergoes	 hepatic	
metabolism.	Over	 70%	of	 the	dose	 is	 subject	 to	 renal	 clear-
ance	via	active	tubular	secretion.	Dosage	adjustments	are	not	
routinely recommended in the presence of renal or hepatic 
impairment.

 TOxICITy AND SIDE EFFECTS

Lamivudine	is	relatively	safe	and	non-toxic.	Animal	studies	of	
very	high	doses	did	not	result	in	any	organ	toxicity.	In	patients	
co-infected	with	HIV	and	HBV,	cessation	of	lamivudine	ther-
apy may result in clinical and/or laboratory evidence of recur-
rent hepatic disease that may be more severe in patients with 
hepatic	decompensation.	Tests	of	 liver	 function	and	 inflam-
mation	and	markers	of	HBV	replication	 should	be	periodi-
cally	monitored.

Lamivudine	competes	with	emtricitabine	for	the	enzymes	
involved	in	intracellular	phosphorylation	and	co-administra-
tion	is	contraindicated.

Lower	doses	are	used	in	hepatitis	B	therapy.

 Further information

Carr A, Amin J. Efficacy and tolerability of initial antiretroviral therapy: a systematic 
review. AIDS. 2009;23:343–353.

Perry CM, Faulds D. Lamivudine: a review of its antiviral activity, pharmacokinetic 
properties and therapeutic efficacy in the management of HIV infection. Drugs. 
1997;54:657–680.

STAVUDINE

Molecular	weight:	224.2.
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preparations and dosage

Proprietary name: Epivir.

Preparations: Tablets (150 and 300 mg). Also available as an oral solution 

(10 mg/mL) and as granules (25 and 50 mg).

Dosage: Adults, oral, 150 mg every 12 h or 300 mg once daily. 

Children target dosing range: 4 mg/kg every 12 h (maximum dose, 

300 mg per day).

Available alone, in combination with zidovudine, and in combination with 

zidovudine and abacavir. Various combinations with other antiretrovirals 

are available in generic formulations.

Treatment of HIV infection (in combination with other antiretroviral drugs)

Treatment of hepatitis B infection
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An	analog	of	thymidine	formulated	for	oral	administration.

 ANTIVIRAL ACTIVITy

Stavudine	is	active	against	HIV-1,	HIV-2	and	HTLV-1.

 ACqUIRED RESISTANCE

Resistance	 to	 stavudine	 is	 identical	 to	 that	 seen	 for	 zidovu-
dine.	Mutations	at	positions	41,	67	and	70,	and	positions	210,	
215	and	219	(the	‘thymidine	analog	mutations’)	of	the	reverse	
transcriptase genes are associated with diminished antiretro-
viral	efficacy.

 PHARmACOkINETICS

Oral absorption 86%

C
max

 40 mg twice daily 0.54 mg/L

Plasma half-life 1.4 h

Volume of distribution 0.66 L/kg

Plasma protein binding <5%

absorption and distribution

It	 is	 rapidly	 absorbed	 with	 or	 without	 food.	 CNS	 penetra-
tion	is	moderate.	The	estimated	semen:plasma	ratio	is	>1.	It	
is	secreted	into	breast	milk.

Metabolism and excretion

The	metabolic	fate	in	humans	has	not	been	elucidated.	Renal	
elimination	accounts	for	approximately	40%	of	overall	clear-
ance at a rate almost twice that of endogenous creatinine, 
indicating	glomerular	filtration	and	active	tubular	secretion.

Clearance	decreases	as	creatinine	clearance	decreases	and	
the dosage should be adjusted in patients with reduced renal 
function.	 Pharmacokinetics	 are	 not	 significantly	 altered	 in	
patients	with	hepatic	impairment.

 TOxICITy AND ADVERSE EFFECTS

Toxicity	 includes	 peripheral	 neuropathy,	 lactic	 acidosis,	
hepatomegaly with steatosis and liver failure, lipoatrophy and 
pancreatitis.	Combination	therapy	with	didanosine	results	in	
higher frequency of these toxicities, and fatalities have been 
reported	in	pregnant	women.	The	use	of	the	two	drugs	in	com-
bination	is	no	longer	recommended.	It	competes	with	zidovu-
dine for the same intracellular phosphorylating enzymes and 
co-administration	is	contraindicated.

 CLINICAL USE

 Further information

Anonymous. Stavudine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:S94–S98.

Hill A, Ruxrungtham K, Hanvanich M, et al. Systematic review of clinical trials evalu-
ating low doses of stavudine as part of antiretroviral treatment. Expert Opin 
Pharmacother. 2007;8:679–688.

Lea AP, Faulds D. Stavudine: a review of its pharmacodynamic and phar-
macokinetic properties and clinical potential in HIV infection. Drugs. 
1996;51:846–864.

ZIDOVUDINE

Molecular	weight:	267.2.

An	analog	of	thymidine	formulated	for	oral	or	intravenous	use.

 ANTIVIRAL ACTIVITy

Zidovudine	is	active	against	HIV-1,	HIV-2	and	HTLV-1.
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Treatment of HIV infection in adults and children

preparations and dosage

Proprietary name: Zerit.

Preparations: Capsules (15, 20, 30 and 40 mg). Also available as a powder 

(1 mg/mL) for reconstitution and in granules (5 and 10 mg).

Dosage: Adults weighing at least 60 kg, oral, 40 mg every 12 h. Adults 

weighing <60 kg, 30 mg every 12 h. The World Health Organization (WHO) 

recommends the use of 30 mg every 12 h in adults and adolescents 

regardless of body weight. Children target dosing range: 1 mg/kg per 

dose every 12 h.

Available in various dual or triple combinations from generic 

manufacturers.
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 ACqUIRED RESISTANCE

As	with	stavudine,	mutations	at	position	41,	67	and	70,	and	
positions	 210,	 215	 and	 219	 (the	 ‘thymidine	 analog	 muta-
tions’)	of	the	reverse	transcriptase	genes	are	associated	with	
diminished	antiretroviral	efficacy.

 PHARmACOkINETICS

Oral absorption 65%

C
max

 300 mg twice daily 2.3 mg/L

Plasma half-life 1.1 h

Volume of distribution 1.6 L/kg

Plasma protein binding 34–38%

absorption and distribution

It is absorbed rapidly and almost completely following oral 
administration.	 Absorption	 is	 not	 significantly	 affected	 by	
food.	 It	 appears	 to	 undergo	 widespread	 body	 distribution.	
CNS	penetration	is	fairly	good.	The	semen:plasma	ratio	varies	
from	0.95	to	13.5	(mean	5.9).	It	is	secreted	into	breast	milk.

Metabolism and excretion

Following	hepatic	metabolism	(glucuronidation),	elimination	
is	primarily	renal.	After	oral	administration,	urinary	recovery	
of zidovudine and its glucuronide metabolite accounted for 
14%	and	74%	respectively	of	 the	dose,	with	a	 total	urinary	
recovery	of	90%.

In severe renal impairment, clearance was about half that 
reported	in	subjects	with	normal	renal	function	Accumulation	
may occur in patients with hepatic impairment due to 
decreased	glucuronidation.

 TOxICITy AND ADVERSE EFFECTS

In common with other drugs in this class, use has been asso-
ciated	 with	 episodes	 of	 fatal	 and	 non-fatal	 lactic	 acidosis	
and	hepatomegaly	with	 steatosis.	Careful	clinical	evaluation	
is	 needed	 in	 patients	 with	 evidence	 of	 hepatic	 abnormality.	
Myelosuppression	 may	 occur	 within	 the	 first	 4–6	 weeks	 of	
therapy.	Hematological	parameters	should	be	monitored	dur-
ing this period, with prompt dose modification or switch if 
abnormalities	 are	 observed.	Treatment	 with	 reduced	 doses	
may be attempted in some patients once bone marrow recov-
ery	has	been	observed.	Myopathy	is	rarely	seen	with	the	use	
of	the	current	dosing	regimens.

Co-administration	with	drugs	known	to	cause	nephrotox-
icity, cytotoxicity or which interfere with red or white blood 
cell	 number	 and	 function	 may	 increase	 the	 risk	 of	 	toxicity.	

Probenecid and trimethoprim may reduce renal clearance 
of zidovudine, and other drugs that are metabolized by 
glucuronidation	may	interfere	with	its	metabolism.

 CLINICAL USE

 Further information

Anonymous. Zidovudine. In: Dollery C, ed. Therapeutic Drugs. 2nd ed. Edinburgh: 
Churchill Livingstone; 1999:Z12–Z18.

Volmink J, Siegfried NL, van der Merwe L, Brocklehurst P. Antiretrovirals for reduc-
ing the risk of mother-to-child transmission of HIV infection. Cochrane Database 
Syst Rev. 2007;(1): CD003510.

NUCLEOTIDE ANALOGS

Nucleotides	 are	monophosphorylated	derivatives	of	nucleo-
sides.	Phosphorylation	of	nucleosides	normally	occurs	within	
the cytoplasm of cells entering mitotic division and represents 
the	rate-limiting	step	in	the	synthesis	of	bases	for	addition	to	
growing	 nucleic	 acid	 chains.	 Nucleotides	 are	 actively	 taken	
up	 by	 most	 cells	 irrespective	 of	 the	 stage	 in	 the	 cell	 cycle.	
Several such drugs have been synthesized and some have 
activity	 against	 HIV	 reverse	 transcriptase.	They	 also	 inhibit	
mitochondrial	DNA	polymerases.

TENOFOVIR

Molecular	weight	(disoproxil	fumarate	salt):	635.5.

Treatment of HIV infection in adults and children (in combination with 

other antiretroviral drugs)

Reduction of maternal transmission of HIV to the fetus

preparations and dosage

Proprietary name: Retrovir.

Preparations: Capsules (100 and 250 mg), tablets (300 mg), syrup  

(10 mg/mL), granules (25 and 50 mg), injection.

Dosage: Adults, oral, 500–600 mg per day in two divided doses. The 

optimal dose in children has not been established, although a dose 

of 180–240 mg/m2/dose every 12 h has been advocated by some 

investigators.

Available alone, in combination with lamivudine, and in combination with 

lamivudine and abacavir. Various combinations with other antiretrovirals 

are available in generic formulations.
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An	acyclic	nucleoside	phosphonate,	 formulated	as	 the	diso-
proxil	fumarate	salt	for	oral	administration.

 ANTIVIRAL ACTIVITy

Tenofovir	is	effective	against	simian	immunodeficiency	virus	
(SIV),	HIV-1,	HIV-2,	HBV	and	HTLV-1.

 ACqUIRED RESISTANCE

HIV	variants	with	the	K65R	mutation	and	the	K70E	muta-
tion in the reverse transcriptase demonstrate reduced suscep-
tibility	to	tenofovir.

 PHARmACOkINETICS

Oral absorption c. 25%

C
max

 300 mg once daily 0.3 mg/L

Plasma half-life 17 h

Volume of distribution 1.3 ± 0.6 L/kg at 3.0 mg/kg 

intravenous dose

Plasma protein binding <0.7% (in vitro)

absorption and distribution

Oral	 bioavailability	 is	 poor,	 but	 is	 enhanced	by	 administra-
tion	as	the	disoproxil	prodrug.	It	may	be	taken	with	or	with-
out	food.	CSF	penetration	is	likely	to	be	minimal	due	to	the	
anionic	charge	of	the	molecule	at	physiological	pH.	It	accu-
mulates	in	semen	at	higher	concentrations	than	in	plasma.	It	
is	not	known	if	it	is	distributed	into	breast	milk.

Metabolism and excretion

Tenofovir	 is	 not	 metabolized	 and	 is	 principally	 eliminated	
by	the	kidneys	by	a	combination	of	glomerular	filtration	and	
active	tubular	secretion.	In	patients	with	renal	dysfunction	the	
dose	should	be	adjusted	accordingly.

Compounds	such	as	cidofovir,	aciclovir	(acyclovir),	valac-
iclovir, ganciclovir, valganciclovir and probenecid may com-
pete	 for	 renal	excretion.	Tenofovir	 levels	are	 increased	when	
prescribed	with	some	HIV	protease	inhibitors.	The	co-admin-
istration of tenofovir with didanosine leads to didanosine 
accumulation which is thought to occur through inhibition 

of	purine	nucleoside	phosphorylase.	This	has	been	associated	
with impaired immune recovery and several cases of lactic aci-
dosis	and	pancreatitis.	If	tenofovir	is	combined	with	didanosine	
the	dose	of	didanosine	should	be	reduced	to	200	mg	(<60	kg)	
or	 250	 mg	 (≥60	 kg)	 per	 day	 and	 the	 patient	 monitored	 for	
symptoms	of	didanosine	toxicity.

 TOxICITy AND SIDE EFFECTS

In	clinical	trials	of	antiretroviral	treatment-naive	participants,	
the most commonly reported adverse events were mild to 
moderate	gastrointestinal	upset	 (nausea	8%,	diarrhea	11%),	
headache	 (14%)	 and	 depression	 (11%).	Tenofovir	 has	 the	
potential to result in nephrotoxicity, particularly through prox-
imal	tubular	damage,	but	the	risk	of	clinically	significant	renal	
dysfunction appears relatively low and seems to occur mainly 
in	subjects	with	other	identifiable	risks	for	renal	impairment.	
Minor elevations in serum creatinine and reductions in creati-
nine	clearance	occur,	but	rarely	require	drug	discontinuation.

A	few	(<0.1%)	cases	of	osteomalacia	and	decreased	bone	
density	have	been	reported.

 CLINICAL USE

 Further information

Carr A, Amin J. Efficacy and tolerability of initial antiretroviral therapy: a systematic 
review. AIDS. 2009;23:343–353.

Matthews G. Tenofovir disoproxil fumarate. In: Kucers’ The Use of Antibiotics. A clini-
cal review of antibacterial, antifungal and antiviral drugs. Grayson ML, Kucers A, 
Crowe SM, et al. eds. 6th ed. London: Hodder Arnold; 2010.

Pozniak A. Tenofovir: what have over 1 million years of patient experience taught 
us? Int J Clin Pract. 2008;62:1285–1293.

NON-NUCLEOSIDE REVERSE 
TRANSCRIPTASE INHIBITORS

This	 group	 of	 structurally	 unrelated	 compounds	 selectively	
inhibits	 HIV-1	 reverse	 transcriptase	 through	 allosteric	 inhibi-
tion following binding to the enzyme at regions remote from the 
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Treatment of HIV infection in adults and children (in combination with 

other antiretroviral drugs)

preparations and dosages

Proprietary name: Viread.

Preparation: Tablets (300 mg).

Dosage: Adults, oral, 300 mg per day in a single daily dose.

Available alone, in combination with emtricitabine, and in combination 

with emtricitabine and efavirenz.
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active	site.	The	unique	mechanism	of	action	results	in	a	pattern	
of	resistance	distinct	from	other	antiretroviral	drug	classes.

These	 drugs	 can	 inhibit	 or	 induce	 cytochrome	 P450	 iso-
zymes.	 As	 a	 consequence,	 use	 with	 several	 medications	 is	
contraindicated	 or	 cautioned.	 Importantly,	 nevirapine	 and	
efavirenz can reduce methadone concentrations by up to half, 
resulting in clinical features of opiate withdrawal that require 
careful	management.

 Further information

Brown KC, Paul S, Kashuba DM. Drug interactions with new and investigational 
antiretrovirals. Clin Pharmacokinet. 2009;48:211–241.

Waters L, John L, Nelson M. Non-nucleoside reverse transcriptase inhibitors: 
a review. Int J Clin Pract. 2007;1:105–118.

DELAVIRDINE

Molecular	weight:	552.68.

A	complex	piperazine	derivative,	formulated	for	oral	administration.

 ANTIVIRAL ACTIVITy

Delavirdine	is	active	against	HIV-1	but	not	HIV-2.

 ACqUIRED RESISTANCE

The	 predominant	 amino	 acid	 substitution	 associated	 with	
resistance	is	at	position	236	of	the	HIV	reverse	transcriptase.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 400 mg oral thrice daily c. 19.3 mg/L

C
min

 400 mg oral thrice daily c. 8.3 mg/L

Plasma half-life c. 6 h

Volume of distribution c. 0.7 L/kg

Plasma protein binding c. 98%

absorption and distribution

It	 is	 rapidly	 absorbed	 following	 oral	 administration.	 Food	
has	no	significant	effect	on	absorption.	It	is	distributed	pre-
dominantly	into	blood	plasma	and	CNS	penetration	is	poor.	

The	semen:plasma	ratio	is	about	0.02.	It	is	not	known	if	it	is	
distributed	into	breast	milk.

Metabolism and excretion

Several	 metabolites	 are	 formed	 by	 the	 CYP3A4	 isoform	 of	
cytochrome P450 and it is a potent inhibitor of this enzyme sys-
tem.	Around	44%	of	the	drug	is	recovered	in	feces	and	51%	in	
urine,	about	5%	as	unchanged	drug.	Given	the	predominant	
hepatic metabolism, caution should be exercised in patients 
with	impaired	hepatic	function.

 TOxICITy AND SIDE EFFECTS

Around	18%	of	patients	experience	a	diffuse,	maculopapular,	
erythematous	and	often	pruritic	rash.	Dose	titration	does	not	
appear	 to	 reduce	 the	 incidence	of	 this	 side	 effect.	The	 rash	
usually	first	appears	within	1	month	of	commencing	therapy	
and	 resolves	 within	 2	 weeks	 without	 dose	 modification.	 In	
about	4%	of	cases	it	is	severe	enough	to	warrant	discontinu-
ation	of	treatment.

 CLINICAL USE

Delavirdine has fallen out of favor with the increasing prefer-
ence	for	antiretrovirals	than	can	be	dosed	twice	or	once	daily.

 Further information

Scott LJ, Perry CM. Delavirdine: a review of its use in HIV infection. Drugs. 
2000;60:1411–1444.

EFAVIRENZ

Molecular	weight:	315.68.
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Treatment of HIV disease in adults and children over 12 years of age (in 

combination with other antiretroviral agents)

preparations and dosage

Proprietary name: Rescriptor.

Preparation: Tablets (100 and 200 mg).

Dosage: Adults, oral, 400 mg every 8 h.

Widely available.
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A	 synthetic	 heterocyclic	 compound	 formulated	 for	 oral	
administration.

 ANTIVIRAL ACTIVITy

Efavirenz	is	active	against	HIV-1	but	not	HIV-2.

 ACqUIRED RESISTANCE

One	or	more	 single-codon	 substitutions	 in	 the	HIV	 reverse	
transcriptase	 genome	 at	 positions	 100,	 103,	 106,	 108,	 181,	
188,	 190	 and	 225	 confer	 reduced	 susceptibility.	 Many,	 but	
not all, of these point mutations confer reduced susceptibility 
to	other	non-nucleoside	reverse	transcriptase	inhibitors.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 600 mg oral once daily c. 4.07 mg/L

C
min

 600 mg oral once daily c. 1.77 mg/L

Plasma half-life c. 45 h

Volume of distribution c. 2.4 L/kg

Plasma protein binding >99%

absorption and distribution

Bioavailability	 following	 a	 standard	 high-fat	 meal	 was	
increased	by	an	average	of	50%,	but	was	unaffected	by	a	stan-
dard	meal.	Distribution	into	body	tissues	and	fluids	has	not	
been	 fully	 characterized.	 It	 penetrates	 moderately	 well	 into	
the	CNS.	The	 semen:plasma	 ratio	 is	0.09	 (0.03–0.43).	The	
mean	concentration	 in	breast	milk	 is	3.51	mg/L;	 significant	
linear correlations have been found between maternal plasma 
and	breast	milk.

Metabolism and excretion

It is metabolized by cytochrome P450 systems to hydroxylated 
intermediates	and	excreted	after	subsequent	glucuronidation.	
Metabolites	are	not	active	against	HIV.

It is excreted principally in the feces, both as metabolites and 
unchanged	drug.	Up	to	34%	is	recovered	in	the	urine,	<1%	as	
unchanged	drug.	Given	this,	the	impact	of	renal	impairment	
on	efavirenz	is	likely	to	be	minimal.	Caution	is	recommended	
in	patients	with	mild–moderate	liver	disease;	it	is	contraindi-
cated	in	patients	with	severe	hepatic	impairment.

Dose	adjustment	is	unnecessary	when	it	is	co-administered	
with	HIV	protease	inhibitors	or	rifampicin	(rifampin).

 TOxICITy AND SIDE EFFECTS

The	most	common	(>5%,	moderate–severe)	adverse	effects	
associated with efavirenz therapy are rash, dizziness, nausea, 
headache,	 fatigue,	 insomnia	 and	 vomiting.	 Rash	 occurs	 in	
up	to	26%	of	patients,	mostly	in	the	first	2	weeks	of	therapy.	
It	usually	resolves	within	1	month,	but	is	sufficiently	severe	to	
limit	treatment	in	a	few	cases.

Dizziness, insomnia, somnolence, impaired concentration, 
abnormal	dreaming	and	other	CNS	disturbances	have	been	
reported	 in	 around	 52%	 of	 clinical	 trial	 participants,	 with	
events	of	moderate	to	severe	intensity	occurring	in	about	3%	
of	patients.	Rare	(0.2%	of	patients)	episodes	of	severe	delu-
sional or inappropriate behavior and severe acute depression 
have	also	been	reported.	The	symptoms	commonly	begin	in	
the	first	2	weeks	of	treatment	but	often	resolve	or	substantially	
improve	within	a	month.

Elevations in serum hepatic transaminase to levels more 
than five times the upper limit of normal are observed in 
about	3%	of	patients	and	8%	of	those	co-infected	with	viral	
hepatitis	B	or	C.

 CLINICAL USE

 Further information

Riddler SA, Haubrich R, DiRienzo AG, et al. Class-sparing regimens for initial treat-
ment of HIV-1 infection. N Engl J Med. 2008;358:2095–2106.

van Leth F, Phanuphak P, Ruxrungtham K, et al. Comparison of first-line anti-
retroviral therapy with regimens including nevirapine, efavirenz, or both drugs, 
plus stavudine and lamivudine: a randomised open-label trial, the 2NN Study. 
Lancet. 2004;363:1253–1263.

Vrouenraets SM, Wit FW, van Tongeren J, Lange JM. Efavirenz: a review. Expert Opin 
Pharmacother. 2007;8:851–871.
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preparations and dosage

Proprietary names: Stocrin, Sustiva.

Preparations: Capsules (50, 100, 200 and 600 mg), oral solution  

(30 mg/mL).

Dosage: Adults, oral, 600 mg once a day. Children target dosing range: 

15–18.75 mg/kg solid form or 19.5 mg/kg syrup given once daily. Dosage 

has not been established for children <3 years. In order to alleviate some 

of the CNS side effects it is recommended the daily dose be taken at 

bedtime.

Available alone or in combination with tenofovir and emtricitabine, 

zidovudine and lamivudine, and stavudine and lamivudine.

Treatment of HIV-1 infection in adults and children (in combination with 

other antiretroviral drugs)
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ETRAVIRINE

Molecular	weight:	435.31.

A	 comprehensive	 analysis	 of	 baseline	 resistance	 data	 from	
the	 DUET-1	 and	 DUET-2	 studies	 has	 identified	 a	 list	 of	
17	 etravirine	 resistance	 associated	 mutations:	V901,	A98G,	
L100L,	K101E/H/I,	V1061,	E138A,	V179D/F/T,	Y181C/L/V,	
G190A/S,	and	M230L.	A	single	K103N	mutation	is	not	asso-
ciated	with	resistance	to	etravirine.

 ANTIVIRAL ACTIVITy

Etravirine	is	active	only	against	HIV-1.

 ACqUIRED RESISTANCE

Various mutations are associated with a decreased virologi-
cal	response.	Single	codon	substitutions	at	positions	100,	101	
and	 181	 are	 considered	 major	 mutations.	A	 single	 K103N	
mutation	is	not	associated	with	resistance.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 200 mg oral twice daily c. 959 ng/mL

C
min

 200 mg oral twice daily c. 469 ng/mL

Plasma half-life c. 36 h

Volume of distribution Not known/available

Plasma protein binding >99%

Administration	 with	 food	 improves	 the	 bioavailability	 and	
reduces	interpatient	variability.	It	undergoes	oxidative	metab-
olism by cytochrome P450	systems.	Around	93.7%	and	1.2%	
of an administered dose can be retrieved in the feces and 
urine,	respectively,	mostly	as	unchanged	drug.

Details	 of	 distribution	 into	 CSF,	 semen	 and	 breast	 milk	
and recommendations for dose adjustment in patients with 
hepatic	impairment	are	not	yet	available.

 TOxICITy AND SIDE EFFECTS

In	the	phase	III	studies	around	15%	of	patients	experienced	
erythematous or maculopapular rashes of mild or moderate 
severity; most resolved with continued dosing, but treatment 
was	discontinued	 in	2%	of	patients.	Rare	cases	of	Stevens–
Johnson	syndrome	have	been	reported.

Other	common	adverse	events	are	diarrhea,	nausea,	head-
ache	and	fatigue.	Dyslipidemia	and	raised	pancreatic	amylase	
occur	in	some	patients.

 CLINICAL USE

Safety and efficacy in children and adolescents are not yet 
established.

 Further information

Deeks ED, Keating GM. Etravirine. Drugs. 2008;68:2357–2372.
Lazzarin A, Campbell T, Clotet B, et al. Efficacy and safety of TMC125 (etravirine) in 

treatment-experienced HIV-1-infected patients in DUET-2: 24-week results from 
a randomised, double-blind, placebo-controlled trial. Lancet. 2007;370:39–48.

Madruga JV, Cahn P, Grinsztejn B, et al. Efficacy and safety of TMC125 (etravirine) in 
treatment-experienced HIV-1-infected patients in DUET-1: 24-week results from 
a randomised, double-blind, placebo-controlled trial. Lancet. 2007;370:29–38.

NEVIRAPINE

Molecular	weight	(anhydrous):	266.3.

A	synthetic	heterocyclic	compound	formulated	for	oral	use	as	
anhydrous compound or as the hemihydrate in a liquid oral 
suspension.
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Treatment of HIV-1 infection in adults (in combination with other 

antiretroviral drugs)

preparations and dosage

Proprietary name: Intelence.

Preparation: Tablets (100 mg).

Dosage: Adults, oral, 200 mg every 12 h.

Widely available.
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 ANTIVIRAL ACTIVITy

Nevirapine	is	active	only	against	HIV-1.

 ACqUIRED RESISTANCE

One	or	more	changes	within	the	HIV	reverse	transcriptase	at	
amino	acid	positions	100,	103,	106,	108,	181,	188	and	190	
are	associated	with	resistance.	These	point	mutations	have	also	
been implicated, either alone or in combination, in HIV resis-
tance	to	other	non-nucleoside	reverse	transcriptase	inhibitors.

 PHARmACOkINETICS

Oral absorption c. 93%

C
max

 200 mg twice daily c. 5.74 mg/L

C
min

 200 mg twice daily c. 2.88 mg/L

Plasma half-life c. 36 h

Volume of distribution c. 1.21 L/kg

Plasma protein binding c. 60%

absorption and distribution

Nevirapine	 is	 orally	 very	 well	 absorbed	 and	 widely	 distrib-
uted.	CNS	penetration	is	good	and	the	semen:plasma	ratio	is	
in	the	range	of	0.6–1.	It	is	distributed	into	breast	milk.

Metabolism and excretion

It is extensively metabolized by cytochrome P450 enzymes into 
a number of hydroxylated intermediates that are subsequently 
conjugated	with	glucuronide.

Around	81%	of	the	dose	is	excreted	in	urine	(<5%	as	unchanged	
compound)	and	10%	in	feces.	There	is	no	significant	change	in	
the	pharmacokinetics	in	renal	impairment.	It	is	contraindicated	
in patients with severe hepatic impairment; caution should  
be	exercised	in	patients	with	moderate	hepatic	dysfunction.

 INTERACTIONS

Administration	 with	 boosted	 protease	 inhibitors	 does	 not	
require	dose	adjustment.	Adjustment	of	methadone	dose	 in	
patients experiencing narcotic withdrawal symptoms may be 
needed.	Studies	of	the	effect	of	rifampicin	have	yielded	con-
flicting	results.	In	general,	efavirenz	is	preferred	to	nevirapine	
if	possible.

 TOxICITy AND SIDE EFFECTS

Life-threatening	 hepatic	 events,	 including	 fulminant	 hepati-
tis,	 have	 been	 observed	 in	 treatment-naive	 patients,	 generally	

within	 the	 first	 few	 weeks	 of	 treatment,	 but	 sometimes	 later.	
Approximately	half	the	patients	also	develop	skin	rash,	with	or	
without	fever	or	constitutional	symptoms.	Women	with	elevated	
CD4	counts	 (>250	cells/mm3)	appear	 to	be	at	highest	 risk.	
Men	with	pretreatment	CD4	counts	>400	cells/mm3 are also at 
increased	risk.	These	risks	exist	in	the	absence	of	underlying	
hepatic abnormalities and, in some cases, hepatic injury contin-
ues	to	progress	despite	discontinuation	of	treatment.	Treatment	
should stop, and not be restarted, in patients with clinical evi-
dence	of	hepatitis.	A	starting	dose	of	200	mg	per	day,	with	
escalation to full dose if no adverse reaction occurs, reduces 
the	 frequency	of	 reaction.	Single	doses	given	 to	mothers	or	
infants	for	prevention	of	perinatal	HIV	infection	appear	safe.

 CLINICAL USE

 Further information

Kesselring AM, Wit FW, Sabin CA, et al. Risk factors for treatment-limiting  toxicities 
in patients starting nevirapine-containing antiretroviral therapy. AIDS. 
2009;23:1689–1699.

Sheran M. The nonnucleoside reverse transcriptase inhibitors efavirenz and 
 nevirapine in the treatment of HIV. HIV Clin Trials. 2005;6:158–168.

Volmink J, Siegfried NL, van der Merwe L, Brocklehurst P. Antiretrovirals for 
 reducing the risk of mother-to-child transmission of HIV infection. Cochrane 
Database Syst Rev. 2007;(1):CD003510.

HIV PROTEASE INHIBITORS

Protease	inhibitors	are	active	against	HIV-1	and	HIV-2.	As	they	
have	significant	metabolic	interactions,	co-administration	with	
many	other	drugs	is	either	contraindicated	or	cautioned.	Most	
also possess specific toxicities, some of which are treatment 
limiting.	The	extent	to	which		protease	inhibitors		contribute	to	

preparations and dosage

Proprietary name: Viramune.

Preparations: Tablets (200 mg), oral suspension (10 mg/mL), granules 

(25 and 50 mg).

Dosage: Adults, oral, 200 mg once daily for the first 14 days, followed 

by 200 mg every 12 h or 400 mg once daily, in combination with other 

antiretroviral therapies. Children target dosing range: 150–200 mg/m2 per 

dose every 12 h, with a reduced dose for the first 2 weeks.

Available alone or in combination in generic formulations with stavudine 

and lamivudine, and zidovudine and lamivudine.

Treatment of HIV-1 infection in adults and children over 2 months old (in 

combination with other antiretroviral therapies)

Reduction of maternal transmission of HIV to the fetus (recommended 

only for use in HIV-infected treatment-naive women in labor who have 

had no prior HIV therapy)
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the lipodystrophy syndrome is debated, but they are associ-
ated with dyslipidemia, particularly when combined with low 
doses	 of	 ritonavir.	 Some	 early	 protease	 inhibitors	 (notably	
indinavir)	have	been	associated	with	glucose	intolerance,	insu-
lin resistance and diabetes mellitus, but evidence suggests that 
later	protease	inhibitors	are	not.	Since	the	description	of	the	
use of ritonavir as an agent to potently inhibit the cytochrome 
P450-mediated	 metabolism	 of	 other	 HIV	 protease	 inhibitors,	
‘ritonavir	boosting’	has	become	a	 routine	 aspect	of	 the	pre-
scription	 of	 protease	 inhibitor-containing	 antiretroviral	 regi-
mens	and	clinical	trials.	An	important	limitation	of	this	drug	
class	 in	 patients	 experiencing	 treatment-limiting	 side	 effects	
is	the	lack	of	recommended	reductions	in	unit	dose.	For	such	
patients treatment regimens that may include an alternative 
protease	inhibitor	must	be	prescribed.	Efforts	have	been	made	
to determine whether the use of lower unit doses of a protease 
inhibitor, particularly when administered in combination with 
ritonavir-boosting	 for	 pharmacokinetic	 enhancement,	 may	
offer equal potency and improved tolerability for use in spe-
cific	 populations.	 However,	 to	 date	 no	 adequately	 powered	
comparative studies have been conducted to help guide rec-
ommendations	and	policy.

While	 virus	 isolates	 from	 patients	 who	 are	 no	 longer	
responding to treatment with single protease inhibitors usually 
possess resistance mutations within the protease amino acid 
sequence,	 regimens	 containing	 ritonavir-boosted	 protease	
inhibitors usually do not, at least in settings in which routine 
virological	monitoring	is	performed	frequently	(i.e.	3–4	times	
per	year).	When	resistance	mutations	are	selected,	mutations	
to	one	protease	inhibitor	may	confer	high-level	resistance	to	
others.	Increasing	levels	of	viral	resistance	appear	usually	to	
be	conferred	by	increasing	numbers	of	primary	mutations.

 Further information

Flexner C. HIV protease inhibitors. N Engl J Med. 1998;338:1281–1292.
Friis-Møller N, Sabin CA, Weber R, et al. Combination antiretroviral therapy and the 

risk of myocardial infarction. N Engl J Med. 2003;349:1993–2003. Erratum in N 
Engl J Med 2004; 350: 955.

Kempf DJ, Marsh KC, Kumar G, et al. Pharmacokinetic enhancement of  inhibitors 
of the human immunodeficiency virus protease by coadministration with 
 ritonavir. Antimicrob Agents Chemother. 1997;41:654–660.

van der Lugt J, Colbers A, Burger D. Clinical pharmacology of HIV protease 
 inhibitors in pregnancy. Curr Opin HIV AIDS. 2008;3:620–626.

AmPRENAVIR

Molecular	weight:	505.6;	(fosamprenavir):	625.7.

A	synthetic	compound	formulated	as	the	calcium	salt	of	the	
oral	prodrug	fosamprenavir.

 ANTIVIRAL ACTIVITy

Amprenavir	is	active	against	HIV-1	and,	to	a	lesser	extent,	HIV-2.

 ACqUIRED RESISTANCE

Mutations	at	position	50,	76	and	84	of	the	protease	enzyme	
gene	are	associated	with	significantly	reduced	susceptibility.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 700 mg + ritonavir 100 mg 

twice daily

c. 6.08 mg/L

C
min

 700 mg + ritonavir 100 mg 

twice daily

c. 2.12 mg/L

Plasma half-life c. 7.7 h

Volume of distribution c. 430 L

Plasma protein binding c. 90%

absorption

Fosamprenavir	is	rapidly	and	almost	completely	hydrolyzed	to	
amprenavir and inorganic phosphate by cellular phosphatases in 
the	gut	epithelium	as	it	is	absorbed.	Absolute	bioavailability	has	
not	been	established.	It	can	be	taken	without	regard	to	food.

Distribution

It	penetrates	moderately	well	into	the	CNS.	The	semen:plasma	
ratio	is	negligible.	It	is	not	known	if	it	is	distributed	into	breast	
milk.

Metabolism and excretion

It is extensively metabolized by the cytochrome P450	 (CYP)	
3A4	enzyme	system.	Two	major	metabolites	have	been	identi-
fied that appear to result from the oxidation of the tetrahydro-
furan	and	aniline	moieties.

Around	14%	of	a	dose	is	eliminated	in	the	urine	and	75%	
in	 feces,	 <3%	 as	 unchanged	 drug.	 Metabolites	 account	 for	
>90%	of	administered	drug	found	in	fecal	samples.	It	should	
be used with caution and at reduced doses in adults with 
mild or moderate hepatic impairment; it is contraindicated in 
patients	with	severe	hepatic	impairment.

 TOxICITy AND SIDE EFFECTS

The	most	common	adverse	events	in	patients	receiving	boosted	
fosamprenavir were diarrhea, nausea, headache, fatigue, 
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	vomiting	and	rash.	Ritonavir-boosted	fosamprenavir	is	asso-
ciated with a dyslipidemia profile characteristic of those 
treated	with	other	protease	 inhibitors	boosted	with	200	mg	
of	ritonavir.

 CLINICAL USE

 Further information

Arvieux C, Tribut O. Amprenavir or fosamprenavir plus ritonavir in HIV infection: 
pharmacology, efficacy and tolerability profile. Drugs. 2005;65:633–659.

Chapman TM, Plosker GL, Perry CM. Fosamprenavir: a review of its use in the 
management of antiretroviral therapy-naive patients with HIV infection. Drugs. 
2004;64:2101–2124.

Eron Jr J, Yeni P, Gathe Jr J, et al. The KLEAN study of fosamprenavir–ritonavir 
 versus lopinavir–ritonavir, each in combination with abacavir–lamivudine, for 
initial treatment of HIV infection over 48 weeks: a randomised non-inferiority 
trial. Lancet. 2006;368:476–482. Erratum in: Lancet 2006; 368: 1238.

ATAZANAVIR

Molecular	weight	(free	base):	704.9;	(sulfate)	802.9.

An	azapeptide	formulated	as	the	sulfate	for	oral	use.

 ANTIVIRAL ACTIVITy

Atazanavir	is	active	against	HIV-1	group	M	clades	A–D,	AE,	
AG,	F,	G	and	J.	Information	on	activity	against	HIV-1	groups	
N	and	O	and	on	HIV-2	is	lacking.

 ACqUIRED RESISTANCE

Mutations	at	positions	50	(I50L),	84	(I84V)	and	88	(N88S)	
of	the	protease	gene	are	associated	with	resistance.

 PHARmACOkINETICS

Oral absorption c. 68%

C
max

 400 mg once daily

 300 mg + ritonavir 100 mg once daily

c. 3.15 μg/L

c. 4.47 μg/L

C
min

 400 mg once daily

 300 mg + ritonavir 100 mg once daily

c. 0.27 μg/L

c. 0.65 μg/L

Plasma half-life c. 8.6 h (300 mg+ ritonavir 

100 mg)

Volume of distribution c. Not known/available

Plasma protein binding c. 86%

absorption

Administration	with	food	enhances	bioavailability	and	reduces	
pharmacokinetic	variability.	Absorption	is	dependent	on	gas-
tric	 pH.	 It	 should	 be	 given	 separately	 from	 proton-pump	
inhibitors or H2-receptor	 antagonists.	 Buffered	 or	 enteric-
coated	formulations	should	be	given	(with	food)	2	h	before	or	
1	h	after	co-administration	of	didanosine.

Distribution

It	penetrates	moderately	well	into	the	CNS.	The	semen:plasma	
ratio	is	0.11–4.42.	It	is	distributed	into	breast	milk.

Metabolism

It	is	extensively	metabolized	by	CYP3A4.	Administration	with	
ritonavir prevents metabolization and enhances the pharma-
cokinetic	profile.

excretion

Following	a	single	400	mg	dose,	79%	and	13%	of	the	dose	
was	recovered	in	the	feces	and	urine,	respectively.	It	should	be	
used with caution in the presence of mild hepatic impairment 
and should not be used in patients with more severe hepatic 
impairment.

Treatment of HIV infection (in combination with other antiretroviral drugs)

preparations and dosage

Proprietary names: Lexiva, Telzir.

Preparations: Capsules (700 mg), oral solution (50 mg/mL).

Dosage (fosamprenavir): Adults, oral, 700 mg + ritonavir 100 mg every 12 h 

or 1400 mg + ritonavir 100 mg once daily. Children 6–12 years, 20 mg/kg 

every 12 h or 15 mg/kg every 8 h (maximum dose, 2400 mg per day in each 

instance). Children <6 years, no previous antiretroviral treatment: 30 mg/

kg every 12 h (maximum dose, 1400 mg every 12 h) or 18 mg/kg + ritonavir 

3 mg/kg every 12 h; previous antiretroviral treatment: 18 mg/kg + ritonavir 

3 mg/kg every 12 h.

Limited availability.
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 TOxICITy AND SIDE EFFECTS

The	most	common	adverse	reactions	(≥2%)	are	nausea,	jaun-
dice/scleral icterus, rash, headache, abdominal pain, vomiting, 
insomnia, peripheral neurological symptoms, dizziness, myal-
gia,	diarrhea,	depression	and	fever.

 CLINICAL USE

 Further information

Croom KF, Dhillon S, Keam SJ. Atazanavir: a review of its use in the management 
of HIV-1 infection. Drugs. 2009;69:1107–1140.

Goldsmith DR, Perry CM. Atazanavir. Drugs. 2003;63:1679–1693.
Molina JM, Andrade-Villanueva J, Echevarria J, et al. Once-daily atazanavir/ ritonavir 

versus twice-daily lopinavir/ritonavir, each in combination with tenofovir 
and emtricitabine, for management of antiretroviral-naive HIV-1-infected 
patients: 48 week efficacy and safety results of the CASTLE study. Lancet. 
2008;372:646–655.

Pett SL, Emery S. Atazanavir. In: Kucers’ , The Use of Antibiotics. A clinical review of 
antibacterial, antifungal and antiviral drugs. Grayson ML, Kucers A, Crowe SM,  
et al. eds. 6th ed. London: Hodder Arnold; 2010.

DARUNAVIR

Molecular	weight:	547.7.

A	synthetic	compound	formulated	as	the	ethanolate	for	oral	
use	in	combination	with	ritonavir.

 ANTIVIRAL ACTIVITy

It	is	active	against	HIV-1	and	HIV-2.

 ACqUIRED RESISTANCE

Darunavir is less affected than other protease inhibitors 
by mutations to resistance, but subgroups with more than 
10	 cumulative	 mutations	 show	 a	 >10-fold	 (median	 value)	
decrease	 in	 susceptibility.	 The	 major	 resistance	 mutations	
occur	at	positions	50	(150V),	54	(I50M/L),	76	(L76V)	and	
84	(I84V)	of	the	protease	gene.

  PHARmACOkINETICS  
(IN COmBINATION wITH  
RITONAVIR 100 mg)

Oral absorption c. 82%

C
max

 600 mg once daily + ritonavir 100 

mg twice daily
c. 6500 µg/L

C
min

 600 mg oral + ritonavir  

100 mg twice daily
c. 3578 µg/L

Plasma half-life c. 15 h

Volume of distribution c. 131 L

Plasma protein binding c. 95%

A	single	600	mg	dose	given	orally	in	combination	with	rito-
navir	100	mg	every	12	h	increased	the	systemic	exposure	of	
darunavir	approximately	14-fold.	The	 relative	bioavailability	
is	30%	lower	when	administered	with	food	in	the	presence	of	
low-dose	ritonavir.	Distribution	 into	human	CSF,	semen	or	
breast	milk	has	not	yet	been	determined.

At	 least	 three	 oxidative	 metabolites,	 mediated	 predomi-
nantly	 through	 CYP3A4,	 have	 been	 identified	 in	 humans;	
all	are	at	least	10-fold	less	active	than	the	parent	compound	
against	HIV.	Around	80%	and	14%	of	the	dose	is	found	in	the	
feces	and	urine,	respectively.	It	should	be	used	with	caution	
in	mild–moderate	hepatic	impairment	and	avoided	in	patients	
with	more	severe	impairment.

 TOxICITy AND SIDE EFFECTS

In phase III studies the most common adverse events were 
diarrhea,	nausea,	headache	and	nasopharyngitis.	Patients	co-
infected	with	hepatitis	B	or	C	did	not	have	a	higher	incidence	
of	adverse	events.
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Treatment of HIV infection (in combination with other antiretroviral drugs)

preparations and dosage

Proprietary name: Reyataz.

Preparation: Capsules (100, 150, 200 and 300 mg).

Dosage: Treatment-naive patients, 400 mg (or 300 mg + ritonavir 100 mg) 

once daily with food. Not recommended for children under 6 years. 

Children 6–18 years, adjust dose according to weight.

Widely available.
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 CLINICAL USE

 Further information

Back D, Sekar V, Hoetelmans RM. Darunavir: pharmacokinetics and drug 
 interactions. Antivir Ther. 2008;13:1–13.

Madruga JV, Berger D, McMurchie M, et al. Efficacy and safety of darunavir– 
ritonavir compared with that of lopinavir–ritonavir at 48 weeks in treatment-
experienced, HIV-infected patients in TITAN: a randomised controlled phase III 
trial. Lancet. 2007;370:49–58.

McKeage K, Perry CM, Keam SJ. Darunavir: a review of its use in the management 
of HIV infection in adults. Drugs. 2009;69:477–503.

Ortiz R, Dejesus E, Khanlou H, et al. Efficacy and safety of once-daily darunavir/
ritonavir versus lopinavir/ritonavir in treatment-naive HIV-1-infected patients at 
week 48. AIDS. 2008;22:1389–1397.

INDINAVIR

Molecular	weight	(free	base):	613.8;	(sulfate):	711.88.

A	 synthetic	 compound	 formulated	 as	 the	 sulfate	 for	 oral	
administration.

 ANTIVIRAL ACTIVITy

Indinavir	is	active	against	HIV-1	and	HIV-2.

 ACqUIRED RESISTANCE

The	major	mutations	in	the	protease	enzyme	associated	with	
loss	of	the	antiretroviral	activity	occur	at	positions	46,	82	and	
84.	Generally,	the	level	of	resistance	rises	with	the	number	of	
point	mutations.

 PHARmACOkINETICS

Oral absorption c. 65%

C
max

 800 mg thrice daily c. 8.97 mg/L

C
min

 800 mg thrice daily c. 0.15 mg/L

Plasma half-life c. 2 h

Volume of distribution c. 0.4–1.74 L/kg

Plasma protein binding c. 60%

absorption and distribution

It	is	rapidly	absorbed	and	not	significantly	affected	by	intake	
with	food.	Distribution	in	the	body	has	not	been	fully	char-
acterized.	It	penetrates	well	into	the	CNS.	The	semen:plasma	
ratio	is	1.9.	It	is	distributed	into	breast	milk.

Metabolism and excretion

Seven major metabolites have been described, including a 
glucuronide	conjugate	and	six	oxidative	metabolites.	Around	
83%	of	the	dose	is	recovered	in	feces	and	18%	in	urine,	10%	
as	unchanged	drug.	The	effect	of	 renal	 impairment	has	not	
been	studied.	It	should	be	used	with	caution	in	the	presence	
of	hepatic	impairment,	particularly	if	severe.

 TOxICITy AND SIDE EFFECTS

The	principal	side	effect	is	nephrolithiasis,	including	flank	pain	
with	or	without	hematuria.	There	is	good	evidence	that	indi-
navir directly causes nephrolithiasis as a result of crystalliza-
tion	in	the	urinary	tract.	Indirect	hyperbilirubinemia	occurs	in	
about	10%	of	patients	associated	with	inhibition	of	bilirubin-
conjugating activity occurring as a result of competitive inhibi-
tion	of	uridine	diphosphate	(UDP)-glucuronosyltransferase.

Ritonavir-boosted	 indinavir	 is	 associated	 with	 a	 dys-
lipidemia profile characteristic of those treated with other 
	protease	 inhibitors	boosted	with	a	200	mg	dose	of	ritonavir	
per	day.	Insulin	resistance	and	hyperglycemia	have	also	been	
associated	with	ritonavir-boosted	indinavir.

 CLINICAL USE
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Treatment of HIV infection (in combination with other antiretroviral drugs)

preparations and dosage

Proprietary name: Prezista.

Preparation: Tablets (200, 300 and 600 mg).

Dosage: Adults, oral, 600 mg in combination with ritonavir 100 mg every 

12 h in treatment-experienced patients; 800 mg in combination with 

ritonavir 100 mg once daily in treatment-naive patients. Children,  

6–18 years (according to weight): 20–30 kg, 375 mg + 50 mg ritonavir 

every 12 h; >30–40 kg, 450 mg + 100 mg ritonavir every 12 h.

Widely available.

Treatment of adult HIV infection (in combination with other antiretroviral 

drugs)
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 Further information

Boyd MA, Crowe S. Indinavir. In: Kucers’  The Use of Antibiotics. A clinical review of 
antibacterial, antifungal and antiviral drugs. Grayson ML, Kucers A, Crowe SM,  
et al, eds. 6th ed. London: Hodder Arnold; 2010.

Burger D, Boyd MA, Duncombe C, et al. Pharmacokinetics and pharmacodynam-
ics of indinavir with or without low-dose ritonavir. J Antimicrob Chemother. 
2003;51:1231–1238.

Cressey TR, Plipat N, Fregonese F, Chokephaibulkit K. Indinavir/ritonavir remains 
an important component of HAART for the treatment of HIV/AIDS,  particularly 
in resource-limited settings. Expert Opin Drug Metab Toxicol. 2007; 
3:347–361.

LOPINAVIR

Molecular	weight:	628.80.

A	synthetic	compound,	co-formulated	with	ritonavir	for	oral	
administration.	 In	 this	 formulation,	 ritonavir	 functions	 to	
inhibit the metabolic clearance of lopinavir, and does not con-
tribute	to	the	antiretroviral	activity.

 ANTIVIRAL ACTIVITy

Lopinavir	is	active	against	HIV-1	and	HIV-2.

 ACqUIRED RESISTANCE

Significant	resistance	to	the	antiretroviral	efficacy	of	ritonavir-
booted lopinavir occurs as a result of amino acid substitutions 
at	positions	32,	47	 and	82	 in	 the	protease	 region.	Protease	
inhibitor resistance is uncommon in patients identified with 
early	 failure	of	combination	 therapy	with	ritonavir	boosted-
lopinavir	and	nucleotide	reverse	transcriptase	inhibitors.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 400 mg + ritonavir 100 mg twice daily c. 9.6 mg/L

C
min

 400 mg + ritonavir 100 mg twice daily c. 5.5 mg/L

Plasma half-life c. 5–6 h

Volume of distribution Not known/available

Plasma protein binding c. 98–99%

absorption and distribution

The	 absorption	 of	 lopinavir–ritonavir	 in	 capsule	 or	 liquid	
form is favorably affected by the presence of food, partic-
ularly	 if	high	 in	 fat.	The	CNS	penetration	 is	good.	 It	has	a	
semen:plasma	ratio	of	0.07.	It	is	distributed	into	breast	milk.

Metabolism

Lopinavir	is	extensively	metabolized	by	the	CYP3A4	system,	
but	this	is	inhibited	by	ritonavir.

excretion

Over	an	8-day	period	after	single	dosing	with	the	combined	for-
mulation,	 around	 10%	 and	 83%	 of	 the	 administered	 dose	 is	
recovered	in	urine	and	feces,	respectively.	Less	than	3%	of	the	
dose	is	recovered	as	unchanged	drug	in	urine	and	20%	in	feces.	
In mild to moderate hepatic impairment, an increase in exposure 
of	approximately	30%	is	observed,	but	is	probably	not	clinically	
relevant.	It	should	be	avoided	in	severe	hepatic	impairment.

 TOxICITy AND SIDE EFFECTS

The	most	common	adverse	events	seen	in	trials	of	complex	anti-
retroviral regimens were diarrhea, nausea, headache, fatigue, 
vomiting	 and	 rash.	 Ritonavir-boosted	 lopinavir	 is	 associated	
with a dyslipidemia profile characteristic of those treated with 
other	protease	inhibitors	boosted	with	200	mg	of	ritonavir.

 CLINICAL USE

preparations and dosage

Proprietary name: Crixivan.

Preparation: Capsules (100, 200, 333.33 and 400 mg).

Dosage: Adults, oral, 800 mg + ritonavir 100 mg every 12 h Children, 

50 mg/kg every 8 h taken away from food; when boosted with ritonavir 

can be given without food restrictions.

Widely available, including generic versions.
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Treatment of HIV infection (in combination with ritonavir and other 

antiretroviral agents)

preparations and dosages

Proprietary names: Aluvia, Kaletra.

Preparations: Tablets (lopinavir–ritonavir 200 + 50 mg and 100 + 25 mg), 

capsules (lopinavir–ritonavir 133.3 + 33.3 mg); oral solution (lopinavir–

ritonavir 80 + 20 mg/mL).

Dosage: Adults, oral, lopinavir–ritonavir 400 + 100 mg every 12 h or 800 + 

200 mg once daily. Children, 7–15 kg, lopinavir 12 mg/kg + ritonavir 3 mg/kg 

every 12 h; ≥15–40 kg, lopinavir 10 mg/kg + ritonavir 2.5 mg/kg every 12 h.

Widely available, including generic versions.
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 Further information

Barragan P, Podzamczer D. Lopinavir/ritonavir: a protease inhibitor for HIV-1  
treatment. Expert Opin Pharmacother. 2008;9:2363–2375.

Gathe J, da Silva BA, Cohen DE, et al. A once-daily lopinavir/ritonavir-based  
regimen is noninferior to twice-daily dosing and results in similar safety and 
tolerability in antiretroviral-naive subjects through 48 weeks. J Acquir Immune 
Defic Syndr. 2009;50:474–481.

Klein CE, Chiu YL, Awni W, et al. The tablet formulation of lopinavir/ritonavir  
provides similar bioavailability to the soft-gelatin capsule formulation with less 
pharmacokinetic variability and diminished food effect. J Acquir Immune Defic 
Syndr. 2007;44:401–410.

Riddler SA, Haubrich R, DiRienzo AG, et al. Class-sparing regimens for initial  
treatment of HIV-1 infection. N Engl J Med. 2008;358:2095–2106.

NELFINAVIR

Molecular	weight:	663.9.

A	 synthetic	 chemical	 formulated	 as	 the	 mesylate	 for	 oral	
administration.

 ANTIVIRAL ACTIVITy

Nelfinavir	inhibits	HIV-1	and	HIV-2	proteases.	Bioavailability	
is	affected	to	only	a	limited	degree	by	combination	with	low-
dose	ritonavir.

 ACqUIRED RESISTANCE

Resistance	is	most	frequently	selected	through	a	D30N	muta-
tion	 in	 the	 HIV	 protease.	An	 L90M	 mutation	 also	 confers	
resistance.

 PHARmACOkINETICS

Oral absorption c. 70–80% (with food)

C
max

 750 mg thrice daily

 1250 mg twice daily

c. 3–4 mg/L

c. 4 mg/L

C
min

 750 mg thrice daily

 1250 mg twice daily

c. 1–3 mg/L

c. 0.7–2.2 mg/L

Plasma half-life c. 3.5 h

Volume of distribution c. 2–7 L/kg

Plasma protein binding >98%

absorption and distribution

Food	 improves	 the	 bioavailability	 and	 the	 drug	 should	 be	
administered	 with	 a	 light	 meal.	The	 semen:plasma	 ratio	 is	
0.07.	It	is	distributed	into	breast	milk.

Metabolism and excretion

One	major	and	several	minor	oxidative	metabolites	are	found	
in	 plasma.	 Most	 of	 an	 oral	 dose	 is	 recovered	 in	 feces	 as	
unchanged	drug	(22%)	and	metabolites	(78%).	The	remain-
der	is	recovered	in	urine,	mainly	unchanged.

An	 increase	 in	 the	 area	 under	 the	 time–concentration	
curve	 (AUC)	 has	 been	 observed	 in	 patients	 with	 hepatic	
impairment, but specific dose recommendations have not 
been	made.

 TOxICITy AND SIDE EFFECTS

The	 most	 common	 adverse	 effect	 is	 diarrhea	 of	 mild	
to	 moderate	 severity.	 Other	 side	 effects	 include	 nausea,	
fatigue,	 vomiting	 and	 headache.	 It	 is	 associated	 with	 less	
dyslipidemia	in	comparison	with	ritonavir-boosted	protease	
inhibitors.

 CLINICAL USE

 Further information

Olmo M, Podzamczer D. A review of nelfinavir for the treatment of HIV infection. 
Expert Opin Drug Metab Toxicol. 2006;2:285–300.

Walmsley S, Bernstein B, King M, et al. Lopinavir–ritonavir versus nelfinavir for the 
initial treatment of HIV infection. N Engl J Med. 2002;346:2039–2046.
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Treatment of HIV infection (in combination with other antiretroviral drugs)

preparations and dosage

Proprietary name: Viracept.

Preparations: Tablets (250 and 625 mg), oral powder containing nelfinavir 

free base 50 mg per 1 g powder.

Dosage: Five 250 mg tablets or two 625 mg tablets every 12 h, or three 

250 mg tablets every 8 h. Children ≥2 years, 45–55 mg/kg every 12 h, or 

25–35 mg/kg every 8 h.

Widely available.
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RITONAVIR

Molecular	weight:	720.95.

A	 synthetic	 chemical	 available	 for	 oral	 use	 as	 soft	 capsules	
and	a	liquid	formulation.	It	is	now	almost	exclusively	used	as	
a	pharmacokinetic	 enhancer	 to	‘boost’	 the	pharmaco	kinetic	
properties of HIV protease inhibitors in the treatment of 
HIV-1	infection	in	patients	over	1	month	in	age.

 ANTIVIRAL ACTIVITy

Ritonavir	is	active	against	HIV-1	and,	to	a	lesser	extent,	HIV-2.

 ACqUIRED RESISTANCE

At	antiretroviral	doses	resistance	is	associated	with	the	pres-
ence of specific amino acid substitutions in the HIV pro-
tease	 at	 positions	 82	 and	 84.	 Concern	 about	 the	 risk	 for	
selection of ritonavir resistance when used at a subtherapeu-
tic	‘booster’	dose	has	so	far	not	been	borne	out	by	clinical	
experience.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 600 mg twice daily c. 11.2 mg/L

C
min

 600 mg twice daily c. 3.7 mg/L

Plasma half-life c. 3–5 h

Volume of distribution c. 0.3–0.6 L/kg

Plasma protein binding c. 97%

absorption and distribution

Fasting	 and	 high-fat	 meals	 had	 no	 appreciable	 effect	 on	
oral	 absorption.	 It	 penetrates	 poorly	 into	 the	 CNS.	 The	
semen:plasma	 ratio	 is	 <0.04.	 It	 is	 distributed	 into	 breast	
milk.

Metabolism and excretion

Four	 oxidized	 metabolites	 have	 been	 identified,	 the	 major	 of	
which	retains	antiretroviral	activity.	Around	11%	of	the	dose	is	
excreted	in	urine,	4%	as	unchanged	drug.	The	remainder	is	found	
in	feces.	Metabolites	are	eliminated	primarily	via	the	feces.

No	dose	adjustment	 is	 recommended	 in	mild	 to	moderate	
hepatic	impairment.	It	should	not	be	given	to	patients	with	severe	
hepatic	impairment,	nor	should	it	be	given	as	a	pharmacokinetic	
enhancer	to	patients	with	decompensated	liver	disease.

 TOxICITy AND SIDE EFFECTS

Full	(antiretroviral)	doses	are	associated	with	nausea,	vomiting,	
diarrhea	and	fatigue	in	>20%	of	subjects.	The	degree	to	which	
ritonavir at low dose is associated with specific adverse events 
is	uncertain.	In	HIV-negative	healthy	volunteers	given	‘booster’	
doses	of	100	mg	every	12	h,	the	concentration	of	total	choles-
terol,	low-density	cholesterol	and	triglycerides	all	increased,	and	
the	concentration	of	high-density	cholesterol	concentration	fell.

 CLINICAL USE

 Further information

Hurst M, Faulds D. Ritonavir. Drugs. 2000;60:1371–1379.
Kempf DJ, Marsh KC, Kumar G, et al. Pharmacokinetic enhancement of  inhibitors 

of the human immunodeficiency virus protease by coadministration with 
 ritonavir. Antimicrob Agents Chemother. 1997;41:654–660.

SAqUINAVIR

Molecular	weight:	766.95.
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Treatment of HIV infection in adults and children >1 month old (in 

combination with other antiretroviral agents)

preparations and dosage

Proprietary name: Norvir.

Preparations: Soft capsules (100 mg), oral solution (80 mg/mL).

Dosage: Adults, starting dose no less than 300 mg every 12 h, increased 

by 100 mg at 2–3 day intervals to 600 mg every 12 h. Children, starting 

dose 250 mg/m2, increased by 50 mg/m2 at 2–3 day intervals to 350–400 

mg/m2 every 12 h (maximum dose, 600 mg every 12 h). For use as a 

pharmacokinetic enhancer, please refer to the prescribing information for 

the specific protease inhibitor in this chapter.

Widely available.
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A	peptidomimetic	protease	inhibitor	formulated	as	the		mesylate	
for	oral	use.

 ANTIVIRAL ACTIVITy

Saquinavir	is	active	against	HIV-1	and	HIV-2.

 ACqUIRED RESISTANCE

Resistance	 is	 associated	 with	 an	 amino	 acid	 substitution	 at	
position	48	in	the	HIV	protease	(G48V).	An	L90M	mutation	
also	confers	resistance,	as	it	does	for	most	protease	inhibitors.	
Saquinavir-resistant	isolates	from	patients	on	long-term	ther-
apy	often	show	cross-resistance	to	other	protease	inhibitors.

 PHARmACOkINETICS

Oral absorption c. 4%

C
max

 1200 mg thrice daily c. 1–2.2 mg/L

C
min

 1200 mg thrice daily c. 0.1–0.22 mg/L

Plasma half-life c. 7–12 h

Volume of distribution c. 700 L

Plasma protein binding c. 98%

absorption and distribution

It	is	poorly	absorbed	and	penetrates	poorly	into	the	CNS.	The	
semen:plasma	ratio	is	0.04.	It	is	not	known	if	it	is	distributed	
into	human	breast	milk.

Metabolism and excretion

It	is	metabolized	via	CYP3A4,	principally	to	mono-	and	dihy-
droxylated	derivatives.	Around	88%	of	the	dose	is	excreted	in	
feces	and	1%	in	urine.	Caution	should	be	exercised	in	severe	
renal impairment and moderate hepatic impairment; use in 
decompensated	hepatic	impairment	is	contraindicated.

 TOxICITy AND SIDE EFFECTS

The	most	frequently	reported	adverse	effects	include	abdominal	
discomfort,	diarrhea	and	nausea.	Ritonavir-boosted	saquinavir	
is associated with a dyslipidemic profile characteristic of those 

treated	with	a	boosted	protease	 inhibitor	 requiring	200	mg	of	
the	ritonavir	‘booster’.

 CLINICAL USE

 Further information

Plosker GL, Scott LJ. Saquinavir: a review of its use in boosted regimens for treating 
HIV infection. Drugs. 2003;63:1299–1324.

Walmsley S, Avihingsanon A, Slim J, et al. Gemini: a noninferiority study of 
 saquinavir/ritonavir versus lopinavir/ritonavir as initial HIV-1 therapy in adults.  
J Acquir Immune Defic Syndr. 2009;50:367–374.

TIPRANAVIR

Molecular	weight:	602.7. 

A	non-peptidic	protease	 inhibitor	formulated	as	capsules	or	
solution	for	oral	use.

 ANTIVIRAL ACTIVITy

Tipranavir	is	active	against	HIV-1	and	HIV-2.

 ACqUIRED RESISTANCE

In	a	study	of	105	viruses	resistant	to	other	protease	inhibitors,	
90%	exhibited	a	more	than	four-fold	decrease	in	susceptibility	and	
2%	high-level	resistance	(>10-fold	decrease).	The		predominant	
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Treatment of HIV infection (in combination with other antiretroviral drugs)

preparations and dosage

Proprietary name: Invirase.

Preparations: Tablets (500 mg), hard gelatin capsules (200 mg).

Dosage: Two 500 mg tablets or five 200 mg capsules co-administered 

with 100 mg ritonavir every 12 h.

Widely available.



448 ChApter 36 AntiretrovirAl Agents

emerging	mutations	in	use	with	ritonavir	are	L33F/I/V,	V82T/L	
and	I84V.	Combination	of	all	three	of	these	mutations	is	usually	
required	for	reduced	susceptibility.	Mutations	at	positions	47,	58	
and	74	are	also	associated	with	resistance.

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 500 mg + 200 mg ritonavir twice 

daily

c. 57.2 mg/L (female); 

46.8 mg/L (male)

C
min

 500 mg + 200 mg ritonavir twice 

daily

c. 25.1 mg/L (female); 

21.5 mg/L (male)

Plasma half-life c. 5.5 h (female); 6 h (male)

Volume of distribution Not known/available

Plasma protein binding >99.9%

absorption and distribution

The	combination	with	ritonavir	may	be	taken	with	or	without	
food.	No	studies	have	been	conducted	to	determine	the	dis-
tribution	into	human	CSF,	semen	or	breast	milk.

Metabolism and excretion

Metabolism	 in	 the	presence	of	200	mg	ritonavir	 is	minimal.	
Around	82%	is	excreted	in	the	feces	and	4%	in	the	urine.	In	mild	
hepatic impairment it should be used with caution; it should 
not	be	used	in	moderate	or	severe	hepatic	impairment.

 TOxICITy AND SIDE EFFECTS

Adverse	 effects	 include	 nausea,	 vomiting,	 diarrhea,	 fatigue	
and	headache.	In	studies	of	ritonavir-boosted	regimens	higher	
rates of hepatotoxicity have been observed with tipranavir 
than	with	other	protease	inhibitors.	In	addition,	14	reports	of	
intracranial	bleeding	(eight	fatal	cases)	associated	with	tipra-
navir	have	been	reported.	It	has	been	associated	with	dyslipi-
demia	to	a	greater	extent	than	other	protease	inhibitors.

 CLINICAL USE

 Further information

King J, Acosta E. Tipranavir: a novel nonpeptidic protease inhibitor of HIV. 
Clin Pharmacokinet. 2006;45:665–682.

ENTRy INHIBITORS

These	drugs	 inhibit	 fusion	of	 the	 virion	with	 the	CD4	and	
CCR5	co-receptor	complex	on	the	outer	surface	of	the	human	
cellular	membrane.	The	fusion	inhibitor	enfuvirtide	prevents	
the formation of the pore through which HIV gains entry to 
the	cell.	Maraviroc	is	a	specific	antagonist	of	the	CCR5	co-
receptor	that	interacts	with	the	gp120	envelope	glycoprotein,	
thereby	inhibiting	the	entrance	of	HIV	into	the	cell.	It	is	the	
first agent to inhibit HIV replication by targeting a host cell 
protein	rather	than	a	viral	enzyme.

 Further information

Kuritzkes DR. HIV-1 entry inhibitors: an overview. Curr Opin HIV AIDS. 
2009;4:82–87.

ENFUVIRTIDE

Molecular	weight:	4492.
A	 linear	 36-amino	 acid	 synthetic	 peptide	 with	 an	 acetylated	

N-terminus	and	a	carboxamide	C-terminus.	It	is	formulated	as	a	
lyophilized	powder	to	be	reconstituted	for	subcutaneous	injection.

 ANTIVIRAL ACTIVITy

Enfuvirtide	 selectively	 inhibits	 HIV-1,	 but	 has	 no	 activity	
against	HIV-2.

 ACqUIRED RESISTANCE

Resistance	 is	 mediated	 by	 amino	 acid	 substitutions	 within	
the	first	heptad	repeat	region	of	gp41	at	amino	acids	36–45.	
Resistance	 emerges	 fairly	 rapidly	 in	 patients	 experiencing	
virological	failure	with	an	enfuvirtide-containing	antiretrovi-
ral regimen, and is associated with the return of the plasma 
HIV	load	toward	baseline	within	a	few	weeks.

 PHARmACOkINETICS

Subcutaneous absorption c. 84.3%

C
max

 90 mg s/c twice daily c. 4.59 mg/L

Plasma half-life c. 3.8 h

Volume of distribution 5.5 L

Plasma protein binding c. 92%

preparations and dosage

Proprietary name: Aptivus.

Preparations: Capsules (250 mg), oral solution (100 mg/mL).

Dosage: Adults, oral, 500 mg + 200 mg ritonavir every 12 h, with or 

without food. Children, 2–18 years: dose based on body weight or body 

surface area, not to exceed adult dose.

Widely available.

Treatment (in combination with other antiretroviral drugs) of HIV-1 infection 

in patients unresponsive to more than one other protease inhibitor
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absorption and distribution

Absorption	of	 the	90	mg	dose	 is	comparable	when	 injected	
into	the	subcutaneous	tissue	of	the	abdomen,	thigh	or	arm.	It	
does	not	penetrate	the	CSF	or	semen.	Distribution	into	breast	
milk	has	not	been	described.

Metabolism and excretion

It probably undergoes catabolism to its constituent amino 
acids, with subsequent recycling of the amino acids in the 
body	pool.

 TOxICITy AND SIDE EFFECTS

It	 does	not	 seem	 to	have	 any	 long-term	 toxicities	 (includ-
ing	the	HIV	lipodystrophy	syndrome)	associated	with	other	
commonly	 used	 antiretrovirals.	 Reaction	 at	 the	 injection	
site, variously characterized by local pain, erythema, pruri-
tus, induration, ecchymosis, nodules or cysts, is experienced 
by	 more	 than	 90%	 of	 patients	 and	 may	 lead	 to	 treatment	
fatigue.

 CLINICAL USE

 Further information

Makinson A, Reynes J. The fusion inhibitor enfuvirtide in recent antiretroviral  
strategies. Curr Opin HIV AIDS. 2009;4:150–158.

Matthews T, Salgo M, Greenberg M, Chung J, DeMasi R, Bolognesi D. Enfuvirtide: 
the first therapy to inhibit the entry of HIV-1 into host CD4 lymphocytes. Nat 
Rev Drug Discov. 2004;3:215–225.

Nelson M, Arastéh K, Clotet B, et al. Durable efficacy of enfuvirtide over 48 weeks 
in heavily treatment-experienced HIV-1-infected patients in the T-20 versus 
 optimized background regimen only 1 and 2 clinical trials. J Acquir Immune 
Defic Syndr. 2005;40:404–412.

mARAVIROC

Molecular	weight:	513.67.

A	spirodiketopiperazine	formulated	as	tablets	for	oral	use.

 ANTIVIRAL ACTIVITy

Maraviroc	is	active	against	HIV-1.	Activity	against	HIV-2	has	
not	been	evaluated.

 ACqUIRED RESISTANCE

In	 most	 patients	 (c.	 60%)	 failure	 of	 response	 is	 associated	
with	the	selection	of	virus	that	can	use	CXCR4	as	its	entry	
co-receptor.	Evidence	for	the	selection	of	virus	that	continues	
to	use	CCR5	has	also	been	described.

 PHARmACOkINETICS

Oral absorption c. 33% (300 mg dose)

C
max

 150 mg twice daily c. 332 μg/L*

C
min

 150 mg twice daily c. 101 μg/L*

Plasma half-life c. 13.2 h (30 mg iv 

administration)

Volume of distribution c. 194 L

Plasma protein binding c. 76%

absorption

The	absolute	bioavailability	of	a	100	mg	dose	is	23%	and	is	
predicted	to	be	33%	after	a	300	mg	dose.	Co-administration	
of	a	300	mg	tablet	and	a	high-fat	meal	has	resulted	in	reduced	
Cmax	 and	 AUC	 by	 33%	 in	 healthy	 volunteers.	 However,	
because no food restrictions were enacted during clinical tri-
als,	maraviroc	may	be	taken	with	or	without	food.

Distribution

Animal	experiments	suggest	low	CSF	concentrations	around	
10%	of	free	plasma	concentrations.	It	is	not	known	whether	
it	passes	into	breast	milk.	A	study	of	genital	tract	secretions	
and	 vaginal	 tissue	 in	 healthy	 HIV-uninfected	 female	 volun-
teers suggest a concentration in cervicovaginal fluid more 
than	four-fold	higher	than	that	in	plasma.
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preparations and dosage

Proprietary name: Fuzeon.

Preparation: Vial containing 108 mg lyophilized powder for reconstitution 

in 1.1 mL sterile water (end volume 1.2 mL).

Dosage: 90 mg (1 mL of solution) by subcutaneous injection twice daily.

Widely available.

Treatment of HIV infection (in combination with other antiretroviral drugs) 

in adults and children older than 6 years who show evidence of HIV-1 

replication despite ongoing antiretroviral therapy

*Treatment experienced patients receiving a CYP3A inhibitor.
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Metabolism

It	is	a	substrate	for	CYP3A4	and	P-glycoprotein,	but	does	not	
appear	to	inhibit	or	induce	CYP3A4.

excretion

Seventy-six	and	19%	of	a	radiolabeled	maraviroc	dose	were	
recovered	in	the	feces	and	urine,	respectively.

 TOxICITy AND SIDE EFFECTS

There	 has	 been	 some	 concern	 that	 CCR5	 blockade	 may	
result in decreased immune surveillance and a subsequent 
increased	risk	of	development	of	malignancies	(e.g.	lympho-
mas).	 Genetic	 deficiency	 of	 the	 CCR5	 co-receptor	 is	 also	
known	to	be	a	risk	factor	for	the	development	of	symptom-
atic	West	Nile	virus	infection.	No	evidence	for	an	increase	in	
either	of	these	potential	risks	has	so	far	emerged.

The	 toxicity	 profile	 appears	 relatively	 benign.	The	 most	
common adverse events described so far include diarrhea, 
fatigue,	headache	and	nausea.	 In	placebo-controlled	studies	
the	only	differences	to	emerge	were	fever	(6%	versus	4%	in	
the	placebo	group)	and	headache	 (2%	versus	6%	with	pla-
cebo).	Discontinuation	because	of	adverse	events	was	uncom-
mon	and	the	same	in	both	groups.

 CLINICAL USE

 Further information

Fätkenheuer G, Nelson M, Lazzarin A, et al. Subgroup analyses of maraviroc in 
 previously treated R5 HIV-1 infection. N Engl J Med. 2008;359:1442–1455.

Gulick RM, Lalezari J, Goodrich J, et al. Maraviroc for previously treated patients 
with R5 HIV-1 infection. N Engl J Med. 2008;359:1429–1441.

MacArthur RD, Novak RM. Reviews of anti-infective agents: maraviroc: the first of a 
new class of antiretroviral agents. Clin Infect Dis. 2008;47:236–241.

HIV INTEGRASE INHIBITORS

The	HIV	integrase	enzyme	incorporates	viral	DNA	into	the	
host	 chromosome	 through	 a	 three-step	 process:	 formation	
of	the	preintegration	viral	DNA	complex;	3′ processing; and 
strand	transfer.	Raltegravir	inhibits	the	final	step	by	prevent-
ing formation of covalent bonds between the preintegration 
complex	and	the	host	DNA.

 Further information

Correll T, Klibanov OM. Integrase inhibitors: a new treatment option for 
patients with human immunodeficiency virus infection. Pharmacotherapy. 
2008;28:90–101.

RALTEGRAVIR

Molecular	weight:	482.51.

Formulated	as	the	potassium	salt	for	oral	administration.

 ANTIVIRAL ACTIVITy

Raltegravir	is	active	against	HIV-1	and	HIV-2.

 ACqUIRED RESISTANCE

Several characteristic mutations leading to typical amino 
acid exchanges have been characterized in cell culture stud-
ies and confirmed in clinical trial participants with virologi-
cal failure while receiving raltegravir in combination with 
other	 antiretrovirals.	Virological	 failure	 has	 generally	 been	
associated	with	mutations	at	one	of	 three	residues	–	Y143,	
Q148	or	N155	–	usually	 in	 combination	with	 at	 least	 one	
other	mutation.

Treatment of HIV infection (in combination with other antiretroviral drugs) 

in treatment-experienced patients

On November 20, 2009, the US Food and Drug Administration approved 

a supplemental new drug application to expand the indication for 

maraviroc to include combination antiretroviral treatment of treatment-

naive adults infected with CCR5-tropic HIV virus

preparations and dosage

Proprietary name: Celsentri.

Preparation: Tablets (150 and 300 mg).

Dosage: 300 mg every 12 h. Dosage adjustments are recommended in 

the presence of CYP3A4 inducers and inhibitors.

Widely available.

N

N

N

NN

N

H

F

H

H

O

O

O

O

O



 hiv integrAse inhibitors  451

 PHARmACOkINETICS

Oral absorption Not known/available

C
max

 400 mg twice daily c. 2.17 mg/L

Plasma half-life c. 9 h

Volume of distribution Not known/available

Plasma protein binding c. 83%

absorption and distribution

It	may	be	administered	without	regard	to	food.	There	are	few	
data regarding its capacity to penetrate into genital secretions 
or	breast	milk.	A	study	of	25	HIV-infected	individuals	receiv-
ing raltegravir as a component of combination antiretroviral 
therapy	found	that	24	had	detectable	levels	and	that	50%	of	
these	reached	a	 level	exceeding	the	95%	inhibitory	concen-
tration	reported	to	 inhibit	HIV-1	strains	fully	susceptible	to	
integrase	inhibition.

Metabolism and excretion

It is not a substrate, and does not appear to inhibit or induce 
the cytochrome P450	enzyme	complex.	It	is	primarily	metab-
olized through hepatic glucuronidation mediated by the 
UGT-1A1	enzyme.	It	is	excreted	in	the	feces	(51%)	and	the	
urine	(32%)	as	unaltered	compound	and	its	glucuronide.

There	are	no	recommended	dose	adjustments	for	weight,	
sex	and	race,	or	for	hepatic	or	renal	insufficiency.	The	phar-
macokinetic	handling	in	children	has	not	been	determined.

 TOxICITy AND SIDE EFFECTS

Its	toxicity	profile	to	date	is	remarkably	benign.	Clinical	trial	
participants experienced similar types and frequencies of 
adverse	events	as	those	receiving	placebo.	The	most		frequently	

reported adverse events were nausea, diarrhea and headache 
and	 were	 mostly	 mild	 to	 moderate	 in	 intensity.	 Myopathy,	
rhabdomyolysis	 and	 elevations	 of	 creatinine	 phosphokinase	
have been noted in a few trial participants and it should be 
used cautiously in combination with drugs associated with 
muscle	toxicity.

 CLINICAL USE

 Further information

Cooper DA, Steigbigel RT, Gatell JM, et al. Subgroup and resistance analyses of 
raltegravir for resistant HIV-1 infection. N Engl J Med. 2008;359:355–365.

Croxtall JD, Keam SJ. Raltegravir: a review of its use in the management of HIV 
infection in treatment-experienced patients. Drugs. 2009;69:1059–1075.

Lennox JL, DeJesus E, Lazzarin A, et al. Safety and efficacy of raltegravir-based 
versus efavirenz-based combination therapy in treatment-naive patients with 
HIV-1 infection: a multicentre, double-blind randomized controlled trial. Lancet. 
2009;374:796–806.

Steigbigel RT, Cooper DA, Kumar PN, et al. Raltegravir with optimized background 
therapy for resistant HIV-1 infection. N Engl J Med. 2008;359:339–354.

preparations and dosage

Proprietary name: Isentress.

Preparation: Film-coated tablets (434.4 mg, equivalent to 400 mg active 

drug).

Dosage: Adults 400 mg every 12 h.

Widely available.

Treatment of HIV infection (in combination with other antiretroviral drugs)



Chapter

The impact of chronic viral infections such as hepatitis B and C and HIV, 
together with the achievements of molecular virologists in defining the 
life cycle of many viral pathogens and the availability of rapid viral diag-
nostic procedures, have stimulated the development of effective antiviral 
therapy. Various ways of inhibiting viral replication have been exploited:
•	 Direct inactivation of the virus prior to cell attachment and entry
•	 Blocking attachment of virus to host-cell membrane receptors 

and penetration
•	 Prevention of viral uncoating
•	 Impeding transcription or translation into viral messenger RNA 

and proteins
•	 Interfering with glycosylation steps
•	 Alteration of viral assembly and prevention of release
•	 Inhibition of host pathways that impede these events.

This chapter addresses compounds other than antiretroviral agents 
that are licensed for clinical use.

ADAMANTANES

 AMANTADINE

1-Aminoadamantane hydrochloride. Molecular weight 
(hydrochloride): 187.7.

A symmetrical synthetic C-10 tricyclic amine with an unusual 
cage-like structure, supplied as the hydrochloride for oral 
administration.

 ANTIvIrAl AcTIvITy

It inhibits influenza A virus replication at concentrations of 
 0.2–0.6 mg/L, but has little or no activity against influenza 
B or C.

 AcquIrED rESISTANcE

Resistance is the consequence of mutations in amino acid 
positions 27, 30 and 31 in the M2 transmembrane sequence. 
Cross-resistance between amantadine and rimantadine is uni-
versal. Influenza H3N2 strains worldwide are now resistant, 
but seasonal H1N1 strains remain susceptible. Postexposure 
family prophylaxis results in the prompt emergence of drug 
resistance after onset of treatment.

 PhArMAcokINETIcS

Oral absorption >90%

C
max

 200 mg oral per day 0.4–0.9 mg/L after c. 4–6 h

Plasma half-life 9.7–14.5 h

Volume of distribution 10.4 L/kg

Plasma protein binding 65%

absorption and distribution

Absorption after oral administration is almost complete. 
Levels in secretions approach plasma concentrations.

Metabolism and excretion

About 56% of a single oral dose is excreted unchanged within 
24 h by the kidney. Altogether 90% of an oral dose is excreted in 
the urine with a mean elimination half-life of 11.8 h in subjects 
with normal renal function. In elderly men, the half-life is 28.9 h  
and in patients with renal insufficiency half-lives of 18.5 h to  
33.8 days have been observed. The renal clearance is around 
398 mL/min (range 112–772 mL/min), indicating active 
secretion as well as glomerular filtration. Less than 5% of a 
dose is removed during hemodialysis and average half-lives 
of 8.3 and 13 days have been reported in patients on chronic 
hemodialysis. Extreme care must be taken to ensure that drug 
does not accumulate to toxic levels.

37 Other antiviral agents
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 INTErAcTIoNS

Central nervous system (CNS), gastrointestinal or other side 
effects provoked by anticholinergic drugs or l-dopa may be 
aggravated. Patients have developed visual hallucinations 
while concurrently taking amantadine and trihexyphenidyl 
(benzhexol); these respond to a reduction of the dose of tri-
hexyphenidyl. Hemodialysis is not helpful because of the large 
volume of distribution.

 ToxIcITy AND SIDE EffEcTS

Embryotoxicity and teratogenicity have been observed in rats 
receiving 50 mg/kg per day, about 15 times the usual human 
dose. Neurological side effects include drowsiness, insomnia, 
light-headedness, difficulty in concentration, nervousness, diz-
ziness and headache in up to 20% of individuals. Other side 
effects include anorexia, nausea, vomiting, dry mouth, con-
stipation and urinary retention. All develop during the first 
3–4 days of therapy and are reversible by discontinuing the 
drug. An exception to rapid onset of adverse reactions is livedo 
reticularis. Convulsions, hallucinations and confusion are dose 
related, usually occurring at levels in excess of 1.5 mg/L; con-
vulsions may occur at a lower threshold in patients with a his-
tory of epilepsy and the drug is best avoided in such patients.

 clINIcAl uSE

 Further information

Anonymous. Update: drug susceptibility of swine-origin influenza A (H1N1) 
viruses, April 2009. Morb Mortal Wkly Rep. 2009;58:433–435.

Deyde VM, Xu X, Bright RA, et al. Surveillance of resistance to adamantanes 
among influenza A(H3N2) and A(H1N1) viruses isolated worldwide. J Infect Dis. 
2007;196:249–257.

Higgins RR, Eshaghi A, Burton L, Mazzulli T, Drews SJ. Differential patterns of 
 amantadine-resistance in influenza A (H3N2) and (H1N1) isolates in Toronto, 
Canada. J Clin Virol. 2009;44:91–93.

Monto AS. Antivirals and influenza: frequency of resistance. Pediatr Infect Dis J. 
2008;27:S110–S112.

rIMANTADINE

Molecular weight (hydrochloride): 215.7.

An analog of amantadine, supplied as the hydrochloride for 
oral administration.

 ANTIvIrAl AcTIvITy

In cell culture and animal models rimantadine is more effec-
tive than amantadine on a weight-for-weight basis. There is 
complete cross-resistance with amantadine.

 PhArMAcokINETIcS

Oral absorption >90%

C
max

 100 mg oral (every 12 h) 0.4–0.5 mg/L after 2–6 h

Plasma half-life c. 35 h

Volume of distribution Very large

Plasma protein binding c. 40%

absorption and distribution

Single- and multiple-dose pharmacokinetic studies in elderly 
patients and young adults are remarkably similar. The steady-
state concentration in nasal mucus develops by day 5 at a 
concentration approximately 1.5-fold higher than plasma.

Metabolism

In contrast to amantadine, rimantadine is extensively metabo-
lized in the liver by hydroxylation and glucuronidation.

excretion

Less than 20% is excreted unchanged in the urine and most 
of the breakdown products are excreted by this route. Thus, 
the plasma half-life is much less affected by renal dysfunction 
than that of amantadine.

 ToxIcITy AND SIDE EffEcTS

Rimantadine has significantly fewer side effects than aman-
tadine at equivalent doses, perhaps because of differences 
in pharmacokinetics, since with equal doses the blood  levels 

Prevention and treatment of influenza A H1N1 infections

preparations and dosage

Proprietary name: Symmetrel.

Preparations: Capsules, syrup.

Dosage: Treatment or prophylaxis. Adults, oral, 100 mg once or twice daily 

for 5–7 days. Children, 1–9 years, 4–8 mg/kg per day; 10–15 years, 100 mg 

per day.

Widely available.
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are considerably lower. CNS side effects are not signifi-
cantly higher than placebo.

 clINIcAl uSE

Since prolonged administration is well tolerated by elderly 
patients, the drug is preferable to amantadine.

 Further information

Alves Galvão MG, Rocha Crispino Santos MA, Alves da Cunha AJ. Amantadine and 
rimantadine for influenza A in children and the elderly. Cochrane Database Syst 
Rev. 2008;(1) CD002745.

Drinka PJ, Haupt T. Emergence of rimantadine-resistant virus within 6 days of start-
ing rimantadine prophylaxis with oseltamivir treatment of symptomatic cases.  
J Am Geriatr Soc. 2007;55:923–926.

Jefferson T, Demicheli V, Di Pietrantonj C, Rivetti D. Amantadine and rimantadine 
for influenza A in adults. Cochrane Database Syst Rev. 2006:2: CD001169.

INTErfEroNS

Interferons are low molecular weight proteins produced by 
mammalian cells in vitro and in vivo in response to viral infec-
tion and certain other stimuli. There are three classes:

•	 Interferon-α, produced by lymphocytes
•	 Interferon-β, produced by fibroblasts
•	 Interferon-γ, produced by lymphoid cells in response to 

mitogens.

Interferons are generally species specific and are now pro-
duced by recombinant genetic techniques. Only interferon-α 
is used in the context of viral disease, where its effective-
ness may be due as much to immunomodulatory as antiviral 
properties.

INTErfEroN-α

Molecular weight: approximately 19 kDa.
A human protein produced by recombinant DNA tech-

nology in Escherichia coli, formulated for administration by 

intramuscular, subcutaneous or intralesional injection. A 
pegylated form, peginterferon, developed by attaching a 40 
kDa branched-chain polyethylene glycol moiety to interferon-
α-2a, has a prolonged half-life and is better tolerated. Potency 
is expressed as international units (IU), defined as the amount 
needed to prevent lysis of 50% of cells by vesicular stomatitis 
virus in tissue culture assay.

 ANTIvIrAl AcTIvITy

Interferon-α renders cells resistant to infection by a wide 
range of viruses and mediates immunoregulation, inflamma-
tion, inhibition of cell multiplication, interaction with mixed 
histocompatibility genes, and differentiation. It has no effect 
on extracellular virus and does not prevent virus from pen-
etrating cells. It reversibly binds to specific cellular receptors, 
thereby activating cytoplasmic enzymes affecting messenger 
RNA translation and protein synthesis; the antiviral state takes 
several hours to develop but persists for days. Peginterferon 
has the same spectrum of activity as interferon-α.

 PhArMAcokINETIcS

Oral absorption Poor

C
max

 3 × 106 IU intramuscularly

 9 × 106 IU intramuscularly

20 IU/mL after 2–4 h

50–100 IU/mL after 2–4h

Plasma half-life 3–8 h

Peginterferon 36 h

Plasma protein binding Not known

Cerebrospinal fluid (CSF) penetration is poor. It is not 
cleared by hemodialysis. Little or none is excreted in the 
urine, and its fate after release from the cell receptor is 
largely unknown. The extent of excretion in breast milk is 
unknown.

 INTErAcTIoNS

Human hepatic cytochrome P450 systems and oxidative drug 
metabolism are inhibited, causing a modest prolongation in 
the half-life of drugs such as theophylline.

 ToxIcITy AND SIDE EffEcTS

Toxicity has become increasingly apparent with the advent 
of purer preparations. ‘Flu’-like symptoms (fever, arthralgia, 
myalgia, headache, malaise, chills) occur, which can usually 
be ameliorated by acetaminophen (paracetamol) administra-
tion. Lymphocytopenia is common, generally arising 2–4 h 

Prophylaxis and treatment of influenza A H1N1 infections

preparations and dosage

Proprietary name: Flumadine.

Preparations: Tablets, syrup.

Dosage: Adults, oral, 200 mg per day in single or divided doses, if >40 kg. 

Children, 5 mg/kg per day in 1–2 divided doses (maximum dose, 150 mg 

per day).

Available in continental Europe and the USA.
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after administration of several million units. Liver function 
test values are frequently elevated at doses above 107 IU/day. 
These effects are rapidly reversible and tolerance may develop 
after several doses. Other toxic effects include gastrointestinal 
disturbances (anorexia, nausea, diarrhea, vomiting), weight 
loss, local pain, severe fatigue, alopecia, paresthesias, confu-
sion, dizziness, drowsiness, nervousness and bone marrow 
suppression. Neutropenia and thrombocytopenia are dose 
dependent (threshold around 3 × 106 IU/day) and revers-
ible. Hypotension may develop during, or up to 2 days after, 
treatment, and arrhythmias and cardiac failure have been 
observed.

Administration of excessive doses to pregnant rhesus mon-
keys in the early to mid-trimester caused abortions. Its effect 
on human pregnancy is unknown. Neutralizing antibodies 
have been reported in about 25% of treated patients but no 
clinical sequelae to their presence have been documented. 
Intralesional administration in the treatment of condylomata 
acuminata is generally well tolerated.

Peginterferon is also associated with fatigue, head-
ache, myalgia and fever; most other side effects occur less 
frequently.

 clINIcAl uSE

It may also be of benefit in hairy cell and chronic myelog-
enous leukemias and Kaposi’s sarcoma.

 Further information

de Almeida PR, de Mattos AA, Amaral KM, et al. Treatment of hepatitis C with 
peginterferon and ribavirin in a public health program. Hepatogastroenterology. 
2009;56:223–226.

Gonzalez SA, Keeffe EB. Management of chronic hepatitis C treatment failures: role 
of consensus interferon. Biologics. 2009;3:141–150.

McHutchison JG, Lawitz EJ, Shiffman ML, et al. Peginterferon alfa-2b or 
alfa-2a with ribavirin for treatment of hepatitis C infection. N Engl J Med. 
2009;361:580–593.

Witthoft T. Review of consensus interferon in the treatment of chronic hepatitis C. 
Biologics. 2008;2:635–643.

NEurAMINIDASE INhIBITorS

oSElTAMIvIr

Molecular weight (ethyl ester): 312.

A selective neuraminidase inhibitor, formulated as the phos-
phate salt of the ethyl ester for oral administration.

 ANTIvIrAl AcTIvITy

Oseltamivir is active against influenza A and B, but no other 
virus.

 AcquIrED rESISTANcE

Mutations in the neuraminidase (H274Y) have been 
detected in treated patients with seasonal H1N1 infec-
tion. Cross-resistance with zanamivir has been described in 
vitro.

 PhArMAcokINETIcS

Oral absorption c. 75%

C
max

 75 mg oral 0.35–0.55 mg/L after 4 h

Plasma half-life 7–9 h

Plasma protein binding Not known

The ethyl ester prodrug is hydrolyzed by hepatic esterases 
to release the active compound, oseltamivir carboxy-
late. Drug is excreted in the urine as the carboxylate 
derivative.

 ToxIcITy AND SIDE EffEcTS

Adverse events relate to the gastrointestinal tract; the most 
common is nausea with or without vomiting in 10% of 
patients. Food alleviates side effects.

Chronic hepatitis B

Chronic hepatitis C (in combination with ribavirin)

Condyloma acuminata (intralesional)

CH3
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preparations and dosage

Proprietary names: Interferon-α, Intron A, Roferon A, Wellferon, Viraferon, 

Interferon-γ1b, Imukin, Pegasys (peginterferon).

Preparation: Injection.

Dosage: Dose varies according to the condition being treated.

Widely available.
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 clINIcAl uSE

 Further information

Lennon S, Barrett J, Kirkpatrick C, Rayner C. Oseltamivir oral suspension and cap-
sules are bioequivalent for the active metabolite in healthy adult volunteers. 
Int J Clin Pharmacol Ther. 2009;47:539–548.

Mossong J, Opp M, Gerloff N, et al. Emergence of oseltamivir-resistant influenza A 
H1N1 virus during the 2007–2008 winter season in Luxembourg: clinical char-
acteristics and epidemiology. Antiviral Res. 2009;84:91–94.

Whitley RJ. The role of oseltamivir in the treatment and prevention of influenza in 
children. Expert Opin Drug Metab Toxicol. 2007;3:755–767.

Yu K, Luo C, Qin G, et al. Why are oseltamivir and zanamivir effective against the 
newly emerged influenza A virus (A/H1N1)? Cell Res. 2009;19:1221–1224.

ZANAMIvIr

Molecular weight: 332.

A synthetic neuraminidase inhibitor formulated for adminis-
tration by inhalation.

 ANTIvIrAl AcTIvITy

Zanamivir is active against influenza A and influenza B.

 AcquIrED rESISTANcE

Resistance is presently uncommon, including strains resistant 
to oseltamivir. In clinical trials the frequency was no more 
than 1% of exposed patients.

 PhArMAcokINETIcS

Oral bioavailability is poor. After inhalation local respiratory 
mucosal concentrations greatly exceed those that are inhibi-
tory for influenza A and B replication. The median concentra-
tions in the sputum exceed 1 mg/L 6 h after inhalation and 
remain detectable for 24 h.

 ToxIcITy AND SIDE EffEcTS

Most adverse effects are related to the respiratory tree. These 
include rhinorrhea and, rarely, bronchospasm. Nausea and 
vomiting have been reported at low incidence.

 clINIcAl uSE

An intravenous preparation is under development

 Further information

Eiland LS, Eiland EH. Zanamivir for the prevention of influenza in adults and chil-
dren age 5 years and older. Thera Clin Risk Manag. 2007;3:461–465.

Hurt AC, Holien JK, Parker M, Kelso A, Barr IG. Zanamivir-resistant influenza 
viruses with a novel neuraminidase mutation. J Virol. 2009;83:10366–10373.

Wen WH, Lin M, Su CY, et al. Synergistic effect of zanamivir–porphyrin conjugates 
on inhibition of neuraminidase and inactivation of influenza virus. J Med Chem. 
2009;52:4903–4910.

  oThEr NEurAMINIDASE INhIBITorS

 PErAMIvIr

An intravenously administered neuraminidase inhibitor cur-
rently under investigation for the treatment of influenza infec-
tions in normal and high-risk patient populations. No drug 
interactions of note have yet been identified.

Treatment and prevention of susceptible influenza A (H3N2) and B 

infections in adults and young children

Treatment of influenza A and B infections in patients over 7 years of age, 

and prophylaxis of patients ≥5 years of age

 preparation and dosage

Proprietary name: Relenza.

Preparation: Powder for inhalation.

Dosage: Adults and children >5 years, by inhalation, 10 mg every 12 h for 

5 days. Prophylaxis, 10 mg once daily.

Widely available.

preparations and dosage

Proprietary name: Tamiflu.

Preparations: 75 mg tablets, capsules.

Dosage: Adults, oral, 75–150 mg per day in 1–2 divided doses. Children: 

0–9 months, 3.0 mg/kg twice daily; 9 months–2 years, 3.5 mg/kg twice 

daily; >2 years old, 30–75 mg once or twice daily. Treatment twice daily for 

5 days; prophylaxis once daily.

Widely available.
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 Further information

Hayden F. Developing new antiviral agents for influenza treatment: what does the 
future hold?. Clin Infect Dis. 2009;48: (suppl 1):S3–S13.

Li Y, Zhang X, Wang X, Li S, Ruan J, Zhang Z. Quantification of peramivir 
(a novel anti-influenza drug) in human plasma by hydrophilic interaction 
 chromatography/tandem mass spectrometry. J Chromatogr. 2009;877:933–938.

Yun NE, Linde NS, Zacks MA, et al. Injectable peramivir mitigates disease and 
 promotes survival in ferrets and mice infected with the highly virulent influenza 
virus, A/Vietnam/1203/04 (H5N1). Virology. 2008;374:198–209.

NuclEoSIDE ANAloGS

AcIclovIr

Acyclovir (USAN); valacyclovir (USAN). Molecular weight 
(aciclovir): 225; (valaciclovir): 324.

A synthetic acyclic purine nucleoside analog of the natu-
ral nucleoside 2′ deoxyguanosine, formulated for oral and 
topical use, and as the sodium salt for intravenous infusion. 
Valaciclovir (the l-valyl ester) is a prodrug formulation sup-
plied as the hydrochloride for oral use.

 ANTIvIrAl AcTIvITy

Activity is restricted to viruses of the herpes group. Herpes sim-
plex virus (HSV) types 1 and 2, simian herpes virus B and vari-
cella zoster viruses (VZV) are susceptible to concentrations 
readily attainable in human plasma. The 50% inhibitory concen-
tration (ID50) is 0.1 μmol for HSV-1 and HSV-2 and 3 μmol for 
VZV, concentrations much below those toxic to cells. Valaciclovir 
is metabolized to aciclovir, and has the same antiviral profile.

Thymidine-kinase-negative HSV mutants and cytomegalovi-
rus (CMV) do not code for thymidine kinase and are generally 
resistant. Although Epstein–Barr virus (EBV) may have reduced 
thymidine kinase activity, its DNA polymerase is susceptible 
to aciclovir triphosphate and shows intermediate susceptibility. 
Human herpes viruses 6 and 7 are less susceptible than EBV.

 AcquIrED rESISTANcE

Mutations in HSV that involve deficient thymidine kinase 
or an altered substrate are most common; alterations in the 
DNA polymerase gene also result in resistance. Resistant 

mutants may be found in wild virus populations; mutants 
lacking thymidine kinase activity may be readily induced 
by passage of HSV in the presence of the drug. Resistant 
strains have mostly been reported in immunocompromised 
patients, are generally thymidine-kinase negative, and have 
decreased virulence. Resistant mutants that retain thymi-
dine kinase activity appear to retain virulence. Emergence of 
resistant HSV strains is less frequent in immunocompetent 
patients, occurring in about 2% of those receiving prolonged 
treatment.

 PhArMAcokINETIcS

Oral absorption, aciclovir c. 20%

 valaciclovir c. 60%

C
max

 200 mg oral 4-hourly 1.4–4 μmol after 1.5–1.75 h

  5 mg/kg 8-hourly intravenous infusion 43.2 μmol steady state

 10 mg/kg 8-hourly intravenous infusion 88.9 μmol steady state

Plasma half-life 3–3.3 h

Plasma protein binding 15%

absorption

Therapeutic drug levels are readily attained after oral or intra-
venous administration, although concentrations achieved by 
an oral dose are over 90% lower than those after intravenous 
therapy. Accumulation of the drug is unlikely in patients with-
out renal dysfunction.

Valaciclovir is readily absorbed and is converted rapidly 
and almost completely to aciclovir; absorption is unaffected 
by food. Peak plasma concentrations of 22 μmol are found 
in subjects after an oral dose of 1000 mg every 8 h; systemic 
exposure is comparable to that of intravenous aciclovir 5 mg/kg 
every 8 h. The peak plasma concentration and area under the 
concentration–time curve (AUC) do not increase proportion-
ally with increasing doses, presumably due to reduced absorp-
tion. The time to peak aciclovir concentration is also dose 
dependent, ranging from 0.9 to 1.8 h after single oral doses 
of 100–1000 mg.

Distribution

Aciclovir is widely distributed in various tissues and body 
fluids. Delivery of the drug to the basal epidermis after top-
ical administration is about 30–50% of that obtained by 
oral dosing. Aciclovir ointment penetrates the corneal epi-
thelium. CSF concentrations are about 50% of simultane-
ous plasma concentrations. Vesicular fluid concentrations 
approximate those in plasma. The drug is actively secreted 
into breast milk at a concentration several times that of 
plasma. Placental cord blood contains levels of 69–99% of 
maternal plasma and the drug is 3–6 times more concen-
trated in amniotic fluid.
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Metabolism

About 15% of an intravenous dose is metabolized in per-
sons with normal renal function. The only significant urinary 
metabolite is 9-carboxymethoxymethylguanine, which has no 
antiviral activity. Less than 0.2% of the dose is recovered as 
the 8-hydroxylation product.

excretion

Around 45–79% of a dose is recovered unchanged in urine, 
the percentage declining with decreasing creatinine clearance. 
In patients with renal failure, mean peak plasma concentra-
tions nearly doubled and the elimination half-life increased 
to 19.5 h. Dosage reductions are advised for various stages of 
renal impairment. During hemodialysis the half-life is 5.7 h 
and after dialysis the plasma concentration is about 60% less 
than the predialysis concentration. Half-lives of 12–17 h have 
been reported for patients undergoing continuous peritoneal 
dialysis, with only 13% or less of administered drug being 
recovered in the 24-h dialysate. The half-life in patients under-
going arteriovenous hemofiltration/dialysis is about 20 h.

Less than 1% of a dose of valaciclovir is recovered as 
unchanged drug in the urine. In multidose studies the amount 
of aciclovir recovered across dose levels ranged from about 
40% to 50%. Between 7% and 12% of the dose is found as 
the 9-carboxymethoxymethylguanine metabolite. Overall,  
aciclovir accounts for 80–85% of total urinary recovery.

 ToxIcITy AND SIDE EffEcTS

Few adverse reactions to topical, ocular, oral or intravenous 
formulations have been reported. Allergic contact dermatitis 
occasionally occurs with aciclovir cream. Superficial punctate 
keratopathy occurs in 10% of patients receiving the ophthal-
mic preparation; stinging or burning on application occurs 
in 4%. Less common complications include conjunctivitis, 
blepharitis and pain.

Transient increases in blood urea nitrogen and creatinine 
occur in 10% of patients given bolus injections. It can be largely 
avoided by reducing the rate of infusion, adequate hydration 
and dosage adjustment in renal failure. Nausea, vomiting, 
diarrhea and abdominal pain occasionally occur, particularly 
in association with a raised creatinine concentration. Acute 
reversible renal failure has been reported. Reconstituted aci-
clovir has a pH of about 11; severe inflammation and ulcer-
ation have been reported after extravasation at the infusion 
site. Encephalopathy, tremors, confusion, hallucinations, con-
vulsions, psychiatric disorders, bone marrow depression and 
abnormal liver function have occasionally arisen. Skin rashes 
have been reported in a few patients but resolve on discon-
tinuation of the drug.

Headache and nausea have been reported as side effects of 
valaciclovir, but occurred with similar frequency in subjects 
taking placebo.

Results of mutagenicity tests in vitro and in vivo indicate 
that aciclovir is unlikely to pose a genetic risk to humans, and 
the drug was not found to be carcinogenic in long-term stud-
ies in mice and rats. No detectable drug-related effects have 
been detected in pregnancy.

 clINIcAl uSE

 Further information

Fife KH, Warren TJ, Justus SE, Heitman CK. An international, randomized, double-
blind, placebo-controlled, study of valacyclovir for the suppression of herpes 
simplex virus type 2 genital herpes in newly diagnosed patients. Sex Transm Dis. 
2008;35:668–673.

Paz-Bailey G, Sternberg M, Puren AJ, et al. Improvement in healing and  reduction 
in HIV shedding with episodic acyclovir therapy as part of  syndromic 
management among men: a randomized, controlled trial. J Infect Dis. 
2009;200:1039–1049.

Rha B, Kimberlin DW, Whitley RJ. Laboratory diagnosis of viral infections. 
In: Jerome K, ed. Antiviral Therapy. London: Informa Healthcare; 2010 
In press.

ENTEcAvIr

Molecular weight (monohydrate): 295.3.

preparations and dosage

Proprietary names: Zovirax (aciclovir), Valtrex (valaciclovir).

Preparations: Tablets, suspension, i.v. infusion, cream, eye ointment 

(aciclovir), tablets (valaciclovir).

Dosage: Adults, children, oral, dose varies according to the condition 

being treated. I.v. infusion, adults, HSV or VZV, 5 mg/kg every 8 h, 

doubled in primary and VZV in the immunocompromised and in 

herpes simplex encephalitis. Children, 1–3 months, 10 mg/kg every 

8 h; 3 months–12 years, 250 mg/m2 every 8 h; dose doubled in the 

immunocompromised and HSV encephalitis; for neonatal HSV, 20 mg 

every 8 h for 21 days.

Valaciclovir: herpes zoster, 1000 mg every 8 h for 7 days. Episodic therapy 

of genital herpes, 500 mg every 8 h for 3–5 days. Suppressive treatment, 

500 or 1000 mg per day in two divided doses.

Widely available.

aciclovir

Herpes simplex keratitis

Chickenpox and herpes zoster

Herpes simplex encephalitis and neonatal herpes

Prophylaxis of HSV infections in the severely immunocompromised

Valaciclovir

Herpes zoster and genital HSV infections
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An analog of guanosine formulated as tablets and suspension 
for oral use.

 ANTIvIrAl AcTIvITy

Entecavir is active only against hepatitis B virus. The 50% 
effective dose (ED50) is approximately 0.004 μm.

 rESISTANcE

Development of resistance after 96 weeks of therapy was 
uncommon (<1%).

 PhArMAcokINETIcS

Oral absorption 100%

C
max

 0.5 mg/kg oral 4.2 ng/mL

Intracellular half-life c. 16 h

Volume of distribution In excess of body water

Plasma protein binding 13%

Entecavir is rapidly absorbed after administration on an empty 
stomach, achieving peak plasma concentrations in 1–1.5 h. 
Plasma steady state is achieved in 6–10 days.

It is renally eliminated. Dosage adjustment is required 
with impaired creatinine clearance. The drug is not metab-
olized by cytochrome P450. No drug interactions have been 
identified.

 ToxIcITy AND SIDE EffEcTS

Severity of adverse reactions was comparable to that of lami-
vudine, with headache, fatigue, upper respiratory infections 
and abdominal pain being most common. Lactic acidosis and 
hepatic steatosis were rarely observed.

 clINIcAl uSE

 Further information

Cho SW, Koh KH, Cheong JY, et al. Low efficacy of entecavir therapy in adefovir-
refractory hepatitis B patients with prior lamivudine resistance. J Viral Hepat. 2009; 
17:171–177.

Kobashi H, Fujioka S, Kawaguchi M, et al. Two cases of development of entecavir 
resistance during entecavir treatment for nucleoside-naive chronic hepatitis B. 
Hepatol Int. 2009;3:403–410.

Lai CL, Yuen MF. The saga of entecavir. Hepatol Int. 2009;3:421–424. 
Tse KC, Yap DY, Tang CS, Yung S, Chan TM. Response to adefovir or entecavir in 

renal allograft recipients with hepatic flare due to lamivudine-resistant hepatitis 
B. Clin Transplant. 2010; 24:207–212.

Uchiyama M, Tamai Y, Ikeda T. Entecavir as prophylaxis against hepatitis B 
virus reactivation following chemotherapy for lymphoma. Int J Infect Dis. 
2010;14:e265–266.

GANcIclovIr

Molecular weight (free acid): 255; (sodium salt): 277; 
 (valganciclovir): 354.

A synthetic 2′-deoxyguanosine nucleoside analog, supplied as 
the l-valine ester, valganciclovir, for oral administration and 
as the sodium salt for parenteral use. A slow-release ocular 
implant device is also available.

 ANTIvIrAl AcTIvITy

Ganciclovir is phosphorylated to the monophosphate by a 
cellular deoxyguanosine kinase more rapidly in infected than 
uninfected cells. HSV and VZV thymidine kinases monophos-
phorylate ganciclovir, after which it is further metabolized to 
the active triphosphate by cellular enzymes. The UL97 open 
reading frame of CMV encodes a phosphonotransferase, 
which can regulate phosphorylation. In CMV-infected cells 
the concentration of the triphosphate is approximately 10-fold 
higher than in uninfected cells.
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preparations and dosage

Proprietary name: Baraclude.

Preparations: Tablets (0.5 and 1.0 mg), oral suspension (0.05 mg/mL).

Dosage: 0.5 mg per day; for known lamivudine or telbivudine resistance, 

1 mg per day.

Available in Europe and the USA.

Treatment of chronic hepatitis B virus infection in patients >16 years of age
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HSV-1 and HSV-2 are inhibited by 0.2–8.0 μmol (0.05– 
2.0 mg/L). Its activity is similar to that of aciclovir against 
HSV-1 in vitro, but is slightly superior against HSV-2. The 
ID50 for CMV ranges from 0.5 to 11 μmol (0.125–2.75 mg/L). 
EBV is inhibited by 1–4 μmol and VZV by 4–40 μmol.

 AcquIrED rESISTANcE

Prolonged, repeated courses lead to the selection of resistant 
strains, occurring in 8% of patients receiving the drug for 
>3 months. Studies of laboratory-derived resistant strains 
indicate that drug resistance can result from alterations in the 
phosphonotransferase encoded by the gene region UL 27, the 
viral DNA polymerase (gene region UL 54), or both.

 PhArMAcokINETIcS

Oral absorption, ganciclovir c. 5.4–7.1%

 valganciclovir 80%

C
max

 5 mg/kg 1-h infusion 33.2 μmol end infusion

Plasma half-life (intravenous infusion) 2.9 h

Volume of distribution c. 1.17 L/kg

Plasma protein binding 1–2%

absorption

After an intravenous infusion of 5 mg/kg, the plasma level after 
11 h was 2.2 μmol. After repeated 5 mg/kg doses every 8 h,  
the mean peak serum levels were 25 μmol and mean trough 
levels 3.6 μmol, levels in excess of, or in the same range as, 
the ID50 for CMV. In patients treated for 8–22 days with 1 or  
2.5 mg/kg every 8 h, the mean steady-state plasma con-
centrations after a 1 h infusion of 1 mg/kg ranged from 
7.2 μmol immediately after infusion to 0.8 μmol after 8 h. 
Corresponding values after a dose of 2.5 mg/kg were 19.6 and 
3.2 μmol, respectively.

Multiple dosing with oral ganciclovir 1 g every 8 h resulted 
in peak levels of 1.1 mg/L (4.3 μmol) and a trough of 0.52 mg/L 
(2.1 μmol). Valganciclovir is rapidly converted to ganciclo-
vir, doses of 900 mg producing plasma levels similar to those 
achieved with 5 mg/kg ganciclovir every 12 h.

Distribution

Data on distribution are limited. The levels of the drug in 
CSF are estimated to be 24–67% of those in plasma. Mean 
intravitreal levels of 14 μmol were reported for samples taken 
a mean of 12 h after therapy with a mean dose of 6 mg/kg per 
day. However, no significant correlations are noted between 
time after the last dose and intravitreal concentration. The 
observed mean value in the eye is below the concentration 
required to achieve 50% or 90% inhibition of CMV plaque 

formation by clinical isolates, which may explain the difficulty 
in controlling CMV retinitis.

Metabolism and excretion

About 80% of the drug is eliminated unchanged in the urine 
within 24 h. Probenecid and other drugs that impact renal 
tubular secretion or absorption may reduce renal clearance. In 
severe renal impairment, the mean plasma half-life is 28.3 h. 
Dosage must be reduced in patients with impaired renal func-
tion. Plasma levels of the drug can be reduced by approximately 
50–90% with hemodialysis. The half-life on dialysis is about 4 h. 
Patients undergoing dialysis should be given 1.25 mg/kg per 
day; therapy should also be administered after dialysis.

No significant pharmacokinetic interaction occurs when 
ganciclovir and foscarnet are given as concomitant or daily 
alternate therapy.

 ToxIcITy AND SIDE EffEcTS

The 50% inhibitory concentration (IC50) for human bone 
marrow colony-forming cells is 39 (± 73) μmol; for other cell 
lines it ranges from 110 to 2900 μmol. Toxicity frequently lim-
its therapy. Marrow suppression may develop on as little as  
5 mg/kg on alternate days and is exacerbated when the drug is 
given with zidovudine. Neutropenia of <1000/mm3 occurs in 
nearly 40% of recipients and <500/mm3 in upwards of 30%  
for those given induction therapy of 10 mg/kg per day for 14 days, 
followed by 5 mg/kg per day. Neutropenia is reversible and 
develops during the early treatment or maintenance phase, 
but may occur later. Thrombocytopenia of <20 000/mm3 and 
<50 000/mm3 develops in about 10% and 19% of patients, 
respectively. Frequent monitoring of the full blood count is 
recommended.

Adverse effects on the CNS, including confusion, convul-
sions, psychosis, hallucinations, tremor, ataxia, coma, dizziness, 
headaches and somnolence, occur in around 5% of patients. 
Liver function abnormalities, fever and rash occur in about 2%. 
Intraocular injection of ganciclovir is associated with intense 
pain, and occasionally amaurosis lasting for 1–10 min.

Animal studies indicate that inhibition of spermatogenesis 
and suppression of female fertility occurs. Ganciclovir is also 
potentially embryolethal, mutagenic and teratogenic, and is 
contraindicated during pregnancy or lactation. It can cause 
local tissue damage and should not be administered intra-
muscularly or subcutaneously; patients should be adequately 
hydrated during treatment.

 clINIcAl uSE

Life- or sight-threatening CMV infections in immunocompromised individuals

Prevention and treatment of CMV disease in patients receiving 

immunosuppressive therapy for organ transplantation
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An ocular implant has been developed for the treatment of 
CMV retinitis.

Use in congenital CMV infections has not yet gained regu-
latory approval.

 Further information

Acosta EP, Brundage RC, King JR, et al. Ganciclovir population pharmacokinet-
ics in neonates following intravenous administration of ganciclovir and oral 
administration of a liquid valganciclovir formulation. Clin Pharmacol Ther. 
2007;81:867–872.

Brady RL, Green K, Frei C, Maxwell P. Oral ganciclovir versus valganciclovir for 
 cytomegalovirus prophylaxis in high-risk liver transplant recipients. Transpl 
Infect Dis. 2009;11:106–111.

Kimberlin DW, Acosta EP, Sanchez PJ, et al. Pharmacokinetic and pharmacodynamic 
assessment of oral valganciclovir in the treatment of symptomatic congenital 
cytomegalovirus disease. J Infect Dis. 2008;197:836–845.

lAMIvuDINE

An antiretroviral agent that also exhibits activity against hep-
atitis B virus and duck hepatitis B virus. Its properties are 
described in Ch. 36 (p. 432). Use is limited by the devel-
opment of resistance within 1 year in up to 25% of treated 
patients. It is likely to be used with other drugs in the future.

 clINIcAl uSE

 Further information

Huang H, Cai Q, Lin T, et al. Lamivudine for the prevention of hepatitis B virus 
reactivation after high-dose chemotherapy and autologous  hematopoietic 
stem cell transplantation for patients with advanced or relapsed non-
 Hodgkin’s lymphoma single institution experience. Expert Opin Pharmacother. 
2009;10:2399–2406.

Hoa PT, Huy NT, Thu LT, et al. A randomized-controlled study investigating viral 
suppression and serological response following PreS1/PreS2/S vaccine therapy 
combined with lamivudine in HBeAg-positive chronic hepatitis B patients. 
Antimicrob Agents Chemother. 2009;53(12):5134–5140.

PENcIclovIr

Molecular weight (penciclovir): 253.3; (famciclovir): 321.3.

A synthetic acyclic purine nucleoside analog, usually admin-
istered orally as the diacetyl ester, famciclovir, which acts as 
a prodrug undergoing rapid first-pass metabolism to release 
the active compound in vivo. The parent compound has 
virtually no oral bioavailability, but is supplied as a topical 
formulation.

 ANTIvIrAl AcTIvITy

It is active against members of the herpes virus family, with 
greatest activity against HSV-1 (ID50 1.6 μmol), somewhat 
lower activity against HSV-2 (ID50 6.0 μmol), and less activity 
against VZV (ID50 12 μmol). The ID50 values for aciclovir in 
the same cells were 0.9, 2.7 and 17 μmol, respectively. CMV 
is relatively resistant and EBV has intermediate susceptibility. 
The activity of hepatitis B virus is inhibited in vitro.

In cells infected with HSV-1, HSV-2 and VZV monophos-
phorylation is more efficient than that of aciclovir. It has less 
affinity for viral DNA polymerases than aciclovir triphosphate 
and does not act as a DNA chain terminator; however, it has 
a much longer half-life.

 AcquIrED rESISTANcE

Penciclovir is inactive against thymidine kinase-deficient 
strains of HSV.

preparations and dosage

Proprietary names: Cytovene, Cymevene, Vitrasert (ocular implant), 

Valcyte (valganciclovir).

Preparations: Capsules, i.v. infusion, ophthalmic solution (ganciclovir); 

tablets (valganciclovir).

Dosage: Adults, i.v., treatment, 5 mg/kg every 12 h for 14–21 days. 

Maintenance dose, i.v., 6 mg/kg per day on 5 days per week or 5 mg/kg 

once every day. Oral, 1 g every 8 h or 500 mg every 4 h, following at least 

3 weeks i.v. therapy.

Valganciclovir: 900 mg every 12 h.

Widely available.

Therapy of chronic hepatitis B

preparations and dosage

Proprietary name: Epivir.

Preparations: 100 mg tablets, oral solution.

Dosage: Adults, oral, 150 mg every 12 h. Children, 3 months–12 years, 

4 mg/kg every 12 h (maximum dose, 300 mg per day).

Widely available.
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 PhArMAcokINETIcS

Oral absorption, penciclovir 5%

 famciclovir 77%

Cmax famciclovir 250 mg oral 1.6 mg/L after 0.5–1.5 h

 famciclovir 500 mg oral 3.3 mg/L after 0.5–1.5 h

 famciclovir 750 mg oral 5.1 mg/L after 0.5–1.5 h

Plasma half-life 2.1–2.7 h

Volume of distribution c. 1.5 L/kg

Plasma protein binding <20%

Following absorption famciclovir is converted rapidly by 
enzyme-mediated deacetylation and oxidation to penciclovir. 
Food does not lead to any significant change in the availabil-
ity or elimination.

The pharmacokinetics in elderly subjects are similar to 
those seen in younger subjects, although small increases in 
AUC and plasma half-lives were seen, consistent with slightly 
decreased renal clearance.

Renal excretion is the major route of elimination, 50–60% 
of an oral dose being recovered in the urine. After intrave-
nous infusion, about 70% is excreted unchanged in the urine. 
After oral administration of famciclovir, penciclovir accounts 
for 82% of urinary drug-related material. The remainder 
includes metabolites, of which the largest is the 6-deoxy pre-
cursor of penciclovir. Renal clearance exceeds glomerular fil-
tration, indicating renal tubular secretion.

 ToxIcITy AND SIDE EffEcTS

In clinical trials the incidence of adverse events after famci-
clovir, aciclovir and placebo were similar, the most common 
adverse events being headache and nausea.

 clINIcAl uSE

 Further information

Bartlett BL, Tyring SK, Fife K, et al. Famciclovir treatment options for patients with 
frequent outbreaks of recurrent genital herpes: the RELIEF trial. J Clin Virol. 
2008;43:190–195.

Bodsworth N, Bloch M, McNulty A, et al. 2-Day versus 5-day famciclovir as 
 treatment of recurrences of genital herpes: results of the FaST study. Sex Health. 
2008;5:219–225.

Bodsworth N, Fife K, Koltun W, et al. Single-day famciclovir for the treatment of 
genital herpes: follow-up results of time to next recurrence and assessment of 
antiviral resistance. Curr Med Res Opin. 2009;25:483–487.

rIBAvIrIN

Molecular weight: 244.2.

A synthetic nucleoside. It is neither a classic pyrimidine nor a 
purine, but stereochemical studies indicate that it is a guanos-
ine analog. It is usually formulated for administration by inha-
lation, but oral and intravenous preparations are also used.

 ANTIvIrAl AcTIvITy

Laboratory tests indicate that herpes viruses are the most 
sensitive. Of the RNA viruses, activity has been noted with 
influenza types A and B; parainfluenza virus types 1, 2 and 3; 
mumps, measles and respiratory syncytial virus (RSV); Lassa 
fever and Machupo viruses; Rift Valley fever, sandfly fever, 
Hantaan and yellow fever viruses. RSV plaques are reduced 
85–98% by 16 mg/L.

Ribavirin is phosphorylated in cells and inhibits inosine 
monophosphate dehydrogenase, which is involved in the syn-
thesis of guanosine triphosphate. Decrease in intracellular 
thymidine triphosphate has also been noted. In most cell lines 
the antiviral activity is much lower than the cytostatic dose, 
which ranges from 200 to 1000 mg/L.

Ribavirin and interferon-α, particularly the pegylated 
forms, act synergistically in the treatment of chronic hepatitis 
C virus (HCV) infection, resulting in sustained reduction in 
alanine aminotransferase levels and loss of HCV RNA in 40% 
of patients who failed to respond to interferon previously.

 AcquIrED rESISTANcE

Development of resistant virus strains has not been 
demonstrated.

preparations and dosage

Proprietary names: Denavir, Famvir, Vectavir.

Preparations: Tablets and topical cream.

Dosage: Adults, oral, 125–500 mg every 6–8 h for 7 days for HSV and VZV 

infections. Alternative 1-day treatment regimens include 1000 mg every 

12 h for 1 day in the treatment of genital and labial herpes. Topical, every 

6 h.

Widely available.

Herpes zoster and genital herpes

Orolabial herpes (topical)
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 PhArMAcokINETIcS

Oral absorption 36–46%

C
max

 3 mg/kg oral 4.1–8.2 μmol/L after 1–1.5 h

 600 mg intravenous 43.6 μmol/L end infusion

Plasma half-life c. 24 h

Volume of distribution 647 L

Plasma protein binding <10%

absorption

It is rapidly absorbed after oral administration. Mean peak 
concentrations after 1 week of oral doses of 200, 400 and 
800 mg every 8 h were 5.0, 11.1 and 20.9 μmol/L, respec-
tively. Trough levels 9–12 h after the end of 2 weeks’ therapy 
were 5.1, 13.2 and 18.4 μmol/L, respectively, indicating con-
tinued accumulation of the drug. Drug was still detectable 4 
weeks later. Mean peak plasma concentrations after intrave-
nous doses of 600, 1200 and 2400 mg were 43.6, 72.3 and 
160.8 μmol/L, respectively; at 8 h the mean plasma concen-
trations were 2.1, 5.6 and 10.2 μmol/L.

Aerosolized doses (6 g in 300 mL distilled water) are gen-
erally administered at a rate of 12–15 mL/h using a Collison 
jet nebulizer, the estimated dosage being 1.8 mg/kg per h for 
infants and 0.9 mg/kg per h for adults. When administered 
by small particle aerosol for 2.5–8 h, plasma concentrations 
ranged from 0.44 to 8.7 μmol/L.

Metabolism and excretion

It is rapidly degraded by deribosylation or amide hydrolysis, 
and together with its metabolites is slowly eliminated by the 
kidney. About 50% of the drug or its metabolites appear in 
the urine within 72 h and 15% is excreted in the stools. The 
remainder seems to be retained in body tissues, principally 
in red blood cells, which concentrate the drug or metabolites 
to a peak at 4 days, with a half-life of around 40 days. After 
intravenous administration 19.4% of the dose was eliminated 
during the first 24 h (compared with 7.3% after an oral dose), 
the difference reflecting the bioavailability.

 ToxIcITy AND SIDE EffEcTS

It is generally well tolerated, though adverse reactions appear 
to be related to dose and duration of therapy. Minor adverse 
reactions include metallic taste, dry mouth sensation and 
increased thirst, flatulence, fatigue and CNS complaints, 
including headache, irritability and insomnia. Daily doses of 
1 g may cause unconjugated bilirubin levels to double and 
the reticulocyte count to increase. Hemoglobin concentra-
tions may decrease with treatment or higher dosages; with 
doses of 3.9–12.6 g per day, a drop in hemoglobin was noted 
by days 7–13 of treatment, which was generally ‘rapidly’ 

 reversible on withdrawal of the drug, but in some instances 
necessitated blood transfusion.

Aerosol administration of about 2 g in 36 or 39 h during 
3 days is well tolerated, does not affect results of pulmonary 
function tests, and seems non-toxic.

It is both teratogenic and embryotoxic in laboratory ani-
mals, so precautions must be observed in women of child-
bearing age.

 clINIcAl uSE

Use in RSV pneumonia in infants is no longer routine. It 
reduces mortality from Hantaan virus, the agent responsible 
for hemorrhagic fever with renal syndrome.

 Further information

Boeckh M, Englund J, Li Y, et al. Randomized controlled multicenter trial of aero-
solized ribavirin for respiratory syncytial virus upper respiratory tract infection in 
hematopoietic cell transplant recipients. Clin Infect Dis. 2007;44:245–249.

Richards GA, Sewlall NH, Duse A. Availability of drugs for formidable communicable 
diseases. Lancet. 2009;373:545–546.

Zeuzem S, Buti M, Ferenci P, et al. Efficacy of 24 weeks treatment with peginterferon 
alfa-2b plus ribavirin in patients with chronic hepatitis C infected with genotype 
1 and low pretreatment viremia. J Hepatol. 2006;44:97–103.

TElBIvuDINE

Molecular weight: 242.2.

RSV infections in infants (by nebulizer) in emergency situations  

(i.e. transplant recipients)

Lassa fever

Hepatitis C (in combination with interferon-α)

preparations and dosage

Proprietary names: Virazole (for inhalation); Rebotal, Copegus (oral).

Preparations: Inhalation, tablets, capsules, oral solution.

Dosage: By aerosol inhalation or nebulization (via small-particle aerosol 

generator) of solution containing 20 mg/mL for 12–18 h per day for 

at least 3 days and a maximum of 7 days. Adults, oral, <65 kg, 400 mg 

every 12 h; 65–85 kg, 400 mg in the morning and 600 mg at night; >85 

kg, 600 mg every 12 h. Oral dosage recommendation vary according to 

formulations: see manufacturer’s literature.

Widely available.
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A synthetic thymidine nucleoside analog formulated for oral 
use in the treatment of chronic hepatitis B infection.

 ANTIvIrAl AcTIvITy

Telbivudine is active at therapeutic concentrations only against 
hepatitis B. After phosphorylation it competitively inhibits 
HBV DNA polymerase. It inhibits HBV first strand (EC50 1.3 
± 1.6 µm) and second strand synthesis (EC50 0.2 ± 0.2 µm). 
Concentrations of telbivudine 5′-triphosphate ≤100 μm did 
not inhibit human cellular DNA polymerases. No appreciable 
mitochondrial toxicity was observed in HepG2 cells at con-
centrations up to 10 μm.

 AcquIrED rESISTANcE

After 1 year resistance occurred in 7–20% of patients on tel-
bivudine depending upon past exposure to other drugs used 
in the treatment of hepatitis B and the type of infection. 
Development of resistance was less frequent in those receiv-
ing telbivudine than in those receiving lamivudine.

 PhArMAcokINETIcS

Oral absorption 100%

C
max

 600 mg/kg oral 3.7 μg/mL

Volume of distribution In excess of body water

Plasma protein binding 3.3%

It is eliminated renally, necessitating dose adjustment in 
patients with renal insufficiency.

It should not be administered with pegylated interferon 
because of an increased risk of neuropathy.

 ToxIcITy AND SIDE EffEcTS

Adverse effects are similar to those of lamivudine and include 
upper respiratory tract infection, headache, fatigue and gas-
trointestinal upset. Myopathy and peripheral neuropathy are 
rare but have been observed in some patients several weeks 
into the course with associated rise in serum creatine kinase 
levels. Acute exacerbations of hepatitis have been observed on 
discontinuation of therapy. Lactic acidosis may occur, neces-
sitating drug discontinuation.

 clINIcAl uSE

 Further information

Buti M. Is telbivudine superior to lamivudine for the treatment of patients with chronic 
hepatitis B? Nat Clin Pract Gastroenterol and Hepatol. 2008;5:494–495.

Hou J, Yin YK, Xu D, et al. Telbivudine versus lamivudine in Chinese patients 
with chronic hepatitis B: results at 1 year of a randomized, double-blind trial. 
Hepatology. 2008;47:447–454.

Lai CL, Gane E, Liaw YF, et al. Telbivudine versus lamivudine in patients with 
chronic hepatitis B. N Engl J Med. 2007;357:2576–2588.

Zhou XJ, Lim SG, Lloyd DM, Chao GC, Brown NA, Lai CL. Pharmacokinetics of 
telbivudine following oral administration of escalating single and multiple 
doses in patients with chronic hepatitis B virus infection: pharmacodynamic 
implications. Antimicrob Agents Chemother. 2006;50:874–879.

oThEr NuclEoSIDE ANAloGS

 IDoxurIDINE

A halogenated pyrimidine analog originally synthesized as an 
anticancer agent. Formulated in dimethylsulfoxide for topical 
application and as a solution for ophthalmic use.

Activity is largely limited to DNA viruses, primarily HSV-1, 
HSV-2 and VZV. HSV-1 plaque formation in BHK 21 cells 
is sensitive to 6.25–25 mg/L; type 2 microplaques required 
62.5–125 mg/L. RNA viruses are not affected, with the excep-
tion of oncogenic RNA viruses such as Rous sarcoma virus. 
Drug resistance is easily generated in vitro, and may be an 
obstacle to treatment. However, there is little or no cross-
resistance with newer nucleoside analogs.

It is poorly soluble in water, and aqueous solutions are 
ineffective against infections other than those localized to the 
eye. In animals, therapeutic levels are achieved in the cornea 
within 30 min of ophthalmic application and persist for 4 h. 
Penetration is otherwise poor, with only the biologically inac-
tive dehalogenated metabolite uracil entering the eye.

The drug is too toxic for systemic administration. Contact 
dermatitis, punctate epithelial keratopathy, follicular conjunc-
tivitis, ptosis, stenosis and occlusion of the puncta and ker-
atinization of the lid margins occur in up to 14% of those 
receiving ophthalmic preparations.

It is used in herpes keratitis, but has largely been super-
seded by trifluridine or aciclovir.

 TrIflurIDINE

Trifluorothymidine. A synthetic halogenated pyrimidine 
nucleoside, first synthesized as an antitumor agent. It inhibits 

preparations and dosage

Proprietary name: Tzeka, Sebire.

Preparations: Tablets (600 mg), oral suspension (100 mg/5 mL).

Dosage: 600 mg once daily.

Available in Europe and the USA.

Treatment of chronic hepatitis B in patients >16 years of age
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enzymes of the DNA pathway and is incorporated into both 
cellular and progeny viral DNA, causing faulty transcription of 
late messenger RNA and the production of incompetent virion 
protein. It does not require a viral thymidine kinase for mono-
phosphorylation and is far less selective and more toxic than 
other analogs. It is active against HSV-1 and HSV-2, vaccinia 
virus, CMV and possibly adenovirus. When applied as a 1% 
ophthalmic solution, it rapidly enters the aqueous humor of 
HSV-infected rabbits’ eyes but is cleared within 60–90 min.

It causes sister chromatid exchange – an indicator of muta-
genicity – at 0.5 mg/L in human lymphocytes and fibroblasts. 
It is teratogenic to chick embryos when injected directly into 
the yolk sac. Its principal adverse effects in humans follow-
ing systemic administration include leukopenia, anemia, fever 
and hypocalcemia. Accordingly, it is restricted to topical oph-
thalmic use in HSV ocular infections. The ophthalmic 1% 
aqueous solution produces occasional punctate lesions; other 
side effects are similar to those of idoxuridine but arise less 
frequently.

NuclEoTIDE ANAloGS

ADEfovIr

Molecular weight (base): 273.2; (dipivoxil): 501.5.

A nucleotide analog of adenosine monophosphate, adminis-
tered orally as its prodrug, adefovir dipivoxil.

 ANTIvIrAl AcTIvITy

It is phosphorylated by cellular kinases to adefovir diphos-
phate, which competitively inhibits HBV reverse transcriptase 
and terminates DNA synthesis upon incorporation into 
the growing chain. The inhibition constant (Ki) for adefo-
vir diphosphate for HBV DNA polymerase was 0.1 μm. The 
diphosphate is a weak inhibitor of human DNA polymerases 
α and γ, with Ki values of 1.18 μm and 0.97 μm, respectively. 
It inhibits HIV in vitro, but an effective dose with a margin of 
safety could not be achieved in human studies.

 AcquIrED rESISTANcE

It has a lower propensity to induce drug resistance than lami-
vudine. Clinical trials of patients receiving 48 weeks of ther-
apy did not identify any cases of resistance. Longer courses 

yield resistant strains of HBV with mutations in the DNA 
polymerase gene; other rare variants of resistant strains have 
been identified. Lamivudine-resistant strains of HBV retain 
susceptibility to adefovir.

 PhArMAcokINETIcS

Oral absorption c. 60%

C
max

 10 mg/kg oral 18.4 ng/mL

Plasma half-life c. 7.5 h.

Volume of distribution 392 mL/kg

Plasma protein binding Not known

The prodrug is metabolized to adefovir, which is excreted by 
the kidneys and therefore requires dose adjustment in patients 
with impaired renal function. It does not induce cytochrome 
P450 at standard doses and does not influence the metabolism 
or plasma concentrations of the other licensed medications 
used in the treatment of hepatitis B.

 ToxIcITy AND SIDE EffEcTS

It is generally well tolerated, with headache, pharyngitis, 
abdominal pain and peripheral neuropathy being the most 
common side effects. Nephrotoxicity has been observed in 
some patients, with those receiving higher doses and longer 
courses of therapy at greater risk. Exacerbation of hepatitis 
has been reported in patients immediately following discon-
tinuation of treatment. Most exacerbations occur within 12 
weeks of stopping therapy, and elevations of alanine amino-
transferase (ALT) up to 10 times the upper limit of normal 
can be observed in over 25% of patients. Lactic acidosis has 
been reported in a few patients and is an indication for imme-
diate discontinuation.

 clINIcAl uSE
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preparations and dosage

Proprietary name: Hepsera.

Preparation: 10 mg tablet.

Dosage: 10 mg tablet.

Widely available in Europe and the USA.

Treatment of chronic hepatitis B virus infection in patients >12 years 

of age
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 Further information

Hadziyannis SJ, Tassopoulos NC, Heathcote EJ, et al. Long-term therapy with 
adefovir dipivoxil for HBeAg-negative chronic hepatitis B. N Engl J Med. 
2005;352:2673–2681.

Marcellin P, Chang TT, Lim SG, et al. Long-term efficacy and safety of adefovir 
dipivoxil for the treatment of hepatitis B e antigen-positive chronic hepatitis B. 
Hepatology. 2008;48:750–758.

Schildgen O, Sirma H, Funk A, et al. Variant of hepatitis B virus with primary resis-
tance to adefovir. N Engl J Med. 2006;354:1807–1812. Comment and author 
reply: Chang TT, Lai CL. 2006 Hepatitis B virus with primary resistance to adefo-
vir. N Engl J Med. 355:322–323.

cIDofovIr

Molecular weight: 279.

An acyclic cytosine analog administered by intravenous 
infusion.

 ANTIvIrAl AcTIvITy

The phosphonate group enables it to mimic a nucleotide and 
bypass virus-dependent phosphorylation. Cellular enzymes 
convert it to the triphosphate, which has in-vitro and in-vivo 
activity against CMV and other herpesviruses, including aci-
clovir-resistant HSV. Oral hairy leukoplakia resolved on ther-
apy, suggesting that it has activity against EBV. Activity against 
adenovirus and papillomaviruses is also reported.

 rESISTANcE

Resistance can be generated in the laboratory but has not yet 
been encountered during treatment of patients.

 PhArMAcokINETIcS

Oral absorption <5%

C
max

 3 mg/kg intravenous infusion 7.7 mg/L end infusion

 10 mg/kg intravenous infusion 23 mg/L end infusion

Plasma half-life c. 3–4 h

Volume of distribution c. 0.6 L/kg

Plasma protein binding <6%

The intracellular half-life of the diphosphate is 17–65 h. It 
is excreted unchanged by the kidney by glomerular filtration 
and tubular secretion.

 ToxIcITy AND SIDE EffEcTS

Nephrotoxicity, heralded by proteinuria, occurred at weekly 
doses of ≤3 mg/kg in two of five patients after 6 and 14 con-
secutive weeks of therapy. Two of five patients given 10 mg/kg 
developed nephrotoxicity, manifested as a Fanconi-like syn-
drome, after only two doses. Biopsy revealed proximal tubular 
effects. Prehydration and extended dosing intervals seem to 
be nephroprotective.

 clINIcAl uSE

Because of nephrotoxicity it is a drug of last resort. It has been 
used experimentally in the treatment of adenovirus pneumo-
nia and BK virus in transplant patients and juvenile laryngeal 
papillomatosis.

 Further information

Coremans G, Snoeck R. Cidofovir: clinical experience and future perspectives 
on an acyclic nucleoside phosphonate analog of cytosine in the treatment 
of refractory and premalignant HPV-associated anal lesions. Expert Opin 
Pharmacother. 2009;10:1343–1352.

Cesaro S, Hirsch HH, Faraci M, et al. Cidofovir for BK virus-associated hemorrhagic 
cystitis: a retrospective study. Clin Infect Dis. 2009;49:233–240.

Dvorak CC, Cowan MJ, Horn B, Weintrub PS. Development of herpes 
 simplex virus stomatitis during receipt of cidofovir therapy. Clin Infect Dis. 
2009;49:e92–e95.

Jesus DM, Costa LT, Goncalves DL, et al. Cidofovir inhibits genome  encapsidation 
and affects morphogenesis during the replication of vaccinia virus. J Virol. 
2009;83:11477–11490.

TENofovIr

A nucleotide analog structurally similar to adefovir. It is also 
used as an antiretroviral agent and its properties are described 
in Chapter 36 (pp. 434–435).

preparations and dosage

Proprietary name: Vistide.

Preparation: Injection.

Dosage: Induction: adults, i.v., 5 mg/kg with hydration and probenecid 

once weekly for 2 weeks, then every other week.

Available in the USA and Europe, including the UK.

Treatment of CMV retinitis
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EC50 values for HBV, assessed in the HepG2 2.2.15 cell 
line, ranged from 0.14 to 1.5 μm; the cytotoxic concentra-
tion exceeded 100 μm. A decline in HBV DNA levels below 
105 copies/mL at 48 weeks of therapy in 100% of patients 
receiving tenofovir compared with 44% on adefovir therapy 
has been reported. There are also case reports of patients with 
primary resistance to adefovir responding to tenofovir.

It is generally well tolerated in patients with chronic HBV; 
the most common side effects include nausea and gastrointes-
tinal upset, headache, dizziness, fatigue and rash.

 clINIcAl uSE

 Further information

Peters MG, Andersen J, Lynch P, et al. Randomized controlled study of tenofo-
vir and adefovir in chronic hepatitis B virus and HIV infection: ACTG A5127. 
Hepatology. 2006;44:1110–1116.

van Bommel F, Zollner B, Sarrazin C, et al. Tenofovir for patients with lamivudine-
resistant hepatitis B virus (HBV) infection and high HBV DNA level during adefo-
vir therapy. Hepatology. 2006;44:318–325.

olIGoNuclEoTIDES

foMIvIrSEN

Molecular weight: 6682.
An antisense oligonucleotide, 21 bases in length, repre-

senting the mirror image of a region of mRNA coding for a 
regulatory protein of CMV. It is administered as the sodium 
salt by intraocular injection. Experiments in monkeys suggest 
that it has a very long elimination half-life (c. 3 days). Because 
of its unique mode of action fomivirsen retains activity against 
strains of CMV resistant to other antiviral agents.

Side effects commonly include ocular inflammation, which is 
responsive to topical steroids, and raised intraocular pressure.

 clINIcAl uSE

 Further information

Andrei G, De Clercq E, Snoeck R. Drug targets in cytomegalovirus infection. Infect 
Disord Drug Targets. 2009;9:201–222.

De Clercq E. Antiviral drugs in current clinical use. J Clin Virol. 2004;30:115–133.
Schreiber A, Harter G, Schubert A, Bunjes D, Mertens T, Michel D. Antiviral 

treatment of cytomegalovirus infection and resistant strains. Expert Opin 
Pharmacother. 2009;10:191–209.

PhoSPhoNIc AcIDS

foScArNET

Phosphonoformic acid; trisodium phosphonoformate. 
Molecular weight (anhydrous): 126; (trisodium salt): 300.1.

A synthetic non-nucleoside pyrophosphate analog formulated 
as the trisodium hexahydrate for intravenous use. The solubil-
ity in water at pH 7 is only about 5% (w/w).

 ANTIvIrAl AcTIvITy

The RNA polymerase of influenza A virus, the DNA poly-
merases of HSV-1 and HSV-2, CMV, EBV, VZV and HBV are 
inhibited more efficiently than host-cell DNA polymerases. 
Concentrations of 6–55 μmol inhibit CMV plaque formation 
by 50%, but clinical isolates are generally 1.5–8 times less 
sensitive. In-vitro inhibition of CMV replication is reversed 
by withdrawal of the drug. Most strains of HSV that are resis-
tant to aciclovir respond, but when treatment is discontinued, 
relapse is frequent. Foscarnet acts as a non-competitive inhib-
itor for substrates and templates of HIV reverse transcriptase 
in concentrations of 0.1–5.0 μmol, but 680 μmol was required 
to block replication of the virus in H9 cell cultures.

 AcquIrED rESISTANcE

Resistance can be generated in vitro, and CMV strains resis-
tant to both ganciclovir and foscarnet have occasionally been 
recovered from humans.

O

P

NaO

NaO

COONa

preparations and dosage

Proprietary name: Viread.

Preparation: 300 mg tablets.

Dosage: 300 mg once daily.

Widely available.

Chronic hepatitis B infection

preparations and dosage

Proprietary name: Vitravene.

Preparation: Injection.

Dosage: 0.33 mg intravitreal injection every 2 weeks for two doses, then 

every 4 weeks (half this dose for previously untreated patients).

Limited availability.

CMV retinitis in AIDS patients intolerant of, or unresponsive to, other 

treatments
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 PhArMAcokINETIcS

Oral absorption c. 17%

C
max

 60 mg/kg intravenous 8-hourly 557 μmol/L

Plasma half-life 3.3–6.8 h

Volume of distribution 0.52–0.74 L/kg

Plasma protein binding 14–17%

absorption and distribution

Oral bioavailability is poor. A wide range of plasma con-
centrations was noted (75–500 μmol/L) during 3–21 days 
of continuous intravenous infusion of 0.14–0.19 mg/kg per 
min. During continuous intravenous therapy the concentra-
tions reached a plateau on day 3. Considerable differences in 
steady-state plasma concentrations exist between individuals. 
Drug penetrates the CSF; the mean concentration is about 
40–60% of the mean plasma concentration, depending upon 
dose.

Metabolism and excretion

Elimination appears to be triphasic, with two initially short 
half-lives of 0.5–1.4 h and 3.3–6.8 h, followed by a long ter-
minal phase of 88 h. About 88% of the cumulative intrave-
nous dose is recovered unchanged in the urine within a week 
of stopping an infusion, indicating that the drug is not sig-
nificantly metabolized. Non-renal clearance accounts for 
14–18% of total clearance and may relate to uptake into bone. 
Plasma clearance decreases markedly with decreased renal 
function and the elimination half-life may be increased by up 
to 10-fold. Conventional dialysis eliminates about 25% of a 
dose while high-flux dialysis can remove nearly 60%.

 INTErAcTIoNS

There is no significant pharmacokinetic interaction with 
zidovudine, or with ganciclovir given as concomitant or daily 
alternating therapy.

In view of its nephrotoxicity, co-administration with poten-
tially nephrotoxic drugs – for example, aminoglycosides, 
amphotericin B, pentamidine and ciclosporin (cyclosporin) – 
should be avoided.

 ToxIcITy AND SIDE EffEcTS

Treatment is more frequently limited by toxicity than with gan-
ciclovir. Renal toxicity is most common. A two- to three-fold 
increase in serum creatinine levels occurs in 20–60% (mean 
45%) of patients given 130–230 mg/kg per day as a continu-
ous intravenous infusion. Renal impairment usually develops 

within the first few weeks of treatment and is generally revers-
ible within several weeks of discontinuing therapy. Foscarnet 
chelates metal ions, and serum electrolyte abnormalities – 
predominantly hypocalcemia, hypomagnesemia, hypokalemia 
and hypophosphatemia – occur in about 30, 15, 16 and 8% 
of patients, respectively. Convulsions occur in 10–15%. Other 
side effects include anemia (25–50%), penile or vulval ulcer-
ation (3–9%), nausea and vomiting (20–30%), local irritation 
and thrombophlebitis at the infusion site, abdominal pain and 
occasional pancreatitis, headache (c. 25%), dizziness, involun-
tary muscle contractions, tremor, hypoesthesia, ataxia, neu-
ropathy, anxiety, nervousness, depression and confusion, and 
skin rash. Nephrogenic diabetes insipidus has been reported.

Foscarnet is contraindicated in pregnancy. Topical appli-
cation does not result in dermal toxicity similar to that pro-
duced by phosphonacetic acid.

 clINIcAl uSE

It is also potentially of value in the treatment of aciclovir-resis-
tant HSV infection.

 Further information

Claro C, Ruiz R, Cordero E, et al. Determination and pharmacokinetic profile of lipo-
somal foscarnet in rabbit ocular tissues after intravitreal administration. Exp Eye 
Res. 2009;88:528–534.

Nigro G, Sali E, Anceschi MM, et al. Foscarnet therapy for congenital cytomega-
lovirus liver fibrosis following prenatal ascites. J Matern Fetal Neonatal Med. 
2004;15:325–329.

oThEr ANTIvIrAl coMPouNDS

 DocoSANol

A 22-carbon straight chain alcohol licensed for over-the-
counter sales for the topical treatment of herpes labialis. It 
is thought to act by blocking viral fusion with the host cell, 
although definitive studies are lacking. The clinical relevance 

Treatment of CMV retinitis in patients for whom ganciclovir is 

contraindicated, inappropriate or ineffective

preparations and dosage

Proprietary name: Foscavir.

Preparation: Injection.

Dosage: Adults, i.v., 60 mg/kg every 8 h for 2–3 weeks, then 60 mg/kg per 

day, increasing to 90–120 mg/kg per day if tolerated.

Widely available.
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of the antiviral activity has been debated and the place of this 
medication as a treatment of herpes labialis remains to be 
established.

 IMIquIMoD

An imidazoquinoline used for the treatment of genital and 
perianal warts. While the mechanism of action is not precisely 
known, it is thought to induce interferon. It has no direct anti-
viral activity. The 5% cream applied three times a week for 
up to 16 weeks resulted in total wart clearance in 50% of 

patients, with a better response in women than in men. Local 
reactions are common and include erythema, erosion, exco-
riation and edema.

 PlEcoNArIl

An oxadiazole active against most enteroviruses and rhinovi-
ruses. It binds to the hydrophobic pocket of the virus capsid 
protein VP1, inducing conformational changes that lead to 
altered receptor binding and viral uncoating. Concerns over 
safety and efficacy have constrained development of the drug.
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anna norrby-teglund and carl Johan treutiger

In the second half of the 20th century, the use of antibiotics resulted 
in a sharp decline in morbidity and mortality from bacterial infectious 
disease. However, mortality has remained high when acute infection 
induces sepsis with shock, metabolic acidosis, oliguria or hypoxemia. 
In the USA alone, there are at least 500 000 episodes of sepsis annu-
ally; mortality rates range from 30% to 50%, despite intensive medical 
care, including antibiotics, intravenous fluids, nutrition, mechanical 
ventilation for respiratory failure and surgical eradication of the source 
of the infection.1,2 However, our understanding of sepsis and sepsis 
syndrome has increased markedly over the last decade. It is now well 
established that sepsis is an overwhelming, systemic host response 
to infection, resulting from complex interactions between the infect-
ing pathogen and the host inflammatory, coagulation and fibrinolytic 
systems. The processes that lead to the sepsis syndrome are the result 
of microbial products that profoundly dysregulate mediator release 
and the homeostasis of several important pathways.3,4 One of the 
major advances has been the identification of mediators, both host 
and pathogen derived, which contribute to these pathophysiologi-
cal changes and hence represent potential targets for intervention.4,5 
Attempts to treat sepsis by blocking individual mediators or some of 
the common pathways have largely failed to reduce the overall mor-
tality. This is probably due partly to the fact that where multiple cel-
lular activation processes are involved and many humoral cascades 
triggered, merely blocking a single component may be insufficient 
to arrest the inflammatory process. However, the dysregulation that 
characterizes sepsis may be amenable to blockade of the bacte-
rial components or to the intracellular pathways triggered by these 
products. Alternatively, intervention with pleiotropic and late-acting 
inflammatory mediators such as caspases, C5a, migration inhibitory 
factor or high mobility group box 1 may be possible.5

EPIDEMIOLOGY

Mortality and morbidity data from the US National Center 
for Health Statistics reported a 58% increase in death rates 
due to infectious diseases between 1980 to 19926 and a rate 
of admission to hospital for infectious diseases that declined 
less steeply than for all admissions.7 Among the 15 leading 
reported causes of death in the USA since 1950, the greatest 

increase in mortality has been due to septicemia. Recent data 
suggest that the incidence of sepsis continues to increase, but 
that the survival rates have gradually improved over the last 
25 years.8

BACTEREMIA

Clinically significant bacteremia occurs with a frequency of 
5–10 per 1000 hospital admissions, a figure that has been 
 rising slowly over the last 10 years, largely due to an increas-
ing number of nosocomial infections. Mylotte et al9 compared 
the epidemiology and outcome of community-acquired bac-
teremia in a teaching hospital and a non-teaching hospital 
and found incidences of community-acquired bacteremia to 
be 12.6 and 11.9 episodes per 1000 admissions,  respectively. 
A number of sites are possible sources of bacteremia (Table 
38.1). The type of pathogen and resistance pattern can vary 
according to the site of infection, the type of hospital and 
the location within the hospital in which the patient is being 
treated (Table 38.2). Such information may be of assistance 
in deciding on the most likely pathogen and most appropri-
ate antimicrobial therapy. Mylotte et al9 found the proportion 
of episodes due to methicillin-sensitive Staphylococcus aureus 
significantly higher at the teaching hospital, in contrast to the 
proportion of episodes due to Escherichia coli, which was sig-
nificantly higher at the non-teaching hospital (Table 38.2). 
Except for these differences, the proportion of episodes due to 
other organisms was similar. Community-acquired bactere-
mia caused by Gram-positive organisms (staphylococci, strep-
tococci and enterococci) occurred significantly more often at 
the teaching hospital; conversely, community-acquired bac-
teremia caused by Gram-negative bacilli from a urinary tract 
source occurred more often at the non-teaching hospital.

The intensive care unit (ICU) is a common focus for noso-
comial infections. In a 1-day point-prevalence infection sur-
veillance performed in 1417 European ICUs, 45% of 10 038 
patients were infected and 21% had ICU-acquired infections.10 
Richards et al11 reported on the epidemiology of  nosocomial 
infections in adults in 112 medical ICUs in 97 hospitals in the 
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USA that were part of the National Nosocomial Infections 
Surveillance (NNIS) system of the Centers for Disease Control 
and Prevention between January 1992 and July 1997. The 
most commonly reported pathogens were coagulase- negative 
staphylococci (36%), enterococci (16%), Staph. aureus (13%) 
and Gram-negative aerobes (17%). The most frequent Gram-
negatives were Klebsiella pneumoniae and Pseudomonas aerugi-
nosa. Candida species were found to be associated with urinary 
catheters, coagulase-negative staphylococci with central lines, 
and Ps. aeruginosa and Acinetobacter species with ventilators. 

In other reports from the NNIS, trends of  increasing propor-
tions of Gram-positive infections and decreasing proportions 
of Gram-negative infections during the last 15 years have 
become apparent.

Shorr et al12 reported on the epidemiology of 6697 patients 
with bloodstream infections during 2002–2003. In this study, 
healthcare-associated bloodstream infections accounted for 
53% of all bloodstream infections, and were associated with 
a higher morbidity and mortality compared to community-
acquired bloodstream infection. The most prevalent com-
munity-acquired pathogen was Esch. coli (25.2%) and Staph. 
aureus the most common hospital-acquired or healthcare-
associated pathogen (25.7% and 29.7%, respectively). Of all 
bacterial bloodstream infections, methicillin-resistant Staph. 
aureus (MRSA) was associated with the highest mortality rate 
(22.5%) and the longest hospital stay.

Community-associated MRSA has recently received con-
siderable attention due to its association with highly aggres-
sive infections in otherwise healthy individuals outside the 
healthcare system.13,14 These infections include severe skin 
and soft-tissue infections, necrotizing fasciitis and necrotiz-
ing pneumonia, all associated with substantial morbidity and 
mortality. Several studies have highlighted the importance of 
Staph. aureus bloodstream infections, and the emergence of 
MRSA, as an increasing health problem.12,15

SEPTICEMIA

There have been major increases in the rates of admission 
to hospital due to septicemia: between 1980 and 1994, the 
annual change in the number of admissions due to septice-
mia was 10.5%, second only to that for HIV AIDS infection.7 
Simonsen et al7 found septicemia to be the fourth lead-
ing cause of hospital admission due to infectious diseases in 
the USA in 1994 (a total of 301 800, or 116 admissions per  
100 000 persons). The age-adjusted death rate due to septicemia 
increased from 0.3 per 100 000 in 1950 to 4.2 per 100 000  
in 1997, a 14-fold increase, which makes septicemia the thir-
teenth leading cause of death in 1997.16 The unadjusted rate 
in 1997 was 8 per 100 000. Among elderly people, the mor-
tality rate was 23 per 100 000 for persons 65–74 years old, 60 
per 100 000 for those 75–84 years old, and 178 per 100 000 for 
people of 85 years or more. Recently, Melamed and Sorvillo17 
concluded that the rapid rise in sepsis mortality seen in pre-
vious decades has slowed, but population aging continues to 
drive the growth of sepsis-associated mortality in the USA. 
The age-adjusted rate of sepsis-associated mortality was 
50.37 deaths per 100 000 between 1999 and 2005.

McBean and Rajamani18 examined the rates of hospital 
admission of elderly people due to septicemia in the period 
1986–1997. The sex- and race-adjusted annual rates in 1997 
were more than double the rates in 1986. For people between 
65 and 74 years old, the rate in 1997 was 2.2 times the rate 
in 1986; for those 75–84 years it was double and 2.3 times 
greater for patients ≥85 years in whom rates of admission for 
septicemia were significantly higher (p <0.001).

 Site of acquisition (%)

Source teaching hospital non-teaching hospital

Intravenous catheter  8  0

Respiratory tract 31 21

Urinary tract 29 40

Skin/soft tissue  9  3

Intra-abdominal  4 12

Other  6  5

Unknown 12 19

table 38.1 Sources of micro-organisms isolated from blood  
of patients with community-acquired bacteremia9

From Mylotte JM , Kahler L , McCann C . Community-acquired bacteremia at a teaching 
versus a nonteaching hospital: impact of acute severity of illness on 30-day mortality. 
am J infect control. 2001;29:13–19.

 number of episodes (%)

organism teaching  
hospital

non-teaching 
hospital

Staphylococcus aureus

 Methicillin-sensitive 25  9

 Methicillin-resistant  5 <1

Coagulase-negative  
staphylococci

Not included in 
study

Streptococcus pneumoniae 10 15

Enterococci 10  5

Escherichia coli 14 41

Klebsiella pneumoniae  4  9

Pseudomonas aeruginosa  5  4

Proteus mirabilis  6  4

Others 21 11

% Gram-positives 59 38

% Gram-negatives 41 62

table 38.2 Micro-organisms isolated from the blood of patients 
with community-acquired bacteremia by study hospital9

From Mylotte JM , Kahler L , McCann C . Community-acquired bacteremia at a teaching 
versus a nonteaching hospital: impact of acute severity of illness on 30-day mortality. 
am J infect control. 2001;29:13–19.
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The overall 30-day mortality rate for persons admit-
ted for the treatment of septicemia in 1997 was 246.5 per 
1000 patients admitted and was 6.9% greater among Black 
Americans (262 per 1000) than among White Americans 
(245 per 1000). The 30-day mortality rates for patients for 
whom the presumed source of infection was decubitus ulcer 
was 372 per 1000 admissions; for pneumonia it was 336 per 
1000, for urinary tract infections and cystitis 193 per 1000, 
for cellulitis 177 per 1000 and 66 per 1000 for kidney infec-
tions. Reasons for the increase in septicemia over the 12-year 
study period included an increased prevalence (due to both 
increased incidence and increased duration) of chronic dis-
eases such as diabetes, cancer and end-stage renal disease in 
the elderly, putting them at higher risk for infectious diseases. 
Medical devices, either temporary or permanent, may also 
increase the risk of septicemia.

Drombovskiy et al19 reported on 8 402 766 patients hos-
pitalized with sepsis in the USA from 1993 to 2003. The rate 
of severe sepsis hospitalization almost doubled during this 
11-year period from 66.8 to 132 per 100 000 population. 
Age-adjusted, population-based mortality rates from severe 
sepsis also increased significantly from 30.3% to 49.7%.

PATHOPHYSIOLOGY

Severe sepsis is a consequence of microbial antigenemia 
inducing a generalized activation of numerous host defense 
systems, including the adaptive and the innate immune 
responses of which the complement, coagulation, contact-
phase and fibrinolytic systems are prominent contributors.20,21 
Activation of these proinflammatory and procoagulatory 
cascades results in release of proinflammatory cytokines, 
nitric oxide, endothelins, tissue-damaging proteinases, lipid 
mediators and hypotensive molecules such as kinins (see 
Figure 38.1). These mediators regulate cellular and humoral 
immune responses and are essential to an adequate and 
efficient host defense against infecting micro-organisms. 
However, excessive and dysregulated release of these media-
tors is the key event leading to the clinical features of sepsis 
and shock, namely circulatory collapse, organ failure, tissue 
necrosis and death. In addition to this systemic inflammatory 
response (SIRS), sepsis is also associated with an exacerbated 
release of anti-inflammatory mediators such as interleukin-10 
(IL-10), IL-1 receptor antagonist (IL-1ra) and transforming 
growth factor-β (TGF-β). Consequently, in 1997 Bone et al 
coined the term ‘compensatory anti-inflammatory response 
syndrome’ (CARS) to illustrate this immunosuppressive 
response of SIRS patients.22 CARS is considered an adapted 
response to dampen the overzealous inflammatory response.23 
Multiple mechanisms, including release of anti-inflammatory 
cytokines, downregulation and shedding of cytokine recep-
tors, induction of T-regulatory cells and myeloid-derived 
suppressor cells, as well as cell death, contribute to the immu-
nosuppressive state in sepsis. Increased apoptosis has been 
observed in lymphocytes and dendritic cells in septic patients, 

whereas monocytes remain unchanged and neutrophils dis-
play decreased apoptosis.24 The immunosuppressive state 
has been suggested to contribute to the susceptibility to sec-
ondary infections and/or reactivation of otherwise dormant 
viruses such as cytomegalovirus.25,26

Gram-positive and Gram-negative bacteria produce numer-
ous factors capable of activating the host systems involved in 
sepsis. Lipopolysaccharide (LPS), a major constituent of the 
outer membrane of Gram-negative bacteria, has long been 
recognized as the principal mediator of sepsis.27 The cell wall 
of Gram-positive bacteria also contains potent proinflamma-
tory components, including peptidoglycan and lipoteichoic 
acid.28 LPS, lipoteichoic acid and peptidoglycan are all exam-
ples of microbial molecules that display pathogen-associated 
molecular patterns (PAMPs), which are detected by pattern 
recognition receptors (PRRs), primarily toll-like receptors 
(TLRs) and nucleotide-oligomerization domain leucin-rich 
repeat (NOD-LRR) proteins, expressed on immune cells.29,30 
This results in activation of the innate immune response and 
regulation of the adaptive immune response to infection. The 
PRRs are also important sensors of endogenous alarmins, 
i.e. intracellular proteins or mediators that are released from 
damaged cell and tissues. Together, endogenous alarmins and 
exogenous PAMPs are called damage-associated molecular 
patterns (DAMPs).29 During sepsis, the microbial infection 
and damaged tissues result in high levels of DAMPs and con-
sequently an overstimulation of immune cells resulting in the 
pathological cytokine storm seen in septic patients.

Streptococcus pyogenes and Staph. aureus express and secrete 
exotoxins with superantigenic activity that induce very power-
ful immune responses.31 Superantigens interact, without prior 
cellular processing, with the Vβ region of the T-cell recep-
tor and the major histocompatibility complex (MHC) class  
II molecules on antigen-presenting cells. Cross-linking of 
T cells and antigen-presenting cells by superantigens results 
in potent activation of these cells and the excessive produc-
tion of proinflammatory cytokines.32 Other virulence fac-
tors expressed by pathogenic bacteria include pili, M protein, 
hemolysins and proteases, which have all been shown to be 
important contributors to pathogenesis.28,33,34 In addition, 
synergistic or additive effects have been shown for many of 
these virulence factors and it is increasingly evident that the 
pathogenesis of sepsis involves a complex interplay between 
multiple microbial factors, host cells and mediators.

One of the initial events in sepsis is the induction of proin-
flammatory cytokines; these trigger the cytokine cascade, 
complement and coagulation systems, resulting in injury to 
endothelium and vessels, and the release of proteases, arachi-
donic acid metabolites and nitric oxide (Figure 38.1). The 
leading proinflammatory mediators are IL-1, IL-6, IL-8 and 
IL-12, tumor necrosis factor (TNF)-α, interferon (IFN)-γ, 
macrophage migration inhibitory factor (MIF) and high 
mobility group box 1 (HMGB1).35,36 IL-1 and TNF-α are 
commonly referred to as ‘early cytokines’ in the sepsis cascade. 
They induce potent pyrogenic and hypotensive responses, and 
the experimental administration of either cytokine reproduces 
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the clinical symptoms of sepsis.37–40 Similarly MIF, a pituitary- 
and macrophage-derived factor, behaves as a proinflamma-
tory cytokine and has been shown to be a critical mediator of 
septic shock.41 However, in contrast to other known cytokines, 
MIF production is induced rather than suppressed by gluco-
corticoids, and MIF has been found to override the immu-
nosuppressive effects of glucocorticoids.42 HMGB1 increases 
LPS-induced IL-1 and TNF-α, and is a late mediator of sep-
tic shock in mice.43 Elevated levels of HMGB1 could be dem-
onstrated in patient plasma up to a week after the diagnosis of 
severe sepsis or septic shock.44 Although described as a proin-
flammatory cytokine,45 recent studies have shown HMGB1 
to enhance inflammatory responses by acting as a carrier of 
LPS,46 CpG DNA47 and proinflammatory cytokines such as 
IL-1β.48 HGMB1 acts via interaction with TLR2, TLR4 and 
the receptor for advanced glycation end-products (RAGE), 
and is considered an endogenous alarmin.

A positive correlation between the development of shock 
in sepsis and activation of the coagulation response was 
reported some 30 years ago.21 Microbial factors can activate 

the  coagulation cascade either directly or indirectly via induc-
tion of proinflammatory cytokines and subsequent expression 
of tissue factor on endothelial cells and monocytes, which 
is the main pathway for coagulation activation in sepsis (see 
Figure 38.1). A drastic reduction in the levels of important 
endogenous coagulation inhibitors, such as antithrombin III 
and activated protein C (APC), due to consumption, expres-
sion deficiency or proteolytic inactivation, further contributes 
to the procoagulatory state in sepsis. Sepsis and disseminated 
intravascular coagulation are associated with decreased anti-
thrombin III and protein C, and a disruption of the balance 
between coagulation and fibrinolysis.21 Furthermore, there 
is a correlation between deficiency in these inhibitors and 
increased morbidity and mortality in sepsis.21 Dysregulated 
expression of antithrombin III and activated protein C also 
affects the inflammatory processes due to increased thrombin 
production which promotes upregulation of adhesion mole-
cule expression and microvascular thrombosis, which further 
increases the inflammatory response through tissue ischemia 
and neutrophil/endothelium activation.

Fig. 38.1 Schematic illustration of some of the host–microbe interactions that contribute to the pathophysiology of sepsis. Microbial 
factors interact with specific receptors on immune cells, including macrophages, T cells, neutrophils (PMN), dendritic cells (DC) and mast cells. 
This results in activation of the cells and release of proinflammatory cytokines, which activate the coagulation system through induction of 
tissue factor (TF). TF results in production of thrombin and subsequent formation of fibrin deposition. Tissue-plasminogen activator (t-PA) 
triggers conversion of plasminogen to plasmin, the main effector molecule of fibrinolysis. Proinflammatory cytokines and thrombin stimulate 
release of plasminogen activator inhibitor-1 (PAI-1) from platelets and the endothelium. Thrombin activates thrombin-activatable fibrinolysis 
inhibitor (TAFI). TAFI and PAI-1 are key inhibitors of t-PA, consequently fibrinolysis is effectively suppressed during sepsis. Solid and dashed 
arrows indicate activation and inhibition, respectively. HBP, heparin binding protein; HMBG1, high mobility group box 1; IFN, interferon; IL, 
interleukin; MIF, migration inhibitory factor; NO, nitric oxide; TGF, transforming growth factor; TNF, tumor necrosis factor.
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Activation of the complement and contact systems has 
also been linked to the sepsis process, mainly by the release of 
hypotensive mediators, anaphylatoxins such as C5a, and the 
consumption of coagulatory factors.49,50 Herwald et al51 dem-
onstrated that the fibrous surface components of Gram-positive 
and Gram-negative bacteria bind to and trigger assembly of 
the components of the contact system, resulting in the release 
of hypotensive kinins, hypocoagulatory state, and dysregulated 
fibrin and clot formation. Other virulence factors, such as the 
streptococcal M protein and the streptococcal proteinase, also 
interact with components of the contact system.51

DIAGNOSTIC ISSUES

Sepsis is not a single disease. It is a syndrome that can result 
from diverse causes, with a spectrum of severity that ranges 
from fever associated with transitory hypotension through to 
profound shock and high mortality. The same clinical picture 
is seen in some non-infective conditions, which has given rise 
to some confusion.

Identifying and naming subgroups is worthwhile only if 
doing so aids design of better treatment or more accurate pre-
diction of outcome. In 1991 the American College of Chest 
Physicians (ACCP) and the Society of Critical Care Medicine 
(SCCM)52 published consensus definitions of sepsis. Sepsis 
was defined as the presence of systemic inflammatory response 
syndrome (SIRS; Box 38.1) with a confirmed infectious pro-
cess. Sepsis associated with organ dysfunction, hypoperfu-
sion abnormality or sepsis-induced hypotension was named 
severe sepsis, and septic shock was defined as severe sepsis 
with sepsis-induced hypotension persisting despite adequate 
fluid resuscitation.

The critical difference between SIRS and sepsis is the 
requirement for clinical or laboratory evidence of infection. 
The relationships between SIRS, sepsis, shock and death is 
well illustrated by a prospective study of nearly 4000 patients 
admitted to ICUs in the USA.53 The incidence of SIRS on sur-
gical ICUs was 857 episodes per 1000 patient-days, and the 
mortality of these patients was just 7%, emphasizing that SIRS 
is a very sensitive definition. However, in the small proportion 
(4%) that developed septic shock, mortality was 46%.

With further advances in the understanding of the 
pathophysiology of sepsis and identification of new biomark-
ers, a new consensus sepsis definition conference was held 
in 2001 by SCCM, the European Society of Intensive Care 
Medicine (ESICM), the ACCP, the American Thoracic 
Society (ATS) and the Surgical Infection Societies (SIS).54 

The previous definitions of sepsis, severe sepsis and sep-
tic shock, as defined in 1991, remain useful, but the diag-
nostic criteria for SIRS were too sensitive and non-specific. 
An expanded list of signs and symptoms of sepsis was pro-
posed to better reflect the clinical response to infection (Box 
38.2). The list of signs and markers should be considered as a 
guide to diagnosis. Not all patients with sepsis will have all the 
markers included on the list, and many patients without sep-
sis may have several. The unexplained presence of several of 
the listed signs in a patient, however, should be used to raise 
suspicion of sepsis.

There are two major reasons why an infectious etiology is 
not identified in a patient presenting with sepsis:

•	 Antibiotics	are	often	used	empirically	in	the	outpatient	
and home care setting and the hospital before testing.

•	 Bacteremia	may	be	intermittent,	except	in	the	patient	
with endovascular infection.

However, in patients with sepsis, it is more important to 
promptly initiate appropriate antimicrobial therapy in order 
to ensure optimal outcome than to wait for further blood 
culture sets.55,56 Although 75–80% of neutropenic fevers are 
thought to be caused by infections, a causal organism can be 
confirmed in only 30–50% of episodes. In a prospective study 
of sepsis and septic shock, at least 15% of patients had no 
documented infection. Even among patients with presumed 
infection, less than half had bacteremia.57 Ideally two or 
three blood cultures should be obtained several hours apart 
to increase the likelihood for detection.58 The total volume 
of blood cultured is one of the most important factors in the 

SIRS is defined as the presence of two or more of the following criteria:

•	 Temperature	>38°C	or	<36°C

•	 Heart	rate	>90	beats/min

•	 Respiratory	rate	>20	breaths/min	or	Paco
2
 <32 mmHg

•	 White	blood	cell	count	>12	×	109/L	or	<4	×	109/L.

Box 38.1 Systemic inflammatory response syndrome (SIRS)

Box 38.2 Clinical signs of sepsis110

General signs and symptoms

Rigor – fever (sometimes hypothermia)

Tachypnea/respiratory alkalosis

Positive fluid balance – edema

General inflammatory reaction

Altered white blood cell count

Increased C-reactive protein, interleukin-6, procalcitonin concentrations

hemodynamic alterations

Arterial hypotension

Tachycardia

Increased cardiac output/low systemic vascular resistance/high Svo
2

Altered skin perfusion

Decreased urine output

Hyperlactatemia – increased base deficit

Signs of organ dysfunction

Hypoxemia

Coagulation abnormalities

Altered mental status

Hyperglycemia

Thrombocytopenia, disseminated intravascular coagulation

Altered liver function (hyperbilirubinemia)

Intolerance to feeding (altered gastrointestinal motility)

From Levy MM , Fink MP , Marshall JC, et al. SCCM/ESICM/ACCP/ATS/SIS 2001 SCCM/
ESICM/ACCP/ATS/SIS International Sepsis Definitions Conference. Crit Care Med. 
2003;31:1250–1256.
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recovery of bacterial pathogens: in one study, increasing the 
volume over a 24-h period from 40 to 60 mL increased recov-
ery by 10%.59

TREATMENT

Studies have demonstrated that the first 6 h of management 
of sepsis are especially important, and that measures taken 
during this period have a significant impact on outcome.60,61

The need for evidence-based recommendations regard-
ing the acute management of sepsis and septic shock led to a 
consensus meeting in 2004. Following that, an international 
group of experts in the diagnosis and management of infec-
tion and sepsis, representing 11 organizations, published the 
first internationally accepted clinical guidelines for the prac-
ticing clinician to improve outcomes in severe sepsis and septic 
shock.62,63 A new consensus meeting held in 2008 has updated 
the original Surviving Sepsis Campaign recommendations.64

TRADITIONAL THERAPEUTIC 
STRATEGIES

 ANTIMICROBIAL THERAPY

Antimicrobial therapy remains fundamental to the treatment 
of sepsis; many studies have demonstrated that inadequate 
initial antimicrobial and/or delayed therapy is associated with 
marked increases in all-cause and infection-related mor-
tality in patients admitted to the ICU with life-threatening 
infection.55,65–68 Duration of hypotension before initiation of 
effective antimicrobial therapy is the critical determinant of 
survival in human septic shock.55 Such findings support the 
empirical use of broad-spectrum therapy before the results of 
laboratory culture are known.

The number of effective antimicrobial agents available 
is becoming increasingly limited because of the emergence 
of multidrug resistance in both Gram-negative and Gram-
positive pathogens.69 One of the consequences of drug-resis-
tant infections is the increased likelihood of inappropriate 
initial therapy. Leroy et al70 found that ineffective initial anti-
microbial therapy was the best predictor for poor prognosis in 
community-acquired pneumonia.

Which antimicrobial or antimicrobial combination to use 
empirically depends on the source of the infection, whether it 
is community or nosocomially acquired, whether or not the 
patient has an underlying illness that alters the predictability 
of the offending pathogen, and the local antimicrobial resis-
tance rates. A broad-spectrum empirical antibiotic should be 
started as soon as possible for suspected severe infections, 
especially in the presence of hypotension. Every effort should 
be made to obtain proper site-specific cultures. However, such 
efforts should not delay antimicrobial therapy. There are stud-
ies suggesting that, in certain circumstances, outcomes may 

improve if two or more effective agents are used;71,72 however, 
whether possible pathogens should be covered by multiple 
antibiotics or not is still under debate. So far there are no pro-
spective controlled studies that compare multiple versus sin-
gle drug therapy in severe sepsis or septic shock. Importantly, 
empirical antimicrobial therapy should be adjusted and nar-
rowed within 48–72 h if a pathogen is identified or if there is 
a resolution of septic shock.

 VOLUME REPLACEMENT

The first goal of management of severe sepsis is to adequately 
monitor vital signs so that any hemodynamic changes can be 
promptly detected and treated. Insertion of a central venous 
pressure monitoring device, arterial catheter and Swan-Ganz 
catheters to determine the left atrial end-diastolic pressure 
allows for optimal monitoring and fluid replacement.

To expand intravascular fluid volume and colloid oncotic 
pressure, a number of solutions may be used, including normal 
and hypertonic saline, fresh-frozen plasma, albumin and various 
dextran preparations. There is general agreement that volume 
therapy is an essential component of early resuscitation and that 
the goal is to optimize systemic oxygen delivery (cardiac pre-
load, afterload, arterial oxygen content, contractility, or stroke 
volume) and ultimately to balance tissue oxygen demand.73

Crystalloid solutions are the first choice to correct fluid 
and electrolyte deficits in non-hemorrhagic shock. In the case 
of major hypovolemia, particularly in situations of increased 
capillary permeability, colloid solutions are favored to achieve 
sufficient tissue perfusion. However, different colloids have 
different molecular weights and therefore vary in the length 
of time they remain in the circulation. Because of this and 
their other characteristics, colloids may differ in their safety 
and efficacy. Bunn et al74 reviewed randomized and quasi-
 randomized trials comparing colloid solutions in critically ill 
and surgical patients thought to need volume replacement. 
They found no evidence that one colloid solution was more 
effective or safer than another.

The use of colloids for the treatment of septic shock has been 
challenged: they are more expensive than crystalloids, some 
colloid solutions may be associated with adverse outcomes, 
and some clinical trials have found them to be no better than 
crystalloids. Schierhout and Roberts75 carried out a systematic 
review of randomized controlled trials of resuscitation with 
colloids or crystalloids for volume replacement of critically ill 
patients. The overview concluded that the use of colloids for 
volume resuscitation in critically ill patients is not supported 
by the literature. Concern has also been raised about the use of 
albumin, often the colloid of choice for replacement therapy.76 
The Cochrane Group carried out a review of randomized con-
trolled trials comparing administration of albumin or plasma 
protein fraction with no administration, or with administra-
tion of crystalloid solution, in critically ill patients with hypo-
volemia, burns or  hypoalbuminemia. They concluded that use 
of human albumin in critically ill patients should be urgently 
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reviewed and that it should not be used outside the context of 
rigorously conducted, randomized controlled trials. However, 
a saline versus albumin study compared fluid resuscitation 
with albumin or saline on mortality in critically ill patients and 
found no difference between them.77

 VASOPRESSOR AGENTS

If fluid therapy alone fails to restore adequate arterial pressure 
and organ perfusion, vasopressor agents should be used. The 
goal of mean arterial pressure should be at least 65 mmHg.78 
For many years, noradrenaline (norepinephrine) and adrena-
line (epinephrine) were the principal agents available. However, 
because of their intense peripheral vasoconstricting activity 
and increase in myocardial irritability, they have been replaced 
with isoproterenol, dopamine and dobutamine. These agents 
have an inotropic effect on myocardial function but because 
of β-adrenergic activity are capable of enhancing periph-
eral tissue perfusion. The recent Surviving Sepsis Campaign 
recommendations were published with six  evidence-graded 
statements for vasopressor use, concluding that there is no 
 high-quality  primary evidence to recommend one cate-
cholamine over another; consequently, neither noradrenaline 

 (norepinephrine) nor dopamine can be recommended over the 
other. Furthermore, adrenaline (epinephrine) should be lim-
ited for use in patients unresponsive to other agents.73

NOVEL THERAPEUTIC STRATEGIES

During the last two decades, significant advances have been 
made in the field of sepsis that have allowed the development 
of novel therapeutic strategies, ranging from interventions 
with defined microbial factors to the various host systems 
(Table 38.3).

  NEUTRALIzATION Of MICROBIAL 
fACTORS

Anti-endotoxin therapies, including polyclonal and mono-
clonal antibodies and various lipid analogs, have been exten-
sively tested in clinical trials, but have so far failed to have 
a  significant effect on mortality.27 Other anti-endotoxin 
approaches under investigation include:
•	 Eritoran,	a	synthetic	lipid	A	antagonist,	now	in	phase	III79

•	 bactericidal-permeability-increasing	protein80

Strategiesa type of agent references

Neutralization of microbial factors

Anti-endotoxin Polyclonal antiserum (J5, anti-Lipid A, IVIG) 27, 111

 Polymyxin B immobilized hemofiltration columns 83

 Monoclonal antibodies (HA-1A, E5, T88) 27, 111

 Lipid A analogs (lipid X, monophosporyl lipid A, etc.) 28, 112

 Recombinant bactericidal/permeability-increasing protein 80, 112, 113

Anti-superantigen IVIG 90, 114

Modulation of proinflammatory mediators

Anti-cytokines Corticosteroids 64

Anti-tumor necrosis factor Monoclonal antibodies, receptor fusion proteins, cytofab 111, 115, 116

Anti-interleukin-1 lnterleukin-1 receptor antagonist 111, 115

Anti-PAF PAF antagonist 115

Anti-bradykinin Bradykinin antagonist 115

Anti-prostaglandin Ibuprofen (cyclo-oxygenase inhibitor) 111

Statins 3-Hydroxymethyl-3methylglutaryl coenzyme A 117, 118

Modulation of coagulation

Antithrombin III Inhibitor of coagulation 103–105

Activated protein C Inhibitor of coagulation 102, 108, 109

Recombinant tissue factor pathway inhibitor Inhibitor of coagulation 119

table 38.3 Some novel therapeutic strategies in septic shock

IVIG, intravenous polyclonal immunoglobulin; PAF, platelet-activating factor.
aIncludes therapeutic agents that have been tested in controlled human sepsis trials.
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•	 recombinant	human	lactoferrin81

•	 TAK-242,	a	small	molecule	blocking	the	MyD-88	pathway82

•	 polymyxin	B	immobilized	hemofiltration	columns83

•	 anti-endotoxin	vaccines.84

Neutralization of Gram-positive microbial factors has mainly 
been achieved by intravenous polyspecific immunoglobulin G 
(IVIG), which contains a broad spectrum of neutralizing anti-
bodies against streptococcal and staphylococcal superantigens, as 
well as opsonic antibodies against a variety of micro-organisms.85 
In addition to its direct toxin-neutralizing and opsonic activities, 
IVIG has a general immunomodulatory effect due to its inter-
action with Fc receptors, complement, immune cell functions, 
cytokines and cytokine antagonists.85 Recent meta-analyses have 
reported an overall reduction in mortality with the use of IVIG 
as adjunctive therapy in critically ill patients with sepsis.86–89 
However, due to heterogeneity of the trials and small patient 
cohorts, the power is insufficient to allow solid conclusion.86,87

Certain subgroups of patients may benefit more than oth-
ers from IVIG-treatment, such as those with superantigen-
 mediated toxic shock.90 Two studies have reported that 
adjunctive therapy with IVIG reduces the mortality asso-
ciated with streptococcal toxic shock syndrome.91,92 The 
first is an observational cohort study, which showed signif-
icant improvement in survival among IVIG-treated cases.92 
However,  confounding factors that could have affected the 
outcome of the trial included the fact that the majority of the 
controls were historical and IVIG-treated cases were more 
likely to have received clindamycin therapy than the controls.

Further support for the use of IVIG in streptococcal 
toxic shock syndrome is provided by a multicenter placebo-
 controlled trial.91 Due to a low incidence of invasive strep-
tococcal infections during the study period, the trial was 
prematurely terminated after enrolment of 21 patients. The 
results revealed a trend towards a reduced mortality rate in 
IVIG-treated cases as compared to those receiving placebo 
(10% versus 36%). Importantly, this trend in reduced mortal-
ity was supported by significantly better improvement of organ 
dysfunction following treatment in the IVIG group, whereas 
no such change could be noted in the placebo group.

  INHIBITION Of  PROINfLAMMATORY 
MEDIATORS

As principal mediators of sepsis and shock, TNF-α and IL-1 
were obvious therapeutic targets. However, none of these 
agents succeeded in lowering the mortality of sepsis in large 
phase III clinical trials (Table 38.3). There are several poten-
tial reasons why these therapies failed:
•	 Blockage	of	one	mediator	may	not	suffice	to	arrest	the	

whole process.
•	 Agents	directed	against	early	mediators	have	a	narrow	

therapeutic window.
•	 Peak	cytokine	production	may	have	passed	by	the	time	

treatment started, and downstream cascades may already 
be triggered.

Corticosteroids have been extensively studied in sepsis, with 
results ranging from beneficial to harmful. Recommendations 
have included the use of low-dose corticosteroids in the manage-
ment of septic shock.62,93,94 A recent European trial of corticos-
teroid therapy in septic shock (CORTICUS)95 has confirmed 
early shock reversal, although by day 28 the overall number of 
patients with shock reversed was not significantly greater in the 
treated versus the placebo group. The updated Surviving Sepsis 
Campaign guidelines advise hydrocortisone only in adults with 
septic shock in whom there is a poor response of low blood 
pressure to fluid replacement and vasopressor therapy.73

Another approach directed at attenuating the pathogenic 
proinflammatory response involves the parasympathetic anti-
inflammatory pathway by which the brain modulates systemic 
inflammatory responses.96 Vagus nerve stimulation inhibits 
proinflammatory cytokines via the alpha7 nicotinic acetyl-
choline receptor subunit.97 Lethal endotoxic shock in rats can 
be prevented by direct electric stimulation of the peripheral 
vagus nerve, which decreases in-vivo levels of  TNF.98

Other potential targets for intervention include the dan-
ger protein HMGB1 and the receptor for advanced glyca-
tion end-products (RAGE). HMGB1 have been shown to 
be a persistent mediator of severe sepsis and its neutraliza-
tion results in protection against experimental septic shock.43 
In contrast to the early cytokines TNF-α and IL-1, HMGB1 
is a late mediator of sepsis and is produced over an extended 
period of time,44 which would provide a wider therapeutic 
window.5,43,99 The RAGE recognizes several ligands, among 
others HMGB1. Inhibition of RAGE in experimental sepsis 
increases survival.100,101

 MODULATORS Of COAGULATION

Patients with severe sepsis are deficient in important coagu-
lation inhibitors, suggesting that modulation of coagulation 
might be a potential therapeutic strategy.72 Several anticoagu-
lant strategies have been proposed, among which the most 
promising are the natural coagulation inhibitors antithrom-
bin III and activated protein C.102,103	However,	the	KyberSept	
study published in 2001104 showed no significant benefit over-
all with high-dose antithrombin III, but rather an excess risk 
of bleeding in patients receiving antithrombin. However, in 
a prespecified subgroup of patients (i.e. patients with severe 
sepsis and with a predicted high risk of death) there was a 
modest improvement in survival.105

The Recombinant Human Protein C Worldwide Evaluation 
in Severe Sepsis (Prowess) study was a phase III, double-
blind, randomized, placebo-controlled, multicenter trial 
which showed a significant treatment effect on 28-day mor-
tality rate.102 There are several reasons as to why activated 
 protein C might be effective in patients with sepsis:
•	 Most	patients	with	severe	sepsis	have	diminished	levels	

of activated protein C because of the reduction in the 
components of the coagulation system necessary for the 
conversion of inactive protein C to activated protein C.106
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•	 Activated	protein	C	inhibits	activated	factors	V	and	
VIII, thereby decreasing the formation of thrombin and 
stimulating fibrinolysis by reducing the concentration of 
plasminogen-activator inhibitor type 1.

•	 In	addition	to	its	central	regulatory	role	in	coagulation,	
protein C has been shown to have a strong anti-
inflammatory effect, some of which may be mediated by 
its inhibition of the proinflammatory cytokines MIF and 
TNF-α.107

Bernard et al102 conducted a randomized, double-blind, pla-
cebo-controlled, multicenter trial, assigning patients with 
systemic inflammation and organ failure due to acute infec-
tion to receive an intravenous infusion of either placebo or 
activated protein C (APC). Patients receiving APC dem-
onstrated a dose-dependent reduction in the plasma levels 
of d-dimer and serum IL-6, markers of coagulopathy and 
inflammation, respectively. The absolute reduction in the 
28-day mortality rate was 6.1% (in the placebo group it 
was 30.8%, compared with 24.7% in the APC group), and 
the relative risk of death was reduced by nearly 20% in the 
treated group. The exact role of APC has been questioned. 
A study in which APC was given to patients defined to have 
mild to moderate sepsis was terminated prematurely due to 
lack of efficacy after a second interim analysis.108 A recent 
Cochrane systematic review suggested that the use of APC 
should be suspended pending results from additional trials 
as they found no evidence suggesting that APC should be 
used for treating patients with severe sepsis or septic shock, 
and, additionally, APC seems to be associated with a higher 
risk of bleeding.109

CONCLUSION

As the number of patients with chronic underlying disease 
and temporary or permanent implanted medical devices has 
increased, so has the number of episodes of sepsis. The micro-
bial etiology of these episodes reflects the patient population 
and the geographical location of the healthcare facility in 
which they are treated. Patients with severe underlying illness 
or chronic disease will always be at increased risk of endo-
toxin-mediated Gram-negative sepsis, whereas those with 
intravascular catheters or prosthetic devices are at greater risk 
for Gram-positive infections. Complicating the management 
of these infections has been the emergence of multidrug resis-
tance in such pathogens, both in the hospital and the com-
munity. In some countries and regions, multidrug-resistant 
strains are endemic and account for the majority of infections. 
This often means that first- and second-line antimicrobials 
are ineffective, leaving few and often less acceptable alterna-
tives. Infections caused by multiresistant organisms are asso-
ciated with increased morbidity and mortality.

However, despite the advancements in medical treatment, 
the outcome of patients with sepsis syndrome and septic shock 
has not improved greatly. This is because we treat only the 
cause and not the consequences of such infections. We now 

recognize that these conditions reflect a generalized activa-
tion of numerous host defense systems, resulting in excessive 
and dysregulated release of inflammatory and coagulatory 
mediators.

Blockade or antagonism of the actions of individual inter-
mediary messenger molecules has proved unsuccessful. 
The most promising therapies today seem to be agents that 
 target several different microbial factors and/or host systems 
involved in sepsis. Furthermore, several clinical trials have 
shown clinical efficacy in subgroups of patients, but not in 
the whole study population. This indicates that by targeting 
more defined patient populations based on specific clinical, 
immunological and/or microbiological parameters, a more 
favorable outcome may be seen in future trials of treatment 
for these syndromes.
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Surgical site infection (SSI) represents 20% of healthcare-associated 
infections (HCAIs) in the UK.1,2 Superficial SSIs are the most common 
but the more serious and complex deep and organ/space remainder 
lead to abscesses, bacteremia, sepsis and death, with an associated 
strain on healthcare resources because of prolonged hospital, high 
dependency unit (HDU) and intensive care unit (ITU) stays.4–6 These 
infections mostly involve the patient’s own organisms (endogenous) 
but others materialize later, probably relating to poor infection con-
trol practices (exogenous).

The surgically presenting community-acquired complicated skin 
and soft tissue, orthopedic, urological and gynecological infections 
are covered elsewhere (see Chs 49, 52, 54–56). Peritonitis and abdom-
inal infections are addressed in this chapter.

ETIOLOGY OF COMMUNITY-ACQUIRED 
AND POSTOPERATIVE ABDOMINAL 
INFECTIONS

Community-acquired abdominal infections are polymicro-
bial and potential pathogens act in synergy. Treatment must 
be directed against colonic organisms that have breached the 
bowel lumen to cause peritonitis. These potential pathogens 
are typically endogenous flora, mostly anaerobes, predomi-
nantly the Bacteroides fragilis group, clostridial species and 
peptostreptococci, and aerobic Gram-negative organisms.7–9 
Peritonitis may be generalized or focal, or be divided into pri-
mary, secondary and tertiary forms (see below).

Postoperative abdominal infections also involve entero-
cocci, Candida spp. and drug-resistant organisms in addition to 
the enteric pathogens seen in community-acquired infection. 
Complex surgical procedures, undertaken on patients with 
increasing co-morbidity, longer hospital stays and prolonged 
exposure to antimicrobials and hospital flora, lead to infec-
tions with resistant organisms. This has driven the search for 
new antimicrobial agents with activity against organisms with 
these new defenses, including extended spectrum β-lactamases 
(ESBL) and AmpC, which render third- generation cepha-
losporins inactive. These include the carbapenems and drugs 

such as tigecycline, although resistance to these agents has 
also emerged, notably among Klebsiella spp.10 This requires 
unorthodox antimicrobial combination strategies, with the 
guidance of infection expertise11 and excellence in antimicro-
bial stewardship.12

Superficial SSIs are predominantly caused by organisms 
carried on the skin or anterior nares of patients or healthcare 
staff. These are Staphylococcus aureus and coagulase-negative 
staphylococci (CNS), but Enterococcus spp. and Escherichia 
coli may also be implicated. Increasing numbers are drug 
resistant, reflecting increased broad-spectrum use in more 
severely ill, debilitated surgical patients.

Deep SSIs are caused by similar organisms, and can be less-
ened by good surgical technique and limitation of tissue dam-
age at operation, with prevention of hematomas and seromas. 
Transient bacteremia with seeding of a hematoma or devi-
talized tissue, and translocation of gut organisms are alter-
native mechanisms leading to SSIs. Superficial or deep SSIs 
originate from intraoperative wound contamination. Tissue 
invasion leads to local infection, as cellulitis or an abscess, 
or dissemination to cause systemic inflammatory response 
syndrome, sepsis, septic shock syndrome and multiorgan fail-
ure. Influential factors include the load of contamination, the 
extent of tissue damage at operation, and host defense.

BACTERIAL CONTAMINATION

In the pathogenesis of SSI, contamination of the site precedes 
tissue invasion. When there are more contaminating organ-
isms present at the end of an operation, infection is more 
likely. This has been demonstrated in quantitative studies; 
the increased risk of infection matches the four hypotheti-
cal categories of clean, clean-contaminated, contaminated 
and dirty surgery.13 However, the source of contamination 
attributable to organisms of either exogenous (surgical team 
or instruments) or endogenous (patient skin, nasal carriage, 
gut flora) origins may not be identifiable in an individual 
case of SSI.
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Bacterial contamination of an operative site is inevitable, 
and organisms survive on the skin despite optimal aseptic tech-
nique and sterilization procedures. Operating room ventilation, 
attention to preoperative preparation of the patient’s general 
health, and the appropriate use of antimicrobial prophylaxis are 
additionally directed at achieving the lowest possible contami-
nating bacterial load, thereby minimizing infection. Despite 
the ultra-clean environment of the orthopedic theatre – with 
laminar flow, high efficiency particle air (HEPA) filtration and 
intensive focus on aseptic technique – organisms can still be 
found on surfaces14 and in wounds at the close of clean elec-
tive surgical cases.15 Air sampling shows that these are mainly 
Gram-positive organisms.16 As more procedures are performed 
involving prosthetic material, on patients who are more debili-
tated, and with an increased incidence of antimicrobial-resistant 
organisms, it is not surprising that SSIs still occur.

A combination of strategies to minimize bacterial contami-
nation is optimal, although there may not always be robust 
supportive evidence. Many operating theater practices, skin 
preparation and draping, theatre staff apparel and the surgi-
cal team’s handwashing are largely directed against exogenous 
sources of infection. However, there is little scientific evidence 
to show that the use of caps, masks, gloves or overshoes alters 
the infection rate after most non-implant operations. Novel 
strategies such as antiseptic impregnated drapes and micro-
bial sealants for wounds have been studied, with variable out-
comes.15 Incise drapes, adhesive polyethylene sheets designed 
to ‘isolate’ the incision site, increase the risk of SSI, but 
when impregnated with povidone–iodine the risk is lessened. 
Antimicrobial sealants17,18 and antiseptic-coated sutures19,20 
also show promise in early evaluation.21 Prevention of infec-
tion from endogenous sources includes decolonization of nasal 
Staph. aureus or bowel preparation for colonic surgery. In the 
former case, application of mupirocin reduces nasal carriage 
and as most Staph. aureus infections result from autoinfection, 
SSIs should also fall, although this has not been proven.22

Bowel preparation of patients undergoing elective colorec-
tal surgery reduces colonic fecal content and microbial load. 
Dietary restriction, cathartic agents and whole gut lavage are 
used, and many surgeons additionally use oral and parenteral 
antimicrobials.23 A number of studies suggest that this com-
mon practice may need re-evaluation as the proof they reduce 
infection is lacking.24

TISSUE DAMAGE

The proliferation of endogenous bacteria also depends on 
intraoperative tissue damage, which varies between wounds, 
operations and surgeons. Virulence factors and pathogenicity 
of micro-organisms, as well as their numbers in the wound 
at closure, are also influential. Gram-negative bacterial cell 
walls, rich in lipopolysaccharide, initiate a chain of responses 
via toll-like receptor 4 (TLR4) mediated activation of immune 
defenses. These trigger stimulation of adaptive immune 
defenses and the systemic inflammatory response and, if 
inappropriate or excessive, may lead to  sepsis.  Gram-positive 

organisms such as Staph. aureus can produce a similar end 
result.25 Optimal operative technique is essential in limit-
ing such damage. Delicate handling of tissues, together with 
hemostatic control to prevent seromas or hematomas, removal 
of devitalized tissues, avoidance of inadvertent entry into hol-
low viscera and use of electrocautery all positively influence 
the risk of infection.26 Choice of suture and prosthetic mate-
rial contributes to optimal wound healing and minimization 
of postoperative infection. In many operations prosthetic, 
non-absorbable materials are used which reduce the number 
of organisms necessary to cause infection.

Suction or open drains also increase the risk of infection by 
providing a portal of entry for bacteria and acting as foreign 
bodies.27 Placement of drains distant from the operative inci-
sion, with early drain removal, is optimal, as sterile drains soon 
become colonized with potential pathogens.28 Meta-analyses 
of the use of surgical drains do not encourage their use.29–31

HOST RESISTANCE

Tobacco smoking, diabetes, malignancy, and renal and liver 
disease are recognized influences on health outcomes, but 
also specifically on infection after surgery. Host resistance to 
infection is adversely affected by malnutrition (including obe-
sity) and perioperative hyperglycemia. These factors impair 
a patient’s ability to overcome bacterial contamination at 
 operation and the incidence of postoperative infection.

In obesity, for example, there is evidence that immune and 
inflammatory responses are diminished. This has implications 
for the increasing numbers of obese patients embarking upon 
bariatric surgery.32 Immunosuppressive drugs influence the 
risk of infection and include corticosteroids, cytotoxic chemo-
therapeutic agents and immune-targeted biologically active 
agents such as etanercept and monoclonal antibody therapies 
such as natalizumab. Although they have specific intentional 
immunological consequences, they may additionally result in 
vulnerability to infection.

Genetically influenced variations in immune defense mech-
anisms predict postoperative infection, and coordination of 
innate immune responses to, for example, secondary perito-
nitis is central in determining clinical outcome depending on 
whether responses are contained or become more generalized 
and systemic.33 Individuals with TLR4 polymorphisms have 
aberrant responses to some Gram-negative infections with 
increased susceptibility and severity of infection.25

INCIDENCE AND SURVEILLANCE  
OF SURGICAL SITE INFECTION

The intensity of post discharge surveillance (PDS) of SSI, 
and other surgical infections, may lead to different figures of 
incidence and prevalence. Audit surveillance is less accurate 
than research surveillance, relating as it does to the definitions 
used, and the rigor and extent of follow-up. Defining SSI is 
central to measuring incidence, but is difficult. Although no 
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generally accepted guidelines exist, the most widely used and 
accepted clinical definitions used in surveillance and research 
are the Centers for Disease Control (CDC) definition3 and 
the ASEPSIS score.34

The CDC definition of SSI requires identification of a 
number of features within 30 days of surgery, or up to 1 year 
after prosthetic surgery, although the majority are usually 
apparent between the fifth and tenth postoperative day. These 
diagnostic features are:

•	 a	purulent	discharge	or	abscess
•	 organisms	isolated	from	the	wound
•	 at	least	one	Celsian	sign
•	 wound	separation	or	need	for	drainage
•	 the	attending	surgeon	records	the	presence	of	an	SSI.

In addition there are three categories of SSI: superficial inci-
sional which affect the skin and superficial tissues, usually 
with the classical Celsian signs of calor, rubor, dolor and 
tumor (and functio laesa); deep incisional which affect the 
fascial and muscle layers; and organ/space infection involving 
anatomical sites other than the incision, for example joint or 
peritoneum.

The ASEPSIS score acronym (see below) is an excellent 
tool for research and allows collection of continuous or interval 
scale data as opposed to the categorical data of other systems: 

•	 Additional treatment
•	 Serous discharge
•	 Erythema
•	 Purulent exudates
•	 Separation of deep tissues
•	 Isolation of bacteria
•	 hospital	Stay for longer than 14 days.

The ASEPSIS score allows distinction of life-threatening SSIs 
(needing readmission or prolonged inpatient stay) from less 
serious infections (such as discharge of pus that interferes 
minimally with postoperative recovery).

Many surgeons believe that their SSI rate after clean 
wound surgery is low. The often quoted Cruse and Foord 
data on SSI after clean surgery, using questionnaire by tele-
phone, does indicate rates of <2%;35 however, more intensive 
methods, employing an independent, blinded, trained and 
validated observer, produce higher figures. The cost and man-
agement of SSIs are transferred to primary care where instead 
of appropriately opening a wound to release pus, empirical 
antibiotics with an inappropriate spectrum of activity may be 
given (adding to the risk of resistance).

Audit of all surgical wounds with extensive PDS is expen-
sive. However, an early study in this field (Study on the 
Efficacy of Nosocomial Infection Control, SENIC) showed 
that surveillance, which included collection, analysis and 
feedback of data to surgeons, significantly reduced SSI 
rates.36 Many surveillance systems have been established 
since then and are mandatory for orthopedic SSIs in the 
UK.37,38 A drawback of these systems is that they tend to be 
recorded only during the increasingly short, postoperative, 
inpatient hospital stays.39,40

Up to 75% of elective clean surgery is now undertaken 
on a day-case basis so that the high incidence of SSI is often 

not recognized by the operating team in secondary care. To 
allow feedback to surgeons or for the evaluation of related 
research, data relating to rates and incidence of SSI must 
be valid. It may be possible to undertake an intensive audit 
of SSI in rotation between hospital-based specialties but 
accurate recognition after every type of surgery requires sig-
nificant resources. These data cannot be easily collected by 
a surveillance coordinator or infection control team, with 
standardization and validation of definitions and approach, 
unless they are adequately funded.

PATIENT FACTORS WHICH INFLUENCE 
POSTOPERATIVE INFECTIONS 
(particularly SSIs)

The logic of having a risk score or recognized risk factors to 
predict infection in surgical patients is attractive. Healthcare 
resources could thereby be directed at pre-empting or avoiding 
risk, or at anticipating and managing infection earlier. The risk of 
SSI has been identified by the National Nosocomial Infections 
Surveillance System (NNISS) in North America to relate to 
the parameters of the American Society of Anesthesiologists 
(ASA) score, length of operation and wound class.41

Longer operations reflect severe underlying illness and 
greater blood loss; conversely, endoscopic surgical approaches 
have reduced the risk of SSI, even though they often have a 
longer operative time.42 Statistical analysis to identify inde-
pendent variables is clearly important.

Concern that the NNIS system would not necessarily work 
for all surgical operations, particularly in predicting the more 
clinically significant deep and organ/space infections,43,44 led 
Haridas and Malangoni45 to hypothesize that additional risk 
factors could be identified. A previous operation and hypoal-
buminemia were significant risks for deep or organ/space 
infections. Many other patient risk factors have been sug-
gested, including age, a history of cardiac failure, diabetes 
and hyperglycemia in non-diabetic patients, immunological 
insufficiency, high body mass index (BMI), low hemoglobin 
and blood transfusion, remote infection, excessive alcohol 
use and smoking. This is well summarized in the National 
Institute for Health and Clinical Excellence (NICE) guideline 
on prevention and treatment of SSI in which few systematic 
assessments of patient risk factors were found.46 However, in 
the first of the American College of Surgeons Best Practices 
Initiative, many of these factors were addressed.47

PRINCIPLES OF ANTIBIOTIC AND OTHER 
PROPHYLACTIC MEASURES  
IN SURGERY

ANTIBIOTIC PROPHYLAXIS

The choice of antibiotic prophylaxis prior to surgery depends 
on the type of surgery. There is now level I evidence that intra-
venous prophylactic antibiotics should be given at induction 
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of anesthesia for optimal tissue levels during the operation 
(above the minimum inhibitory concentration (MIC)90 of 
anticipated bacteria), and repeated only if there is excess blood 
loss, a long operation time or the placement of a prosthesis, as 
in hip replacement. Even then, three-dose prophylaxis should 
not be exceeded; extension beyond this is therapy with all the 
risks of resistance and emergence. Excessive, unanticipated 
fecal spillage during an elective colorectal operation serves as 
an example where prophylaxis should be extended to 5 days 
of antibiotic therapy.

Use of antibiotic prophylaxis to prevent SSI is based on the 
work of John Burke.48 After staphylococci were injected into 
rabbit skin, a 4-hour delay in the host response was described 
(the ‘decisive period’). Administering an antibiotic before this 
period prevented abscess development. In surgical patients, 
this decisive period immediately follows surgery when host 
defenses are being mounted and the wound is most at risk of 
contamination and subsequent SSI; antibiotic prophylaxis is 
protective during this period of vulnerability. Level I evidence 
in Cochrane systematic reviews recommends antibiotic pro-
phylaxis in colorectal surgery and in prosthetic hip surgery to 
prevent SSIs.49,50

Four categories of operative wound contamination have 
been defined.51 Prior to antibiotic prophylaxis the corre-
sponding SSI rates were:52

•	 clean	(5%+)
•	 clean-contaminated	(<10%)
•	 contaminated	(15–20%)
•	 dirty	(>40%).

Rates of SSIs have been significantly reduced since the intro-
duction of antibiotic prophylaxis.53 The choice of a prophy-
lactic regimen depends on availability and cost, and local 
guidelines which consider local resistance patterns, and micro-
biological and pharmaceutical advice. Guidelines adapted 
from the previous edition of Antibiotics and Chemotherapy are 
listed in Table 39.1.

Paradoxically, the reported rates of SSI after clean, non-
prosthetic surgery are variable, and use of prophylactic anti-
biotics for non-prosthetic operations is controversial. The 
National Research Council definition51 of clean wound sur-
gery is that no other inflammation is encountered, the respi-
ratory, alimentary and gastrointestinal tracts are not opened, 
and there is no breach in aseptic technique. Cruse and 
Foord,35 in a clean wound audit, estimated that the superficial 
SSI rate was 1.4%. While this figure is widely quoted, other 
papers report much higher rates of SSIs ranging from 4.5% 
to 18%.54–59 This variation in rate can be accounted for in part 
by the different audit techniques used. Higher rates are found 
in studies that incorporate surveillance by a trained unbi-
ased observer than in studies employing telephone or postal 
enquiry.60,61 Keeling and Morgan57 reported that the observed 
infection rate increased 10-fold if surgical patients were fol-
lowed up after discharge.

Should perioperative antibiotic prophylaxis be given for 
clean wound surgery? Platt et al62 reported a reduced infec-
tion rate following hernia or breast surgery in patients given 

antibiotic prophylaxis versus placebo. However, the analy-
sis included chest and urinary tract infections; if these are 
excluded the SSI rates do not differ significantly. Taylor and 
colleagues58 reported no effect of co-amoxiclav in patients 
undergoing open groin hernia repair (9%). High rates of SSI 
following breast surgery (17–19%) have been reported,59 
whether patients were given co-amoxiclav prophylaxis or pla-
cebo. A Cochrane meta-analysis of antibiotic prophylaxis in 
hernia repair, involving eight randomized controlled trials 
(RCTs) and 2907 patients, found no significant difference in 
infection rates after prophylaxis (2.9%) compared to placebo 
(4.3%). It was concluded that antibiotic prophylaxis could 
neither be firmly recommended nor discarded.63 Thus, SSI 
after clean surgery is probably underestimated, the value of 
antibiotic prophylaxis is uncertain and the cost of infection 
can be high. A better picture will only develop from studies 
that employ a rigorous definition of SSI, accurate audit, an 
independent trained observer and a scoring system, such as 
ASEPSIS.

There is compelling evidence supporting antibiotic pro-
phylaxis in clean-contaminated and contaminated wounds but 
the value in non-prosthetic clean wound surgery is less clear. 
There is also controversy over the true incidence of infection, 
and even whether these wound complications are superfi-
cial SSIs or represent a ‘failure to heal’. Adjuvant approaches 
which may also be effective are discussed next.

MAINTENANCE OF PERIOPERATIVE 
NORMOTHERMIA

Patient warming, systemic or local, is logical in preventing 
SSIs because of the known link between warming and tissue 
viability; low tissue perfusion increases the risk of infection64, 65  
and warming increases tissue oxygenation.65 Operating the-
atres are designed for operating personnel comfort, not that 
of patients (21°C, 55% relative humidity); gases and intrave-
nous fluids need to be warmed for patients losing heat fol-
lowing exposure and the vasodilatation caused by anesthesia. 
The pathophysiological consequences are an increased basal 
metabolic rate, with shivering; increased oxygen demand, 
acidosis, shift in the oxygen dissociation curve; relative 
organ ischemia and cardiac dysfunction; and prolonged drug 
actions. The result is an increased risk of infection and poor 
healing.

Warming patients systemically during elective colorectal sur-
gery significantly reduces SSIs66 and the value of prewarming 
before anesthesia and surgery has been shown.67 A meta-anal-
ysis by Mahoney and Odom68 combined 18 studies involving 
1575 patients and identified significant reductions in the use 
of blood products, length of hospital stay, length of time in the 
intensive care unit (ICU), reduced infection and mortality by 
the avoidance of hypothermia, with considerable cost savings.

Local warming of patients prior to clean wound surgery 
at the intended surgical incision site has also been shown to 
reduce SSI rates.69 Infection rates were 13.7% for standard 
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table 39.1 Antibiotic prophylaxis in surgery

type of operation principal pathogens antibiotic regimens and recommended dosesa

Clean operations

In hospitals without endemic MRSA    

Implanted prosthesis Staphylococcus spp.
including MRSA 

Amoxicillin–clavulanic acid 1.2 g i.v.
Other clean operations for which  
prophylaxis is indicated  

Flucloxacillin
+ gentamicin

2 g i.v.
2 mg/kg i.v.

  Cefuroxime 1.5 g i.v.

In hospitals with endemic MRSA  Vancomycin 1 g i.v. infusion over 60 min
 Teicoplanin or linezolid 600 mg i.v.

For penicillin-allergic patients  (Clindamycin) (500 mg i.v.)
 (Clarithromycin + gentamicin) (2 mg/kg i.v.)

Clean-contaminated operations

Head and neck    

(if sinus, nasal, oral or pharyngeal mucosa 
breached)

Staphylococci
Streptococci
Oral anaerobes

Amoxicillin–clavulanic acid
Cefuroxime
+ metronidazole
(Clindamycin)

1.2 g i.v.
1.5 g i.v.
500 mg i.v.
(600 mg i.v.)

Thoracic    

Bronchial Staphylococci Amoxicillin–clavulanic acid 1.2 g i.v.

Esophageal Streptococci Cefuroxime
+ metronidazole
(Cefuroxime + metronidazole)

1.5 g i.v.

GNAB
Oral anaerobes

500 mg i.v.
(1.5 g i.v.) + (500 mg i.v.)

Upper gastrointestinal

Gastric GNAB Amoxicillin–clavulanic acid 1.2 g i.v.
 Gentamicin

+ metronidazole
Clarithromycin
Cefuroxime

5 mg/kg i.v.

500 mg i.v.
500 mg i.v.
1.5 g i.v.

Biliary GNAB Amoxicillin–clavulanic acid 1.2 g i.v.

ERCP Enterococci Piperacillin 2 g i.v.
+ gentamicin 2 mg/kg i.v.
Cefuroxime 1.5 g i.v.
(Vancomycin) (1 g i.v. infusion over 1 h)

Urology

TURP GNAB Amoxicillin–clavulanic acid 1.2 g i.v.
Enterococci Gentamicin 2 mg/kg i.v.

(Ciprofloxacin) (500 mg orally with premed)

Obstetrics and gynecology

Hysterectomy GNAB Amoxicillin–clavulanic acid 1 g i.v.
Bacteroides spp. Gentamicin 2 mg/kg i.v.

+ metronidazole 500 mg/kg i.v.
Cefotetan 1 g i.v.
(Clindamycin) (600 mg i.v.)

Cesarean section β-Hemolytic streptococci Options as above As above
Bacteroides spp
Enterococci
Staph. aureus
Chlamydiab

Amputation Clostridium spp. Benzylpenicillin 1.2 g i.v.
+ gentamicin 2 mg/kg i.v.
+ metronidazole 500 mg i.v.
(Clarithromycin + metronidazole) (500 mg i.v.) + (500 mg i.v.)
(Clindamycin) 600 mg i.v.

(Continued)
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treatment, 3.6% for local warming (p = 0.003) and 5.8% for 
systemic warming (p = 0.028). Other surgical complications 
were also reduced in the warmed patients and significantly 
fewer antibiotics were prescribed for wound complications on 
return to primary care.

Prudent antibiotic prescribing and warming have not been 
widely or consistently adopted, despite directives and ‘check-
lists’ from the Department of Health70 and from the World 
Health Organization.71,72

PERIOPERATIVE SUPPLEMENTAL 
OXYGENATION

Another intervention that has been shown to reduce the inci-
dence of SSIs is the use of supplemental perioperative oxy-
gen.73,74 Although taken up widely in the USA, together with 
other factors such as tight perioperative blood glucose con-
trol,75 this intervention has not been adopted in the UK. A fall 
in SSI rates from 2.3% to 1.7% was reported in the 44-hos-
pital US collaborative. In the UK it is normal recovery-room 
practice to ensure that oxygenation is optimal (95% hemoglo-
bin saturation) and that patients are routinely given an Fio2 of 
>60%,	which,	after	extubation,	is	not	likely	to	offer	any	fur-
ther benefit.46 The results of further studies are anticipated.

SELECTIVE DECONTAMINATION  
OF THE DIGESTIVE TRACT

Selective decontamination of the digestive tract (SDD) was 
developed to reduce the incidence of morbidity and mor-
tality resulting from nosocomial acquisition of infection by 
Gram-negative aerobic bacilli (GNAB) in patients treated in 
the ICU. The intention is to remove GNAB and yeasts from 

the oropharynx and upper and lower gastrointestinal tract 
using non-absorbable antibiotics, thereby reducing the risk of 
ventilator-associated pneumonia (VAP) and mortality (this 
topic, and the use of probiotic bacteria, is discussed in more 
detail in Ch. 41). The challenge is related to the time it takes 
to eradicate GNAB from the gastrointestinal tract: in very 
sick patients it can take 5–10 days, by which time the organ-
isms have already caused infection. There appears to be little 
to choose between SDD and selective oropharyngeal decon-
tamination (SOD) alone.76

Meta-analyses of trials of SDD77,78 have shown significant 
reduction in mortality in critically ill patients. Webb79 has 
expressed concern about the impact on antibiotic resistance 
of such use. He notes that other methods of preventing VAP 
carry no such risks and have yet to be evaluated in compari-
son with SDD. Ebner and colleagues80 share Webb’s concern. 
Certainly outbreaks of infection, resulting from GNAB con-
taining plasmid-mediated ESBL genes, have been reported. 
This may be related to the use of third-generation cepha-
losporins during SDD in the ICU, and laboratory identifica-
tion of multiple drug-resistant GNAB ought to guide the use 
of SDD.81 Nevertheless, the proponents of SDD report no 
clear increase in resistance in a review of RCTs.82 The prac-
tice has not been taken up widely in the UK and there is also 
controversy as to whether SDD should be part of the surviv-
ing sepsis campaign bundles.83

The organisms responsible for the development of postop-
erative sepsis, multiple organ dysfunction syndrome (MODS) 
and multiple organ failure (MOF) are mainly derived from the 
colon, described as the ‘motor’ of sepsis, MODS and MOF.84 
Although aerobic and anaerobic colonic flora act synergisti-
cally, preoperative eradication of anaerobes from the colon 
may not be possible because of their large numbers, and not 
desirable because of their influence on colonization and resis-
tance.85 The aerobes in the colon can be suppressed by SDD 

table 39.1 Antibiotic prophylaxis in surgery—cont’d

type of operation principal pathogens antibiotic regimens and recommended dosesa

Contaminated operations

Colorectal
Elective operations GNAB Amoxicillin–clavulanic acid 1.2 g i.v.
 Bacteroides fragilis Amoxicillin 1 g i.v.

+ gentamicin 2 mg/kg i.v.
+ metronidazole 500 mg i.v.
Cefotetan 1 g i.v.
(Cefuroxime + metronidazole) (1.5 g i.v. + 500 mg i.v.)

Intestinal obstruction Bacteroides spp. Options as above As above
GNAB

Compound trauma (within 4 h) Other anaerobes Penicillin 1.2–2.4 g
Staph. aureus + gentamicin 5 mg/kg i.v.
GNAB + metronidazole 500 mg i.v.
Bacillus spp. (Clarithromycin + metronidazole) (500 mg i.v. + 500 mg i.v.)

aThe evidence indicates that single-dose prophylaxis is adequate, although some surgeons administer antibiotic prophylaxis for 24 h.
bIs not an acute surgical infection risk, although it may be spread by surgery. If prophylaxis is considered appropriate, azithromycin 1 g is recommended.
ERCP, endoscopic retrograde cholangiopancreatogram; GNAB, Gram-negative aerobic bacilli; MRSA, methicillin-resistant Staphylococcus aureus; TURP, transurethral prostatectomy.
Antibiotics shown in brackets are replacements for β-lactam antibiotics in the above regimen for patients allergic to penicillin.
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and it has been shown that SDD mainly targets GNAB with 
little increase in Gram-positive infections.86

In health the small bowel remains relatively sterile but in dis-
ease it is colonized rapidly by GNAB which adds to the risk of 
bacterial translocation and sepsis. The value of SDD has been 
favorably assessed to prevent these infective complications after 
cardiopulmonary bypass,87 esophageal surgery,88 liver transplan-
tation,89 small-bowel transplantation90 and colorectal surgery.91

SPECIFIC ANTIBIOTIC THERAPY IN 
ABDOMINAL AND OTHER SURGICAL 
AREAS

HEAD AND NECK SURGERY

Endogenous oropharyngeal organisms are the most common 
cause of infection. Antimicrobial prophylaxis is not required for 
clean surgery for benign disease, but should be considered for 
malignant disease. Prophylaxis for clean-contaminated or con-
taminated procedures is recommended, but for a maximum 
of 24 h. For procedures such as complex septorhinoplasty or 
grommet insertion, a single dose or short duration (<24 h) 
antimicrobial prophylaxis is recommended. The agents should 
have activity against both aerobic and anaerobic organisms.

Following tonsillectomy or adenoidectomy, bacteremia 
occurs with a frequency dependent upon the indication for 
the procedure. Children operated on for recurrent acute otitis 
media or otitis media with effusion had higher rates of bacter-
emia than children whose surgery was for other indications.92

After tracheostomy, it is common to culture organisms 
from tracheal aspirates, but this most often represents bac-
terial colonization of the tube surface. As the length of time 
the tracheostomy tube is in place is extended, colonization 
is more likely, with Pseudomonas spp. or resistant GNAB. 
Optimal management includes attention to limiting anti-
microbial exposure, and chest physiotherapy to expectorate 
secretions and prevent mucous stasis.

Deep space neck infections are the most severe, but have 
decreased since the introduction of penicillin and the appropri-
ate use of antimicrobial prophylaxis in head and neck procedures. 
Community-acquired pharyngitis and tonsillitis were primarily 
responsible for precipitating deep neck infections, but this has 
decreased and has been overtaken by those related to odonto-
genic infection. The complex anatomy of the fascial planes and 
potential spaces within the neck has been reviewed by Vieira et 
al93 and this should direct clinical examination and appropriate 
imaging during evaluation of a patient with such an infection.

Poor oral hygiene increases odontogenic infection, includ-
ing Ludwig’s angina, while altered states of immunity such as 
malignancy, diabetes and HIV infection result in atypical pre-
sentations of deep neck infections. Predominant organisms 
are viridans streptococci, staphylococci and anaerobes such 
as Prevotella and peptostreptococci.

The priority in managing a patient presenting with fever, 
pain and swelling in the neck, up to the parotid and mastoid, and 

down to the supraclavicular fossae, is airway protection. This is 
followed closely by antibiotics, with a spectrum of activity suf-
ficiently broad to treat the anticipated organisms, and surgical 
decompression of any collection. Surgical management, par-
ticularly of deeper space infections, requires extensive debride-
ment, antimicrobial-impregnated dressings to permit frequent 
review and tracheostomy. Complications include mediastini-
tis, osteomyelitis, bacteremia and empyema.93

THORACIC SURGERY

For non-cardiac thoracic surgery antimicrobial prophylaxis is 
standard, although in health the lower respiratory tract is usu-
ally sterile. In complex or recalcitrant infection requiring sur-
gical intervention, prophylaxis is warranted. A single dose of 
an agent active against aerobic and anaerobic organisms com-
mon to the oropharyngeal and upper respiratory tract is ade-
quate for esophageal surgery or resection of lung tissue. When 
a complex loculated infection or abscess is present, treatment 
should be directed by microbiological analysis of drained pus 
or culture of resected tissue and often needs to be prolonged 
for several weeks. Staph. aureus, Streptococcus pneumoniae, 
CNS and GNAB are the usual organisms encountered.

Complicated parapneumonic effusions or empyemas may 
require open surgical management if tube drainage or aspiration 
procedures have failed. Later indications for surgery include tho-
racotomy and restoration of normal chest mechanics by deco-
rtication of adherent thickened pleura. Thoracostomy allows 
irrigation and gradual closure over months in more complicated 
cases. Decortication is a procedure with significant morbidity 
and mortality;94 however, in severely ill patients, the best out-
comes are achievable by this approach.95 The esophagus is nor-
mally colonized by oropharyngeal and upper respiratory tract 
organisms. Esophageal operations are frequently combined with 
gastric surgery for malignancy; in these operations, and where 
there is an esophageal stricture, overgrowth of both aerobic 
and anaerobic organisms with Enterobacteriaceae, enterococci 
and streptococci may occur. Single-dose prophylaxis with cefu-
roxime, cefotaxime or piperacillin (possibly with the addition of 
metronidazole) or amoxicillin–clavulanate is recommended.

STERNOTOMY WOUND INFECTIONS 
AND MEDIASTINITIS

The reported rate for deep sternal wound infections (DSWIs) is 
1–2%.96 Established patient risk factors include increased BMI, 
chronic airways disease, renal impairment, diabetes, steroid 
use, concurrent infection and immunosuppression. Operative 
factors also influence risk and include perioperative glycemic 
control, surgical technique including off-midline incisions, and 
prolonged cardiopulmonary bypass time. Preventive strategies 
include primary sternal plating and materials such as titanium 
in sternal plates, which limits mobility during chest wall move-
ment, such as coughing, thereby decreasing the opportunity for 
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infection.97 The diagnosis of deep infection is largely clinical, 
supported by microbiological data, but neither CT nor MRI 
adequately differentiates usual benign postoperative findings 
from abscesses and deep space infections.

DSWIs include mediastinitis, osteomyelitis, pericarditis, 
sepsis and wound dehiscence. Infection of prosthetic valves 
and of coronary grafts may occur and be fatal. The predomi-
nant pathogens are Staph. aureus and CNS, and hematoma 
formation, bone debris and suture wires in the sternotomy 
site are ideal substrates on which to form biofilm in which 
these organisms thrive.

Superficial infections should be drained, material sent for 
microbiological analysis and treatment initiated with an anti-
staphylococcal agent, often a combination of a β-lactam and 
vancomycin until culture and sensitivity data are available.

Deeper infections can be catastrophic and require aggres-
sive surgical debridement and high-dose, long-term antibiotic 
therapy directed by bacterial cultures from the deep tissues 
and local sensitivity patterns. The precise pathophysiology 
of mediastinitis is unclear but is related to imperfect asepsis, 
perioperative bleeding, sternal instability and operative time, 
as well as patient-related factors. Microbiological analysis of 
deep tissue samples directs appropriate therapy as infection 
often needs prolonged courses with parenteral agents. Where 
methicillin-resistant Staph. aureus (MRSA) is isolated, treat-
ment with a glycopeptide is required, although novel agents 
such as linezolid, daptomycin and tigecycline may have a role.

Mediastinitis may complicate cardiac or esophageal sur-
gery, penetrating trauma and spontaneous or instrumental 
perforation. Surgical management depends upon the under-
lying cause and may need thoracotomy with drainage of the 
mediastinum. The use of broad-spectrum antibiotics cover-
ing both aerobic and anaerobic organisms (e.g. cefotaxime 
and metronidazole, imipenem or amoxicillin–clavulanate) is 
required, and evidence of MRSA infection should be sought. 
Once the patient has stabilized and the operative manage-
ment of the infection is completed, long-term antimicrobials 
can be chosen and managed in an outpatient antimicrobial 
therapy (OPAT) program.

Reoperation and rewiring may be required. Chest wall 
reconstruction has evolved, including omental interposi-
tioning and the use of muscle flaps from the abdominal 
wall. Vacuum-assisted closure (negative pressure) devices 
are increasingly widely used with improved outcomes after 
DSWI.98 Hyperbaric oxygen therapy over prolonged courses 
has been used with some success. The theory is attractive, 
with delivery of increased ‘antimicrobial’ oxygenation to tis-
sues, but the supporting evidence is limited. A review of the 
available evidence specifically for sternal infections99 found 
only a handful of papers encompassing the experience from 
four centers which had used hyperbaric oxygen in approxi-
mately 150 patients, and concluded that the evidence base 
was very weak and in need of RCT data.

With regard to SSIs at the saphenous vein harvest site, the 
usual pathogens are staphylococci and streptococci, but can 
include enterococci and Esch. coli. The presentation ranges 

from cellulitis to wound dehiscence and necrosis requiring 
debridement. Low rates of infection relate to the technique 
of vein harvesting and the introduction of endoscopic meth-
ods. Therapy should be directed against skin organisms, and 
where MRSA is endemic, glycopeptides should be included.

CARDIAC SURGERY

Before the advent of antibiotics, infective endocarditis had 
a mortality of 100%. A more recent study of endocarditis 
in London reported an 18% mortality at discharge, with a 
6-month mortality of 27%.100

The common organisms identified in endocarditis are 
streptococci, Staph. aureus, CNS and occasionally yeasts. 
Appropriate antimicrobial therapy should always accompany 
surgery on an infected valve. Other foci of infection such as 
dental disease should be identified and controlled.

Surgical technique is central in preventing early postopera-
tive infection of prosthetic valves, although accompanying inter-
ventions are also portals of entry (central venous access devices, 
pacing wires, intra-aortic balloon pumps and urinary cath-
eters). Management should now follow the care bundle con-
cept to reduce infection risk. Postoperative infection after valve 
surgery is usually caused by CNS, Staph. aureus, streptococci 
and occasionally GNAB. Late infection of prosthetic valves may 
follow subsequent bacteremia, particularly after dental proce-
dures. MRSA has become prevalent in many cardiac units and 
in ICUs where these patients are managed postoperatively.

CARDIAC PACEMAKERS

Patients undergoing cardiac pacemaker insertion or open 
heart surgery should receive antimicrobial prophylaxis not 
exceeding 24 h. Typically postoperative infections are caused 
by CNS and Staph. aureus from the patient’s skin and this, 
together with the catastrophic consequences of such infec-
tions, has led to the use of prophylaxis, although cardiac sur-
gery is in the clean surgery category. After coronary artery 
bypass grafting (CABG), the sternotomy wound and the 
saphenous vein harvest site wound are vulnerable to infec-
tion. Screening for MRSA and decolonization of nasal car-
riage in advance of elective CABG or valvular cardiac surgery 
can reduce infections, but CNS also play a significant role. 
The most dreaded complication is mediastinitis.

Over 3 million people worldwide have a permanent pacing 
device.101 Following insertion of a cardiac pacemaker or implant-
able cardioverter defibrillator (ICD), infection may occur in the 
pocket created to contain the device, on the subcutaneous elec-
trodes or in tissues surrounding the leads. Infection originates in 
the external elements such as the pocket, and advances into the 
deeper regions along the electrodes or wires. The incidence of 
infection is higher for temporary external pacemakers (1–5%) 
than for permanent pacemakers (1%). ICD infection rates are 
around 1%101 and skin organisms  predominate as pathogens, 
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mainly Staph. aureus and CNS. Local evidence of infection – 
such as pain and erythema, swelling, discharge of pus or exte-
riorization of the lead or generator – indicates a pocket abscess 
but deeper or invasive infection including bacteremia and endo-
carditis can be predicted.102 Extraction of hardware is needed 
and blood cultures underestimate deep infection. Optimal man-
agement requires removal of the pacemaker and leads, a signifi-
cant procedure with an associated mortality risk and which may 
need open heart surgery with cardiopulmonary bypass.

Antibiotics are widely used prophylactically at the time 
of pacemaker implantation, as infection probably arises 
from peri-implantation contamination. However, evidence 
for the efficacy of this approach is lacking as the infection 
rate is low (around 1%) and valid trials are virtually impos-
sible. Nevertheless, as the consequences of infection can be 
life-threatening, it is pragmatic to continue administration of 
single-dose prophylaxis with activity against the commonly 
implicated organisms (flucloxacillin, oxacillin or amoxicillin–
clavulanate, or a glycopeptide where MRSA is endemic).

PERIPHERAL VASCULAR SURGERY

Vascular graft infection, in particular prosthetic graft infec-
tion, is uncommon (1–5%)103 but carries a high amputation 
risk (10–25%) and mortality (20%).104 Most graft infections 
originate from direct contamination at surgery or by hematog-
enous seeding from intravascular line, urinary tract or respira-
tory tract infection. Grafts to or below the groin are the most 
vulnerable, particularly when there is distal tissue necrosis or 
infection.

Prosthetic graft infection can present as local abscesses, 
sinuses, graft exposure, thrombosis or anastomotic hemor-
rhage. Infected aortic grafts can erode the fourth part of the 
duodenum or bowel, forming an aortoenteric fistula, and 
present with catastrophic gastrointestinal bleeding.

Most graft infections are due to skin organisms and the 
vast majority are due to Staph. epidermidis, Staph. aureus and 
Esch. coli. CNS and other organisms, when present within a 
biofilm bound to the prosthesis, are protected from antibi-
otics. MRSA infection is associated with a high morbidity 
and mortality. Fungal infections are rare and tend to occur in 
immunocompromised patients.

Prompt treatment is required to prevent catastrophic 
hemorrhage or graft thrombosis. Conservative measures 
are rarely curative. Treatment often involves explantation 
of the graft and revascularization via an extra-anatomical, 
uninfected route. The use of the sartorius muscle flap has 
been shown to be effective in facilitating complicated groin 
wound healing, while maintaining vascular graft salvage and 
patency. There is no evidence to guide the optimal dura-
tion of antibiotic therapy.105 As Staph. aureus is the organism 
most likely to be isolated in early infection,106 and as MRSA 
is increasingly common, empirical treatment of early-onset 
infection should include a glycopeptide.107 The serious con-
sequences of graft infection have led to almost universal  

prescribing of perioperative antibiotic prophylaxis. 
Antibiotics active against Staph. aureus and Staph. epider-
midis, and if the operation extends to or below the groin, 
activity against Enterobacteriaceae are recommended. 
Where MRSA is endemic, a glycopeptide may be needed. 
There is little evidence to indicate that prophylaxis for more 
than 24 h is necessary.108

GASTROINTESTINAL SURGERY

PERITONITIS

Bacterial peritonitis following an ischemic, inflammatory 
or perforated pathology in an abdominal viscus is one of 
the major infective challenges in surgery. Despite advances 
in diagnosis, surgical and anesthetic techniques, antimi-
crobial agents and supportive care, mortality remains high 
(20–60%).

Peritonitis can be subclassified into primary, secondary or 
tertiary according to the underlying etiology. Primary perito-
nitis occurs in the absence of any loss of integrity of the gastro-
intestinal tract. The most characteristic syndrome of primary 
peritonitis is spontaneous bacterial peritonitis, in which the 
peritoneum is infected via the bloodstream. In contrast, sec-
ondary peritonitis is an acute infection of the peritoneal cav-
ity, usually arising from a perforation, anastomotic disruption 
or transmural necrosis. Tertiary peritonitis has been described 
as a diffuse and persistent form of peritonitis with impaired 
host defenses following overwhelming infection of the perito-
neal cavity, the result of which is often fatal. Understanding 
the classification of peritonitis is important in guiding man-
agement as the pathogenesis and the microbial nature of the 
different causes vary.

 PRIMARY PERITONITIS

Primary peritonitis usually occurs in the presence of ascites. 
Primary or spontaneous bacterial peritonitis (SBP) devel-
ops in up to 25% of patients with alcoholic cirrhosis.109 It is 
accepted that colonization of the ascitic fluid from an epi-
sode of bacteremia initiates peritoneal infection, made pos-
sible by the constant fluid exchange between the circulatory 
and ascitic compartments.

The diagnosis of SBP is based on the polymorphonuclear 
(PMN) cell count in ascitic fluid. A PMN count of more 
than 250/mm3 is highly suspicious of SBP and is an indica-
tion to start empirical antibiotic treatment. A bedside leuko-
cyte esterase reagent strip with spectrophotometric analysis 
is available to rapidly exclude SBP.110 Esch. coli is the com-
monest pathogen responsible for SBP, followed by Klebsiella 
pneumoniae, Str. pneumoniae and other streptococcal species, 
including enterococci.109 Anaerobes are rare; the presence 
of aerobes and anaerobes suggests secondary peritonitis. 
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Third-generation cephalosporins are the antibiotics of choice 
because of their safer profile, despite the lack of evidence 
found in a systematic review.111 Antibiotic prophylaxis has 
been advocated for cirrhotic patients with ascites112,113 using 
oral fluoroquinolones.114

 SECONDARY PERITONITIS

The microbial flora of the gastrointestinal tract increase in 
numbers and diversity from proximal to distal end. Gram-
positive organisms predominate in the oral cavity, while the 
stomach and small bowel are relatively sterile. Increased num-
bers of Gram-negative organisms occur in the distal small 
bowel and anaerobes appear in large numbers in the colon.115 
Patients with secondary peritonitis are most frequently 
encountered on surgical wards.

These abdominal infections are accompanied by a signifi-
cant systemic inflammatory response and endotoxin produc-
tion, which often leads to multiple organ failure.

The organisms isolated in secondary peritonitis vary 
depending on the site of the pathology. The stomach in the 
fasting state contains few, relatively acid-resistant species (e.g. 
lactobacilli or Candida spp.). Gastric perforation is therefore 
associated initially with a sterile chemical peritonitis. In con-
trast, perforation of the colon results in a peritoneal influx of 
an enormous number of organisms that constitute the normal 
colonic flora. B. fragilis is the most frequently isolated anaer-
obe and Esch. coli is the most frequently isolated facultative 
anaerobe.109 They act in synergy.

Treatment of secondary peritonitis involves judicious fluid 
and oxygen resuscitation, correction of physiological derange-
ments, administration of empirical antibiotics and source 
control by surgical closure, resection or excision of the dis-
eased segment. Source control should be followed by exten-
sive peritoneal lavage to remove fibrin (which traps bacteria), 
blood, bacteria, toxin and debris. If the source of infection 
cannot be controlled, continuous postoperative lavage, staged 
relaparotomy or treatment by an open abdomen (laparos-
tomy) could be considered to prevent secondary or recurrent 
infection. The use of the APACHE (Acute Physiology and 
Chronic Health Evaluation) II scoring system of stratification 
provides objective discrimination between low-risk and high-
risk patients with intra-abdominal infection.116

Antimicrobial therapy should include narrow-spectrum 
agents to treat community-acquired infections, and broader-
spectrum agents for hospital-acquired infections,117 as this lat-
ter group of patients often harbors resistant pathogens. The 
Surgical Infection Society of North America118 has made rec-
ommendations for antimicrobial therapy for intra-abdominal 
infections (Boxes 39.1 and 39.2). Furthermore, a Cochrane 
review of antibiotic regimens in secondary peritonitis has 
shown equivocal efficacy of several regimens.120 The choice 
of antibiotics must be influenced by toxicity, local nosoco-
mial patterns of microbiological sensitivity and cost. The opti-
mal duration of antibiotic therapy must be individualized and 

depends on the underlying pathology, severity of infection, 
speed and effectiveness of source control, and the patient 
response to therapy.

A recent randomized controlled trial has shown that pro-
calcitonin levels effectively differentiate patients with sepsis 
from those with the systemic inflammatory response syn-
drome, thereby reducing the duration of antimicrobial use.121

 TERTIARY PERITONITIS

Tertiary peritonitis is a sepsis-like syndrome not induced by 
endotoxin and seen in patients who, despite being ‘adequately 
treated’, have persistent signs of sepsis. These patients exhibit 

Box 39.1 surgical infection society recommended 
antimicrobial regimens for patients with intra-abdominal 
infections

Single agents

Ampicillin–sulbactam

Cefotetan

Cefoxitin

Ertapenem

Imipenem–cilastatin

Meropenem

Piperacillin–tazobactam

Ticarcillin–clavulanic acid

Combination therapy

Aminoglycoside (amikacin, gentamicin, netilmicin, tobramycin) plus an  

 anti-anaerobe

Aztreonam plus clindamycin

Cefuroxime plus metronidazole

Ciprofloxacin plus metronidazole

Third/fourth generation cephalosporin (cefepime, cefotaxime,  

 ceftazidime, ceftizoxime, ceftriaxone) plus an anti-anaerobe

With kind permission from Springer Science+Business Media: Varela JE, Wilson SE,  
Nguyen NT. Laparoscopic surgery significantly reduces surgical-site infections 
compared with open surgery. Surgical Endoscopy, Jan 2009.

Box 39.2 surgical infection society recommended 
antimicrobial regimens for higher-risk patients with  
intra-abdominal infections

Single agents

Imipenem–cilastatin

Meropenem

Piperacillin–tazobactam

Combination therapy

Aminoglycoside (amikacin, gentamicin, netilmicin, tobramycin) plus an  

 anti-anaerobe (clindamycin or metronidazole)

Aztreonam plus clindamycin

Ciprofloxacin plus metronidazole

Third/fourth generation cephalosporin (cefepime, cefotaxime, ceftazidime,  

 ceftizoxime, ceftriaxone) plus an anti-anaerobe

With kind permission from Springer Science+Business Media: Varela JE, Wilson SE,  
Nguyen NT. Laparoscopic surgery significantly reduces surgical-site infections 
compared with open surgery. Surgical Endoscopy, Jan 2009. 
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impaired host defenses and multiple organ dysfunction, and 
are unable to compartmentalize and clear the initial infection, 
or subsequently develop a superinfection of the entire perito-
neal cavity. As a result of impaired host defense, low virulence 
pathogens (usually enterococci and fungi) can overgrow. The 
microbial nature of tertiary peritonitis is therefore difficult to 
predict when compared with primary and secondary peritoni-
tis. Staph. epidermidis, Pseudomonas and Candida spp. are the 
predominant micro-organisms, with Esch. coli and B. fragilis 
only being occasionally found. The main source of these micro-
organisms is thought to be the patient’s own gastrointestinal 
tract, intestinal hypoperfusion, intestinal starvation or elimina-
tion of normal gut flora by antimicrobial agents. Adequate per-
fusion and enteral feeding aid preservation and restoration of 
the gastrointestinal tract and maintenance of barrier function.

Management of tertiary peritonitis entails correction of 
physiological derangements, administration of antimicrobial 
therapy, and surgical or other means of source control. The 
antibiotics commonly used are those listed in Box 39.1.118 
Yeasts and other fungi can be major pathogens in tertiary 
peritonitis, particularly in patients who have received pro-
longed antimicrobial therapy or immunosuppression. It is 
critical that all patients with tertiary peritonitis have cultures 
of blood and infected peritoneal fluid.

GASTRODUODENAL SURGERY

The stomach is essentially sterile as a result of its high acid-
ity and swift peristalsis. It contains mainly acid-tolerant lac-
tobacilli and streptococci. The acidity of the stomach can be 
reduced or neutralized by drug therapy, proton-pump inhibi-
tors, gastroduodenal bleeding or in the presence of obstruc-
tion. Combined failure of intestinal clearance and the gastric 
acid barrier results in more severe colonization with increased 
numbers of GNAB. Antibiotic prophylaxis in gastroduo-
denal surgery has been advocated and the commonly used 
antibiotic regimens include cephalosporins (commonly cefu-
roxime) plus metronidazole, and amoxicillin–clavulanate; 
third- or fourth-generation cephalosporins are reserved for 
high-risk patients.122 Empirical Helicobacter pylori eradication 
treatment has been proposed for perforated peptic ulcers to 
prevent recurrence of ulcers.123

LIVER SURGERY

Patients undergoing liver surgery, specifically hepatectomy, 
are at increased risk of SSI and liver failure due to impaired 
glucose tolerance, long operation time, large blood loss and 
bile spillage. Staphylococcus and Enterococcus spp., K. pneumo-
niae, Enterobacter spp., Esch. coli and B. fragilis are the com-
monly encountered micro-organisms.124,125

Cefazolin125,126 and flomoxef127 have both proven effica-
cious in clinical trials as prophylactic agents in hepatectomy. 
B. fragilis is, however, resistant to cefazolin and the addition of 

metronidazole can improve cover. (In view of the latter, and as 
cefazolin is no longer available in many countries, we would 
advocate the use of cefuroxime as an appropriate substitute.) 
Only two randomized trials have examined the effects of anti-
biotic prophylaxis after hepatectomy and are conflicting.126,127 
Antibiotic prophylaxis is recommended by the Scottish 
Intercollegiate Guidelines Network (SIGN) based on evi-
dence inferred from biliary surgery.128 There is no consensus 
with regard to the duration of antibiotic prophylaxis, but cur-
rent evidence suggests that there is no benefit in extending 
beyond 24 h127 in patients undergoing hepatectomy.

LIVER ABSCESS

Liver abscesses can be classified according to their etiology:

•	 Pyogenic	abscess,	usually	polymicrobial,	accounts	for	
80% of hepatic abscesses

•	 Amebic	abscess	due	to	Entamoeba histolytica accounts for 10%
•	 Fungal	abscess,	most	often	due	to	Candida spp., accounts 

for less than 10%.

Liver abscess can be solitary or multiple and commonly affects 
the right lobe. Biliary tract infection is the main cause of pyo-
genic abscess and accounts for 21–30%. Biliary obstruction 
encourages bacterial proliferation and can cause multiple liver 
abscesses.

Infections within organs drained by the portal vein (portal 
pyemia) can result in localized septic thrombophlebitis, lead-
ing to liver abscess. Diverticulitis, pancreatitis and diffuse peri-
tonitis are now some of the more frequently reported causes. 
Septic emboli are released into the portal circulation and are 
trapped by the hepatic sinusoids, each becoming the nidus 
for micro-abscess formation. These micro-abscesses usually 
coalesce into a solitary lesion. Micro-abscess formation can 
also follow hematogenous dissemination in association with 
systemic bacteremia, endocarditis, pyelonephritis, pneumo-
nia, osteomyelitis or following intravenous drug abuse. Cases 
are also reported in immunocompromised children affected 
by diseases such as chronic granulomatous disease and leu-
kemia. Hematogenous spread from non-gastrointestinal 
sources accounts for 10–20% of liver abscesses. In 15–35% 
of patients, the etiology of hepatic abscess remains obscure 
(cryptogenic abscess). The incidence of cryptogenic abscess 
is increased in patients with diabetes and metastatic cancer. 
Unusual pathogens such as Mycobacterium avium complex 
are seen in patients with AIDS and Yersinia enterocolitica in 
patients with cirrhosis, diabetes mellitus, alcoholism or mal-
nutrition. Mortality from liver abscess has decreased steadily 
and ranges from 2.5% to 10.9%.129,130

Most liver abscesses are polymicrobial and are commonly 
due to Esch. coli, K. pneumonia, Bacteroides and Streptococcus 
spp. and microaerophilic streptococci. The incidence of 
K. pneumonia is rising129 in the western world, and strepto-
cocci of the anginosus group (formerly Str. milleri), which are 
microaerophilic commensals of the gastrointestinal tract, have 
emerged as important causes of hepatic abscess.
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The clinical presentation of liver abscess is insidious; many 
patients have symptoms for weeks prior to presentation, 
which may include fever, malaise, anorexia, weight loss and 
right upper quadrant pain. Ultrasonography or CT scan are 
usually diagnostic.

Antibiotic therapy as a sole treatment modality is not 
routinely advocated. Regimens using β-lactam/β-lactamase 
inhibitor combinations, carbapenems or second-generation 
cephalosporins with anaerobic coverage are excellent empiri-
cal choices for the coverage of enteric bacilli and anaerobes. 
Fluoroquinolones are an acceptable alternative in patients 
who are allergic to penicillin. Metronidazole or clindamycin 
should be added for anaerobic coverage. The optimal duration 
of parenteral therapy, as well as of subsequent oral therapy, 
remains unclear.129 Amebic abscesses are cured by metronida-
zole in 90% of cases, which should be initiated before sero-
logical test results are available. This should be followed by 
an agent with luminal activity such as diloxanide furoate or 
paromomycin. Systemic antifungal agents should be initiated 
if a fungal abscess is suspected and after the abscess has been 
drained percutaneously or surgically. Initial therapy for fun-
gal abscess is currently amphotericin. All patients should have 
serial radiological investigations to assess efficacy of medical 
treatment.

Percutaneous drainage and aspiration have become the 
standard of care and are advocated for abscesses larger than 
5 cm.131 Laparoscopic drainage has been shown to be a safe 
alternative.132 Liver resection may be indicated in manage-
ment of complicated liver abscesses.

BILIARY TRACT SURGERY

Laparoscopic cholecystectomy is the ‘gold standard’ in 
 managing gallstone disease. It has an extremely low rate of 
postoperative infection (0.4–1.1%)133 in comparison to open 
cholecystectomy, consisting mostly of superficial SSIs around 
the trocar site. Two meta-analyses have revealed no benefi-
cial effects of antibiotic prophylaxis in low-risk patients (those 
without cholecystitis, choledocholithiasis and cholangitis) 
undergoing elective laparoscopic cholecystectomy in reducing 
postoperative infection rates.133,134 SIGN guidance128 reflects 
this, and advocates that antibiotics are not required. However, 
antibiotic prophylaxis remains appropriate in complicated 
patients and patients requiring open cholecystectomy.

Bacterial colonization of bile occurs as a result of either 
obstruction of the biliary tree or biliary stasis. In the former, it 
is commonly due to gallstones but can be as a result of benign 
or malignant obstruction to the common bile duct. Biliary sta-
sis is seen in critically ill patients as a consequence of increased 
bile viscosity due to fever and dehydration. Patients on long-
term total parenteral nutrition (TPN), prolonged fasting, gall-
bladder dysmotility and occasionally diabetes are at increased 
risk of biliary stasis, which can lead to acalculous cholecystitis. 
Bacterial infection is thought to be a consequence, not a cause, 
of cholecystitis. In early acute cholecystitis, bile is sterile.

Bacteria can enter bile by ascending the common bile duct 
from the duodenum (across an incompetent sphincter of Oddi 
or following instrumentation); entering directly from the small 
bowel after choledochoenterostomy; or by translocation from the 
gut into the portal vein, resulting in cholangitis. Some 20–75% 
of bile cultures are positive, with the most common organisms 
being Esch. coli, Klebsiella spp., enterococci, Enterobacter and Ps. 
aeruginosa. Anaerobes are rare. Recurrent pyogenic cholangi-
tis (oriental cholangiohepatitis) is common in South East Asia 
and is characterized by recurrent attacks of primary bacterial 
cholangitis. The cause is unknown, although Clonorchis sinensis, 
ascariasis and nutritional insufficiency have been suggested.

Antimicrobial treatment of biliary tract infections usually 
requires single-agent therapy, or combination treatment with 
broad-spectrum cover for more serious infections. High bil-
iary concentration of antimicrobials is vital, but the range of 
antimicrobial activity is a more important factor. When there 
is biliary obstruction, it is doubtful whether any antibiotic is 
excreted effectively into the bile. Cephalosporins have the 
required spectrum of activity and suitable pharmacokinetics, 
while quinolones achieve high concentrations in the biliary 
tract and are active against biliary pathogens. Suitable single-
agent regimens include the following: 

•	 Mild	to	moderate	cholecystitis:	ampicillin–sulbactam,	
ticarcillin–clavulanate, ertapenem, quinolones, 
cefuroxime, ceftriaxone or cefoxitin

•	 Severe	cholecystitis,	nosocomially	acquired	or	prior	
antibiotic exposure: piperacillin–tazobactam, imipenem or 
meropenem.

Combination regimens include penicillin (including piperacil-
lin, ampicillin, or penicillin) and metronidazole; penicillin with 
an aminoglycoside (gentamicin or tobramycin); or an amin-
oglycoside and third-generation cephalosporin. In cholangi-
tis or biliary obstruction, biliary secretion of antibiotics may 
be impaired. Treatment may therefore require decompression 
and drainage of the biliary system depending on the cause 
of the infection and the severity of illness. This could be per-
formed via endoscopic retrograde cholangiopancreatography 
(ERCP) or percutaneous transhepatic biliary (PTC) drain-
age. The incidence of infective complications after ERCP for 
acute cholangitis and cholecystitis is less than 2%.135 Ps. aerug-
inosa cholangitis has been reported in post-ERCP patients as 
a result of inadequate endoscope disinfection.136

Early laparoscopic cholecystectomy for acute cholecysti-
tis is controversial as there is a higher complication rate with 
conversion to open surgery. However, a meta-analysis137 has 
shown that early laparoscopic cholecystectomy is safe and 
shortens hospital stay.

PANCREATITIS

Acute pancreatitis is a common emergency hospital admission 
and carries a mortality rate of 5–10%. The diagnosis is sup-
ported by a raised total serum amylase (at least three times the 
upper limit of normal). Pancreatic duct obstruction (e.g. by 
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gallstones) induces activation of proenzymes within the acinar 
cell by intracellular lysosomal enzymes, resulting in a cascade 
of enzymatic reactions. The mechanism of alcohol-induced 
acute pancreatitis (second commonest cause of pancreati-
tis) is less clear. These reactions cause release of mediators of 
inflammation resulting in increased pancreatic vascular per-
meability, leading to hemorrhage, edema and eventually pan-
creatic necrosis. The initial management of acute pancreatitis 
involves aggressive fluid resuscitation, pain control and correc-
tion of underlying physiological derangements. Uncontrolled 
local and systemic inflammatory responses from the initial 
insult can lead, apart from pancreatic necrosis, to multiorgan 
failure and death.

Acute necrotizing pancreatitis develops in 15% of patients 
with pancreatitis and is associated with mortality rates of 
12–35%.138 Pancreatic necrosis results in three potential out-
comes: resolution, pseudocyst or abscess formation. Infections 
complicating necrotizing pancreatitis are often polymicro-
bial. Causative organisms most commonly originate from 
the gastrointestinal tract and include Esch. coli, Ps. aeruginosa, 
Klebsiella, Enterobacter, Proteus, Bacteroides and Clostridium 
spp. and enterococci. Why, and by what route, the necrotic 
pancreas becomes infected is not clear. It is most probable 
that passage of bacteria from the bowel lumen or from the 
bile into the pancreatic duct is the route of infection, although 
bacterial translocation from the colon into lymphatics and 
retroperitoneal inflammatory edema is possible.

Antibiotics are used to treat both infected pancreatic necro-
sis and extrapancreatic infections, and to prevent infection in 
patients with pancreatic necrosis. Guidelines suggest that a 
carbapenem should be used prophylactically and continued 
for 14 days, and infected necrosis should be assessed using 
fine-needle aspiration and culture.139 For extrapancreatic 
infections, the most commonly used antibiotics are cepha-
losporins whereas carbapenems, glycopeptides and antifun-
gals are used in the treatment of proven infected pancreatic 
necrosis.140 Prophylactic antibiotic use in acute pancreatitis is 
controversial. A systematic review concluded that antibiotics 
in severe acute pancreatitis do not reduce mortality or protect 
against infected necrosis or the frequency of surgical interven-
tion,141 contrasting with two other meta-analyses.142,143 There 
was a benefit for non-pancreatic infections. Only five of the 
studies reviewed were considered to be of high quality and 
used various antibiotic regimens.

The choice of antibiotics in preventing infection during 
necrotizing pancreatitis should be based on their antimicro-
bial activity, penetration rate, persistence and therapeutic 
concentrations. This is achieved by pefloxacin and metron-
idazole, imipenem and mezlocillin. In the absence of strong 
evidence, an expert group has recommended that pro-
phylactic antibiotic therapy should be considered only for 
patients with CT evidence of more than 30% necrosis of the 
pancreas.144

All patients with persistent symptoms and greater than 30% 
pancreatic necrosis, and those with smaller areas of necrosis 
and clinical suspicion of sepsis, should undergo image-guided 

fine-needle aspiration to obtain material for culture 7–14 days 
after the onset of pancreatitis. Patients with infected necro-
sis require drainage of infected pseudocysts or abscess, with 
debridement.

COLORECTAL SURGERY

Surgery in the colon is associated with a high incidence of 
postoperative infection and mortality. Complication rates of 
10–20% have been reported. A systematic review145 found a 
statistically significant benefit in favor of antibiotic prophy-
laxis with a variety of antibiotics. The overall SSI rate was 
reduced from 39% to 10%. There is no advantage in extend-
ing the duration of antibiotic prophylaxis beyond the single 
preoperative antibiotic dose unless there is gross spillage. 
Additional dosing increases the risk of resistant organisms 
and Clostridium difficile infection.

Antimicrobial prophylaxis for colorectal operations can 
involve oral antimicrobial bowel preparation, a preoperative 
parenteral antimicrobial, or the combination of both. A com-
bination of oral and parenteral prophylaxis is common prac-
tice in the USA.146 The regimen should cover Gram-positive 
and -negative, aerobic and anaerobic enteric bacteria, par-
ticularly Bacteroides spp. Although a number of anaerobically 
active drugs such as clindamycin, cefoxitin and tinidazole 
have been used, metronidazole (intravenous, oral or rectal) 
has been the mainstay of therapy and prophylaxis.

Recommended oral prophylaxis consists of neomycin plus 
erythromycin or neomycin plus metronidazole, started no 
more than 18–24 h preoperatively. Mechanical bowel prepara-
tion is controversial, being phased out in the enhanced recov-
ery program, as it has not been shown to confer any benefits 
in terms of anastomotic leak and SSI rates.24 Furthermore, 
there is no trial examining the effects of oral antibiotic pro-
phylaxis in uncleansed colon. Oral, non-absorbable antibi-
otics in bowel preparation in a retrospective case-controlled 
study may have an associated higher rate of Clostridium difficile 
infection.147 Cefotetan or cefoxitin are recommended for par-
enteral prophylaxis and the combination of parenteral cefu-
roxime and metronidazole is recommended as a cost-effective 
alternative. In patients with confirmed allergy to β-lactams, 
one of the following regimens is recommended: clindamycin 
plus gentamicin, aztreonam or ciprofloxacin; or metronida-
zole plus gentamicin or ciprofloxacin. A single 750 mg dose of 
levofloxacin can be substituted for ciprofloxacin.148

Two significant advances in colorectal surgery within the 
last decade are the enhanced recovery program and laparo-
scopic-assisted colorectal surgery. The enhanced recovery 
after surgery (ERAS) program does not recommend mechan-
ical bowel preparation, uses carbohydrate loading preopera-
tively, and advocates early introduction of enteral feeding 
and patient mobilization. Patients so treated are less likely to 
develop postoperative complications.149 A meta-analysis of 
RCTs of patients having laparoscopic colorectal surgery had 
a statistically significant reduction in SSI rates.150
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APPENDICECTOMY

Appendicitis is a common acute surgical presentation. 
Obstruction of the appendiceal lumen leads to ineffective 
lymphatic and venous drainage and bacterial invasion which 
progresses to perforation and peritoneal contamination.

Open or laparoscopic appendicectomy is the treatment of 
choice. Interval appendicectomy is occasionally performed as 
part of treatment of appendiceal abscess/mass following res-
olution. A large retrospective study has shown a statistically 
significant reduction in SSIs rate from 1.9% in open, to 0.7% 
in laparoscopic appendicectomy.119 The contributing factors 
are believed to be a shorter surgical incision, decreased tis-
sue trauma and contamination, and elimination of mechani-
cal retraction of the abdominal wall.

Wound infection is more common in patients with a perfo-
rated or gangrenous appendix, and antibiotic therapy, rather 
than prophylaxis, is indicated.

The predominant microbial flora associated with acute 
appendicitis include Esch. coli, Klebsiella and Proteus spp. Other 
anaerobic organisms, particularly Bacteroides, are common in 
wound infections after appendicectomy, leading to the wide-
spread use of metronidazole. Postoperative complication rates 
parallel those found from a perforated viscus of any cause and 
rates of as high as 40% have been reported.151 The most com-
mon complications are intra-abdominal abscesses and superficial 
SSI. In a meta-analysis152 it was shown that antibiotic adminis-
tration pre-, peri- or postoperatively significantly reduces SSI or 
intra-abdominal abscess following appendicectomy. The most 
common antibiotics used were cephalosporin and imidazole 
derivatives, followed by aminoglycosides and clindamycin. Use 
of piperacillin–tazobactam, tigecycline, ertapenem or dorip-
enem is more appropriate for severe cases of intra-abdominal 
infection or patients with recent antibiotic exposure.

Duration of antibiotic dosing logically depends on the 
severity of the peritoneal contamination. In an RCT in non-
perforated appendicitis,153 single dose, three doses and 5-day 
doses of cefuroxime and metronidazole were compared. 
Postoperative infective complication rates were the same 
(6.5%, 6.4% and 3.6%, respectively). A single-dose prophy-
lactic antibiotic is therefore probably adequate for uncom-
plicated appendicitis. The duration of therapy required for 
high-risk patients with perforated or gangrenous appendicitis 
is unclear. If source control is optimal, it is likely that 24–48 h  
therapy will be effective, although 5-day treatment is usually 
administered. Controversially, Hansson et al154 reported effi-
cacy rates of 90.8% and 89.2% for antibiotic therapy only 
and surgery, respectively. However, this study was flawed as a 
result of its methodology.

SPLENECTOMY

Overwhelming postoperative splenectomy infection (OPSI) 
is an uncommon condition but has a mortality rate up to 
50%. This follows the loss of splenic macrophages which  

filter and phagocytose bacteria and other pathogens. OPSI is 
usually caused by the encapsulated bacteria Str. pneumoniae, 
Haemophilus influenzae and Neisseria meningitidis. Other patho-
gens may include Esch. coli, Ps. aeruginosa, Capnocytophaga cani-
morsus, group B streptococci, Enterococcus and Ehrlichia spp., 
and protozoa such as Plasmodium and Babesia spp. It is most 
common during the first 2 years following splenectomy but can 
also occur decades later.

The main risk factors are the age of the patient (young 
children are more prone, particularly those with sickle-cell 
disease), timing of the procedure (emergency splenectomy 
carries a higher incidence of OPSI), splenectomy for hema-
tological malignancies and the time interval from surgery.155 
Most postoperative infections can be avoided by preoperative 
immunization, at least 2 weeks prior to elective splenectomy, 
or within 2 weeks after emergency splenectomy.156 Vaccines 
should include conjugated pneumococcal and meningococ-
cal C vaccine, in addition to the conjugated Hib vaccine. 
Pneumococcal and meningococcal vaccination boosters 
should be given every 5–10 years. Patients should also be 
offered influenza immunization yearly.

The role and efficacy of antibiotic prophylaxis are contro-
versial, further compounded by problems with patient com-
pliance. Young children should be given oral phenoxymethyl 
penicillin or erythromycin to at least age 5 years or for 5 years, 
and adults for 2 years following splenectomy.156

Patients with OPSI require urgent blood culture and par-
enteral penicillin, ceftriaxone or similar antibiotics. A com-
bination of antibiotics should be given to cover the wide 
spectrum of bacteria implicated. Where moderately or 
highly penicillin-resistant pneumococci are prevalent, cef-
triaxone plus vancomycin or teicoplanin (plus rifampicin 
[rifampin] for highly resistant pneumococci) provide suit-
able initial cover.

TRAUMA SURGERY

Early deaths after major trauma follow brain, spinal, cardiac 
or vascular injury. Hypothermia, acidosis and coagulopa-
thy which follow blood loss conspire against the patient, but 
‘damage control’ surgery can improve survival.157,158 Deaths 
continue over subsequent weeks, resulting from trauma-
related infection or indirectly related to critical care: endo-
tracheal intubation, blood transfusion, catheterization or 
nasogastric suction (see Selective decontamination of the 
digestive tract, above). Infection after abdominal trauma is 
related to the mechanism of injury and organs involved. The 
interval between injury and treatment, and the occurrence 
of hypovolemic shock, are also important, particularly after 
vascular injury. Catastrophic injuries in the military arena 
have led to great advances in surgical and infection man-
agement, including early and aggressive debridement, pedi-
cle flaps for repair of tissue defects and ABC resuscitation. 
Recognition of nosocomial infection, with infection control 
practices enforced through the leadership and  command, 
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have had an impact on wound outcome. Resistant organ-
isms have appeared in infections of injured extremities, par-
ticularly multidrug-resistant GNAB such as Acinetobacter 
and Klebsiella spp.159

Traumatic injury leads to conditions favorable for infection: 
tissue damage, impairment of vascular supply, breach of skin 
defenses and exposure to contaminated environmental mate-
rials and micro-organisms. Military wounds are compounded 
by high-velocity injuries where the kinetic energy (1/2 mv2) 
of a bullet or shrapnel can cause massive tissue damage with 
cavitation that causes suction of clothing and other foreign 
bodies, including soil, into the wound.

The greatest risk of infection follows trauma involving colonic 
injury and peritoneal contamination.160 The options of stoma 
versus primary anastomosis must be considered in this con-
text. Nutritional support, particularly parenteral nutrition, also 
influences infection after visceral injury. Empirical antimicro-
bial choice should anticipate polymicrobial exposure, and cover 
GNAB, Gram-positive cocci and anaerobes. Antimicrobials can 
be limited to 24 h after early surgery, but extension to 48–72 h 
is required if colonic contents have contaminated the perito-
neum. Local microbiological data and guidelines should guide 
choice.120 Broad-spectrum regimens can be narrowed according 
to clinical response and microbiological culture data.

In orthopedic trauma with open fractures, anticipated 
organisms are Staph. aureus, coagulase-negative staphylo-
cocci and Gram-negative rods, and perioperative antimi-
crobials targeting these organisms are recommended. In 
penetrating abdominal trauma, anaerobes are also impli-
cated. In chest trauma, parenteral antibiotics after chest 
tube insertion in prevention of empyema and pneu-
monia are recommended when there is an associated 
hemopneumothorax.

Weigelt8 found a higher incidence of infection after shot-
gun injuries (20–25%) than after gunshot wounds (3.6–
16%) or stab injuries (4–4.7%), and particularly after four 
or more intra-abdominal organs were injured. Together with 
thermal injury, there is widespread soft-tissue injury, which 
favors infection of devitalized tissues. Extensive irrigation and 
debridement with removal of foreign material and dead tis-
sue is recommended with 48–72 h of intravenous antibiot-
ics. Activity against clostridia and β-hemolytic streptococci is 
essential, and cephalosporins are widely used because of pen-
icillin-resistant streptococci, with an aminoglycoside for sig-
nificant soft-tissue defect. Intra-articular injuries require 24 h  
antimicrobial prophylaxis, with extension for significantly 
contaminated wounds.161

Factors that predicted infection in patients with intra-
abdominal vascular injuries who survived beyond 48 h of hos-
pitalization have been examined: 40% of survivors developed 
intra-abdominal infection when blood pressure was initially 
unrecordable, but was 11% in those with a blood pressure 
over 90 mmHg on admission. Resuscitation to restore blood 
pressure	to	a	level	of	>70	mmHg,	with	early	control	of	bleed-
ing, resulted in a serious infection risk of 20% but failure of 
resuscitation resulted in a 77% risk.162

Bacterial translocation may occur more commonly in 
patients with hypovolemic shock but does occur after trau-
matic injury. Its clinical significance in humans continues to 
be debated.163 Nutrition is as important after trauma as in 
other patients requiring major surgery. Concepts linked to 
bacterial translocation have underpinned the practice of pre-
ferring enteral nutrition to parenteral nutrition. However, it 
is only in trauma patients that there is firm evidence that 
morbidity from sepsis is improved in enterally nourished 
patients.163 Early introduction of nutrition (i.e. within 36 h  
of surgery) benefits severely injured patients who have 
undergone damage control surgery with open abdomens.164 
Specifically, the rate of pneumonia was significantly lower in 
patients fed early (43%) than those for whom feeding was 
delayed (72%).

The abdominal trauma index and the presence of a colos-
tomy were found to be independent risk factors associated 
with intra-abdominal abscesses in an analysis of patients sus-
taining penetrating injuries of the colon.165 In patients with 
bullet injuries of the colon, primary repair of the colon led to 
less abdominal sepsis.166 In the civilian context, the majority 
of colon injuries can be managed by repair or resection with 
primary anastomosis;167 however, in the military context, with 
the adversity of conditions and complexity of assessment and 
access to care, there may still be a role for the use of tempo-
rary stomas.168

Infection following abdominal trauma involves aerobic and 
anaerobic bacteria. Enterobacteriaceae are the main patho-
gens in early peritonitis, whereas anaerobes, particularly  
B. fragilis, are predominantly responsible for the later abscess 
stage. Therefore, antibiotics chosen must have activity against 
aerobic and anaerobic organisms.

The pharmacokinetics of antibiotics in trauma patients 
may be important, following changes in volume of distribu-
tion and total body clearance of drugs.169 Significant expan-
sion in the apparent volume of distribution for amikacin, 
which correlated with fluid resuscitation, has been shown.170 
Similar variability in other aminoglycoside pharmacokinetics 
has also been shown,171 suggesting that higher doses of anti-
biotic are more effective than longer courses, provided there 
is adequate source control. The Surgical Infection Society of 
North America has endorsed this approach in patients who 
have traumatic enteric perforations and operated on within 
12 h of injury.118
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Chapter

40 Infections associated with 
neutropenia and transplantation

emmanuel Wey and Chris C. Kibbler

Neutropenic patients and transplant recipients are at risk of a num-
ber of life-threatening opportunistic infections. Neither patient 
group suffers from a single specific immunological deficit, there 
being a subtle blend of physical and immunological defects which 
evolve with time. Judgments about management need to be based 
upon knowledge of the balance of these defects and the timing of 
the infection.

The majority of hemato-oncology centers and transplant units 
base patient management (including that of infection) upon agreed 
protocols and the evidence base for these has become more robust 
in recent years. In addition there are now more national and interna-
tional guidelines on which to base these. It is important that proto-
cols are regularly updated and take account of local variations in risk, 
organisms and antimicrobial sensitivities.

INFECTIONS IN NEUTROPENIC 
PATIENTS

The inverse relationship between the numbers of circulat-
ing neutrophils and the risk of infection was established 
more than four decades ago.1 This effect becomes apparent 
when the absolute neutrophil count is less than 1.0 × 109/L. 
The risk increases considerably as the count falls below 
0.5 × 109/L and all patients with a count of less than 0.1 × 
109/L for more than 3 weeks have been found to develop an 
infective episode.1 Criteria for enrollment in a febrile neu-
tropenia trial usually include a neutrophil count less than 
0.5 × 109/L.

CAUSES OF NEUTROPENIA

Most of these patients are neutropenic following chemother-
apy for leukemia while some leukemic patients will present 
with neutropenia before chemotherapy. In addition, the neu-
trophils of patients with myelodysplastic syndrome (MDS) 
or leukemia, particularly those with acute myeloid leukemia 
(AML), may have impaired microbicidal activity.2,3

Patients receiving chemotherapy for high-risk or relapsed 
leukemia may be neutropenic for 2–3 weeks, and longer if 
receiving regimens containing fludarabine. Those undergoing 
standard chemotherapy for lymphoma or for solid tumors may 
also suffer a reduction in circulating neutrophils, but this is rarely 
less than 0.1 × 109/L and is often not below 0.5 × 109/L with 
the duration of neutropenia often less than 7 days. In patients 
with aplastic anemia, or bone marrow transplant (BMT) recip-
ients who fail to engraft, neutropenia is often profound and 
prolonged. Normal engraftment in allogeneic BMT recipients 
takes place between 2 and 3 weeks after transplantation.

There has been a steady increase in the numbers of periph-
eral blood stem cell transplants (PBSCT) performed in 
Europe and autologous PBSCT has virtually replaced autol-
ogous bone marrow transplantation. Autologous PBSCT 
recipients have a shorter duration of neutropenia.

Patients undergoing allogeneic bone marrow transplanta-
tion behave essentially like neutropenic patients during the 
early post-transplant phase, but remain immunosuppressed 
for up to 2 years, even without complications such as graft-
versus-host disease (GVHD).

Other causes of neutropenia are shown in Box 40.1.

Congenital

•	 Cyclical	neutropenia

•	 Chronic	benign	neutropenia

•	 Severe	congenital	neutropenia

acquired

•	 Drug-induced

–	 Cytotoxic	chemotherapy	(the	most	common	cause	of	neutropenia)

– Antimicrobial associated: chloramphenicol; β-lactams; sulfonamides; 

trimethoprim; nitrofurantoin; flucytosine; ganciclovir; zidovudine

– Other drugs (e.g. phenothiazines, tolbutamide)

•	 Alcohol

•	 Radiation

•	 Megaloblastic	anemia

•	 Autoimmune	neutropenia

Box 40.1 Non-malignant causes of neutropenia
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FACTORS PREDISPOSING TO INFECTION

The pathogenesis of infection in these patients is multifacto-
rial and is often the consequence of a breach in the skin or 
oral mucosa plus defects in cellular or humoral immunity.

Some defects are associated with specific infections 
(Table 40.1). Lymphopenia, as a consequence of lymphoid 
malignancy or treatment, is associated with reactivation 
of intracellular organisms such as mycobacteria, the her-
pes viruses, Toxoplasma gondii and Pneumocystis jirovecii (for-
merly Pneumocystis carinii). Patients with chronic lymphoid 
malignancies and those receiving immunosuppressive che-
motherapy, such as BMT recipients, have impaired antibody 
production which predisposes to infection with encapsu-
lated organisms such as Streptococcus pneumoniae. The use 
of indwelling central venous catheters and mucosal damage 
caused by chemotherapy and herpes simplex virus (HSV) 
infection4 allows penetration by commensal flora. In recent 
years changes in cytotoxic chemotherapy have rendered the 
oropharynx a major portal of entry for α-hemolytic strepto-
cocci. Likewise, splenectomy undertaken as treatment or for 
diagnosis renders the patient susceptible to infection with 
encapsulated organisms such as Str. pneumoniae. Others have 
pre-existing sites of chronic infection such as middle-ear dis-
ease or bronchiectasis, which may act as reservoirs of  infection 

with organisms such as Pseudomonas aeruginosa. Ethnic origin 
and foreign travel may increase exposure to infections such as 
tuberculosis, malaria or strongyloidiasis.

CAUSATIVE ORGANISMS

Between 30% and 50% of febrile episodes in neutropenic 
patients can be confirmed microbiologically, and of these, 
most are due to bacteremia. Infections with Gram-positive 
bacteria, especially the coagulase-negative staphylococci and 
α-hemolytic streptococci, have increased in frequency over 
the past two decades. In the EORTC (European Organisation 
for Research and Treatment of Cancer) participatory centers 
the incidence of bacteremia due to Gram-positive organisms 
increased from 29%5 to 67% during the 1970s and 1980s.6 
This increase correlates with the escalating use of central 
venous catheters, the development of alternative high-dose 
chemotherapy with attendant mucositis, and better preven-
tion of Gram-negative infections. However, subsequent trials 
have shown a fall again, possibly associated with the decline in 
quinolone prophylaxis usage associated with emerging resis-
tance. Of recent interest is the finding that cell-wall deficient 
(mostly Gram-positive) bacteria may be responsible for up to 
25% of episodes of neutropenic fever in BMT recipients.7

Gram-negative bacteria continue to cause some of the 
most serious episodes of sepsis. Infections caused by the 
Enterobacteriaceae and Ps. aeruginosa carry a mortality of 
40–60%.8,9 Oropharyngeal candidosis is extremely common 
in patients not receiving prophylaxis, while invasive candidosis 
and aspergillosis account for 20–30% of fatal infections when 
treating acute leukemia.10,11 Invasive aspergillosis is the most 
important infective cause of death in childhood acute myeloid 
leukemia12 and in adult allogeneic bone marrow transplant/
hematopoietic stem cell transplant patients. Other important 
infectious agents are listed in Box 40.2.

CHEMOPROPHYLAXIS

Allogeneic hematopoietic stem cell transplant (HSCT) recipi-
ents are at risk of a wide range of infections based upon extent 
of exposure and degree of immunosuppression. Autologous 
HSCT recipients are also at risk of infection although to a 
lesser degree due to shorter periods of neutropenia and time 
to engraftment. However, patients receiving CD34-enriched 
autografts appear to be at a similar level of risk as allogeneic 
HSCT recipients for cytomegalovirus (CMV) and other oppor-
tunistic infections.13 These risks are summarized in Box 40.3.

Prevention of these serious infections has been the goal of 
clinicians for many years. Strategies for preventing acquisition 
of organisms, such as the provision of a low microbial diet, 
or the use of high-efficiency particulate air (HEPA) filtration, 
appear important in some profoundly neutropenic patients at 
risk from aspergillosis and have been increasingly emphasized 
in recent years.14

Immune defect/risk factor example of opportunistic 
organisms

Neutropenia 
 
 

Streptococcus oralis
Pseudomonas aeruginosa
Candida spp.
Aspergillus spp.

Lymphoid cell defect 
 
 

Mycobacterium spp.
Toxoplasma gondii
Herpes viruses
Pneumocystis jirovecii

Humoral Str. pneumoniae

Mucosal	barrier	(e.g.	HSV/chemo-
therapy-induced mucositis) 

Str. oralis
Enterobacteriaceae
Fungi

Vascular	access 
 
 

Coagulase-negative	staphylococci
Fungi
Non-tuberculous and environmental 
mycobacteria

Foreign	travel/ethnic	origin 
 
 
 

Mycobacterium spp.
Strongyloides stercoralis
Blastomyces dermatitidis
Coccidioides immitis
Histoplasma capsulatum

Anatomical	defect/reservoir	 
(e.g. chronic sinusitis)

Pseudomonas spp. 

Splenectomy Str. pneumoniae
Other encapsulated bacteria

table 40.1 Factors predisposing to infection in the neutropenic 
patient
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The infections to which these HSCT recipients are most 
vulnerable can be temporally categorized into three periods 
following transplantation: 

•	 Pre-engraftment	–	less	than	3	weeks
•	 Immediate	postengraftment	–	3	weeks	to	3	months
•	 Late	postengraftment	–	more	than	3	months.
These periods, pathogens, immune defects and associated host 
factors in HSCT recipients are illustrated in Figure 40.1.

 BACTERIAL CHEMOPROPHYLAXIS

Various trials have examined the efficacy of oral non-absorb-
able antibiotics. Although a number of these were flawed, sev-
eral controlled trials showed a benefit only when they were 
combined with a protective environment.15–23

Although trimethoprim–sulfamethoxazole was first used 
in patients with acute leukemia to prevent Pn. jirovecii pneu-
monitis, it also reduced the incidence of bacterial infec-
tion.24 Further studies demonstrated the greatest benefit in 
patients with prolonged neutropenia, where a reduction in 
Gram-negative bacterial infections was seen.25–28 However, 
the incidence of side effects (including bone marrow sup-
pression) and the selection of multiresistant organisms led 
to a decline in its use for this indication.

Oral quinolones are currently the most commonly used 
prophylactic antibacterial agents in adult patients with che-
motherapy-induced neutropenia. Initially oral quinolones 
(ciprofloxacin, ofloxacin and norfloxacin) were compared in 
a number of studies with placebo, trimethoprim–sulfame-
thoxazole and non-absorbable antibiotics. In the majority of 
these the 4-quinolone treated patients had significantly fewer 
Gram-negative bacterial infections, a delayed onset of fever 
and a reduction in the number of days of fever. Importantly, 
a reduction in mortality was not demonstrated.29 There has 
been concern that quinolone resistance is increasing in some 
units30 and this has led to the discontinuation of quinolone 
prophylaxis. However, initial meta-analysis did not show this 
to be a significant problem, and recent EORTC and Health 
Protection Agency (HPA) data further support these findings. 
A sequential study has shown that combining ciprofloxacin 
with colistin was associated with no significant change in qui-
nolone resistance over a 12-year period.31

However, a more recent meta-analysis32 that evaluated 95 
randomized trials in afebrile neutropenic patients (the major-
ity of whom had hematological malignancies) comparing 
antibiotic prophylaxis with placebo, no intervention or with 
another antibiotic class has shown a significant reduction in 
the risk for death when compared with placebo or no treat-
ment (relative risk [RR], 0.67). The survival benefit was more 
substantial when the analysis was limited to fluoroquinolones. 
Fluoroquinolone prophylaxis reduced the risk for all-cause 
mortality (RR 0.52, 95% CI, 0.35–0.77), as well as infection-
related mortality, fever, clinically documented infections and 
microbiologically documented infections. Although there was 
no significant increase in resistant bacteria with fluoroqui-
nolone prophylaxis, the length of observation may have been 
insufficient to detect the emergence of resistant bacteria. All 
prophylactic antibiotics were associated with an increased risk 
for adverse events.

Following on from this meta-analysis, two randomized, 
double-blind, placebo-controlled trials of levofloxacin prophy-
laxis in neutropenic patients undergoing chemotherapy were 
performed.33,34 Levofloxacin has similar activity against Gram-
negative bacteria in comparison with ciprofloxacin, with the 
exception of pseudomonads; however, it has improved activ-
ity against certain Gram-positive pathogens, including strep-
tococci. The first trial evaluated levofloxacin prophylaxis from 
the initiation of chemotherapy until neutrophil recovery, in 
higher-risk, mainly inpatient adult leukaemic or stem cell 
transplant patients in whom chemotherapy-induced neutro-
penia was expected to last for more than 7 days. The second 

Box 40.3 Summary of overall infection risk

Overall infection risk Disease/chemotherapy regimen/ 

duration of neutropenia

Low Standard	solid	tumor	chemotherapy	regimens

Duration	of	neutropenia	<7	days

Intermediate Autologous	HSCT

Lymphoma

Multiple	myeloma

Chronic	lymphocytic	leukemia

Purine	analog	therapy	(fludarabine,	2-CdA)

Duration	of	neutropenia	7–10	days

High Allogenic	HSCT

Acute leukemia, induction and consolidation 

phases

Campath	(alemtuzumab)	therapy

Graft-versus-host disease treated with high-

dose steroids

Duration	of	neutropenia	>10	days

HSCT,	hematopoietic	stem	cell	transplant.

Box 40.2 Important infectious agents in neutropenic 
and hematopoietic stem cell transplant patients

Bacteria

Staphylococci

Streptococci

Enterobacteriaceae

Pseudomonads

Mycobacterium spp.

Legionella spp.

Clostridium septicum

Clostridium difficile

Rothia spp.

Fungi

Candida spp.

Aspergillus spp.

Zygomycetes

Cryptococcus neoformans

Pneumocystis jirovecii

Viruses

Herpes	simplex	virus

Varicella	zoster	virus

Cytomegalovirus

Epstein–Barr virus

Hepatitis	A,	B,	C	viruses

Parvovirus

Adenovirus

Polyomavirus

Measles	virus

Human herpesvirus-6

protozoa/helminths

Toxoplasma gondii

Strongyloides stercoralis
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trial was in the outpatient setting and evaluated levofloxacin 
prophylaxis after chemotherapy for solid tumors and lym-
phomas for patients anticipated to have periods of neutrope-
nia of 7 days or less. The effects of prophylaxis were similar 
between both patient groups in the two trials, as were mortal-
ity and tolerability. Both trials failed to demonstrate a signifi-
cant survival benefit with prophylaxis. The results reflected 
previous meta-analyses and a review of both trials demon-
strated that the numbers needed to treat to prevent one death 
by any cause was 24 in all patients and 43 in patients with an 
expected duration of neutropenia of >7 days.

The decision whether to use antibiotic prophylaxis and 
the selection of agent is a fine balance between calculated 
risk and expected benefit. Risks to consider include associa-
tions between fluoroquinolone use and severe Clostridium dif-
ficile and methicillin-resistant Staphylococcus aureus (MRSA), 
adverse drug reactions, antibiotic resistance, and whether 
prophylaxis will preclude the use of quinolones in empirical 
therapy of neutropenic fever in those patients stratified as low 
risk. The benefit of prophylactic antibiotics in other patient 
subsets with chemotherapy-induced neutropenia remains 
controversial.

With regard to timing and length of prophylaxis, guidelines 
from the European Conference on Infections in Leukemia 
(ECIL) suggest it should start with chemotherapy and con-
tinue until resolution of neutropenia or initiation of empirical 
antibacterial therapy for febrile neutropenia.

The problem of Gram-positive infections, particularly 
those due to α-hemolytic streptococci, has been addressed 
by a number of studies using different agents, including oral 

 penicillins,35 macrolides36,37 and rifampicin (rifampin).38 
However, these have given mixed results and have been associ-
ated with the emergence of resistance. It is difficult, therefore, 
to make recommendations for prophylaxis of Gram-positive 
pathogens other than to use levofloxacin which has been 
shown to be of benefit. Some centers advocate prophylaxis 
against pneumococcal infection in allogeneic HSCT recipi-
ents, functionally asplenic patients and in patients receiving 
immunosuppressive therapy for GVHD. Where pneumococ-
cal isolates have intermediate to high-level resistance rates to 
penicillin approaching 35%, alternative agents should be con-
sidered based on local susceptibility patterns. Trimethoprim–
sulfamethoxazole prophylaxis for Pn. jirovecii is likely to be 
protective against pneumococcal disease.

 FUNGAL CHEMOPROPHYLAXIS

Attempts at antifungal prophylaxis have met with variable 
success. Initial studies examined oral polyenes. Nystatin, in 
doses up to 12 × 106 units per day, had little effect on the 
incidence of invasive candidosis in neutropenic patients,11 
whereas amphotericin B was superior to placebo in prevent-
ing the disease.39

While most invasive candidal infections are thought to gain 
entry via the gut,39 non-absorbable antifungal agents do not 
protect against fungal infections at other sites, namely the 
skin, intravenous catheter sites and the respiratory tract. The 
oral, systemically active azoles have the potential to control 
colonization as well as prevent dissemination.

Fig. 40.1 The	time	course	of	infections	after	HSCT.	EBV,	Epstein–Barr	virus;	GVHD,	graft-versus-host	disease;	LRTI,	lower	respiratory	tract	
infection; NK, natural killer [cell]; UTI, urinary tract infection.
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Ketoconazole reduces yeast carriage and the incidence of 
both local and systemic candidosis compared with placebo or 
non-absorbable agents.39 Absorption is impaired in neutro-
penic patients, particularly in BMT recipients,40 and break-
through infections have occurred.41 Ketoconazole also causes 
elevated ciclosporin A levels as a result of activity on hepatic 
P450 enzymes and serious idiosyncratic hepatotoxicity.

Fluconazole reduces colonization, mucosal thrush and the 
number of disseminated yeast infections.42,43 Two placebo-
controlled studies in HSCT recipients showed a significant 
reduction in invasive fungal infections (IFI).44,45 Fluconazole 
was associated with a reduced mortality,45 and fluconazole 
prophylaxis reduced the incidence of IFI, overall mortality 
and empirical antifungal therapy in allogeneic HSCT recipi-
ents but not autologous HSCT recipients. Unfortunately, its 
use in some centers has been associated with an increase in 
colonization and infection with Candida krusei, which is intrin-
sically resistant to fluconazole.46 Fluconazole is also inactive 
against the important invasive molds that affect this popula-
tion, especially Aspergillus spp. and the zygomycetes.

In contrast, itraconazole has activity against the molds, 
particularly Aspergillus spp. (see Ch. 32). However, in its orig-
inal capsule formulation it was poorly absorbed in HSCT 
patients. This has been overcome by the introduction of an 
itraconazole–cyclodextrin complex in solution. Meta-analysis 
has shown this formulation to be associated with a lower over-
all incidence of fungal infection, lower mortality from fungal 
infection and a reduction in the use of intravenous amphot-
ericin for suspected invasive fungal infection than fluconazole, 
oral amphotericin and placebo.47–49 There was also a reduc-
tion in the incidence of invasive aspergillosis.

In a randomized trial involving neutropenic patients 
with AML or MDS, prophylaxis with posaconazole led to a 
decrease in IFI due to aspergillosis and reduced overall mor-
tality compared with the comparator group receiving flu-
conazole or itraconazole prophylaxis.50 A similar effect was 
shown in allogeneic HSCT patients with GVHD.51 However, 
posaconazole prophylaxis has not been evaluated to date in 
allogeneic HSCT recipients in the neutropenic period post 
conditioning. Voriconazole has been used in prophylaxis, 
although large trial data of its use in this setting are still 
awaited. Extended-spectrum triazole prophylaxis should be 
avoided in patients receiving vinca alkaloid-based chemo-
therapy regimens such as vincristine in acute lymphoblastic 
leukemia. In these cases amphotericin regimens or an echi-
nocandin could be considered.

Micafungin, an echinocandin, is approved for prophylaxis 
of candidal infections in patients undergoing HSCT. In a ran-
domized, double-blind trial of neutropenic autologous and 
allogeneic HSCT recipients, comparing 50 mg per day of 
micafungin with 400 mg per day of fluconazole for antifungal 
prophylaxis, micafungin was superior to fluconazole based on 
the absence of breakthrough fungal infection.52

In the absence of trial data it would be appropriate to rec-
ommend that prophylaxis continue until absolute neutro-
phil counts are above 0.5 × 109/L in chemotherapy patients. 
In  allogeneic HSCT there is an argument for continuing 

 prophylaxis until at least day +75 or until the end of immuno-
suppression (in the case of supervening GVHD).

Amphotericin administered as a nasal spray has produced 
conflicting results in preventing invasive aspergillosis,53,54 
although some studies have shown greater benefit when it is 
aerosolized.55,56 One study showed no significant difference 
in proven, probable or possible invasive aspergillosis between 
aerosolized amphotericin and no inhalation (4% vs 7%).57

Prophylaxis against Pn. jirovecii infection has proved 
remarkably effective in those undergoing treatment for acute 
lymphoblastic leukaemia24 and for the first 6 months post-
BMT. Trimethoprim–sulfamethoxazole three times weekly 
has been most studied, although some units are now using a 
2-day regimen. Nebulized pentamidine is often used during 
marrow engraftment to avoid the myelosuppressive effects of 
trimethoprim–sulfamethoxazole, although data suggest that 
it may be inferior when used prophylactically in allogeneic 
transplant recipients. Other alternatives include dapsone and 
atovaquone.

 VIRAL CHEMOPROPHYLAXIS

Most virus infections in the neutropenic patient are due 
to reactivation of the human herpes viruses. Up to 80% of 
adult patients with leukemia are herpes simplex virus (HSV) 
seropositive and the incidence of HSV infection among 
 HSV-seropositive HSCT recipients is about 80%. HSV infec-
tion in patients with leukemia is subsequent to reactivation of 
latent virus in most cases.

Aciclovir (acyclovir), 200 mg every 8 h to 800 mg every  
12 h, is effective as prophylaxis against HSV infection in HSV-
seropositive patients with leukemia undergoing chemotherapy 
or in BMT recipients.58,59 An alternative regimen is valaciclo-
vir 500 mg every 12 h.

Chemoprophylaxis against CMV infection, defined as 
the use of antiviral agents to prevent a primary CMV infec-
tion or a CMV reactivation, has been investigated in detail 
only in HSCT recipients, although CMV disease also occurs 
in patients with acute leukemia receiving chemotherapy. 
Allogeneic HSCT recipients comprise the group at highest 
risk of CMV reactivation and disease.

High-dose aciclovir has been shown to be partially effec-
tive in preventing CMV infection and disease post-BMT. A 
multicenter randomized trial compared 500 mg/m2 intrave-
nously every 8 h for 1 month followed by 800 mg every 6 h 
by mouth for 6 months with 200 or 400 mg every 6 h orally 
for 1 month followed by placebo.60 The incidence of CMV 
infection reduced and survival increased by day 210 post-
BMT, although the rates of CMV pneumonia were simi-
lar in the two groups. Valaciclovir is also being used in this 
setting.

The use of ganciclovir as prophylaxis against CMV infec-
tion has shown some benefit in reducing the incidence of 
CMV disease but has no effect on survival during the first  
4 months post-BMT.42,61
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Pre-emptive therapy, defined as the use of antiviral agents 
in an asymptomatic patient with CMV detected by a screen-
ing assay, includes ganciclovir, valganciclovir and foscarnet. 
The choice depends on the risk of toxicity and which antiviral 
drugs have been used previously. Weekly monitoring in allo-
geneic HSCT recipients using a CMV antigenemia assay or 
a technique for detection of either CMV DNA or RNA is of 
use for the pre-emptive management of CMV infection.62,63 
Centers vary with regard to the cut-off value used after which 
therapy is commenced and studies are in progress to better 
define this. When ganciclovir has been used as pre-emptive 
therapy following detection of CMV infection, survival was 
improved at 100 and 180 days post-transplant.64 Foscarnet 
may be considered for second-line pre-emptive therapy, or 
in combination. Cidofovir can be considered for second-
line pre-emptive therapy (3–5 mg/kg) but careful monitor-
ing of renal function is required. Other therapeutic options 
in patients with multiresistant CMV disease are leflunomide 
and artesunate; however, experience with these agents is very 
limited.

To date there is no evidence to support the use of prophy-
laxis for other human herpesvirus (HHV) infections such as 
HHV-6 following HSCT.

A summary of prophylactic regimens is shown in 
Table 40.2.

EMPIRICAL THERAPY

The use of empirical antibiotic therapy in febrile neutropenic 
patients is almost universally practiced, because to await 
microbiological diagnosis is associated with a high mortality, 
particularly in patients with Gram-negative bacteremia. The 

trigger for this is usually a single oral temperature of 38.3°C 
or two separate temperatures of 38.0°C at least 1 h apart.

The regimen chosen should be active against the com-
mon organisms likely to result in overwhelming sepsis or 
death, and influenced by local antibiotic sensitivity patterns, 
the incidence of particular infections, the specific needs of 
the patient and the prophylactic regimen used. Traditionally 
the significant organisms have been the Enterobacteriaceae 
and Ps.  aeruginosa, which carry a mortality of 40–60%.8,9 
Earlier regimens included an aminoglycoside in combination 
with a β-lactam antibiotic in an attempt to achieve broad-
spectrum and synergistic activity against organisms such as 
Ps. aeruginosa. Aminoglycoside use carries the inherent risk 
of renal and ototoxicity, and data for its combination with 
β-lactams in empirical therapy have been conflicting. National 
Comprehensive Cancer Network (NCCN) guidelines recom-
mend aminoglycosides in patients at high risk of pseudomonal 
infections (history of previous pseudomonal infections or 
the presence of ecthyma gangrenosum) whereas Infectious 
Diseases Society of America (IDSA) guidelines suggest they 
may be added in cases of progressive infection or documented 
resistant Gram-negative infection. A Cochrane review of 68 
randomized controlled trials65 concluded that for the pri-
mary outcome measure of all-cause mortality, there was no 
significant difference between monotherapy and combination 
(RR = 0.85). For the second outcome measure of treatment 
failure there was an advantage to monotherapy in 37 trials 
comparing different β-lactams (this was for patients with 
documented infection or hematological malignancy) (RR =  
0.86). There was no difference between the two comparator 
arms in the number of superinfections but significantly more 
adverse events in the combination group for nephrotoxicity. 
Another meta-analysis also concluded that monotherapy is as 

table 40.2 Current antimicrobial prophylactic regimens for patients with prolonged neutropenia

prophylaxis agent Dosage Duration

Antibacterial Ciprofloxacin 500	mg	12-hourly During	period	of	neutropenia
 Levofloxacin 500 mg daily During	period	of	neutropenia

Antifungal
(high-risk patients)

Itraconazole 
suspension

See	Chapter	60	for	 
recommended regimens

During	period	of	neutropenia
6	months	post-BMT

 
Posaconazole

  Voriconazole     

Anti-Pn. jirovecii Trimethoprim–sulfamethoxazole 960	mg	12-hourly 1	week	pre-	and	6	months	post-BMT
      3	times/week	throughout	treatment	in	acute	

lymphoblastic leukemia
 (Nebulized pentamidine in adults) (150	mg	fortnightly) During	period	of	neutropenia

Antituberculosisa Isoniazid 5	mg/kg	daily During	period	of	neutropenia
   6	months	post-BMT

Herpes	simplex	virusb Aciclovir 400–800 mg During	period	of	neutropenia
  4–5 times per day  

Cytomegalovirusc Seronegative	blood	products   
 Aciclovir High dose Not yet established
 Ganciclovir  Not yet established

aAt-risk patients only.
bSeropositive	patients	only.
cHSCT	recipients	only.
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effective as aminoglycoside–β-lactam combinations.66 Data 
from patients in non-neutropenic studies have shown that 
once-daily dosing aminoglycoside regimens are as efficacious 
as multiple-dose regimens.

The first studies of double β-lactam therapy gave results 
inferior to aminoglycoside-containing regimens,5,67,68 but later 
studies using ceftazidime, latamoxef and cefoperazone in 
combination with a ureidopenicillin69–71 concluded that such 
combinations were of equal efficacy and less nephrotoxic 
than aminoglycoside-containing regimens. However, it was 
unclear whether they were any better than β-lactam mono-
therapy. A number of antibiotic regimens have subsequently 
been evaluated for empirical therapy in febrile neutropenic 
patients70–77 and are listed in Box 40.4.

There have been reports that Stenotrophomonas maltophilia 
is selected out by the carbapenems, to which it is intrinsically 
resistant.78 In addition, there have been concerns over central 
nervous system (CNS) toxicity with high-dose imipenem71 or 
in patients receiving ciprofloxacin prophylaxis.79

One advantage of the carbapenems is their activity against 
the α-hemolytic streptococci,80 allowing them to be used alone 
without the need for early glycopeptide therapy. Similar strepto-
coccal activity can be provided by piperacillin–tazobactam.81

A recent meta-analysis of randomized trials examining the 
choice of β-lactam agent as empirical therapy for the treat-
ment of febrile neutropenia reported that cefepime was asso-
ciated with an increase in all-cause mortality but not with an 
increase in infection-related mortality.82 The authors have 
concluded that ceftazidime, imipenem, meropenem and 
 piperacillin–tazobactam are suitable monotherapy agents.

The high incidence of Gram-positive infections suggests 
that empirical therapy should contain a broad-spectrum anti-
Gram-positive agent. Clinical trials of glycopeptides have 
provided conflicting evidence as to whether and when to add 
such an agent.

Early studies in centers in which there were significant 
numbers of Gram-positive infections showed that initial van-
comycin or teicoplanin increased response rates and reduced 
morbidity,83,84 although no study showed a reduction in mor-
tality. In addition, vancomycin is associated with increased 
toxicity.84,85 A large joint study conducted by the EORTC and 
the National Cancer Institute of Canada showed that includ-
ing vancomycin in the initial therapy conferred no additional 
benefit,86 and this has been reinforced by a meta-analysis 
showing no benefit of empirical Gram-positive therapy either 
initially or for persistent fever.87

The increasing isolation of vancomycin-resistant entero-
cocci (VRE)88,89 prompted the Centers for Disease Control 
and Prevention (CDC) to issue guidelines on the use of van-
comycin that specifically excluded its use as empirical therapy 
in the neutropenic patient. This seemed prudent, although 
the IDSA suggests that vancomycin may be used in ini-
tial regimens in institutions where fulminant Gram-positive 
infections are common, particularly where MRSA may be a 
problem, and discontinued 3–4 days later if such an infection 
is not identified.90

Box 40.4 Representative antibiotic regimens that have been 
evaluated for empirical therapy in febrile neutropenic patients73

penicillin and aminoglycoside combinations

Carbenicillin	and	gentamicin/amikacin/sisomicin

Ticarcillin	and	gentamicin/tobramycin/amikacin/netilmicin

Mezlocillin	and	tobramycin

Piperacillin	and	gentamicin/amikacin/netilmicin/tobramycin

Azlocillin	and	amikacin/netilmicin

Piperacillin–tazobactam and amikacin

penicillin/b-lactam allergy

Vancomycin–teicoplanin	+	ciprofloxacin	+	gentamicin/amikacin

Cephalosporin and aminoglycoside combinations

Cefalotin	and	gentamicin

Latamoxef	and	gentamicin/amikacin

Cefotaxime	and	amikacin

Ceftazidime	and	tobramycin/amikacin

Cefoperazone	and	amikacin

Ceftriaxone	and	amikacin/netilmicin

Double b-lactam combinations

Carbenicillin	and	cefalotin

Carbenicillin	and	cefamandole

Ceftazidime	and	flucloxacillin

Ticarcillin	and	latamoxef

Piperacillin	and	latamoxef

Ceftazidime	and	azlocillin

Ceftazidime	and	piperacillin

triple agent combinations

Carbenicillin,	cefalotin	and	gentamicin

Carbenicillin,	cefazolin	and	amikacin

Cefotaxime,	piperacillin	and	netilmicin

Monotherapy regimens

Latamoxef

Ceftazidime

Cefoperazone

Ceftriaxone

Imipenem

Meropenem

Ciprofloxacin

Cefpirome

Cefepime

Piperacillin–tazobactam

Outpatient empirical regimens

Co-amoxiclav	and	ciprofloxacin	p.o.	(clindamycin	and	ciprofloxacin	in	 

 penicillin allergy)

Ceftriaxone	±	aminoglycoside

Other agents and combinations

Aztreonam and vancomycin

Imipenem and vancomycin

Trimethoprim–sulfamethoxazole	and	amikacin

Ticarcillin–clavulanate

From	Liang	R,	Yung	R,	Chiu	E,	et	al.	Ceftazidime	versus	imipenem–cilastatin	as	initial	
monotherapy for febrile neutropenic patients. Antimicrob Agents Chemother. 
1990;34:1336–1341.
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There is also evidence that the choice of broad-spectrum 
agent for empirical therapy can influence the emergence 
of glycopeptide-resistant enterococci (GRE).91 At present  
glycopeptide-intermediate Staph. aureus (GISA) infections 
are not a significant problem in the UK, but provide another 
reason for selective use of glycopeptides in institutions where 
they do occur.

The oxazolidinone linezolid, the streptogramin quinupris-
tin–dalfopristin and daptomycin are alternatives in patients 
intolerant of vancomycin and teicoplanin and for treatment 
of GRE and GISA infections. A multicenter, randomized 
study of febrile neutropenic patients comparing the safety of 
 linezolid and vancomycin showed that clinical success rates 
7 days after completion of therapy were equivalent, as was 
mortality at 16 days after completion of therapy. Drug adverse 
events were more frequent in the vancomycin arm and time 
to defervescence was shorter in the linezolid arm in patients 
with documented Gram-positive infections. Slower times to 
neutrophil recovery seen in the linezolid arm may have been 
 secondary to the myelosuppressive effects of linezolid but 
were not statistically significant.

The duration of treatment has not been studied inde-
pendently, but since the first EORTC trial the evidence has 
suggested that prolonged treatment is associated with more 
superinfections, often fungal, but no improvement in out-
come. Current EORTC trials are conducted on the basis of 
discontinuing antibiotics after 7 days minimum treatment 
and four consecutive afebrile days, and this is similar to the 
IDSA and NCCN guidelines where 5–7 days without fever is 
recommended.90 Options are summarized in Table 40.3.

With health services moving towards earlier discharge of all 
groups of patients, attempts have been made to achieve this 
in the neutropenic population. Talcott and colleagues derived 
a risk assessment model in which patients were divided into 
four groups.92 The fourth group was found to be at low risk 
and was studied in subsequent trials, which showed that 
amoxicillin–clavulanate plus ciprofloxacin was as effective as 

intravenous ceftazidime or ceftriaxone plus amikacin in treat-
ing these patients.93,94

Examples of outpatient oral/intravenous regimens are 
included in Box 40.4.

MANAGEMENT OF THE PATIENT WITH 
PERSISTENT PYREXIA

Approximately 20–30% of febrile patients who remain persis-
tently neutropenic fail to respond to apparently appropriate 
antibiotic therapy. Some remain febrile until recovery of their 
neutrophil counts, irrespective of the antimicrobial therapy 
administered. Many patients with persistent fever will have an 
occult fungal infection. Patients with acute leukemia and allo-
geneic HSCT recipients are at highest risk due to prolonged 
neutropenia and immunosuppression for GVHD. Autopsy 
studies have shown that up to 25% of those neutropenic 
patients who die have an undiagnosed fungal infection.10

In view of the difficulties in diagnosis, the use of empir-
ical antifungal therapy has been advocated. Recent ECIL 
2009 guidelines are consistent with this viewpoint and 
current British Committee for Standards in Haematology 
(BCSH) guidelines advocate empirical antifungal therapy 
where IFI is suspected in conjunction with high-resolu-
tion computed tomography (HRCT) scanning and myco-
logical tests (see Ch. 60). The main randomized study on 
which empirical antifungal therapy is based compared 
the effect of amphotericin (0.6 mg/kg per day or equiva-
lent) with no treatment in patients remaining febrile 4 days 
after empirical therapy.95 Although more responded in the 
amphotericin-treated group, the effect was only signifi-
cant in patients not given antifungal prophylaxis (78% vs 
45%; p = 0.04). Following this a  number of other agents 
have been shown to be at least as effective as conventional 
amphotericin. Liposomal amphotericin B (AmBisome) is 
less nephrotoxic than conventional amphotericin, at least 

regimen advantages Disadvantages

Aminoglycoside	+	β-lactam 
 
 

Broad spectrum
Proven efficacy
Synergy	vs	Gram-negative	bacteria	and	 
streptococci

Poor activity vs coagulase-negative staphylococci
Nephrotoxic	and	ototoxic
Serum	assays	required 

Double	β-lactam therapy 
 
 

Broad spectrum
Avoids	aminoglycoside	toxicity
No	monitoring	required 

No more effective than single-agent therapy
Possible prolongation of neutropenia
Electrolyte imbalance
Possible antagonism

Monotherapy 
 
 
 

Broad spectrum
Avoids	aminoglycoside	toxicity
Avoids antagonism
No	monitoring	required
Cheaper

Lack of synergy (? less effective vs Ps. aeruginosa)
Less active versus Gram-positive bacteria (with ceftazidime)
Risk	of	resistance
Potential	central	nervous	system	toxicity	(with	imipenem) 

Single	agent	+	glycopeptide 
 
 
 

Broad spectrum including coagulase-negative  
staphylococci and α-hemolytic streptococci
No	monitoring	required	(with	teicoplanin) 
 

Expensive
Unnecessary in some units
Nephro-	and	ototoxicity	(with	vancomycin)
Monitoring	required	(with	vancomycin)
Risk	of	glycopeptide	resistance

table 40.3 Options for initial empirical therapy
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as effective in  rendering patients afebrile and is associated 
with significantly fewer breakthrough fungal infections.96,97 
Subsequently, caspofungin has been shown to be at least as 
effective as AmBisome in this setting.97

Patients who deteriorate during the first 48 h of empiri-
cal therapy pose a particularly difficult therapeutic challenge. 
It is important that there are no gaps in the spectrum of the 
selected regimen. Deterioration may be due to Gram-negative 
or Gram-positive organisms, such as α-hemolytic strepto-
cocci, which may cause features similar to those of sepsis syn-
drome (including acute respiratory distress syndrome and 
septic shock), or enterococci. Gram-negative activity (includ-
ing antipseudomonal activity) is essential. Consequently, 
the addition of an aminoglycoside to initial β-lactam mono-
therapy is recommended, and this is also supported by the 
ECIL guidelines for patients with septic shock. A glycopep-
tide should also be considered. The above approach is sum-
marized in Figure 40.2.

ASPECTS OF THERAPY FOR SPECIFIC 
ORGANISMS AND INFECTIONS

  INTRAVENOUS CATHETER-
ASSOCIATED INFECTIONS

Most neutropenic patients undergoing chemotherapy have an 
indwelling central line, which commonly becomes infected. 
The predominant pathogens are coagulase-negative staphylo-
cocci and Staph. aureus.98 Others include Candida spp., coryne-
forms, Acinetobacter, Stenotrophomonas and Pseudomonas spp.99 
Ideally, infected catheters should be removed, but coagulase-
negative staphylococcal infections may be effectively sup-
pressed or eliminated by administering antibiotics via the 
catheter until neutropenia has resolved.98 A high percent-
age of coagulase-negative staphylococci isolated on hema-
tology units are resistant to methicillin and other β-lactams. 

Continue

Modify according to
sensitivities

Investigate and modify
as appropriate

(e.g. i.v./ catheter site infection)

Perform thoracic CT scan and consider
empirical i.v. antifungal

therapy after 96 h

Add aminoglycoside
or

aminoglycoside + glycopeptide
plus

investigate
and modify if focus present

Carbapenem or piperacillin
monotherapy

Deterioration
after 24 hours?

Response?

Significant
isolate?

Focus of
infection?

Re-evaluate at
least every 24 h

Yes

Yes

Yes

Yes

No

No

No

No

Fig. 40.2 An	algorithm	for	the	initial	management	of	febrile	neutropenic	patients	receiving	prophylaxis.
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A  glycopeptide (most  frequently vancomycin) is given for 
these, with the chance of successful resolution of bactere-
mia and fever being more than 50%. Similar response rates 
can be obtained with coryneform infections but those due to 
Candida spp., Enterobacteriaceae, Staph. aureus, Ps. aerugi-
nosa, Acinetobacter, Sten. maltophilia, non-tuberculous myco-
bacteria, and any form of tunnel infection, require the catheter 
to be removed and appropriate antimicrobial therapy admin-
istered.100 The presence of port infection or septic phlebitis in 
association with long-term indwelling catheters are also indi-
cations for catheter removal and antimicrobial therapy.

  PULMONARY INFECTIONS 
OF UNkNOWN CAUSE

Pulmonary infiltrates commonly occur in the febrile neutro-
penic patient and have a number of causes, especially in the 
BMT recipient. These include non-infective conditions such 
as pulmonary edema, alveolar hemorrhage, adverse drug reac-
tions, radiation injury and the idiopathic pneumonitis syn-
drome. Focal lesions are more indicative of fungal infection, 
and HRCT or MRI scanning may reveal characteristic features 
of these.101 If clinical status permits, the causative organism(s) 
may be obtained by bronchoalveolar lavage. However, in 
many cases treatment has to be given empirically.

Initial therapy should certainly include agents effective 
against common respiratory pathogens such as Str.  pneumoniae 
and Haemophilus influenzae, as well as Gram-negative organ-
isms including Ps. aeruginosa, and hence a carbapenem, 
piperacillin–tazobactam or ceftazidime, with or without an 
aminoglycoside, is recommended.

Atypical pneumonias are extremely uncommon in this pop-
ulation and, unless there are particular clinical or epidemiologi-
cal reasons to suggest Legionnaires’ disease, erythromycin can 
be omitted from the initial therapy unless the infection appears 
to be community related. Mycobacterial infections may occa-
sionally complicate hematological  malignancies. Patients with 
lymphoid malignancy and BMT recipients who have not been 
receiving trimethoprim– sulfamethoxazole prophylaxis are at risk 
of Pn. jirovecii pneumonitis; empirical high-dose trimethoprim– 
sulfamethoxazole therapy (120 mg/kg per day in divided doses) 
is warranted in such patients. BMT recipients are particularly 
at risk of CMV pneumonitis post-transplant. However, CMV 
or Pn. jirovecii pneumonitis usually presents a month or so post-
transplant, when the patient is no longer neutropenic, and the 
timing of the presentation should be taken into account when 
decisions are being made regarding empirical therapy. CMV 
pneumonitis is treated with intravenous ganciclovir (5 mg/kg 
every 12 h) plus intravenous immunoglobulin (200–400 mg/kg 
on alternate days for 14–21 days).102–104 Despite this, mortality 
from CMV pneumonitis is still in excess of 50% in BMT recip-
ients. Furthermore, the myelosuppressive effect of ganciclovir 
can present a particular problem in these patients.

Patients discharged into the community are at risk of respi-
ratory viral infections with agents such as respiratory  syncytial 

virus, influenza and paramyxoviruses, which occasionally 
cause outbreaks on hematology units.105

 INVASIVE FUNGAL INFECTIONS

Despite recent advances in the diagnosis and treatment of inva-
sive fungal infections (IFI), failure rates approach 50% in inva-
sive aspergillosis. Case fatality rates of 87% for HSCT and 
50% for leukemia patients are quoted,106 with 30-day mortality 
rates of 45% for candidemia in hematological malignancy.107 
Current BCSH guidelines advocate the use of caspofungin and 
liposomal amphotericin for empirical therapy of suspected IFI 
as they have the lowest rates of toxicity and are of equal efficacy. 
This is also in keeping with the current ECIL guidelines. Other 
options include voriconazole and posaconazole. The therapy of 
fungal infection is considered in detail in Chapter 60.

 INVASIVE CANDIDAL INFECTIONS

A trend towards non-albicans species such as C. glabrata and  
C. krusei displaying a decreased susceptibility or resistance to 
azoles has been documented in both Europe and North America. 
These species are responsible for more than 60% of invasive can-
didal infections in patients with hematological malignancy.108

Recent trials of the three licensed echinocandins – caspo-
fungin, micafungin and anidulafungin – have demonstrated 
response rates in excess of 70% and these are now consid-
ered to be among the first-line agents for invasive candidal 
infections, especially where the species is not known, where 
the patient has received azole prophylaxis or in severe sepsis. 
This is supported by the ECIL-2 guideline update and IDSA 
 candida guidelines, together with the use of AmBisome and 
other lipid formulations of amphotericin. Voriconazole is an 
alternative agent but should be used with care in patients where 
previous azole prophylaxis has been used. Recommendations 
for duration of therapy consist of 14 days following the last 
positive blood culture, together with extensive investigation 
for dissemination of infection. Further trials regarding the use 
of efungumab (Mycograb), a human recombinant antibody 
consisting of an Fv fragment that binds to the domain struc-
ture HSP90 of Candida spp., are needed before recommenda-
tions regarding its use in combination with antifungals can be 
made, and it is currently not licensed.

 INVASIVE ASPERGILLOSIS

Mortality due to invasive aspergillosis remains high in neutro-
penic patients; the infection is now the most important cause of 
death in childhood AML and adult BMT recipients. In BMT 
recipients case fatality rates are as high as 87%.106 Successful 
outcome is dependent upon early treatment and, to a consid-
erable extent, on bone marrow recovery. Agents active against 
Aspergillus spp. include amphotericin deoxycholate and its 



512 CHAPTER 40 INFECTIONS ASSOCIATEd wITH NEUTROPENIA ANd TRANSPlANTATION

lipid-associated preparations, the extended-spectrum  triazoles 
and echinocandins. High-dose conventional amphotericin is 
also associated with a high incidence of nephrotoxicity. Lipid-
associated formulations of the drug have been licensed for 
use in patients failing treatment or experiencing unaccept-
able toxicity with conventional amphotericin. Liposomal 
amphotericin (AmBisome) has been studied in a randomized 
 prospective trial comparing two doses (1 mg/kg per day and 
4 mg/kg per day) for the treatment of invasive aspergillosis 
in neutropenic patients:109 6-month mortality was approxi-
mately 60% with attributable mortality of around 20% in the 
two arms. A double-blind comparison of AmBisome 3 mg/kg 
and AmBisome 10 mg/kg in primary therapy by Cornely and 
colleagues demonstrated no additional benefit of 10 mg/kg 
dosing over 3 mg/kg dosing of liposomal amphotericin B.110

Voriconazole has been assessed by Denning and colleagues 
in two open-labeled studies in which response rates of 44% 
and 48% were reported, respectively.111,112 Superiority of vori-
conazole over amphotericin deoxycholate in terms of efficacy, 
safety and survival has been demonstrated by Herbrecht and col-
leagues in a randomized trial.112 Superiority was irrespective of 
the host group, site of lesion or neutropenic status. Voriconazole 
has been given the highest graded recommendation in the recent 
ECIL-2 guideline update, followed by AmBisome. In North 
America the NCCN currently recommends voriconazole as 
the agent of choice for first-line therapy of invasive pulmonary 
aspergillosis. There are insufficient data to recommend the use 
of caspofungin, itraconazole and posaconazole as agents in first-
line therapy of invasive aspergillosis, but these have all been used 
in salvage therapy with similar efficacy. There are also currently 
insufficient data to recommend combination therapy in first-line 
therapy. One retrospective study113 comparing the combination 
of voriconazole and caspofungin given as salvage therapy after 
failure of amphotericin formulations in allogeneic HSCT recipi-
ents with voriconazole monotherapy in a historical control group 
demonstrated substantially improved 3-month survival.

The development of mycotic lung sequestra (which have 
been mistakenly termed mycetomas) may require additional 
therapy. These lesions appear once the bone marrow is regen-
erating. Patients are at risk of life-threatening hemoptysis.114 In 
addition, patients who require further chemotherapy or bone 
marrow transplantation are at considerable risk of relapse 
of the original infection. Resection of these lesions has been 
shown to be effective, preventing relapse following bone mar-
row transplantation, and is associated with a lower mortal-
ity than antifungal therapy alone in some studies,115 although 
there are no large randomized studies in this setting.

ADDITIONAL THERAPIES

 GROWTH FACTORS

Hematopoietic growth factors have been extensively used to 
treat neutropenic patients. Studies have consistently shown 
that granulocyte–colony-stimulating factor (G-CSF) reduces 

the duration of neutropenia. However, the reduction in infec-
tious complications has been modest and most trials have 
been unable to demonstrate a reduction in infectious mor-
bidity and mortality.116–118 This is probably because the major 
effect of G-CSF is to accelerate the recovery of neutrophils, 
whereas it has no impact on the critical lag period of profound 
neutropenia.119 The American Society of Oncology and the 
NCCN have published guidelines for the use of these agents 
in the setting of anti-cancer chemotherapy.

Granulocyte–macrophage colony-stimulating  factor (GM- 
CSF) and macrophage colony-stimulating factor (M-CSF) 
may be beneficial in the treatment of invasive fungal infec-
tions,120 although large-scale trials demonstrating this are 
regrettably still lacking.

 GRANULOCYTE TRANSFUSIONS

Renewed interest is now being shown in this modality, cou-
pled with improved methods of harvesting and increased yield 
following the use of growth factors.121,122

 IMMUNOGLOBULIN THERAPY

Routine prophylactic use of intravenous immunoglobulin 
does not reduce viral infections; however, the addition of 
intravenous immunoglobulin to ganciclovir may improve sur-
vival in CMV pneumonitis and post-exposure immunoglobu-
lin is indicated for the prevention of hepatitis A, measles and 
varicella-zoster infection.

INFECTIONS IN TRANSPLANT 
RECIPIENTS

IMMUNOSUPPRESSIVE THERAPY

Since the first successful human cadaveric kidney transplant 
in 1954, solid organ transplantation has proceeded to become 
a viable option in the management of end-organ failure world-
wide. Current 1- and 5-year graft survival for cadaveric (non-
extended criteria donor) renal transplants in the USA is 95% 
and 82%, respectively.123 The results are similar for Europe. 
Developments in surgery and better control of rejection and 
infective complications have allowed a steady improvement in 
the survival of other organ grafts.

Most transplant units use a triple regimen of azathioprine 
or mycophenolate, a calcineurin inhibitor such as ciclosporin 
A, and corticosteroids for immunosuppression. Azathioprine 
is a purine analog which inhibits both B- and T-cell prolifera-
tion; as a consequence, both cell-mediated immunity (CMI) 
and humoral immunity are inhibited. The drug may take 
weeks or months to exert its full effect. Ciclosporin, a calcineu-
rin inhibitor, arrests the lymphocyte cell cycle in the  resting 
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phase, having most effect on CD4-positive T cells and a mini-
mal effect on B cells. This results in effective suppression of 
CMI, has little effect on humoral immunity and no effect on 
phagocytosis. The inflammatory response is preserved.

Corticosteroids in high dose have a very broad immunosup-
pressive action, producing a reduction in antigen-stimulated 
lymphocyte proliferation and a blunting of the primary antibody 
response. They also inhibit neutrophil chemotaxis and monocyte 
phagocytosis, dramatically reducing inflammatory responses at 
high dosage and disguising the presence of infection.

The aim of these regimens is to achieve a balance between 
graft rejection and risk of infection. Episodes of subsequent 
acute rejection require considerable immunosuppression and 
are accompanied by an increased risk of opportunistic infec-
tions. The phase of acute rejection varies in length for differ-
ent transplants. Most episodes occur in the first 3 months 
of liver transplantation, whereas the phase of acute rejection 
lasts for 6 months for renal transplants.124 Rejection episodes 
are usually treated with high-dose methylprednisolone or 
various antibody preparations such as polyclonal antithymo-
cyte globulin (ATG), antilymphocyte globulin (ALG) or the 
pan-T-cell monoclonal antibody OKT3. Patients requiring 
a second or third graft are usually even more immunosup-
pressed and at increased risk of opportunistic infection.

Tacrolimus (FK506), another calcineurin antagonist, has 
been substituted for ciclosporin for certain indications; sev-
eral studies have demonstrated it to have fewer infective com-
plications,125–128 which may be a consequence of the need for 
less episodic antirejection therapy. Mycophenolate mofetil, 
an inhibitor of inosine monophosphate dehydrogenase which 
inhibits purine synthesis, has been used as a substitute for cal-
cineurin inhibitors. Although it has no associated renal  toxicity 
(and allows improvement in renal function), some studies have 
shown it to result in increased risk of rejection.124 A recent 
review comparing the use of azathioprine with mycophenolate 
in liver transplantation concluded that, to date, little if any clin-
ical benefit could be observed of mycophenolate mofetil over 
azathioprine.129 There is still considerable scope for refining 
immunosuppression with these and other new agents, hope-
fully enabling a further reduction in infective complications.

THE SEQUENCE OF INFECTIONS 
FOLLOWING TRANSPLANTATION

The risk of infection in the organ transplant patient is influ-
enced by previous epidemiological exposures and the degree of 
immunosuppression. Epidemiological exposures can be divided 
into donor-derived infections, recipient-derived infections, 
nosocomial infections and community infections. The extent 
of immunosuppression is determined by the type of immu-
nosuppressive therapy, its dose and duration (see Box 40.5), 
underlying diseases and co-morbid conditions, the presence 
of devitalized tissues or fluid collections in the transplanted 
organ, and the presence of invasive devices. Other important 
factors include concomitant infection with immunomodulating 

viruses such as CMV and other human herpes viruses, HIV-1, 
and hepatitis B and C viruses. Infectious complications follow a 
relatively predictable chronological order after any transplanta-
tion procedure. Knowledge of this is helpful in guiding the use 
and duration of prophylaxis, establishing a diagnosis through 
appropriate investigations and administering empirical treat-
ment if necessary. This is summarized in Figure 40.3.

In the first month after transplant, infections are largely 
associated with the transplant surgical procedure, particu-
larly those complicating the anastomoses associated with the 
specific procedure. Some infections are transmitted with the 
allograft or are present in the recipient before transplantation. 
An important component of the pretransplant evaluation is 
to recognize and treat such infections. Nosocomial infections 
such as those due to VRE or MRSA, and Clostridium difficile 
colitis are also important at this time.

Between the first and the sixth month following transplan-
tation the most important infections are caused by the her-
pes group viruses (especially CMV), Nocardia species, Listeria 
monocytogenes, Toxoplasma gondii, Pn. jirovecii and other fungi. 
In addition, latent infections such as tuberculosis or histoplas-
mosis may reactivate at this time. The risk of infection corre-
lates with the severity of immunosuppression required to treat 
rejection episodes.

Subsequent infections are usually the result of community-
acquired organisms. A few patients will suffer chronic viral 
infections affecting the graft, while others who have been 
intensively immunosuppressed remain at risk of opportunis-
tic infections. Other rare infections in the late post-transplant 
period have been described, including chronic infection with 
hepatitis E virus causing cirrhosis as a late complication.130

 BACTERIAL INFECTIONS

Bacterial infections occur in approximately 50% of renal trans-
plant recipients and in up to 70% of liver transplant patients. In 
some series patients have suffered at least one bacterial infection 
in the post-transplant period.131 The common infections are 
intra-abdominal abscess, cholangitis, bacteremia, wound infec-
tion, lower respiratory tract infection and urinary tract infection, 
with intra-abdominal infection responsible for approximately 
30% in liver transplantation.131–134 The overall mortality is less 
than 5%, but varies according to site and organ.

Subsequently resistant organisms have become established 
as endemic pathogens in many transplant units. MRSA was 
found to be the leading cause of bacteremia in liver transplant 
recipients in one center, responsible for 37% of all episodes.135 
VRE and extended-spectrum β-lactamase-producing Gram-
negative organisms are also increasingly causing infections in 
these patients.

Representative organisms isolated from infected patients 
in the postoperative period are shown in Box 40.6. Bacteria 
isolated from the graft perfusion fluid differ in their 
 propensity to cause post-transplantation infection. Positive 
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Nosocomial, technical
(donor or recipient)

Donor-derived
infection

Recipient-derived
infection

Transplantation

Activation of latent infection
(relapsed, residual, opportunistic)

Community-aquired
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 prophylaxis:
 Polyomavirus BK infection, nephropathy
 C. difficile colitis
 HCV infection
 Adenovirus infection, influenza
 Cryptococcus neoformans infection
 Mycobacterium tuberculosis infection
Anastomotic complications

Without prophylaxis:
 Pneumocystis
 Infection with herpesviruses (HSV,
 VZV, CMV, EBV)
 HBV infection
 Infection with Listeria, Nocardia, Toxo-
 plasma, Strongyloides, Leishmanla,
 T. cruzi

6 Months
Community-aquired pneumonia,
 urinary tract infection
Infection with Aspergillus, atypical
 molds, mucor species
Infection with Nocardia,
 Rhodococcus species
Late viral infections;
 CMV infection (colitis and
 retinitis)
Hepatits (HBV, HCV)
HSV encephalitis
Community-aquired (SARS,
 West Nile virus infection)
JC polyomavirus infection (PML)
Skin cancer, lymphoma (PTLD)

<1 Month
Infection with antimicrobial-
 resistant species:
 MRSA
 VRE
 Candida species (non-albicans)
Aspiration
Catheter infection
Anastomotic leaks and ischemia
Clostridium difficile colitis
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HSV, LCMV, rhabdovirus
 (rabies) , West Nile virus,
 HIV, Trypanosoma cruzi
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 (colonization):
 Aspergillus, Pseudomonas

B

Fig. 40.3 (A)	The	time	course	of	infections	after	solid	organ	transplantation.	(B)	Changing	timeline	of	infection	after	transplantation.	
Infections	occur	in	a	generally	predictable	pattern.	The	development	of	infection	is	delayed	by	prophylaxis	and	accelerated	by	intensified	
immunosuppression,	drug	toxic	effects	that	may	cause	leukopenia,	or	immunomodulatory	viral	infections	such	as	infection	with	
cytomegalovirus	(CMV),	hepatitis	C	virus	(HCV)	or	Epstein–Barr	virus	(EBV).	At	the	time	of	transplantation,	a	patient’s	short-term	and	long-
term risk of infection can be stratified according to donor and recipient screening, the technical outcome of surgery, and the intensity of 
immunosuppression	required	to	prevent	graft	rejection.	Subsequently,	an	ongoing	assessment	of	the	risk	of	infection	is	used	to	adjust	both	
prophylaxis	and	immunosuppressive	therapy.	HBV,	hepatitis	B	virus;	HIV,	human	immunodeficiency	virus;	HSV,	herpes	simplex	virus;	LCMV,	
lymphocytic	choriomeningitis	virus;	MRSA,	methicillin-resistant	Staphylococcus aureus;	PCP,	Pneumocystis jirovecii	pneumonia;	PML,	progressive	
multifocal	leukoencephalopathy;	PTLD,	post-transplantation	lymphoproliferative	disorder;	SARS,	severe	acute	respiratory	syndrome;	VRE,	
vancomycin-resistant Enterococcus spp.;	VZV,	varicella-zoster	virus.	(Adapted	from	Fishman,	JA.	Infection	in	solid	organ	transplant	recipients.	
New England Journal of Medicine	2007;	357:2601.	Copyright	©2007	Massachusetts	Medical	Society.)
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cultures have been found in up to 40% of cases in renal 
transplantation, but most of these have been due to Gram-
positive skin bacteria and do not seem to have serious con-
sequences. However, the isolation of the Enterobacteriaceae 
and Ps. aeruginosa correlate with vascular infection and 
 postoperative sepsis,136–138 and warrant systemic antibiotic 
therapy following transplantation.

Infections due to Nocardia spp. are important late compli-
cations following transplantation, usually occurring after the 
first month, and which correlate with the degree of immuno-
suppression. Outbreaks in renal transplant units have been 
described139 and the incidence is up to 4% in this group.

Tuberculosis tends to occur several months after transplan-
tation. The onset is significantly later in renal transplants than 

in other groups of organ transplant recipients.140 Approximately 
one-third have disseminated infection and the overall mortal-
ity is 29%. The overall incidence of mycobacterial infection 
in the transplant population is 1%, more than 50-fold greater 
than the incidence in the general population.141

Transplant recipients are at increased risk of Legionnaires’ 
disease by virtue of their immunosuppression. In addition, a 
UK study demonstrated that Legionella spp. could be isolated 
from the water in approximately 50% of transplant units142 
and Legionella control is now an important component of 
water and air conditioning management in hospitals.

 FUNGAL INFECTIONS

Colonization with yeasts is common in this population, 
although the incidence varies according to the number and 
 frequency of sites sampled and the use of antifungal prophylaxis. 
Infection rates vary, with the lowest in renal transplant recipi-
ents (approximately 5%).143 The incidence of fungal infections 
is falling, possibly as a consequence of reduced immunosup-
pression and improvement in surgical technique.144 Most infec-
tions are caused by Candida spp. (approximately 80%), with 
Aspergillus spp. accounting for the majority of invasive mold 
infections.143,145Pn. jirovecii pneumonitis occurred in 4–10% of 
kidney, 10–11% of liver, 5–41% of heart, and 16–43% of heart–
lung and lung transplant recipients before routine prophylaxis 
was implemented.146 It is closely linked with CMV disease.

Candidal infections are associated with death in more than 
50% and invasive aspergillosis is almost universally fatal in this 
group.143 The site of infection is transplant dependent. Thus uri-
nary tract candidosis is mostly confined to the renal transplant 
group and lung transplant recipients have a much increased risk 
of pulmonary infections. Although occurring very infrequently, 
focal brain infection in solid organ transplant patients is almost 
exclusively due to fungi, usually Aspergillus spp.;147–149Cryptococ-
cus neoformans is the most  frequent cause of meningitis.

Most fungal infections occur in the first 2 months after 
transplant,143 although Pn. jirovecii infection tends to be 
delayed and cryptococcosis usually affects patients in the 
late transplant period. Infections due to the endemic fungi, 
including Coccidioides immitis (most often following expo-
sure in the southwestern United States), Histoplasma capsula-
tum (most often following exposure in the Ohio River Valley, 
but also elsewhere in the world) and Blastomyces dermatitidis, 
may also be seen in the late post-transplant period. In one 
series, the median time to symptoms from histoplasmosis was 
11 months after transplantation.150 The management of these 
infections is discussed further in Chapter 60.

 VIRAL INFECTIONS

Since the earliest days of transplantation, virus infections 
have caused problems in transplant recipients. Members 
of the Herpesviridae are the most commonly implicated. 

Box 40.5 Infections associated with specific 
 immunosuppressive regimens

•	 Antilymphocyte globulins: T-cell depleting antibodies mimic the 

alloimmune response with activation of latent (herpes) virus, fever, 

cytokine release

•	 Corticosteroids: Bacteria, Pneumocystis pneumonia, activation of hepatitis 

C	and	hepatitis	B

•	 Azathioprine: Neutropenia, uncertain role in human papillomavirus infection

•	 Mycophenolate mofetil: Early bacterial infection, B-cell depression, late 

cytomegalovirus infection

•	 Ciclosporin/tacrolimus: Increased viral replication, B-cell depression, 

gingival infection, intracellular pathogens

•	 Rapamycin:	Excess	infections	in	combination	with	current	agents	

(requires	monitoring),	idiosyncratic	pulmonary	syndrome,	often	with	

other respiratory pathogens

•	 Plasmapheresis: Encapsulated bacteria

•	 Co-stimulatory blockade: Unknown so far

•	 Rituximab: B-cell depletion, bacterial and viral infections

•	 Alemtuzumab:	Cytomegalovirus	infection,	viral	infection,	fungal	infections

Box 40.6 Organisms causing post-transplant infections

Gram-positive bacteria

Coagulase-negative	staphylococci

Staphylococcus aureus

Enterococci

Streptococci

Listeria monocytogenes

Nocardia spp.

Gram-negative bacteria

Enterobacteriaceae

Pseudomonas spp.

Stenotrophomonas maltophilia

Legionella spp.

anaerobic bacteria

Bacteroides spp.

Clostridium spp.

Fungi

Candida spp.

Aspergillus spp.

Pneumocystis jirovecii

Cryptococcus neoformans

Blastomyces dermatitidis

Coccidioides immitis

Histoplasma capsulatum

Viruses

Herpes	simplex	virus

Cytomegalovirus

Hepatitis B virus

Hepatitis	C	virus

Varicella	zoster	virus

Polyoma viruses

Adenovirus

Human herpesvirus-6

Human herpesvirus-8

Others

Mycobacterium spp.

Toxoplasma gondii
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Cytomegalovirus is responsible for the greatest number of 
all types of infection in these patients. The incidence varies 
from 45% to 100%,151 reflecting the incidence of seroposi-
tivity among the recipient population and the numbers of 
seropositive to seronegative transplantations. However, the 
incidence of disease is transplant dependent, being lowest in 
renal transplant recipients, in whom it is symptomatic in less 
than 10%.152

Overall, 25–30% of infected patients develop disease,151–153 
although of those at highest risk (seropositive to seronegative 
transplants) 50–60% will develop clinical disease.141 The site 
of disease is transplant dependent, being focused on the graft. 
About 3% of all transplant recipients affected will develop 
CMV pneumonitis.153

Post-transplant hepatitis occurs in more than 10% of solid 
organ transplant recipients overall. The most common cause 
is hepatitis C virus (HCV). In liver transplant patients most of 
these infections occur as a result of reinfection in patients who 
have been transplanted for HCV-related cirrhosis. Polymerase 
chain reaction (PCR) techniques have shown that virtually 
all infected patients suffer reinfection post-transplant. Before 
universal screening of blood donors and awareness of donor 
status, primary HCV infections occurred in more than 35%;154 
the incidence is now much lower. In one study, 95% of patients 
with pretransplant infection developed post-transplant hepatitis, 
mostly due to HCV.

Reinfection with hepatitis B virus (HBV) following liver 
transplantation is almost inevitable unless long-term prophy-
laxis is used. The highest recurrence is seen in those who are 
HBV-DNA positive before transplant.155

Epstein–Barr virus (EBV) infection following transplant is 
probably underdiagnosed. Most clinical disease is due to reac-
tivation, although primary infection does occur, usually after 
the patient is discharged, and is responsible for more severe 
disease. The most important complication of EBV infection 
is post-transplant lymphoproliferative disorder (PTLD). The 
overall incidence of this condition is approximately 1%.156 In a 
large series of various solid organ graft recipients, viremia was 
found in 3.9%, and 75% of those with primary viremia dev-
eloped PTLD compared with 11% of secondary viremia 
cases.156 The risk of this disease is also increased by the use of 
antirejection therapy such as OKT3 anti-T-cell antibodies.

Before the advent of aciclovir, HSV infections (almost 
exclusively the consequence of reactivation) were responsi-
ble for clinical disease in approximately 50% of seropositive 
patients.141 HSV infections are now much less clinically sig-
nificant than other herpes group infections.

Human herpesvirus-6 (HHV-6) may be responsible for cen-
tral nervous system disease post transplantation. CNS symptoms 
occurred in 25% of liver transplant recipients with HHV-6 viremia 
compared with 12% of those without.157 Infection with HHV-6 
may also have an immunomodulatory role, being associated with 
an increased risk of CMV infection and fungal infection.158

Human herpesvirus-8 (HHV-8) is transmitted from donor 
to recipient, resulting in Kaposi’s sarcoma in up to 8% of 
cases who seroconvert.159

Polyomavirus causes latent infection in the kidney in the 
immunocompetent subject, and in renal transplant recipients 
may be responsible for tubulointerstitial nephritis and graft 
dysfunction.160

  INFECTIONS DUE TO OTHER 
ORGANISMS

The incidence of toxoplasmosis varies according to the type of 
transplant and is most common in heart transplant recipients, 
of whom more than 50% of seronegative patients receiving a 
heart from a seropositive donor will seroconvert.161 In addition, 
toxoplasmosis is governed by the seroprevalence of the infec-
tion (20% in the UK and higher in other countries such as 
France) and the serological status of donor and recipient: the 
highest rate and most severe infections occur when transplant-
ing a seropositive donor to a seronegative recipient. In renal 
transplant recipients less than 1% develop primary toxoplas-
mosis. Most such cases occur within 2 months of transplant 
and are characterized by encephalitis, brain abscess, retinitis, 
pneumonitis, cardiac involvement and hepatitis.162–164

CHEMOPROPHYLAXIS

Antimicrobial prophylaxis, along with vaccination and pre-
emptive therapy, form the mainstay of preventive strategies 
against infection. Until recently, most prophylactic regimens 
used in transplant recipients have been based on the risk of 
infection and likely organisms. Regimens shown to be effective 
in the neutropenic patient or in surgical prophylaxis have been 
adopted, yet few have been subject to randomized comparative 
trials. A short course of prophylactic antibiotics is probably 
appropriate to prevent wound infection related to the proce-
dure itself. Selective decontamination of the digestive tract 
may be of benefit in some transplant groups, although there is 
conflicting evidence. Gram-negative infections are reduced in 
liver transplant recipients165 but an increase in Gram-positive 
infections, including MRSA and VRE, has been seen in several 
heart transplant centers.166

A number of studies have demonstrated the benefit of long-
term prophylaxis for urinary tract infections in renal transplant 
recipients. Both trimethoprim–sulfamethoxazole (960 mg nightly) 
and ciprofloxacin have been effective, although the former has the 
additional benefit of preventing Pn. jirovecii infection.167,168

The issue of mycobacterial prophylaxis remains contro-
versial and policies vary internationally. As there is a signifi-
cant risk of isoniazid hepatic toxicity, this drug should be used 
selectively. However, this risk varies according to the trans-
plant, from 2.5% in renal transplant recipients to 41% in liver 
transplant recipients.140 Patients in whom such prophylaxis 
is justified are those of Asian or other high-risk ethnic ori-
gin, those with a history of tuberculosis and those with radio-
graphic changes suggesting past chest infection.
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The high risk of fungal infection in liver transplant recipients 
has led to the administration of antifungal agents in the post-
transplant period. Non-absorbable agents such as amphoteri-
cin or nystatin, sometimes in combination with oral antibiotics 
such as gentamicin and polymyxin B, have been widely used. 
Fluconazole and itraconazole have been studied in randomized 
comparative trials in liver transplantation and both are better than 
placebo in preventing superficial and invasive candidosis.169,170

Prophylaxis against Pn. jirovecii pneumonia with trimetho prim–
sulfamethoxazole is probably only necessary during the first year 
post-transplant, except in lung transplant recipients when there is 
a significant persisting risk of the disease.171

The current American Society of Transplantation guidelines 
recommend antiviral prophylaxis in all CMV donor- positive, 
recipient-negative solid organ transplant recipients.172 Several 
randomized comparative studies have demonstrated that 
early (first 14 days or until discharge) post-transplant ganci-
clovir, with173 or without174 gammaglobulin, is more effective 
than aciclovir (various doses) in preventing CMV symptom-
atic infection in liver transplants. Symptomatic infection was 
reduced to 5–9%.

Pre-emptive prophylaxis targets patients at highest risk of 
disease and limits duration of drug administration, reducing 
toxicity and cost. Hence, kidney–pancreas transplant patients 
receiving OKT3 pan-T-cell monoclonal antibody therapy and 
CMV-shedding liver transplant recipients both appear to benefit 
from pre-emptive prophylaxis with ganciclovir or foscarnet.175,176 
CMV antigenemia or PCR-guided pre-emptive therapy based 
on attainment of a pre-defined viral load is as effective as, but 
less expensive than, universal oral ganciclovir prophylaxis for 90 
days or intravenous ganciclovir for 14 days.177 The duration of 
this pre-emptive therapy is not fixed and is determined by viral 
load and varies in length between centers.

Trials of prophylaxis with lamivudine to prevent recur-
rence of HBV following liver transplantation have shown that, 
although HBV-DNA levels become undetectable in virtually 
all patients, this effect is not sustained because of the emer-
gence of resistant mutants.178 As a consequence, alternative 
strategies involving a combination of adefovir, lamivudine and 
hepatitis B immune globulin are being employed.

TREATMENT

Although transplant recipients are severely immunocompro-
mised, they do not have the same paucity of signs as neu-
tropenic patients in the face of serious sepsis and, in the 
immediate postoperative period, behave more like non-
 transplant patients with surgical sepsis.179 Consequently, the 
concept of early empirical therapy in response to fever alone 
has not been applied to these patients.

All attempts should be made to identify a focus of sepsis 
or the non-infective cause for fever in a transplant patient. 
Antimicrobial therapy may reasonably be withheld if the 
patient is otherwise well and there is no identifiable infec-
tive cause, but this should be kept under review. If empirical 

treatment is considered necessary, the choice of antimicrobi-
als should be governed by the timing of the infection (and 
hence the probable organisms), the type of transplant, the site 
of sepsis, knowledge of colonization with resistant organisms 
(such as MRSA and VRE), and local antimicrobial resistance 
patterns, as discussed previously.

ASPECTS OF THERAPY FOR SPECIFIC 
INFECTIONS

 FUNGAL INFECTIONS

Fungal infections should be managed using the same agents 
as used in the neutropenic patient. No antifungal is contrain-
dicated but care is required in their use because of toxicity 
(especially in renal and liver transplant recipients) and drug 
interaction (especially flucytosine with antimetabolites and 
triazoles with ciclosporin and tacrolimus – see below).

It is probably appropriate to reduce immunosuppression in 
the face of a progressive life-threatening fungal infection such 
as invasive aspergillosis, especially in the setting of a non-
essential organ graft such as a kidney transplant, although the 
evidence for benefit is anecdotal. Other attempts at immu-
nomodulation have included the use of colony- stimulating 
factors. G–CSF antagonizes the effect of triazoles in an 
immunocompromised mouse model of invasive aspergillo-
sis.180 GM-CSF has been used with some success in the neu-
tropenic patient and might prove of more use than G-CSF in 
the transplant setting.

  PULMONARY INFECTIONS  
OF UNkNOWN CAUSE

Patients presenting with pulmonary infiltrates and fever 
1 month or more post-transplant are most likely to have 
CMV or Pn. jirovecii infection (unless they are receiving 
 trimethoprim–sulfamethoxazole prophylaxis). These infec-
tions should be managed as in the HSCT recipient. The 
possibility of other community-acquired respiratory tract 
infections, including those due to influenza and respiratory 
syncytial viruses, should always be borne in mind.

  POST-TRANSPLANT 
 LYMPHOPROLIFERATIVE DISORDER

The incidence of this occurring in renal transplant recipients 
is 1–2%,181,182 is related to the degree of immunosuppression 
(it is seen particularly in patients receiving OKT3) and is more 
likely in primary EBV infection.183 At present, the mainstay of 
therapy is the reduction of immunosuppression together with 
intravenous aciclovir (10 mg/kg every 8 h). However, many 
patients will require local resection or radiotherapy of affected 
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tissue and/or antilymphoma chemotherapy. Developments in 
this field include the possibility of immunotherapy by means 
of donor leukocyte infusions.184 Most recently the efficacy of 
rituximab, an anti-CD20 monoclonal antibody in the treat-
ment of EBV-driven PTLD, has been described.185

DRUG INTERACTIONS DURING 
TREATMENT OF INFECTION

Ciclosporin and tacrolimus are metabolized by the cytochrome 
P450 enzyme system and therefore interact with a number 
of important antimicrobial agents likely to be prescribed in 
transplant recipients (Table 40.4). Levels of these drugs may 
be altered by the induction or inhibition of this system and 
it is essential that these are measured to prevent toxicity, as 
well as to avoid inadequate or excessive immunosuppression 
with the consequences of rejection or infection. Rifampicin is 
a potent inducer of these cytochrome isoenzymes and causes 
increased metabolism of ciclosporin and tacrolimus, as well as 
reducing the bioavailability of corticosteroids. Erythromycin, 
some of the newer macrolides (particularly clarithromycin), 
and the azole antifungal agents, especially ketoconazole, itra-
conazole and voriconazole (and fluconazole at high doses), 
competitively inhibit this pathway, thus increasing levels of 
ciclosporin and tacrolimus.

Renal function is often impaired in the transplantation 
setting and there may be a complex interaction between 
ciclosporin (itself potentially nephrotoxic, particularly during 
initial therapy) and nephrotoxic antimicrobial agents such as 
the aminoglycosides, high-dose trimethoprim–sulfamethox-
azole, vancomycin and amphotericin. Therapeutic drug mon-
itoring is mandatory (with the exception of amphotericin) to 
prevent additional toxicity and alternative agents should be 
chosen whenever possible (Table 40.4).

CONCLUSION

Prevention should always be the goal in the management 
of infective complications in neutropenia and organ trans-
plantation. This has become increasingly important over the 
past decade with the advent of MRSA, VRE and other resis-
tant organisms. Despite the development of antimicrobials 
with good activity against the infecting agents, the mortality 
from many of these infections remains high. The spectrum 
of immunocompromised patients is changing with the evo-
lution of chemotherapy, stem-cell transplantation, immuno-
suppression regimens, and tissue and organ transplantation 
techniques – thus we can expect to see the pattern of oppor-
tunistic infections shift as well.

table 40.4 Potential drug interactions during management of infections in organ transplant recipients

antimicrobial agent Immunosuppressive agent effect

Aminoglycosides Ciclosporin Exacerbation	of	nephrotoxicity

Amphotericin Ciclosporin Exacerbation	of	nephrotoxicity

Trimethoprim–sulfamethoxazole Ciclosporin Possible	exacerbation	of	nephrotoxicity
Reduced	levels	of	ciclosporin

Doxycycline Ciclosporin Increased ciclosporin levels

Erythromycina Ciclosporin Increased ciclosporin levels

Fluconazole Ciclosporin Increased ciclosporin levels

Flucytosine Azathioprine Possible	exacerbation	of	myelosuppression

Ganciclovir Azathioprine Possible	exacerbation	of	myelosuppression

Itraconazole Ciclosporin
Vincristine

Increased ciclosporin levels
Increased	neurotoxicity

Ketoconazole Ciclosporin Increased ciclosporin levels

Pentamidine (i.v.) Ciclosporin Possible	exacerbation	of	nephrotoxicity

Rifampicin	(rifampin) Ciclosporin Reduced	levels	of	ciclosporin
 Prednisone Reduced	levels	of	prednisone

Sulfonamides Azathioprine Possible	exacerbation	of	myelosuppression

Trimethoprim Azathioprine Possible	exacerbation	of	myelosuppression

Vancomycin Ciclosporin Exacerbation	of	nephrotoxicity

aAnd other macrolides.
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Chapter

41 Infections in intensive care 
patients

Mark G. thomas and Stephen J. Streat

Infection is a common reason for admission to an intensive care unit 
(ICU) and a common complication of stay in such units. Approximately 
one in three patients in the ICU will have an infection. Approximately 
half of these are acquired before admission to the ICU, usually before 
admission to hospital.1,2 Community-acquired infection is common 
in pediatric and adult medical and surgical ICUs but infrequent in 
neonatal and cardiac surgical ICUs.1 Between 2000 and 2008, 1131 
patients with sepsis were admitted to the adult ICU in our hospital in 
Auckland, New Zealand. These patients comprised 14.8% of the 7640 
ICU admissions but used 22.8% of ICU hours and accounted for 19.3% 
of the 866 ICU deaths over the 9-year period. Most received ventila-
tory (61%) or inotropic (84%) support; only 10% received neither form 
of support. Renal replacement therapy was given to 8.7%. Their over-
all mortality within the ICU was 14.8%. Table 41.1 shows the num-
ber of ICU admissions for all septic sites or sources together with the 
mean age, length of ICU stay and ICU survival for each site. The most 
common sites of infection were intraperitoneal from a gastrointesti-
nal source (35.5% of admissions), respiratory tract (22%), urinary tract 
(13.9%), soft-tissue infections (8.1%), bacteremia with an unknown 
source (6.1%) and meninges (4.6%). ICU survival varied by septic site, 
being excellent for brain abscess (100%), meningitis (96%), genital 
tract infection (96%) and endovascular infection (94%), and good for 
urinary tract infection (90%), soft-tissue infection (90%), gastrointes-
tinal-source infection (89%) and infections in joints and bone (86%). 
Survival was poorer for respiratory infection (75%), bacteremia (74%) 
and for infections in other less common sites (73%). ICU admissions 
for sepsis continue to rise while their survival is improving very slowly 
(at ∼1% per year). The reasons for the improvement in ICU mortality 
for sepsis are not clear and are likely to be multifactorial – including 
perhaps earlier attention to shock resuscitation,3 surgical source con-
trol4 and appropriate empirical antibiotic therapy. Currently, the total 
cost per ICU survivor of treating all patients with sepsis is approxi-
mately NZ$21 333 (£8750).

Approximately half the infections present in patients in an ICU 
are acquired following admission to the unit. Richards et al5 found 
six nosocomial infections per 100 patients in medical–surgical ICUs 
in the USA, while 21% of patients in European ICUs had  nosocomial 
infections. The most important sites of nosocomial infection in these 
patients are the respiratory tract, the urinary tract and the bloodstream 

(Table 41.2). The spectrum of organisms responsible for infections 
acquired in the ICU differs from that causing community-acquired 
infections: Neisseria meningitidis and Streptococcus pneumoniae are 
important causes of community-acquired infection in adults6 but 
are unusual causes of ICU-acquired infection; enteric Gram-negative 

table 41.1 Admissions with infection to the Department of 
Critical Care Medicine, Auckland City Hospital, during the period 
2000–2008

Septic site/ 
source

Number of  
admissions

Mean age 
(years)

Mean length 
of stay  
(days)

ICU  
survival 
(%)

Gastrointestinal 402 61 4.5 89

Respiratory 249 53 4.7 75

Urinary tract 157 58 2.9 90

Soft tissues 92 51 4.6 90

Bacteremia 
(unknown source)

69 47 3.4 74 

Meninges 52 38 2.5 96

Joints/bone 29 65 4.3 86

Genital 24 43 1.5 96

Endovascular and 
endocarditis

16 52 2.3 94 

Epidural abscess 16 54 8.1 75

Brain (abscess, 
ventriculitis)

11 45 2.7 100 

Vascular line-
related

9 50 1.3 78 

Mediastinum 3 56 1 67

CAPD peritonitis 2 75 2.6 50

total 1131 56 4.1 85

CAPD, continuous ambulatory peritoneal dialysis.
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bacilli, Staphylococcus aureus and Staphylococcus  epidermidis are 
responsible for most nosocomial ICU infections.2,7

The presence of infection in patients in the ICU is an important 
risk factor for increased mortality and morbidity.8 Infection on admis-
sion to the ICU and nosocomial intra-abdominal infection have been 
shown to be independently predictive of fatality, after allowing for 
other variables such as acute physiology (APACHE score) or the use 
of steroids or chemotherapy.9 Commonly death is due to inadequate 
treatment of a nosocomial infection (often caused by an unusually 
resistant organism) following successful treatment of a community-
acquired infection.10

In recent decades the incidence of infection due to multidrug 
resistant organisms (MROs) has begun to outstrip the pharmaceuti-
cal industry’s ability to develop effective new antimicrobial agents. 
This has led to increased interest in practices that can limit the 
spread of infection within the ICU. Routine screening, on admis-
sion and then weekly, to detect colonization with MROs such as 
methicillin-resistant Staph. aureus (MRSA), extended spectrum 
β-lactamase (ESBL)-positive Enterobacteriaceae, Acinetobacter spp. 
and vancomycin-resistant enterococci (VRE), linked to enhanced 
infection control precautions, can reduce the incidence of infec-
tion due to these MROs within the ICU. The dramatic reduction 
in central venous-line-associated infection that follows consistent 
application of infection control procedures is an excellent illustra-
tion of the opportunities to reduce nosocomial infection within 
the ICU. Prescribing practices within the ICU inevitably contribute 
to the selection of resistant organisms in ICU patients and provide 
an influential exemplar for the rest of the hospital. ICU prescribing 
guidelines should contribute to a hospital-wide policy of prudent 
antimicrobial stewardship.

PNEUMONIA

Pneumonia (Ch. 45) is a common reason for admission to 
the ICU and among the most common nosocomial infec-
tions in patients in these units. Both community-acquired 
and  nosocomial pneumonia have a high mortality and man-
agement is complicated by the need to cover a wide range of 
pathogens.

COMMUNITY-ACQUIRED PNEUMONIA

The presence of clinical features such as tachypnea (>30/
min), hypotension (systolic BP <90 and/or diastolic BP  
<60 mmHg), confusion, multilobar involvement, hypoxemia 
(Pao2/Fio2 <250) and renal impairment (serum creatinine 
>180 µmol/L) can help identify patients with severe commu-
nity-acquired pneumonia.11,12 Str. pneumoniae, Staph. aureus, 
Haemophilus influenzae, enteric Gram-negative bacilli and 
Legionella pneumophila are the most commonly identified bac-
terial causes of community-acquired pneumonia in patients 
admitted to the ICU (Table 41.3). It seems likely that Str. 
pneumoniae is the etiological agent for many patients in whom 
no microbial cause can be proven. Enteric Gram-negative 
bacilli, particularly Pseudomonas aeruginosa and Klebsiella 
pneumoniae, are uncommon causes of community-acquired 
pneumonia in patients admitted to the ICU, but are asso-
ciated with a mortality of 50–75%, in contrast to an overall 
mortality of 20–50%.17,18

The clinical presentation is usually an unreliable guide 
to the etiology of community-acquired pneumonia,18–20 and 
initial treatment will often need to cover the most common 
pathogens. Occasionally the clinical features on admission 
may provide useful clues to the etiology. For example, a his-
tory of chronic respiratory disease, alcoholism, immuno-
suppression or bronchiectasis should alert the doctor to the 
possibility that the pneumonia is due to an enteric Gram-
negative bacillus. Other clues to a specific diagnosis include 
admission during an epidemic due to mycoplasma or influ-
enza. During an influenza epidemic, secondary infection 
with Staph. aureus should be suspected. The admission radio-
graphic findings in patients admitted with pneumonia usu-
ally do not allow a reliable discrimination between the various 
possible etiologies. Sputum Gram stain suggests the etiol-
ogy in approximately 10% of patients, while sputum culture 
and blood culture are diagnostic in 12–44% and 10–35%, 
respectively.13,17,19 Urinary antigen tests for Str. pneumoniae 
and L. pneumophila serogroup 1 should be performed on all 
patients with community-acquired pneumonia admitted to 
the ICU. Although a variety of methods (including  fiberoptic 

table 41.2 Site of nosocomial infection in intensive care unitsa

 Study

 Vincent et al2 richards et al5

Total no. of infections 2485 29041

Site of infection (%)   
 Respiratory tract 54 37
 Genitourinary tract 15 23
 Wound 6 8
 Gastrointestinal 4 4
 Bacteremia 10 14
 Skin 4 3
 Other 8 11

aInfection at each site as a proportion of total infection rate.

table 41.3 Etiology of community-acquired pneumonia  
in intensive care units

 BtS13 Moine  
et al14

Leroy  
et al15

Oleacha  
et al16

Total no. of  
patients

185 132 299 262 

Organism (%)      

  Streptococcus  
 pneumoniae

 22  33  27  11

 Staphylococcus aureus   9  4  19  4
 Haemophilus influenzae   4  11  8  4
  Enteric Gram-negative  

 bacilli
 
  2

 11  18  3 

 Legionella pneumophila  18  3  0  8
 Unknown  32  28  34  41
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 bronchoscopy with protected brush sampling or bronchoal-
veolar lavage;  percutaneous lung  aspiration with ultra-thin 
needles) have been proposed to increase the rate of microbio-
logical diagnosis, none has entered routine clinical practice. 
Bronchoscopy with bronchoalveolar lavage should at pres-
ent be reserved for selected patients, such as those in whom 
infection with Mycobacterium tuberculosis, Pneumocystis jirovecii 
(formerly Pneumocystis  carinii) or cytomegalovirus is thought 
likely.

 TREATMENT

An essential goal of treatment of severe community-acquired 
pneumonia is to ensure adequate activity against Str. pneu-
moniae, the most common cause of death in such patients. 
The rapid dissemination of penicillin-non-susceptible Str. 
pneumoniae has raised concern about the role of penicil-
lins and cephalosporins in the treatment of disease due to 
this organism. However, high-dose intravenous therapy with 
many β-lactams provides serum levels well in excess of the 
minimum inhibitory concentrations (MICs) of non-suscep-
tible strains of Str. pneumoniae, and (with the exception of 
rare strains for which the MIC of penicillin is greater than 
4 mg/L) cure rates for non-susceptible strains are compa-
rable to those seen with susceptible strains. At present, there-
fore, it does not appear necessary to include vancomycin in 
empirical regimens for the treatment of severe community-
acquired pneumonia.

Because L. pneumophila may cause severe community-
acquired pneumonia, treatment with a macrolide (e.g. eryth-
romycin, clarithromycin or azithromycin) or a ‘respiratory’ 
fluoroquinolone (e.g. levofloxacin, gatifloxacin or moxifloxa-
cin) is widely considered an essential component of the initial 
antimicrobial regimen.20,21 Both of these classes of antimicro-
bial agent possess the advantages of providing activity against 
other common respiratory pathogens. Macrolides have use-
ful activity against Str. pneumoniae, Mycoplasma pneumoniae, 
Chlamydophila (Chlamydia) pneumoniae and, to a variable 
degree, H. influenzae, while the ‘respiratory’ quinolones are 
active against Str. pneumoniae (including penicillin non-sus-
ceptible strains), M. pneumoniae, C. pneumoniae and enteric 
Gram-negative bacilli. Two recent North American guidelines 
have recommended a combination of a group 4 (third-gen-
eration) cephalosporin (e.g. ceftriaxone or cefotaxime) or a 
penicillin with a penicillinase inhibitor (e.g. amoxicillin–cla-
vulanate or ampicillin–sulbactam), together with a macrolide 
or a ‘respiratory’ quinolone for most patients in the ICU with 
community-acquired pneumonia.20,21 It seems likely that a 
group 3 (second-generation) cephalosporin (such as cefu-
roxime), given in high doses, would provide comparable effi-
cacy for pneumococcal pneumonia and only marginally less 
efficacy against enteric Gram-negative bacilli. Units that wish 
to limit their use of group 4 cephalosporins may consider 
replacing this component of the regimen with high-dose cefu-
roxime. Patients whose initial sputum (or tracheal aspirate) 

Gram stain suggests infection due to enteric Gram-negative 
bacilli should be treated with a regimen with enhanced antip-
seudomonal activity (e.g. ceftazidime or gentamicin, com-
bined with a fluoroquinolone). Patients with suspected or 
proven anaerobic infection should be treated with clindamy-
cin or a penicillin with a penicillinase inhibitor.

NOSOCOMIAL PNEUMONIA

Ventilator-associated pneumonia (VAP) is a common noso-
comial infection in the ICU:1–5 in patients ventilated for 
more than 48 h the incidence of pneumonia is approxi-
mately 20% with an associated mortality of 40–60%.22–24 
Ventilator-associated pneumonia remains a diagnostic and 
therapeutic dilemma, pneumonia can be diagnosed with cer-
tainty in a minority of patients in whom it is suspected, the 
pathogen(s) responsible for pneumonia are often uncertain, 
and the outcome is poor despite aggressive investigation 
and antibiotic treatment.22 Furthermore, ventilator-associ-
ated pneumonia is frequently a marker of terminal illness 
rather than an independently important cause of death, and 
most of the deaths associated with this condition cannot be 
attributed to it.25,26

Aspiration of oropharyngeal secretions is the usual route of 
acquiring lung infection. Impaired consciousness, immobil-
ity, the presence of endotracheal and nasogastric tubes, and 
tracheostomies all increase the risk of aspiration and the inci-
dence of pneumonia. The organisms aspirated into the lungs 
reflect those present in the oropharynx and stomach. Following 
admission to the ICU, the oropharynx and stomach become 
increasingly colonized with enteric Gram-negative bacilli. 
Thus, aspiration of oropharyngeal secretions at the onset of 
the illness or injury which leads to ICU admission commonly 
result in pneumonia due to methicillin-sensitive Staph. aureus, 
Str. pneumoniae or H. influenzae, while aspiration occurring 
3 or more days after admission to the unit is more likely to be 
due to enteric Gram-negative bacilli or MRSA.27,28

 DIAgNOSIS

Diagnosis of pneumonia in patients in the ICU, particularly 
those who are being ventilated, may be difficult. Although 
fever, leukocytosis, hypoxemia, purulent sputum and the pres-
ence of pathogenic bacteria in the tracheobronchial secretions 
will raise concerns about the possibility of pneumonia, these 
clinical features are more commonly present in the absence 
of pneumonia. A simple assessment based on these clinical 
features can effectively identify patients with a low risk of 
pneumonia who do not require intensive or prolonged anti-
microbial therapy.29

Because the organisms responsible for causing nosocomial 
pneumonia in ICU patients are commonly derived from those 
colonizing the oropharynx, the use of sputum or tracheal aspi-
rates to identify the causative organism(s) is hampered by the 
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problem of distinguishing between contaminants and true 
pathogens. A variety of techniques, including transthoracic 
aspiration and bronchoscopy with sampling by bronchoal-
veolar lavage or protected specimen brush, have been evalu-
ated, but none has been shown consistently to lower mortality 
rates.24,27,30

Gram-negative enteric bacilli, Staph. aureus, Str. pneumo-
niae and H. influenzae are the pathogens most commonly 
responsible for ventilator-associated pneumonia. In one study 
of 168 patients with bacteremic nosocomial pneumonia, the 
organisms isolated from blood cultures were members of the 
Klebsiella–Enterobacter–Serratia family (26%), Ps. aeruginosa 
(13%), Escherichia coli (8%), other aerobic Gram-negative 
organisms (8%), Staph. aureus (23%), Str. pneumoniae (11%) 
and other Gram-positive organisms (10%).31 Polymicrobial 
bacteremia, most commonly with Staph. aureus, K. pneumo-
niae or Ps. aeruginosa, occurred in 10% of episodes.

 TREATMENT

Nosocomial pneumonia should be treated with an agent or 
combination of agents that covers this spectrum of pathogens. 
Occasionally, previous consistent isolation of a pathogen from 
surveillance cultures of the patient’s sputum will assist with 
selection of an antibiotic regimen. Similarly, the knowledge 
that H. influenzae and Staph. aureus are much more likely to 
cause pneumonia in a patient who has not recently received 
antibiotic therapy, and that Ps. aeruginosa is a particularly 
common cause in patients who have received prior antibi-
otic therapy,32 can assist with antibiotic selection. Finally, the 
occurrence of endemic or epidemic transmission of a nosoco-
mial pathogen within the ICU may need to be considered.

The combination of an aminoglycoside plus a third-gener-
ation cephalosporin or a broad-spectrum penicillin have been 
most commonly recommended for initial treatment of noso-
comial pneumonia in the ICU.33,34 These regimens have been 
selected on the basis of having adequate activity against the 
usual spectrum of pathogens plus Ps. aeruginosa because of 
the especially high mortality associated with pneumonia due 
to this organism. In ICUs where Ps. aeruginosa and other mul-
tiresistant organisms are unusual causes of ventilator-associ-
ated pneumonia, a less broad-spectrum regimen may be used 
(e.g. a combination of an aminoglycoside with cefuroxime or 
amoxicillin–clavulanic acid). Concern about the nephrotox-
icity and ototoxicity associated with aminoglycoside therapy 
has led to the use of regimens in which ciprofloxacin or aztre-
onam is substituted for the aminoglycoside. However, aztre-
onam lacks activity against Gram-positive organisms and 
generally should be used in combination with another agent 
with Gram-positive activity such as clindamycin, vancomycin 
or flucloxacillin.

Ceftazidime, imipenem–cilastatin, ciprofloxacin and a 
number of other agents have been evaluated as monotherapy 
for nosocomial pneumonia. Ceftazidime, imipenem–cilastatin 
and ticarcillin–clavulanic acid have all given high cure rates in 

patients with ventilator-associated pneumonia.33–39 In contrast, 
monotherapy with ciprofloxacin or pefloxacin has been asso-
ciated with unacceptably high failure rates.40,41 None of the 
monotherapy regimens evaluated was adequate treatment for 
pneumonia due to Pseudomonas spp. Persistent infection dur-
ing treatment, development of resistance to the agent used, and 
clinical failure of monotherapy, occasionally with an improved 
response when a second agent was added to the regimen, 
were common problems when Pseudomonas pneumonia was 
treated with any of the monotherapy regimens. Although the 
overall outcome of monotherapy is similar to that of combina-
tion therapy,42 pneumonia known or suspected to be caused 
by Ps. aeruginosa (or by Enterobacter or Serratia spp.) should be 
treated with a combination regimen.

The patient in the ICU with a nosocomial pneumonia 
should usually be treated initially with a broad-spectrum 
cephalosporin (e.g. cefuroxime, ceftriaxone or cefotaxime) 
or penicillin (e.g. amoxicillin–clavulanate) plus an amino-
glycoside. In patients in whom infection with Pseudomonas 
is more likely (e.g. those who have had a prolonged ICU 
stay plus prior antibiotic therapy), an aminoglycoside plus 
a β-lactam with activity against Pseudomonas (e.g. ceftazi-
dime) should be used. A macrolide or quinolone should 
be a component of the regimen in hospitals experienc-
ing epidemic or endemic infection with Legionella spp. 
Treatment should be modified on the basis of the micro-
biology results, for example to flucloxacillin or vancomycin 
in patients with staphylococcal infection, or to amoxicil-
lin or cefuroxime alone in patients with infection due to 
a sensitive Esch. coli. Treatment can often be discontinued 
after 5–7 days but ventilator-associated pneumonia due to  
Ps. aeruginosa should be treated for at least 14 days.

INTRA-ABDOMINAL INFECTION

Intra-abdominal infection (Ch. 39) is a common important 
cause of sepsis in the ICU, especially in those units with sur-
gical patients. Although the overall mortality of patients with 
severe generalized peritonitis or abdominal abscess(es), the 
most common intra-abdominal infections in the ICU, has 
variously been reported as being between 30% and 60%,43,44 
our recent experience (see Table 41.1) suggests that this is now 
overly pessimistic.

 MICROBIOLOgY

The organisms responsible for intra-abdominal  sepsis 
vary with the source of infection. Peritonitis secondary 
to  contamination by intestinal contents usually results in a 
polymicrobial mixed aerobic and anaerobic infection, with 
Bacteroides fragilis and Esch. coli the most commonly iso-
lated species.45 Spontaneous bacterial peritonitis is usually a 
monomicrobial infection. Esch. coli, K. pneumoniae and Gram-
positive cocci are the usual pathogens. Anaerobes are rarely 
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present.46 Tertiary peritonitis, which occurs in severely ill 
patients following laparotomy, and which is not usually asso-
ciated with peritoneal contamination by intestinal contents, 
is often monomicrobial and commonly due to Staph. epider-
midis, Enterococcus spp., Enterobacter spp., Pseudomonas spp. or 
Candida albicans.47

 TREATMENT

Antimicrobial therapy, other than brief perioperative pro-
phylaxis, is not necessary either in patients with peritoneal 
contamination without infection (e.g. gastroduodenal ulcer 
perforation operated on within 24 h of onset) or in patients 
in whom a localized infectious process is treated by excision 
(e.g. acute suppurative appendicitis, simple acute cholecys-
titis and ischemic bowel without perforation). Peritonitis fol-
lowing contamination of the peritoneal cavity usually should 
be treated with a regimen active against enteric Gram-
negative bacilli and anaerobes. An agent active against Staph. 
aureus should be used in patients with peritonitis following 
gastric perforation. A combination of an aminoglycoside 
(e.g. gentamicin or tobramycin) with an anti-anaerobic agent 
(e.g. metronidazole or clindamycin) are established regi-
mens for patients with intra-abdominal sepsis. Aztreonam 
is widely used as an alternative to an aminoglycoside for 
those patients at significant risk from the nephrotoxicity of 
aminoglycosides. Aztreonam plus clindamycin was found 
to have similar efficacy to tobramycin (or gentamicin) plus 
clindamycin in five clinical trials reviewed by DiPiro and 
Fortson.48 Monotherapy with imipenem–cilastatin, piper-
acillin–tazobactam, cefotetan or cefoxitin is as effective as 
combination treatment with an aminoglycoside plus an anti-
anaerobic drug,49–51 and is associated with significantly less 
nephrotoxicity. These data have led Gorbach to suggest that 
aminoglycoside-containing regimens should not be used 
routinely for the initial treatment of uncomplicated intra-
abdominal infection.45 Enterococci are frequently present 
in polymicrobial intra-abdominal infections but are sel-
dom found alone. Treatment with an agent active against 
enterococci (e.g. amoxicillin) is not routinely required.45,52 
Monotherapy with cefoxitin, combination therapy with cefu-
roxime plus metronidazole or gentamicin plus metronidazole 
(or clindamycin) are cheap, widely used alternatives for treat-
ment of intra-abdominal infection. More expensive alterna-
tives such as imipenem–cilastatin or  piperacillin–tazobactam 
should be reserved for patients with complicated infections. 
Patients with generalized peritonitis or localized abdominal 
abscess should ordinarily be treated for 5–7 days.53 Runyon 
et al54 treated spontaneous bacterial peritonitis with cefo-
taxime 2 g every 8 h for 5 days, with no deaths due to infec-
tion and a 93% microbiological cure rate. As spontaneous 
bacterial peritonitis is usually due to community-acquired 
infection with relatively sensitive organisms, it seems likely 
that very similar results could be achieved with cefuroxime 
or amoxicillin–clavulanate.

Tertiary peritonitis should initially be treated with amoxi-
cillin, gentamicin and metronidazole, but treatment should 
be modified when appropriate microbiology results are avail-
able. When infection is due to Candida spp. other antimicro-
bial agents should be discontinued, foreign bodies removed if 
possible, and treatment with amphotericin given for at least 
4 weeks.55

Infection is a common complication of severe acute pan-
creatic necrosis. It usually occurs 2 or 3 weeks after the 
onset of acute pancreatitis and is commonly due to enteric 
Gram-negative bacilli, Staph. aureus, streptococci or B. 
 fragilis. Antimicrobial prophylaxis (e.g. monotherapy with 
imipenem–cilastatin or cefuroxime, or combination ther-
apy with ceftazidime, metronidazole and amikacin) appears 
to be useful in preventing infection in high-risk patients, 
i.e. those with necrosis of more than one-third of the pan-
creas. However, no trial has shown a significant benefit in 
mortality. It seems reasonable to treat patients with severe 
acute pancreatic necrosis with cefuroxime for 14 days in the 
expectation that preventing infection will reduce morbidity, 
if not mortality.56

URINARY TRACT INFECTION

Urinary tract infections are the third most common cause 
of admissions to ICUs for sepsis and are present in approx-
imately 10% of such patients.57,58 Mortality from urinary 
tract sepsis is lower than for the two more common sources 
(intra-abdominal infections and pneumonia) and has been 
reported as around 30%,59,60 but is less in our recent expe-
rience (see Table 41.1). Most patients with urinary tract 
sepsis who are admitted to an ICU have infections that are 
 complicated, i.e. they are associated with obstruction in 
 association with structural abnormalities of the urinary tract 
(usually  urolithiasis, less commonly malignancy or congen-
ital abnormalities). Rarely, and most often in patients with 
diabetes, there may be an associated perinephric abscess61 or 
 emphysematous pyelonephritis.62

 MICROBIOLOgY

The organisms most commonly responsible for compli-
cated urinary infections are Esch. coli, Proteus and Klebsiella 
spp., other enteric Gram-negative bacilli, and less com-
monly enterococci. Staph. aureus, Candida spp. and other 
fungi are sometimes responsible, particularly in patients 
with a renal abscess. Azotemia should not be assumed to 
be acute as underlying chronic renal impairment is often 
present. Initial empirical antibiotic therapy should include 
amoxicillin and either an aminoglycoside or aztreonam. 
Immediate  investigation should include imaging of the uri-
nary tract with ultrasonography or CT scan to define the site 
and nature of any obstruction and detect the presence of an 
abscess or free gas in the tissues. Initial diagnostic  radiology 
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should be combined with either percutaneous nephrostomy 
or ureteric stenting  (performed following the first dose of 
antibiotics). Treatment of perinephric abscess(es) should 
include an anti-staphylococcal antibiotic (e.g. (flucl)oxacil-
lin or vancomycin)63 and consideration of operative drainage. 
Nephrectomy is usually recommended in emphysematous 
pyelonephritis.62

Colonization and infection of the urinary tract occur in 
6–18% of ICU patients.1,2 In most of these patients urinary 
tract infection is a relatively insignificant complication of 
urinary catheterization, which usually resolves on removal 
of the catheter; however, in a minority it is the cause of 
systemic illness and in a few it may contribute to mortal-
ity. Antimicrobial treatment is not indicated in the majority 
of patients and should be reserved for those with evidence of 
systemic sepsis.

 TREATMENT

A variety of different antimicrobials have been evaluated in 
the treatment of hospital patients with serious urinary tract 
infection. The most important requirement of a regimen 
is adequate activity against aerobic Gram-negative bacilli, 
including Pseudomonas spp. Gentamicin, or another amino-
glycoside, has long been considered the standard parenteral 
treatment for pyelonephritis, but concerns about nephrotox-
icity and ototoxicity have prompted the assessment of other 
agents.

Aztreonam, ceftazidime, imipenem–cilastatin, ciprofloxa-
cin and a host of other agents have demonstrated generally 
similar efficacy to the aminoglycosides.64–66 The selection of 
initial empirical therapy is influenced more by the relative 
costs of these agents than by any differences in clinical efficacy. 
Once the urinary pathogen has been identified, treatment can 
often be modified to use a cheaper narrow-spectrum agent. 
Pyelonephritis should be treated for 7–10 days but colonized 
patients can usually be managed by observation until removal 
of the catheter. The management of urinary tract infection is 
discussed in Chapter 54.

INTRAVASCULAR CATHETER-
ASSOCIATED INFECTIONS

Infections of intravascular cannulas may range in severity 
from asymptomatic colonization of the cannula hub or skin 
insertion site to suppurative thrombophlebitis. Bacteremia is 
a common complication of severe catheter-associated infec-
tion, and in ICU patients is associated with a significantly 
increased mortality.67 The incidence of intravascular catheter-
associated sepsis is particularly affected by the spectrum and 
density of bacterial colonization of the skin at the insertion 
site, the duration of catheterization and the type of catheter 
used. The rate of cannula-related bacteremia is approximately 
0.2% for peripheral intravenous cannulas, 1% for arterial 

catheters used for hemodynamic monitoring and 3–5% for 
short-term non-cuffed central venous catheters.68 Infection 
rates in patients with burns are commonly much higher.69 The 
organisms most commonly responsible for cannula-related 
sepsis in ICU patients are Staph. epidermidis, enteric Gram-
negative bacilli, Staph. aureus, Enterococcus spp. and Candida 
spp.70–72 (Table 41.4).

Catheter-associated infection should be suspected in 
all febrile patients who lack an identified source of sepsis. 
Infection of central venous catheters is not usually associ-
ated with any signs of sepsis at the insertion site. In con-
trast,  insertion-site inflammation may be a useful sign of 
infection associated with peripheral venous and arterial 
catheters. However, most patients with peripheral catheter 
insertion-site inflammation do not have significant infec-
tion. Furthermore, sepsis may occur in the absence of local 
inflammation. In one study of 130 arterial catheters, bacte-
remia occurred in 3 of 14 patients with inflammation at the 
site of catheter insertion and 2 of 116 patients without local 
inflammation.73

The management of catheter-associated infection is 
 discussed in detail in Chapter 42.

All patients with intravascular catheter-associated sepsis, 
especially those with infection due to Staph. aureus, should 
be carefully evaluated for the development of distant foci of 
infection (e.g. endocarditis, epidural abscess, septic arthri-
tis). While these complications most commonly occur dur-
ing the first 14 days after onset of the catheter-associated 
infection,74 they may present as late as 2 months after the 
completion of antibiotic treatment.75 Patients who have clin-
ical evidence of suppurative thrombophlebitis or perivas-
cular abscess may need adjunctive treatment with heparin, 
surgical removal of the infected vein or drainage of a perivas-
cular abscess.76

The optimal duration of treatment for apparently uncom-
plicated intravascular catheter-associated sepsis is uncertain. 
Jernigan and Farr75 reviewed 11 studies of short-course ther-
apy of catheter-related Staph. aureus bacteremia and con-
cluded that treatment should be for more than 2 weeks. Fowler 
et al77 have suggested that patients with  cannula-related 
Staph. aureus bacteremia who have no indwelling prosthetic 
devices, clinical resolution within 3 days of removal of the 
infected cannula, sterile blood cultures at 2–4 days after 

table 41.4 Etiology of primary bacteremia in patients  
in intensive care units

 richards et al5 richards et al7

Total no. of isolates 2971 4394

Organisms (%)   

 Staphylococcus aureus 13 12
 Staph. epidermidis 36 39
 Enterococci 16 11
  Enteric Gram-negative 

bacilli
17 20 

 Candida spp. 11 12



530 CHAPTER 41 INfECTIONS IN INTENSIvE CARE PATIENTS

starting appropriate therapy and a normal transesophageal 
echocardiogram after 5–7 days of therapy should be treated 
for only 7 days. The duration of treatment for patients with 
cannula-related  bacteremia due to other organisms is even 
less certain.

Use of central venous cannulas, coated with either chlo-
rhexidine and silver sulfadiazine or rifampicin (rifampin) 
and minocycline has a significant benefit in the prevention 
of cannula-associated bacteremia.78 Dramatic reductions in 
cannula-associated bacteremia can be achieved by consistent 
application of a bundle of infection-prevention procedures: 
handwashing and using full barrier precautions during the 
insertion of central venous catheters, cleaning the insertion 
site with chlorhexidine, avoiding the femoral site if possible 
and removal of unnecessary catheters.79,80

SINUSITIS

Sinusitis (Ch. 44), particularly affecting the maxillary sinuses, is 
an occasional cause of fever in ICU patients.81,82 Complications 
of sinusitis include bronchopneumonia,  septicemia and 
 subdural empyema.

Sinusitis should be suspected in febrile patients who have 
endotracheal and gastric tubes inserted through the nares. 
Purulent rhinorrhea and middle ear effusion(s) (detected 
by pneumatic otoscopy) are useful clinical associations with 
sinusitis.83 Partial or complete opacification of the sinuses 
has been demonstrated in 30–60% of patients admitted to 
an ICU for at least 7 days.81,82 However, in approximately 
half of these patients the maxillary sinus fluid does not grow 
significant numbers (>103 cfu/mL) of organisms. The dem-
onstration of fluid in the sinuses (by CT, radiography or 
ultrasonography) should not therefore be regarded as proof 
of the presence of purulent sinusitis. In patients who do have 
purulent sinusitis the infection is commonly polymicrobial, 
with Gram-negative bacilli present in most. Candida spp. 
and anaerobes are  occasional causes of sinusitis.

The initial treatment of sinusitis should include removal of 
any nasal tubes and treatment with a broad-spectrum antibi-
otic such as cefoxitin. In patients with persistent fever, radio-
logical evidence of significant sinus opacification and no other 
focus of infection, the affected sinuses should be surgically 
drained and lavaged, and treatment modified on the basis of 
culture results.

SOLID ORgAN TRANSPLANTATION

Solid organ transplant recipients are admitted to an ICU 
under two circumstances – immediately postoperatively or 
at some later time following transplantation. Infection is the 
most common reason for such admission.

Prophylactic perioperative antimicrobial therapy in solid 
organ transplant recipients should be effective against the 

common bacterial and fungal pathogens responsible for 
infection during this period of maximal immunosuppres-
sion. The regimen should represent the consensus views 
of transplant clinicians, intensivists and infectious disease 
physicians and should be in the form of a written protocol. 
Prophylaxis should begin immediately preoperatively so 
as to provide high blood levels during surgery. The agents 
used should be appropriate to the (site and organ-specific) 
infective risks and should be given for short periods only 
(<24 h). Finally, account should be taken of co-morbid-
ity such as renal impairment so as to minimize iatrogenic 
complications. These recommendations are consistent with 
the general principles for the prevention of surgical site 
infections.84

Common regimens in abdominal organ transplantation 
include either a group 3 cephalosporin (cefuroxime or cefoxi-
tin) or a combination of an antistaphylococcal penicillin (or 
vancomycin) and either an aminoglycoside or aztreonam. 
A short course of prophylactic systemic antifungal ther-
apy is recommended in high-risk patients undergoing liver 
transplantation.85

Perioperative regimens in heart transplantation should 
be similar to those used in non-transplant cardiac surgery 
(e.g. cefuroxime). Lung transplant recipients with cys-
tic fibrosis or bronchiectasis are frequently colonized with 
multiresistant enteric Gram-negative bacilli and should 
receive prophylaxis with a dual antipseudomonal regimen 
(e.g. ceftazidime and an aminoglycoside). Other lung trans-
plant patients, for example those with pulmonary hyperten-
sion, should have similar prophylaxis to heart transplant 
recipients.

Bacterial infections in critically ill transplant recipients 
early after transplantation should be treated according to 
protocols designed for other critically ill patients, bearing 
in mind the local microbial flora, the nature of the putative 
septic site and the state of immunosuppression. Empirical 
treatment may consist of a group 3 cephalosporin (perhaps 
in combination with an aminoglycoside) in pneumonia or 
urinary tract infection; an anti-staphylococcal penicillin (or 
vancomycin) with an aminoglycoside and perhaps ampho-
tericin86,87 in clinical sepsis without an identified site; and 
either triple combination therapy (aminoglycoside, metron-
idazole and amoxicillin or vancomycin) or monotherapy with 
a carbapenem in intra-abdominal infection. Enterococcus fae-
cium, including vancomycin-resistant strains, is a particular 
problem in biliary and intra-abdominal infection after liver 
transplantation, as are multiresistant organisms after lung 
transplantation.88

Serious fungal infections are particularly problem-
atic89–91 and constitute the most common unsuspected find-
ing at autopsy in transplant recipients who die in the ICU.92 
Early recourse to liposomal amphotericin is recommended 
in life-threatening fungal infections in transplant recipients, 
although successful use of caspofungin or voriconazole has 
been reported for invasive aspergillosis (Ch. 60).93,94
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Infections occurring more than a month after transplanta-
tion are more likely to be due to opportunistic organisms95 
and invasive means should be used if necessary to establish 
the nature of the causative organisms.

The prophylaxis and therapy of viral and other opportunis-
tic infections in transplant patients is covered in Chapter 40.

SEPSIS MODULATORS

Sepsis (i.e. the clinical syndrome usually associated with 
severe life-threatening infections) has a complex pathophys-
iology that has proved difficult to elucidate.96 Although 
understanding of many of the underlying mediators and 
mechanisms of disease (e.g. the inflammatory and coagu-
lation cascades) is increasing,97,98 attempts to convert this 
understanding into effective therapeutic strategies have 
so far been largely unsuccessful.57,99,100 In large part this 
is because of the extreme heterogeneity of clinical sepsis 
with respect to patient factors (e.g. co-morbidity), qual-
ity of clinical care (e.g. the appropriateness of surgical and 
antimicrobial therapy),101,102 the nature of the septic pro-
cess (e.g. abscess or bacteremia), the timing of interven-
tion with respect to the stage of evolution of the underlying 
pathophysiology, and the redundancy of disease mecha-
nisms which limit the possible efficacy of a ‘single magic 
bullet’ intervention strategy.

The lack of specific clinical correlates of underlying dis-
ease mechanisms has prompted calls for a reappraisal of 
the utility of the clinical definition of sepsis and for a clas-
sification of septic patients in ways that ensure more homo-
geneity with respect to these mechanisms.103 However, 
despite these formidable methodological difficulties, a 
meta-analysis104 of 18 trials of a variety of anti-inflam-
matory therapies showed a small but statistically signifi-
cant reduction in absolute mortality (from around 39% to 
36%) in the ‘active’ arm. This suggests that such therapies 
may indeed have therapeutic benefit. It seems likely that 
some of these agents may be less effective than others and 
that the size of the ‘benefit’ in the meta-analysis may be an 
underestimate of the efficacy of a few ‘strong performers’. 
Nevertheless, very large trial sizes (c. 6000 patients) would 
be required to detect such small (3%) benefits, unless 
trial design improved. After initial trials of antithrombin 
III suggested that this agent might be beneficial,105 a large 
multicenter study was unfortunately confounded by the 
adverse effects in the antithrombin III arm of simultane-
ous heparin administration and the future of this agent is 
unclear.106 Another agent with both anti-inflammatory and 
anti-thrombotic activity, recombinant human activated 
protein C or drotrecogin-alfa, was shown to reduce all-
cause 28-day mortality from 30.8% to 24.7% in another 
large trial (PROWESS).58 However, two subsequent trials 
with different protocols – one in adults (ADDRESS),107 the 
other in children (RESOLVE)108 – did not show benefit and 

a fourth trial (PROWESS-SHOCK) 109 is currently recruit-
ing, while the place of this expensive agent continues to be 
debated (see Ch. 38).110

PREVENTION OF INFECTION IN THE ICU

SELECTIVE DECONTAMINATION OF THE 
DIgESTIVE TRACT

The use of selective decontamination of the digestive tract 
(SDD) to reduce the incidence of infection in multiple 
trauma patients was first reported by Stoutenbeek et al.111 
The regimen used for SDD is commonly a mixture of poly-
myxin, tobramycin (or gentamicin) and amphotericin. This 
mixture is applied as a paste to the oral mucosa, and a liquid 
suspension is swallowed or administered via a nasogastric 
tube four times daily. The regimen is intended to eliminate 
fungi and aerobic Gram-negative bacteria from the gastro-
intestinal tract but to have little effect on the predominant 
anaerobic flora, thus maintaining ‘colonization resistance’ 
due to their continued growth. The purpose of SDD is to 
reduce the rate of pneumonia and other serious infections 
caused by pathogenic organisms originating from the gastro-
intestinal tract. In a modification of SDD the topical oral and 
enteric regimen used throughout a patient’s stay in the ICU 
has been supplemented by the addition of a systemic broad-
spectrum antibiotic (usually cefotaxime) for the first 4 days 
of the stay. This selective parenteral and enteral antisepsis 
regimen (SPEAR) is intended to improve upon the efficacy 
of SDD by treating occult or incubating infections pres-
ent at admission to the ICU. Whether or not regimens have 
included an initial period of systemic antimicrobial therapy, 
the acronym SDD is most frequently used to describe this 
form of chemoprophylaxis.

Colonization of the oropharynx, stomach and rectum 
is dramatically affected by SDD regimens. Aerobic Gram-
negative bacilli are eliminated from the oropharynx and 
stomach within 3–4 days of starting SDD. In contrast, they 
continue to be isolated from these sites in 20–50% of control 
patients not given SDD. The proportion of patients with aero-
bic Gram-negative bacilli present in rectal swabs also declines 
from approximately 60–90% to 10–20% over a period of 
10–14 days.102–114

A meta-analysis of the results from 51 randomized con-
trolled trials (including 8065 patients) of SDD regimens 
showed a 61% reduction in the incidence of bacteremia due 
to aerobic Gram-negative bacilli, no effect on bacteremia due 
to Gram-positive bacteria, and a 20% reduction in mortal-
ity.115 The analysis suggested that approximately 22 patients 
would need to be treated to prevent one death. The adverse 
effects of SDD regimens include the significantly increased 
expenditure on antibiotics, the potential for increased antibi-
otic resistance in the endemic bacterial flora of the ICU due 
to the selective pressure exerted by the SDD regimen, and 
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the toxicity of the agents used. Opinion is divided between 
those who consider SDD of proven benefit and those who 
consider that further study is required to determine whether 
it is cost-effective in selected subgroups (e.g. trauma and burn 
patients).27,28

OTHER STRATEgIES TO PREVENT 
VENTILATOR-ASSOCIATED PNEUMONIA

Semirecumbent positioning, enteral rather than gastric feed-
ing, use of sucralfate rather than antacids, H2 antagonists or 
proton pump inhibitors as prophylaxis against stress-induced 
gastric ulceration, continuous subglottic aspiration and 
removal of nasogastric and endotracheal tubes at the earliest 
opportunity have all been shown to reduce the incidence of 
ventilator-associated pneumonia.28

HAND HYgIENE

Despite clear evidence that micro-organisms are dissemi-
nated within the ICU on the hands of staff,116 and increasing 
concern about nosocomial infection with ever more resistant 
organisms, ICU staff wash their hands on approximately only 
one-third of the occasions when they should do so. The level of 
compliance with handwashing guidelines in ICUs tends to be 
lower than it is in other parts of the hospital, perhaps because 
of heavier staff workloads in the ICU. Placing labels on ICU 
equipment that remind staff to wash their hands, provision 
of easily accessible handbasins and dispensers, and use of an 
antiseptic handrub rather than handwashing, have all been 
found to improve hand hygiene in the ICU.117 Maintaining 
high levels of hand hygiene requires adequate staffing and 
continuous education and motivation of staff. While these 
actions may appear mundane, improvements in hand hygiene 
are likely to dramatically reduce nosocomial infection.

POLICIES TO MAXIMIZE THE 
EFFECTIVENESS OF ANTIMICROBIAL 
USE IN THE ICU

The prevalence of infection with antibiotic-resistant organ-
isms is rising in ICUs,118 as it is in hospitals generally. Such 
infections are difficult and costly to treat.119 ICUs are often 
accused of indiscriminate use of antibiotics and of creating 
antibiotic-resistant organisms, which then spread to the rest 
of the hospital. While it is evident that the patients with the 
most severe infections in the hospital are often admitted to 
the ICU as a result of their infection, there is much that can 
be done in the ICU to limit the inappropriate use of antibiot-
ics and the selection of resistant microbial strains.120

Crucial to the success of these endeavors, however, is the 
creation of a conservative culture with respect to the use of anti-
biotics, both prophylactically and therapeutically. This requires 

the cooperation of all clinicians practicing within the ICU. This 
culture should be expressed in an antibiotic management pro-
gram. Infectious disease physicians and clinical microbiologists 
have a detailed knowledge of the local microbiological flora, 
both in hospital and in the surrounding community, and can 
provide evidence-based advice and facilitate consensus among 
other clinicians on appropriate antibiotic use.120

Antibiotic management programs should be specific and 
applicable to the clinical situation, where decisions often need 
to be made without supporting microbiological informa-
tion. They should specifically cover ‘surgical prophylaxis’ and 
should specify the indications, agent, dose and duration of 
therapy.121 They should also explicitly prohibit the use of anti-
biotic prophylaxis in situations where it is not indicated and 
should specify initial empirical therapy based on presenting 
clinical syndromes (i.e. before microbiological information 
comes to hand). Once again, the agents, dose and duration 
should be specified. Certain agents (e.g. perhaps expanded-
spectrum cephalosporins, amphotericin, carba penems, ami-
kacin, streptogramins, linezolid) could be designated as 
mandating either prior approval or early review by an infec-
tious disease physician. A policy commitment by the treating 
clinicians to reserve empirical antibiotic therapy for ‘clinical 
sepsis’ and not to treat ‘colonization’ is crucial to the success of 
an antibiotic management program in reducing unnecessary 
and probably harmful antibiotic use. Finally, these policies 
should also stipulate a commitment to rationalize antibiotics 
(narrower spectrum, less ‘reserved’, cheaper) in the light of 
appropriate definitive microbiological information.

Specifying the most appropriate investigation strategy for 
common syndromes of clinical infection22 may reduce mor-
tality, improve the quality of microbiological information and 
reduce unnecessary investigation, antibiotic use and cost.

INFECTIONS DUE TO UNUSUALLY 
RESISTANT BACTERIA

Colonization and infection with bacteria resistant to commonly 
used antibiotics is a rapidly growing problem in ICUs. Recent 
reports have described resistance to methicillin in 65% of infec-
tions due to Staph. aureus, gentamicin resistance in 46% of 
infection due to Ps. aeruginosa in European ICUs,122 resistance 
to cefotaxime, ceftriaxone and aztreonam in 20–30% of iso-
lates of K. pneumoniae from ICUs in France,123 and resistance 
to vancomycin in 17% of enterococcal isolates from ICUs in 
the USA.124 Potential adverse consequences of colonization or 
infection with multiresistant strains include failure of antimi-
crobial therapy, increased expense of antimicrobial therapy, 
spread of infection to other patients and transfer of resistance 
to other bacterial species. Epidemics of multiresistant bacte-
ria in ICU patients are often followed by spread to patients 
in other parts of the hospital and then to the community, or 
back to the ICU. When formulating policies for antibiotic use 
in the ICU, doctors should be influenced by the distant effects 
of their antibiotic choices and avoid unnecessary prescription 
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of those agents most likely to facilitate the selection of multire-
sistant strains (see Ch. 3).

Colonization and infection with multiresistant bacteria 
is usually the result of acquisition of endemic or epidemic 
strains following admission to the ICU.125 A variety of factors 
(including greater severity of the underlying illness, prolonged 
stay in the ICU, the use of invasive devices and prolonged use 
of broad-spectrum antimicrobial therapy) increase the rate 
of infection with these organisms.126 Resistance of a bacterial 
isolate to commonly tested antibiotics (e.g. methicillin resis-
tance in Staph. aureus, vancomycin resistance in enterococci, 
aminoglycoside and group 4 cephalosporin resistance in 
Gram-negative bacilli) frequently serves as a marker of an epi-
demic of nosocomial infection, which might otherwise remain 
unsuspected. Such epidemics are not only of importance in 
themselves, but should also be regarded as the  visible tip of an 
iceberg of undetected nosocomially transmitted infection.

Pseudomonas, Klebsiella, Enterobacter, Serratia and Acinetobacter 
spp., MRSA and enterococci are the most commonly reported 
causes of epidemics of nosocomial bacteremia in ICU patients.127 
Such epidemics usually last less than 3 months, affect an aver-
age of 10 patients per outbreak, commonly arise from contami-
nated medical equipment, and often depend on transmission 
of infection by the hands of ICU staff. Similar factors no doubt 
contribute to the much larger problem of endemic nosocomial 
infection, but are less easily identified because the organisms 
responsible often lack unusual antibiotic resistance patterns.

  METHICILLIN-RESISTANT  
Staph. aureuS

Methicillin-resistant Staph. aureus (MRSA) is a common 
cause of epidemics of infection in ICUs. Burns, surgical 
wounds, prolonged stay in the unit and prolonged courses 
of multiple antibiotics all increase the risk of MRSA infec-
tion. Although persistent colonization of hospital staff has 
been suspected as the source of infection in some MRSA out-
breaks, this is not found in most outbreaks. However, tran-
sient contamination of the hands is common in staff directly 
involved in the care of patients with MRSA infection, and is 
presumed to be the most common mode of transmission of 
infection between patients. Control and, not infrequently, ter-
mination of epidemics of MRSA can be achieved by surveil-
lance of patients for MRSA colonization or infection, strict 
isolation of colonized or infected patients, consistent use of 
hand hygiene between each patient contact and appropriate 
treatment to minimize colonization or eradicate infection in 
affected patients and staff.

MRSA colonization may be reduced or eliminated by stop-
ping antibiotic treatment whenever possible, effective treat-
ment of underlying skin disorders, application of mupirocin 
ointment to colonized sites, and washing with an antiseptic.128 
Infection with MRSA is usually treated with intravenous 
 vancomycin or linezolid, or oral clindamycin or fusidic acid 
supplemented by oral rifampicin.

 RESISTANT ENTEROCOCCI

Enterococci (especially E. faecalis and E. faecium) resis-
tant to gentamicin, ampicillin or vancomycin have emerged 
as an important cause of nosocomial infection in ICUs. 
Prolonged stay in the unit, persistent intra-abdominal 
infection and prolonged broad-spectrum antimicrobial 
therapy with agents inactive against enterococci are com-
mon features in patients with enterococcal infection. Feces 
and urine of colonized patients are the usual sources of 
infection, and transmission on the hands of hospital staff is 
presumed to be the major route of cross-infection. The uri-
nary tract, bloodstream and surgical wounds are the most 
 common sites of infection.7

Bacteremia due to enterococci highly resistant to gen-
tamicin (MIC >1000 mg/L) but susceptible to ampicillin 
or vancomycin may be successfully treated with amoxicillin 
(or ampicillin) or vancomycin monotherapy.129,130 This is in 
contrast to enterococcal endocarditis, which requires com-
bination treatment with amoxicillin or vancomycin plus an 
aminoglycoside for cure. Optimal treatment of infection with 
enterococci resistant to ampicillin, vancomycin and aminogly-
cosides is at present unclear, but linezolid and quinupristin–
dalfopristin show some promise.

The rapid emergence of multiresistant enterococci, the 
 difficulties posed by treatment of these infections and the 
specter of transfer of resistance to Staph. aureus are important 
reasons to limit the use of vancomycin as much as possible. 
Vancomycin should not ordinarily be used for perioperative 
prophylaxis, initial treatment of antibiotic-associated colitis, 
initial empirical treatment of febrile neutropenic patients, 
selective decontamination of the digestive tract or eradication 
of MRSA colonization.131

  EXTENDED-SPECTRUM  
b-LACTAMASE-POSITIVE  
K. pneumoniae

Extended spectrum β-lactamases (ESBL) providing resis-
tance to broad-spectrum cephalosporins were first detected 
in K. pneumoniae in 1983.132 Resistance is due to read-
ily transmissible plasmids which encode for ESBL and for 
aminoglycoside and quinolone resistance. The β-lactamases 
are usually susceptible to inhibitors such as clavulanic acid 
and sulbactam, which may assist with identification of these 
strains in the laboratory.125 Approximately 14% of K. pneu-
moniae and 6% of Esch. coli isolated from patients in ICUs in 
the USA in 2002 were ESBL positive.132

Infection with ESBL-positive K. pneumoniae usually 
involves the urinary tract, the respiratory tract or wounds.132 
Enteric colonization and transmission on the hands of hospi-
tal staff appear to contribute to epidemic spread. Treatment is 
with a carbapenem such as imipenem–cilastatin, meropenem 
or ertapenem.
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  gRAM-NEgATIVE BACILLI wITH 
INDUCIBLE b-LACTAMASES

Another important source of infection due to multiresistant 
Gram-negative bacilli is the selection of organisms with 
chromosomally encoded class I β-lactamase  production. 
Pseudomonas, Enterobacter, Citrobacter and Serratia spp. 
are the organisms that most frequently produce class I 
β-lactamase (see Ch. 15). Induction of enzyme production 
or selection of stably depressed mutant cells which con-
stitutively manufacture class I β-lactamase at a high level 
may lead to development of resistance to β-lactams dur-
ing treatment.133,134 Enzyme production is strongly induced 
when organisms are exposed to cephalosporins of groups 1 
and 2 (see Ch. 13), cefoxitin or imipenem–cilastatin, but is 
only weakly induced by exposure to groups 3 and 4 cepha-
losporins, ureidopenicillins and monobactams. Induced 
enzyme production ceases promptly when treatment with 
the inducing antibiotic is stopped. Selection of stably 
depressed mutants constitutively producing large amounts 
of β-lactamase occurs when inducible strains (especially Ps. 
aeruginosa and Enterobacter cloacae) are exposed to broad-
spectrum cephalosporins, ureidopenicillins or monobac-
tams. Resistance persists even when treatment with the 
antibiotic responsible for selecting the mutant strain is 
stopped. Development of resistance during treatment 
occurs in approximately 10–20% of patients,134 and spread 
within the ICU may result in multiresistance in 30% of ICU 
isolates of Ent. cloacae.133

Imipenem–cilastatin, despite being a strong inducer of 
class I β-lactamase, is not susceptible to the enzyme’s action. 
Alternative regimens include imipenem–cilastatin mono-
therapy or combination therapy using imipenem–cilastatin 
plus an aminoglycoside or a fluoroquinolone selected on the 
basis of careful susceptibility testing.135 Patients treated with a 
broad-spectrum cephalosporin, ureidopenicillin or monobac-
tam for an infection due to an initially sensitive strain should 
be carefully observed for the emergence of resistant mutants 
during treatment.

  MULTIRESISTANT acinetobacter 
baumannii

Multiresistant A. baumannii is an occasional cause of epidem-
ics of infection in ICU patients. Epidemic strains are resis-
tant to many broad-spectrum cephalosporins, and resistance 
to quinolones, carbapenems and aminoglycosides is also com-
mon. Colonization and infection of the respiratory tract in 
artificially ventilated patients is a common feature of epidem-
ics, and improvements in the methods used to sterilize ventila-
tor equipment has led to termination of epidemics.136 In most 
patients A. baumannii merely colonizes the respiratory tract; 
however, it may be responsible for pneumonia and other seri-
ous infections. Imipenem–cilastatin alone, or in  combination 

with an aminoglycoside, is often appropriate treatment. 
Polymyxin B, colistin and tigecycline may be effective in the 
treatment of strains with multidrug resistance.

A frequent theme for many epidemics caused by multi-
resistant bacteria has been the widespread use of antibiotics 
in response to increased resistance in other commonly iso-
lated bacterial species. For example, vancomycin  resistance in 
enterococci has emerged following increased use of  vancomycin 
to treat suspected or proven MRSA (or methicillin-resistant 
Staph. epidermidis) infections. Similarly, epidemics of infection 
due to multiresistant K. pneumoniae and A. baumannii have fol-
lowed increased use of group 4 cephalosporins and imipenem–
cilastatin.135 Thus the increased use of potent antibiotics with 
ever broader spectra of activity acts as a stimulus to the evolu-
tion of new epidemics of ever more resistant pathogens. The 
effect is to mortgage the future of antibiotic treatment to pay 
for our present practices. While there is no one solution to this 
problem that can be applied to all ICUs, the use of prescribing 
guidelines which encourage the use of older narrow-spectrum 
antibiotics and limit the use of new broad-spectrum antibiotic 
agents should prolong the utility of new drugs, delay the emer-
gence of resistant strains and set a better example for prescrib-
ing patterns in the rest of the hospital137 (see Ch. 11).
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Chapter

42 Infections associated 
with implanted medical devices

Michael Millar and David Wareham

There is a wide variety of implanted medical devices in use. This 
diversity is reflected in the range of infections associated with these 
devices. Device-associated infections account for 50% of hospital- 
acquired infections which have considerable economic and health 
costs.1 Some of the more common and serious infections are covered 
in this chapter. These include infections associated with orthopedic 
implants, prosthetic heart valves, cardiac pacemakers, intravascu-
lar devices, cerebrospinal fluid drainage and pressure monitoring 
devices, urinary drainage catheters and peritoneal dialysis catheters. 
Ventilator-associated pneumonia is covered in Chapter 41.

PATHOGENESIS OF IMPLANT-
ASSOCIATED INFECTIONS

Medical implants may be exposed to micro-organisms prior 
to, or at the time of, placement of the implant, through spread 
of bacteria from a contiguous site, via the bloodstream from 
a distant site or through a breach in the natural barrier to 
infection (such as the skin). Implants predispose to infections 
through a wide range of mechanisms including local tissue 
damage, compromise to local vascular perfusion, by providing 
both protected niches for microbial proliferation and surfaces 
for microbial attachment and biofilm formation, and by com-
promising local immunity. The majority of implanted medical  
devices in use today elicit a local immune response which 
depletes complement and reduces phagocytic and oxidative 
burst-dependent bactericidal activity of neutrophils.2

A biofilm consists of micro-organisms adherent to a sur-
face often in a secreted polymer matrix. Biofilms on clini-
cal implants almost always form within a complex matrix of 
both microbial secreted, polymer and host-derived molecules. 
Adhesion to conditioned surfaces is facilitated in some bac-
teria by specific adhesins, for example Staphylococcus aureus 
has both fibronectin- and fibrinogen-binding surface proteins. 
Biofilm forming Staph. epidermidis strains may produce an 
extracellular polysaccharide known as polysaccharide inter-
cellular adhesin (PIA). This promotes the development and 
maturation of the biofilm and is under complex  regulatory 

control, enabling the organism to respond to the local envi-
ronment.3 Adhesion and biofilm formation are probably 
both prerequisites for the development of implant-associated 
infections.

Almost all infections associated with implants are caused 
by bacteria or fungi (most frequently Candida spp.). Bacteria 
associated with implant infections include not only Gram-
positive bacteria, particularly staphylococci, but also entero-
cocci, corynebacteria and Gram-negative bacteria such as 
Enterobacteriaceae, Pseudomonas spp. and Acinetobacter spp. 
Viruses, protozoa or helminths are rarely associated with 
implant infections. In the natural world and at sites of micro-
bial colonization, such as the human oral cavity, biofilms usu-
ally consist of polymicrobial consortia. Biofilms associated 
with implant infection may be polymicrobial but more fre-
quently consist of single strains of bacteria. Once a biofilm 
has formed, the micro-organisms within the biofilm are rela-
tively resistant to both host defense factors and antimicrobial 
drugs.4 As a consequence, infections are difficult to treat and 
device removal is frequently required to cure the infection.

Understanding the molecular biology of biofilm formation 
and stabilization has the potential to inform the development 
of new strategies for the prevention and treatment of biofilm-
associated infections.5–8

DETERMINANTS OF BIOFILM 
ANTIBIOTIC RESISTANCE

Bacterial biofilms tend to show much higher levels of resis-
tance to antimicrobial agents than planktonic cells.9 There 
are many potential mechanisms to explain this. Growth phase 
and growth rate are key determinants of antimicrobial suscep-
tibility.10 Slowly growing bacteria are much less susceptible to 
the bactericidal activity of antimicrobials such as β-lactams. 
A proportion of micro-organisms in a biofilm are nutrient 
deprived and grow very slowly.11 Binding of antimicrobials to 
extracellular matrix macromolecules and dead bacteria, pro-
tection of viable bacteria deep in the matrix by inactivating 
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enzyme activity from surrounding bacteria12 and changes in 
ionic gradients leading to changes in antimicrobial diffusion 
may also give some protection to biofilm bacteria. Alterations 
in microbial physiology associated with the biofilm mode of 
growth probably also contribute to reducing antimicrobial 
susceptibility. A recent report suggests that binding of antimi-
crobials to periplasmic glucans may be an important mecha-
nism of resistance of biofilm bacteria to some antibiotics in 
Pseudomonas aeruginosa.13 Microelectrode analysis of oxygen 
concentrations in Ps. aeruginosa biofilms14 suggests that only 
the bacteria at the air–biofilm interface have sufficient oxy-
gen for growth, and so it may be that oxygen utilization and 
poor diffusion are at least as important as the diffusion of 
antimicrobial agents in determining antimicrobial resistance. 
A genetic locus has been described in Ps. aeruginosa which is 
important in regulating phenotype (slow-growing, small col-
ony variants), propensity to biofilm formation and antibiotic 
resistance.15

Cell-to-cell interactions in surface-associated bacterial 
populations are determined by quorum-sensing molecules. 
Interference with bacterial cell signaling mechanisms has the 
potential to control microbial colonization of implants;8,16 for 
example, RNA III inhibiting peptide (RIP) inhibits biofilm 
formation by Staph. aureus and when combined with anti-
biotics can inhibit biofilm formation on implants in rats.17 
Eukaryotic cells may also respond to bacterial signaling mole-
cules,18 and this is an important consideration should targeted 
disruption of bacterial signaling become a therapeutic strat-
egy for patients with implant infections. Much of the human 
commensal flora is biofilm associated and could also be dis-
rupted by therapeutic strategies targeting bacterial intercel-
lular signaling.

USE OF ANTIBIOTICS FOR THE 
PREVENTION OR TREATMENT OF 
IMPLANT-ASSOCIATED INFECTIONS

Basic principles for the prevention of implant-associated 
infections include the control of patient risk factors for infec-
tion (e.g. diabetes and obesity), optimization of the condi-
tions under which devices are implanted, and ensuring that 
those who insert and care for medical devices are appropri-
ately trained and experienced.

One of the simplest and most cost-effective strategies for 
the prevention of infections associated with some types of 
medical implant has been the use of perioperative antimicro-
bial prophylaxis following the principles that supra-inhibitory 
concentrations of an antimicrobial (with an appropriate spec-
trum of activity) are present at the site of surgery at the time 
the operative procedure starts. Further details are given in the 
sections on specific implant-associated infections.

Some antibiotics reach high concentrations and retain anti-
microbial activity in biofilms, such as quinolones and rifam-
picin (rifampin). Both in-vitro19 and clinical studies support 
the use of rifampicin as adjunctive treatment, particularly for 

staphylococcal infections associated with medical implants. 
Vancomycin has a place in the treatment of infections caused 
by methicillin-resistant staphylococci but is probably infe-
rior to β-lactam antibiotics for implant-associated infections 
caused by methicillin-susceptible strains.1 Among the newer 
agents for the treatment of Gram-positive infections, dap-
tomycin and tigecycline have demonstrated activity in vitro 
against organism-embedded biofilms.20 With the exception 
of catheter-associated urinary tract infection, the empirical 
treatment of the majority of implant-associated infections 
discussed in this chapter would include the use of a glycopep-
tide such as vancomycin ± rifampicin ± an agent with activity 
against Gram-negative bacteria (such as a fluoroquinolone). 
Further details of antibiotic selection and duration of treat-
ment are given in the sections describing treatment of infec-
tions associated with specific types of medical implant.

Use of antibiotics is not without adverse consequences; 
for example, administration of a single dose of a semisyn-
thetic penicillin poses a risk of anaphylaxis of approximately 
0.04%, of skin rash of 5% and of C. difficile antibiotic-
 associated colitis of >0.01%.21 Antibiotic exposure may  
promote the formation of biofilms by some organisms. In 
Ps. aeruginosa, subinhibitory concentrations of aminoglyco-
sides facilitate adhesion to plastic surfaces via induction of a 
transmembrane signaling system which modulates cell-sur-
face adhesiveness.22

Recommendations in this chapter are based on the princi-
ple that antibiotics should only be used when there is  evidence 
that the benefits of use outweigh the risks.

INFECTIONS ASSOCIATED WITH 
SPECIFIC TYPES OF MEDICAL IMPLANT

INFECTIONS ASSOCIATED WITH 
ORTHOPEDIC IMPLANTS

The mean cost of hip replacement across nine European 
 countries reported in 2008 was over €5000 (~US$7200).23 The 
number of hip and knee replacements carried out each year  
is increasing both in Europe and North America.24 Infection 
of implanted joints adds substantial additional economic 
costs and morbidity.25

The risk of infection is probably highest in the first 2–3 
years, with combined rates of hip and knee implant infection 
of 6.5 per 1000 joint-years for the first postoperative year, 3.2 
per 1000 joint-years during the second year and 1.4 per 1000 
in subsequent years. The risk of prosthetic joint infection var-
ies with a number of factors, including the type of prosthesis, 
operator experience and duration of procedure(s), together 
with host-dependent risk factors including old age, immune 
compromise, obesity and diabetes mellitus.1,26,27 In the UK 
National Health Service, hip and knee implant surgery has 
been subject to mandatory surveillance of surgical site infec-
tion since April 2004. There were over 140 000 primary pros-
thetic hip or knee implant procedures in England and Wales 
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in the year 2007–8, and an additional 10 000  revision hip or 
knee procedures.28 Rates of infection for hip and knee arthro-
plasty of 3.3% have been recorded over the 4-year period 
from April 2004, of 0.8% for total hip prostheses and 0.4% 
for knee prostheses.28 Approximately one-quarter of infec-
tions involve the deep tissues. The infections that have been 
recorded are those which present in hospital. A proportion of 
orthopedic implant infections present weeks or even in some 
cases years after the initial procedure so rates of infection may 
be underestimated by short durations of follow-up. In the UK 
surveillance is being improved to try to capture infections that 
develop following hospital discharge.

Comparison of rates of infection by center requires risk 
adjustment. In the UK a risk index is used to measure vari-
ation in risk factors which comprise measures of the likely 
microbial contamination of the wound, determination of 
the degree of severity of underlying systemic disease and the 
duration of the operation.29 In part, the differences between 
the rates of infection for different types of orthopedic implant 
procedure reflect the frequency and severity of risk factors in 
patients undergoing the various procedures.

  CLASSIFICATION OF PROSTHETIC 
jOINT INFECTIONS

Several staging systems have been proposed for prosthetic 
joint sepsis but consensus is lacking. The most widely 
accepted system is that formulated originally by Coventry30 
and modified by Gillespie:31

•	 Stage 1 infections are defined as those occurring within 
1 month of surgery. Patients with stage 1 infections 
typically present with signs of sepsis as well as local signs 
of infection, with local erythema and wound discharge. 
The organisms most commonly recovered from stage 
1 infections derive from the patient’s skin, bacteria in 
operating room air, or the skin of members of the surgical 
team.32,33

•	 Stage 2 infections are defined as those that occur after  
1 month but within 2 years of surgery. The infections are 
also thought to derive from the introduction of organisms 
of low pathogenicity, such as coagulase-negative 
staphylococci and Propionibacterium spp., at the time of 
surgery. Patients typically exhibit gradual impairment of 
prosthetic function (i.e. early loosening of the prosthesis 
and increasing joint pain).

•	 Stage 3 infections are arbitrarily defined as infections that 
occur more than 2 years after surgery and are assumed to 
derive from hematogenous seeding of the joint.

In practice there is considerable variation in presentation and 
it is difficult to definitively identify a source of infection. The 
majority of infections can be prevented by measures that tar-
get the perioperative period and this observation is consistent 
with colonization at the time of operation being the major 
determinant of the risk of subsequent infection.

 MICROBIOLOGY

Gram-positive organisms, particularly staphylococci, are the 
most frequent isolates. Streptococci, corynebacteria, propioni-
bacteria and enterococci are found less frequently, and rarely 
Gram-negative bacilli, anaerobes or fungi, particularly follow-
ing gross contamination of the operation site or in association 
with sinus formation or other lesions, leading to a breakdown 
in natural barriers to infection.25

 DIAGNOSIS

The clinical presentation ranges from an acute illness with sys-
temic signs of infection of varying severity to insidious illness 
associated with local pain and perhaps joint loosening. Staph. 
aureus bloodstream infection can lead to seeding of prosthetic 
joints and an acute onset of joint infection.34 When a patient 
with an implant and few other risk factors for infection develops 
signs and symptoms of infection associated with inflammation 
at the site of the implant, then the diagnosis may be relatively 
straightforward. A more frequent scenario is the insidious devel-
opment of non-specific signs and symptoms of infection.35

Diagnostic problems arise because of the difficulty in sam-
pling the surface of the implant. Joint infection with coagulase-
negative staphylococci, which are the most frequent cause of 
prosthetic joint infection, is rarely associated with bacteremia. 
There may be leukocytosis and raised non-specific markers 
of infection such as C-reactive protein. Ultrasound may show 
evidence of an effusion and may be used to facilitate aspi-
ration. Conventional radiography is usually normal but may 
reveal bone loss and loosening around a chronically infected 
prosthesis. Newer radiological approaches, such as positron 
emission tomography and the use of labeled antimicrobial 
peptides, have the potential to improve the diagnostic sensi-
tivity of radiological methods.

Identifying causative agents of infection has important 
implications for both treatment and prognosis. It is important 
to try to optimize the chance of a positive culture result by 
avoiding the use of antimicrobial agents in the period immedi-
ately preceding joint aspiration or open tissue biopsy. Multiple 
samples (up to six) should be sent to the laboratory for cul-
ture. The isolation of identical organisms from three such 
specimens is highly predictive of infection.36 Histopathological 
analysis of tissue samples as well as the white cell count in aspi-
rated synovial fluid can also be helpful. The place of molecular 
microbiological methods in the diagnosis of prosthetic joint 
infections remains unclear at the present time.

 TREATMENT

The treatment of prosthetic joint infections requires the 
integrated use of antimicrobials with surgical management,  
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and tailoring the overall management strategy to the 
patient’s particular circumstances, taking account of co-
morbidities and life expectancy.27,36 Traditionally infections 
associated with prosthetic joints have been managed by a 
two-stage exchange arthroplasty in which the colonized 
device is removed and the site debrided. The patient is then 
treated for an extended period with antibiotics based on the 
results of culture samples collected at the time of the sur-
gery. When clinical signs of infection have resolved and the 
non-specific markers of infection such as C-reactive protein 
have normalized, then a new device is implanted.

A number of other approaches have been tried, includ-
ing initial irrigation and debridement with retention of the 
device, one-stage exchange arthroplasty (in both of these 
cases combined with prolonged antimicrobial therapy), and 
the use of prolonged suppressive antimicrobial therapy.37 
There is evidence that each of these approaches can be 
appropriate and successful in selected patients. Debridement 
with retention of the colonized prosthesis followed by indefi-
nite durations of suppressive antimicrobial therapy has also 
been used in patients where exchange arthroplasty is not fea-
sible or where the quality of life associated with prolonged 
immobilization is unacceptable to the patient.38

The optimum antimicrobial treatment for infections asso-
ciated with prosthetic devices is not known. Staphylococci 
are the most frequent infecting organisms and there is a wide 
range of drugs available, including isoxazole penicillins (such 
as flucloxacillin), clindamycin, linezolid, vancomycin, sodium 
fusidate, rifampicin, trimethoprim, tetracycline and quino-
lones, depending upon the antimicrobial susceptibility of  
isolates and clinical indications.

Animal models and clinical data39,40 support the inclu-
sion of rifampicin in treatment regimens. Rifampicin cannot 
be used as a single agent because of the risk of mutational 
resistance and should not be used if the infecting organism is 
shown to be resistant in vitro. For strains susceptible to methi-
cillin, an isoxazole penicillin is recommended in combination 
with rifampicin; for patients with methicillin-resistant organ-
isms or with a history of allergy to penicillin, then vancomycin 
can be combined with rifampicin.

Fluoroquinolones are highly bioavailable when admin-
istered orally and attain high joint fluid concentrations in 
experimental animal models of staphylococcal prosthetic 
joint infection and in clinical trials of oral therapy in chronic 
osteomyelitis, so may have a place in oral treatment, particu-
larly after a period of treatment with intravenous antibiotics.37 
When used for staphylococcal infections in particular, antimi-
crobial susceptibility should be confirmed in vitro, and treat-
ment with fluoroquinolones should be combined with another 
agent to limit the possibility of quinolone resistance develop-
ing during treatment. Fluoroquinolones generally have excel-
lent activity against Gram-negative bacteria and may be the 
drugs of choice for susceptible Gram-negative infections. 
Carbapenems, cephalosporins and aminoglycosides may also 
have a place depending upon the laboratory findings and  
clinical picture.

Liposomal amphotericin preparations are the drugs of 
choice for fungal prosthetic joint infections. Rifampicin, 
sodium fusidate and fluoroquinolones such as ciprofloxacin 
are well absorbed orally and have been use in combinations 
for oral treatment or suppression of infection.41

The optimum duration of antibiotic therapy is unknown. 
Durations of 4–6 weeks are usually given for revision arthro-
plasty and longer durations (>3 months) for retained 
prostheses.38

There are a number of newer antimicrobial agents, includ-
ing linezolid, daptomycin and tigecycline, but their role in 
the treatment of orthopedic implant infections is yet to be 
defined.27,42

 PREVENTION

Pooled analysis of four randomized placebo-controlled trials 
of antibiotic prophylaxis in prosthetic joint surgery demon-
strates a 76% reduction in infection (odds ratio 0.24; 95% 
CI, 0.15–0.37).32 The classic study by Hill et al43 shows that 
the cumulative benefit of prophylaxis increases the further 
out the patient is from surgery; 99.5%, 99.3% and 99% of 
patients randomized to antibiotic prophylaxis remained free 
of prosthetic joint infection at 12, 24 and 36 months, respec-
tively, compared with 97.5%, 97% and 96% in the control 
group during the same periods. The duration of periopera-
tive prophylaxis in these trials ranged from 24 h to 2 weeks. 
Subsequent studies of antibiotic prophylaxis in orthopedic 
and other types of surgery have shown unequivocally that 
no added benefit is gained by extending prophylaxis beyond 
24 h.44,45

Giving prophylactic antibiotics by other routes, such as 
incorporation into the polymethyl methacrylate (PMMA) 
cement, has been examined in several studies. A randomized 
trial in a large number of primary total hip arthroplasties dem-
onstrated that the use of antibiotic-impregnated cement was 
equivalent to systemic antibiotic therapy alone; 13 late infec-
tions occurred in the systemic antibiotic prophylaxis group 
and nine in the antibiotic-impregnated cement group.46 An 
analysis of 10 905 cemented primary hip arthroplasties in  
the Norwegian Arthroplasty Register suggests that com-
bined use of systemic prophylactic antibiotics and antibiotic-
 impregnated cement is associated with a lower range of 
infection than either intervention alone (5-year incidence of 
infection 0.2% in the combined prophylaxis group vs 0.8% 
with systemic prophylaxis alone, p = 0.001);47 however, a ran-
domized trial comparing systemic prophylactic antibiotics 
alone with combined systemic antibiotic/antibiotic-impreg-
nated cement regimens is lacking.

The use of late antibiotic prophylaxis after successful 
joint implantation to prevent hematogenous prosthetic joint 
infection, particularly with invasive dental procedures, is a 
routine practice of most orthopedic surgeons.48 However, 
this has come under scrutiny, given the very low rates of 
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late hematogenous infection seen in large series (7–11% of 
all prosthetic joint infections)49,50 and the absence of studies 
demonstrating efficacy or cost benefit.51,52 A decision analy-
sis study of antibiotic prophylaxis for dental procedures to 
prevent prosthetic joint infections concluded that US$480 
000 would need to be spent to prevent a single case of late 
prosthetic joint infection and that adoption of routine peni-
cillin prophylaxis would actually result in more deaths than 
not using prophylaxis because of adverse effects from the 
prophylactic drugs.53 A retrospective study of 3490 patients 
with prosthetic joints found that only seven developed pros-
thetic joint infection temporally related to a dental proce-
dure.50 Five of these seven had underlying co-morbidity that 
predisposed them to infection, such as diabetes mellitus or 
rheumatoid arthritis. Based on these data, recent recom-
mendations for the use of antibiotic prophylaxis in patients 
with prosthetic joints undergoing invasive procedures 
include patients with rheumatoid arthritis with a prosthesis 
implanted within the past year, an overt oral infection, a pro-
longed dental procedure (>115 min) and, possibly, diabetes 
mellitus or chronic corticosteroid therapy.54

The prevention of infections with troublesome patho-
gens such as methicillin-resistant Staph. aureus (MRSA) has 
been attempted by decontamination of colonized individuals 
before surgery55 and by the use of selective admission poli-
cies to beds ring-fenced for elective orthopedic surgery.56 In 
addition to the use of prophylactic antibiotics, many ortho-
pedic procedures are carried out in theatres supplied with 
ultra-filtered air over the operating field. The benefits of 
ultra-filtered air are much reduced when antimicrobial pro-
phylaxis is used. The use of ultraviolet light to sterilize oper-
ating room air has also been shown to be effective. There is 
insufficient evidence to support the cost-effectiveness of use 
of impermeable clothing or ventilation suits in orthopedic 
implant surgery.

INFECTIONS ASSOCIATED WITH 
PROSTHETIC HEART VALVES

Prosthetic valve endocarditis is harder to diagnose and to 
treat than native valve endocarditis. Prosthetic valve endo-
carditis develops in 3–6% of patients within 5 years of valve 
implantation.57 The risk of prosthetic valve endocarditis is 
highest within the first 2–3 months after surgery and then 
falls to 0.1–0.7% per patient-year thereafter. Prosthetic 
valve endocarditis has high associated mortality (in excess of 
30%) which is highest when endocarditis develops within 60 
days of operation.57,58 Mitral and aortic valve replacements 
seem to have similar levels of risk of associated endocardi-
tis. Mechanical valves have a higher incidence of infection in 
the first 12 months after implantation, whereas bioprosthetic 
valves have a higher incidence than mechanical valves after 
12 months post operation. The overall 5-year risk of infec-
tion associated with mechanical and bioprosthetic valves is 
similar.59

 CLASSIFICATION

Prosthetic valve endocarditis (PVE) is usually defined as early or 
late. Many currently favor a cut-off of 12 months post surgery. 
Infections presenting in the first 2 months after surgery are usu-
ally the result of infection during surgery, whilst those occurring 
up to 12 months may be nosocomial or community acquired. 
Coagulase-negative staphylococci, Staph. aureus and Enterococcus 
spp. are the commonest causes of early PVE.58,60 After 12 months, 
causes of PVE are more likely to be from the same groups of 
organisms that cause native valve endocarditis. The type of 
organism causing PVE probably contributes to the worst out-
comes associated with early prosthetic valve endocarditis.

 DIAGNOSIS

Signs and symptoms associated with PVE are similar to those 
seen with native valve endocarditis and include fever, new or 
changing murmur, congestive heart failure, petechiae, sple-
nomegaly, embolic phenomena including strokes or transient 
ischemic attacks, shock and conduction abnormalities. Osler’s 
nodes, Janeway lesions and Roth’s spots are relatively infre-
quent. The features of presentation are in part related to the 
causative agent of infection; for example, Staph. aureus endo-
carditis is associated with a neurological event in 25–67% of 
cases and septic shock in 30%.61

Blood cultures are the key to identification of the etiologi-
cal agents of endocarditis. Endocarditis is one of the few con-
ditions associated with continuous bacteremia. A large volume 
of blood should be collected from the patient (>30 mL from 
an adult) as soon as the diagnosis is considered and before 
antimicrobial therapy has been started. When blood cultures 
remain negative despite strong clinical suspicion of endocardi-
tis, then it is important to consider the possibility of infection 
with fastidious micro-organisms which require the use of spe-
cial cultures, molecular or serological tests.

Transthoracic echocardiography detects larger vegetations 
(>10 mm) and has a sensitivity of <40% compared with a sen-
sitivity of 77–100% for transesophageal echocardiography for 
the diagnosis of PVE.62 Transesophageal echocardiography 
is also much more sensitive for the detection of perivalvular 
abscess and valvular dysfunction. There may be advantages of 
using both transesophageal and transthoracic echocardiogra-
phy.63 The combination of clinical, laboratory and echocar-
diographic findings enables a decision on the likelihood of 
endocarditis to be made by comparison with the Duke criteria 
scoring system.64

 TREATMENT

There are many uncertainties with respect to the optimal 
treatment for PVE with the surgical approach, antimicrobial 
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choices and the role of anticoagulation.61 Effective  intervention 
 strategies often require a combined medical and surgical 
approach,65 particularly when endocarditis is caused by Staph. 
aureus.66 Guidelines on the treatment of PVE are given by both 
the British Society for Antimicrobial Chemotherapy67 and the 
American Heart Association.68

When there is evidence of complicated PVE, such as a new 
or worsening murmur, progressive congestive heart failure 
due to valvular dysfunction or abscess, new echocardiographic 
conduction abnormalities or evidence of intracardiac abscess 
or fulminant abscess, then treatment should be started as soon 
as blood cultures have been collected. Empirical treatment 
of early PVE should include vancomycin to take account of 
methicillin-resistant staphylococci. In patients who suffered 
nosocomial bacteremia around the time of prosthetic valve 
implantation, consideration should be given to covering the 
microbes associated with bacteremia at that time.69

A decision to replace a prosthetic valve requires that a wide 
range of different factors are taken into account, including 
cardiac and valvular functional status, evidence of persistent 
bloodstream infection despite antibiotic treatment, relapse 
of endocarditis following cessation of treatment, evidence of 
persistent sepsis despite appropriate antimicrobial treatment 
for 10 days, and co-morbidities.

The duration of antimicrobial therapy for PVE is longer 
than for native valve endocarditis as is the duration of com-
bination therapy. The addition of rifampicin to treatment 
regimens for staphylococcal infection based on experience in 
osteomyelitis and prosthetic joint infections may be of value. 
The place of newer agents such as linezolid, a bacteristatic 
drug,70 and daptomycin remains unclear at the present time.

Fungal PVE frequently requires valve replacement and pro-
longed antifungal therapy. Liposomal amphotericin combined 
with 5-flucytosine has been recommended for PVE caused by 
Candida spp. and there is some evidence that prolonged sup-
pressive therapy with oral azoles may reduce the risk of recur-
rent infection.71

 PREVENTION

Prosthetic valves may be contaminated at the time of sur-
gery or shortly thereafter with seeding as a consequence of 
bacteremia.69 Strategies to reduce the use of invasive medi-
cal devices in these patients, such as intravascular catheters 
and urinary catheters, would be expected to reduce the risk 
of PVE. Antimicrobial prophylaxis makes an important con-
tribution to reducing the risk of microbial colonization asso-
ciated with surgery, using antimicrobials with activity against 
staphylococci such as isoxazole penicillins, cephalosporins 
and/or aminoglysides. Surgical technique is also a major  
factor in determining the risk of PVE.

There is little evidence that use of antibiotic prophylaxis 
for dental or non-dental procedures reduces the overall risk 
of endocarditis, so recent guidelines do not recommend the 
use of prophylactic antibiotics for patients with prosthetic 

valves undergoing dental or non-dental surgical interventions, 
unless the operation is at a site of suspected active infection72 
(see Ch. 46).

PACEMAKER DEVICE INFECTIONS

Cardiac pacemakers are increasingly used to control heart 
function. The reported incidence of pacemaker-associated 
infection varies from 0.1% to 20%, with a mortality of up to 
70%.73 Although pacemaker-associated infections can pres-
ent years after implantation, 25% of infections present within 
2 months of implantation. The risk of pacemaker infection 
may be higher when pacemakers have been replaced than 
following first implantation. Infections can arise around the 
pulse generator, along the pacing leads or within an intravas-
cular compartment when there are transvenous endocardial 
tracking leads. Co-morbidities which predispose to pace-
maker infection include diabetes mellitus, malignancy, corti-
costeroids and skin diseases.74 Multiple pacemaker insertions 
and inexperienced operators are also associated with higher 
rates of infection.75

 MICROBIOLOGY

Although the most frequent isolates in pacemaker-associated 
infections are staphylococci, a wide range of other micro-
organisms have been reported, including in particular Gram-
negative bacilli, propionibacteria and fungi.73

 DIAGNOSIS

The clinical presentation of pacemaker infection depends on 
whether it involves the pulse-generator pocket or the pacing 
leads. Infection of the pulse-generator pocket typically occurs 
shortly following implantation or battery exchange, and man-
ifests with localized erythema, pain and fluctuance, occasion-
ally with erosion of the overlying skin.74,75 Rarely, migration 
of infection from the pocket produces pericardial involve-
ment when epicardial pacing leads are used, or bloodstream 
infection with the use of endocardial pacing leads. Infection 
of endocardial pacing leads typically presents as a primary 
bloodstream infection that varies in severity, depending on 
the causative organism. Coagulase-negative staphylococci 
tend to cause an indolent febrile illness in contrast to fulmi-
nant sepsis with Staph. aureus. In either case, signs and symp-
toms of right-sided endocarditis are often present, including 
fever and chills (>80%), septic pulmonary emboli (20–45%) 
and tricuspid regurgitation (25%).76,77

A presumptive diagnosis of a pulse-generator pocket infec-
tion can usually be made on clinical grounds alone and is con-
firmed by a percutaneous aspirate from the pocket that shows 
micro-organisms on Gram stain or in culture. Diagnosing 
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infection of an epicardial pacing lead can be more challenging 
unless bloodstream infection is present. Pericarditis or medi-
astinitis can usually be diagnosed by CT or MRI. Patients 
with endocardial pacing lead infections, in addition to mani-
festing signs of right-sided endocarditis, frequently have 
persistent bloodstream infection, despite appropriate anti-
microbial therapy.64,76 Echocardiography shows vegetations 
on the endocardial leads and/or the tricuspid valve, and is 
valuable for confirming infection. Transesophageal echocar-
diography, with a sensitivity that ranges from 90% to 96% 
(compared with a 22–43% sensitivity seen with transthoracic 
echocardiography) is preferred.76–79

 TREATMENT

Treatment usually requires combined medical and surgical 
management.73 The overwhelming evidence is that for pace-
maker-associated endocarditis the entire pacemaker system 
should be removed. Recent studies suggest that a new system 
can be implanted at a different site at the time of removal of 
the old system without an increase in recurrence rate by com-
parison with delayed replacement. Open heart surgery may be 
required to remove endocardial leads that have been in place 
for long periods.

There are no randomized comparative studies of antibi-
otic treatment protocols for pacemaker-associated infections. 
Most recommend treatment durations similar to those used 
for endocarditis, with antibiotic choice determined by in-vitro 
testing of isolates. Drugs with activity against methicillin-
resistant staphylococci should be used when no organism can 
be cultured. The American Heart Association recommends 
14 days of antimicrobial treatment after device removal and 
the first negative blood culture and 4 weeks of therapy when 
there is evidence of Staph. aureus bloodstream infection.68

 PREVENTION

The basic principles for reducing the risk of prosthetic 
device-associated infection apply to pacemakers (see intro-
ductory section). Perioperative antibiotic prophylaxis signif-
icantly reduces the risk of pacemaker-associated infection80 
both for primary procedures and for replacement of infected 
devices.81

INTRAVASCULAR DEVICE-ASSOCIATED 
INFECTIONS

The majority of patients admitted to acute hospitals will have 
an intravenous catheter placed to facilitate medical care. 
This may be for administration of fluids, electrolytes, blood 
products, drugs, nutritional support and for hemodynamic 
monitoring. Widespread use of peripheral and central venous 

access devices have led to these devices becoming the major 
risk factor for hospital-acquired bloodstream infection.82–85 
The attributable mortality for these bloodstream infections 
is up to 25%.86

The central vascular catheter infection rate varies from  
<1 to 15 episodes/1000 days of central line use, depending 
upon the patient population, type of device and a range of 
other factors.87 The cost of a central vascular catheter-asso-
ciated infection can be many thousands of dollars per epi-
sode, depending upon the virulence of the infecting agent. 
Complications of vascular access device infections include 
septic thrombophlebitis, endocarditis, septic shock and the 
dissemination of septic emboli.

 PATHOGENESIS

Vascular access device-associated infections can develop as 
a consequence of contamination of infusates, contamination 
of the luminal surface of the catheter from hubs and other 
connections, through migration of micro-organisms from 
the skin surface along the outside of the catheter, or through 
bloodstream spread from a distant site77,88–90 (Fig. 42.1). 
There is some evidence that infections which develop in the 
first 2 weeks after implantation of the device are most fre-
quently derived from migration of bacteria along the outside 
of the catheter, while those that present 2 weeks or more after 
implantation are more frequently intraluminal.91–93 This is 
important when considering the potential benefits associated 
with the use of antimicrobial locks for the treatment of vascu-
lar access device-associated infections.

 MICROBIOLOGY

Although staphylococci are the most frequent cause of intra-
vascular device-associated infection, there are a wide range 
of other bacteria (including particularly Gram-negative bacilli 
and yeasts) that may be associated with intravascular access 
device-associated infection.

 DIAGNOSIS

Diagnostic methods for vascular access device-associated 
infections have been subject to a recent review by the Infectious 
Diseases Society of America.94 These include recommenda-
tions on blood cultures and catheter tip cultures. Clinical 
findings that point to vascular access device-associated infec-
tion include evidence of inflammation at the exit site (par-
ticularly when inflammation extends subcutaneously), fever 
and rigors associated with catheter manipulations, and sep-
tic shock in a patient with an intravascular device and with-
out other risk factors for septic shock (e.g. immunocompetent 
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individuals receiving long-term intravenous feeding following 
bowel resection for trauma).95 The isolation of staphylococci 
or other skin bacteria from multiple blood cultures, Bacillus 
spp. or fungi would also point to a potential vascular access 
device source of infection. Semiquantitative culture methods 
can be used to identify colonization of a device once it has 
been removed (>15 cfu/mL from a 5 cm segment of the cath-
eter tip).89,96 Culture of indistinguishable isolates from blood 
and from the device is strong evidence implicating the intra-
vascular device in the etiology of bacteremia.89,97,98

In many groups of patients, particularly those with  longer- 
term surgically implanted devices such as Hickman and 
Broviac catheters, hemodialysis catheters and venous ports, 
device removal and replacement may carry substantial risks 
as well as costs. In these groups, since less than half of the 
episodes of bloodstream infection are related to the intra-
vascular device,99,100 considerable emphasis is given to trying 
to improve diagnostic methods, and even if the intravascu-
lar device is thought to be the source of infection frequently 
attempts will be made to eradicate infection without device 
removal.

Numerous studies have shown quantitative differences 
in the concentration of micro-organisms in blood collected 
through intravascular devices compared with blood collected 
from a peripheral vein when there is a device-associated infec-
tion.101–103 A relatively cost-effective way of estimating the dif-
ferences in microbial numbers between blood collected from 
a vascular access device and peripheral blood is to use the 
differential time to positivity.104 When a blood culture bot-
tle is continuously monitored using an automated microbial 
growth detection device (as is widely used in diagnostic labo-
ratories) the time to detection of positivity is a function of 
microbial numbers in the inoculated blood. Assuming that 
the blood volumes are similar, then detection of positivity in 
the blood drawn from the intravascular device more than 2 h 

before positivity in the blood drawn from the peripheral site is 
highly predictive of an intravascular device-associated infec-
tion. This technique is particularly appropriate for  longer-term 
devices in which infection is frequently intraluminal but prob-
ably less effective for short-term intravascular devices where 
infection may be on the outside of the catheter, or in patient 
populations in whom antimicrobial substances may be pres-
ent in samples. When there are large numbers of bacteria in 
blood drawn through an intravascular catheter these can be 
visualized using techniques such as acridine orange leuko-
cyte cytospin staining and this technique can provide a rapid 
diagnosis.99,105 When peripheral blood cultures cannot be 
obtained, cultures may be drawn through different catheter 
lumens. A three-fold difference in quantitative blood cultures 
obtained from different lumens is suggestive of device infec-
tion in this instance; the value of differential time to posi-
tivity in this setting is uncertain.106 Other methods that have 
been used to diagnose intravascular device-associated infec-
tion include luminal brushing107,108 and quantitative microbial 
DNA detection.109

 TREATMENT

When a vascular catheter is suspected of being a source 
of infection and the catheter is no longer strictly required,  
it should be removed as soon as possible. Short-term vas-
cular catheters can often be removed relatively easily and 
a new catheter inserted at another site. Long-term central 
venous devices should be removed when there is evidence 
of device-associated infection and also persistent exit site 
infection, infection extending along the tunnel, evidence of 
endocarditis, septic thrombosis or septic pulmonary emboli, 
persistent bacteremia or candidemia despite appropriate 
antimicrobial chemotherapy, or when infection is caused by 

Fig. 42.1 Routes of microbial colonization in the pathogenesis of intravascular device-related bloodstream infection.
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Staph.  aureus-resistant species such as JK corynebacteria, 
Stenotrophomonas spp., Burkholderia spp., Pseudomonas spp., 
Mycobacterium spp., filamentous fungi or Malassezia spp. 
There are significant rates of recurrent bloodstream infec-
tion; for example for coagulase-negative staphylococcal vas-
cular access device-associated infection, the risk of recurrent 
bacteremia is c. 20%.110 Studies have shown an increased 
mortality rate in patients with vascular access device-asso-
ciated candidemia when the catheter is left in place com-
pared with prompt removal. This is a particular concern in 
infants.111,112

If the vascular access device is left in place, it is manda-
tory that the patient receives antibiotics through the infected 
line. There is some evidence that antibiotic locks can improve 
the outcome for patients, in particular by reducing the risk 
of recurrent infection.113–117 Although there is a lower risk of 
infection associated with venous ports, there is also evidence 
that treatment of port-associated infections is less likely to be 
effective (without device removal) than infections associated 
with transcutaneous venous catheters.118,119 Initial therapy for 
suspected intravascular device-associated infection should 
usually incorporate an agent with activity against methicillin-
resistant staphylococci (probably a glycopeptide) and an agent 
with activity against Gram-negative bacilli. Initial therapy can 
be modified based on microbial isolates and their suscepti-
bilities. The duration of treatment for uncomplicated intra-
vascular device-associated infections is usually in the range of 
7–10 days. Complications such as endocarditis may require 
much longer durations of treatment. Staph. aureus vascular 
access device-associated infection requires a longer duration 
of treatment. In immunocompetent patients and when the 
device has been removed it may be possible to restrict the 
duration of antibiotic treatment to 14 days. In immunocom-
promised patients, or where there is evidence of complica-
tions such as endocarditis, treatment should be given for a 
minimum of 4 weeks.120,121

Fluconazole can be used for candida vascular access 
device-associated infection in non-neutropenic patients122 
following removal of the intravascular device. In immuno-
compromised patients, those with complicated infections or 
those with infections caused by fluconazole-resistant species 
or strains, current evidence favors the use of amphotericin 
preparations.123,124 The place of newer antifungal agents such 
as caspofungin and voriconazole is yet to be defined.

Patients may develop recurrent bloodstream infection 
weeks or months after treatment for vascular device-associated 
bloodstream infection and this may be associated with other 
complications such as endocarditis, retinitis and vertebral 
osteomyelitis.123,125,126

 PREVENTION

Widespread recognition of the costs and consequences 
of infection associated with intravascular devices has led 
to the development of practices which reduce these risks 

and these have been included within strategies to improve 
patient safety such as the ‘Saving 100 000 Lives’ campaign 
in the USA.127 Risk reduction measures include the use of 
barrier precautions for central venous catheter insertion 
(such as sterile gloves), chlorhexidine-based skin disinfec-
tion pre-implantation of the device, improved device designs 
such as Hickman or Broviac catheters which incorporate a 
Dacron cuff (which provides a mechanical barrier to micro-
bial migration from the skin surface along the outside of the 
intravascular device), use of novel dressings, and the use of 
antimicrobial locks. Chlorhexidine preparations have been 
shown to be superior to povidone–iodine for skin decontam-
ination prior to device insertion and are also now recom-
mended for decontamination of hubs and connections.128,129 
Two percent chlorhexidine may be more effective than lower 
concentrations.130

Trial data suggest that chlorhexidine-impregnated sponge 
dressings reduce the risk of vascular access device-associated 
bloodstream infection in patients with short-term central 
venous catheters.131–133

antimicrobial venous catheters

A number of antimicrobial impregnated venous catheters 
have been marketed over the last 10 years. The antimicrobials 
that have been incorporated have included silver sulfadiazine 
with chlorhexidine,134,135 minocycline–rifampicin,98 micro-
dispersed silver136,137 and silver–platinum.138,139 Heparin 
bonded to venous catheters with benzalkonium chloride 
has also been shown to reduce microbial colonization.140–142 
A recent systematic review concluded that heparin-coated 
or antibiotic-impregnated central venous catheters are 
more effective at preventing bloodstream infection than 
those using chlorhexidine and silver sulfadiazine or silver 
impregnation.143

antimicrobial locks

It is not clear that prophylactic use of systemic antibiotics at 
the time of vascular access device implantation reduces the 
risk of device-associated infection.129 Continuous infusion of 
vancomycin in intravenous feeding solutions has been shown 
to reduce the rates of coagulase-negative staphylococcal bac-
teremia in low birth weight infants144 but runs the theoretical 
risk of promotion of antibiotic resistance.

A number of randomized controlled trials have shown that 
rates of bloodstream infection can be greatly reduced by using 
antimicrobial lock solutions. Recent meta-analyses support 
the use of antimicrobial locks to prevent infection in patients 
with long-term devices.145,146 These lock solutions have both 
anticoagulant and antimicrobial activities. Solutions that 
have been used include heparin with vancomycin 25 μg/mL 
± ciprofloxacin (2 μg/mL), minocycline EDTA, taurolidine 
citrate and trisodium citrate. The benefits of use of antimi-
crobial locks is increasingly recognized within best practice 
guidelines.129
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INFECTIONS ASSOCIATED WITH 
CEREBROSPINAL FLUID SHUNTS  
AND EXTERNAL DRAINAGE DEVICES

The pathological consequences of an excess of cerebrospinal 
fluid (CSF) within the ventricles of the brain can be amelio-
rated by draining the CSF to the exterior or to a distant body 
cavity from which it can be reabsorbed. Types of CSF shunt 
are shown in Figure 42.2.

  CEREBROSPINAL FLUID 
 SHUNT-ASSOCIATED INFECTION

Implantation of a CSF shunt is amongst the most frequent 
of neurosurgical procedures.147 Although infection is a com-
mon complication associated with shunts,148,149 rates may have 
declined in recent years.150–153   The highest risks of infection are 
at the extremes of age (preterm infants and the elderly).154,155 
There is a significant mortality associated with CSF shunt 
infections156,157 in addition to the other adverse consequences 
of prolongation of hospital stay and associated morbidities 
such as an increased risk of seizure disorders.158 Internalized 
shunt systems may have a reservoir to allow access to the 
CSF such as an Omaya reservoir and may also have valve 
systems to regulate pressure and flow. The rates of infection 
between ventriculoatrial and ventriculoperitoneal shunts are 
similar.159

A number of risk factors have been identified for shunt-
associated infections and these include CSF leak, infant matu-
rity and breaches in surgical technique.160,161 The pathogenesis 
of CSF shunt infections is probably similar to that of other 
implant-associated infections, micro-organisms being derived 
from intraoperative colonization, hematogenous seeding162 or 
retrograde spread of infection along the catheter from a dis-
tant site.148–150,163 The benefits of prophylactic intraoperative 
antibiotics suggest a significant proportion of infections arise 
at the time of the implantation of the device (see Prevention, 
below).

Microbiology

The great majority of shunt infections are caused by staphy-
lococci148,164,165 and, more rarely, Gram-negative bacilli. The 
latter are associated with high rates of morbidity and mortal-
ity.166 A wide variety of microbes have been associated with 
shunt infections, reflecting the various potential routes of 
infection and individual patient risk factors.167–169

Diagnosis

Clinical signs and symptoms of CSF shunt-associated infec-
tions may be non-specific and include fever, headaches and 
lethargy. Classic signs of meningitis such as neck stiffness are 
present in a minority of patients.170,171 There may be signs and 
symptoms related to the drainage site, so there may be intrac-
ardiac lesions and complications associated with intracardiac 
infections with ventriculoatrial shunts172,173 and signs and 
symptoms of abdominal disease with those with ventriculo-
peritoneal shunts.174,175 Blood cultures are frequently positive 
in patients with ventriculoatrial shunt-associated infections 
but infrequently positive in those with ventriculoperitoneal-
associated infections.149,176

CSF changes may not be dramatic, with median CSF 
white cells counts of <100 cells/mm3.149 The classic CSF 
findings of a high white cell count, raised CSF protein and 
low CSF:serum glucose ratio are often not seen in external 
ventricular drain (EVD) infections.177 There are some data 
suggesting that levels of CSF lactate or serum procalcitonin 
may be useful in identifying individuals with bacterial EVD 
infections.178 CSF culture may also be negative, particularly 
when collected by lumbar puncture. Positive microbial cul-
tures are more frequent when CSF is directly aspirated from 
the shunt.179 Radiological imaging can be helpful, particularly 
when there is involvement of the drainage site.

treatment

The optimum approach to treatment of CSF shunt infec-
tion is complete removal of the shunt system with or without 
external CSF drainage through a ventriculostomy catheter if 
required.148,156,176,180 Attempted treatment of shunt-associated 
infections without removal of the shunt is associated with much 
lower cure rates, extended hospital stay and a greater risk of 
patient death. Bacterial meningitis following bloodstream inva-
sion of meninges can be successfully treated without shunt 
removal.159 The optimum therapy for shunt-associated infec-
tions is not defined. As the majority of agents of infection are 
methicillin-resistant staphylococci, vancomycin is appropri-
ate both for empirical treatment and following determina-
tion of microbial susceptibility. Rifampicin is frequently added 
because of its high levels of CSF penetration and its activity 
against biofilm-associated microbes.37,181–183 For Gram-negative 
infections, imipenem is best avoided because of the risk of sei-
zures.184 Fourth-generation cephalosporins and meropenem 
are usually well-tolerated and reach supra-inhibitory concen-
trations in the CSF.

Fig. 42.2 Schematic of (A) ventriculoatrial (VA) and 
(B) ventriculoperitoneal (VP) cerebrospinal fluid shunts.
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It is unclear the extent to which intraventricular antibiotics 
improve outcomes for patients. Intrathecal aminoglycosides 
and glycopeptides have been widely used in the treatment of 
shunt infections but there are no randomized controlled tri-
als that have confirmed the benefit. A study in neonates with 
Gram-negative meningitis showed a higher mortality in infants 
given intrathecal gentamicin than in those given systemic gen-
tamicin.185 Many centers which use intrathecal aminogly-
cosides also measure drug levels in the CSF but, again, the 
relationship between levels and toxicity or patient outcome 
have not been defined.186–188 When vancomycin is used intrath-
ecally it is usually administered in doses of 5–20 mg every 
24 h and again there are no trial data on the relationship 
between drug concentrations in the CSF and either toxicity 
or outcome.

Infection with multiresistant Gram-negatives can pres-
ent particular challenges; for example, carbapenem-resistant 
Acinetobacter baumanii is an increasingly common cause of 
infection following intensive care unit admission for head 
trauma. Isolates may be resistant to a wide range of agents 
with few available options for treatment. Combined use 
of intrathecal and intravenous polymixins may be the only 
available treatment options in addition to removal of colo-
nized device components.189 Linezolid achieves high levels in 
the CSF and there are increasing reports of success in the 
treatment of multidrug-resistant Gram-positive ventriculitis 
where conventional approaches have failed.190

prevention

Attempts to reduce the frequency of shunt-associated infection 
have included extreme measures to avoid contamination of the 
shunt or components191 and a variety of changes to perioper-
ative protocols.192 There is evidence that preoperative shaving 
increases the risk of shunt-related infections.193 Recent system-
atic reviews have concluded that systematic antibiotic prophy-
laxis does reduce the incidence of shunt-associated infection.194 
Antibiotics used in prophylaxis studies have included trimethop-
rim with sulfamethoxazole, trimethoprim with rifampicin and 
cephalosporins such as cefuroxime which achieves superinhibi-
tory CSF concentrations. The use of antibiotic-impregnated 
shunts has also been associated with a reduction in the fre-
quency of shunt infection.195,196

  EXTERNAL VENTRICULAR DRAIN 
(EVD)-ASSOCIATED INFECTION

Infection at the exit site is the most frequent infective compli-
cation of an EVD followed in decreasing order of frequency 
by ventriculitis, cerebritis, subdural empyema, osteomyelitis 
and complications consequent on the dissemination of infec-
tion.196 Over 8% of patients with an EVD will develop positive 
CSF cultures.197 Risk factors for infection include prolonged 
duration (>5 days) and irrigation.198,199 Although algorithms 
describing the management of EVD-related ventriculitis have 

been published,196 it is important to base antibiotic choices on 
the prevalent causes of infection in a local context.

  CATHETER-ASSOCIATED URINARY 
TRACT INFECTIONS

Twenty-five percent of patients will have a urinary catheter 
inserted at some time during their hospital stay.200 Rates of 
colonization of urinary catheters approach 100% by 30 days 
of catheterization and consequent urinary tract infection is a 
major cause of morbidity and mortality in individuals with 
long-term urinary catheters. The risk of catheter-associated 
urinary tract infection is higher in females than in males, in 
patients with co-morbidities (e.g. diabetes) that predispose to 
infection, when other foreign bodies are associated with the 
urinary drainage systems such as stents, and with increasing 
duration of catheterization. The costs associated with cath-
eter-associated urinary tract infection are relatively low by 
comparison with many other hospital-acquired infections;201 
however, the aggregated costs are considerable. Urinary tract 
infections accounted for nearly 20% of hospital-acquired 
infections in a recent UK prevalence study202 and catheteriza-
tion was the major risk factor in that study.

Silver alloy-coated urinary catheters have lower rates of 
catheter-associated infection than non-coated catheters.203 
Although triclosan has been shown to reduce biofilm formation 
on urinary catheters,204 intrinsic and acquired triclosan resis-
tance preclude the use of triclosan as a routine preventive strat-
egy.205 Shanks et al have reported that heparin may promote 
biofilm formation by Staph. aureus.206,207 Whether or not this is 
an important effect in patients is not known at this time.

pathogenesis

Micro-organisms may contaminate the urinary catheter at the 
time of insertion or may migrate extraluminally from the peri-
urethral area or intraluminally as the result of contamination of 
connections. Catheter-associated urinary tract infections are 
usually associated with the formation of biofilm on the cathe-
ter but can occasionally arise, particularly if there is back-flow 
of urine from a catheter drainage bag allowing inoculation of 
the bladder with large numbers of micro-organisms.

Microbiology

Patients with long-term urinary catheters who receive repeated 
courses of antibiotics for suspected catheter-associated infec-
tion or for other reasons are frequently colonized with antibi-
otic-resistant Enterobacteriaceae, Ps. aeruginosa, enterococci, 
staphylococci and/or fungi.

Diagnosis

Clinical criteria are an unreliable basis for the diagnosis of 
catheter-associated urinary tract infection. A patient with a 
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transurethral catheter will not have dysuria and frequency, 
and suprapubic tenderness may be attributable to the irri-
tating effects of the catheter on the bladder. Elderly patients 
particularly may not be febrile even in the presence of life-
threatening infections.208

Bacteriuria may be a consequence of catheter colonization 
with or without associated infection. Pyuria has a high speci-
ficity for symptomatic catheter-associated urinary tract infec-
tion but may not be present in a large proportion of patients 
with symptomatic bacteriuria,209 particularly when there is 
infection with Gram-positive cocci or yeasts.210 Tests that may 
be useful in non-catheterized patients, such as for leukocyte 
esterase and bacterial nitrite, perform poorly in the catheter-
ized patients.211

treatment

Bacteriuria is common in patients with long-term urinary 
catheters, yet in the majority treatment is rarely required.209 
Treatment of asymptomatic catheter-associated bacteriuria 
has not been shown to be of benefit and may actually be detri-
mental to patients212,213 other than in the context of pregnancy 
or urological procedures.214 Unnecessary antibiotic treatment 
promotes colonization with antimicrobial-resistant species 
and increases the risk of antibiotic-associated complications 
such as C. difficile diarrhea.

In patients with signs and symptoms that may be attrib-
utable to urinary tract infection, and in the absence of 
other sources of infection, it may be reasonable to initiate 
antibiotic therapy which can be modified if required fol-
lowing the results of in-vitro sensitivity testing. In a recent 
study215 in a large teaching hospital in the USA, it was 
found that over 30% of patients treated with antibiotics 
for catheter-associated bacteriuria did not have symptoms 
or signs consistent with infection, and were considered to 
have been inappropriately treated with antibiotics. It may 
be appropriate to treat asymptomatic catheter-associated 
bacteriuria in some specific groups of patients such as 
those who are immunocompromised216 but these groups 
are exceptional. Recent guidelines have advocated that 
urine samples should not be routinely sent for microbio-
logical testing from asymptomatic catheterized patients217 
because of the tendency of clinicians to prescribe on the 
basis of microbiological findings.

prevention

There are few randomized controlled trials of prevention 
strategies for catheter-associated urinary tract infection. 
Avoiding unnecessary catheterizations, ensuring that trained 
professionals insert and care for urinary catheter systems, use 
of closed and dependent drainage systems, and avoidance of 
prolonged periods of catheterization all probably contribute 
to reducing the risk of catheter-associated urinary tract infec-
tion though with little support from randomized controlled 
trials.

Antimicrobial prophylaxis may reduce the frequency of 
catheter-associated urinary tract infection in patients with 
short periods of catheterization but this practice may lead to 
infections with difficult to treat antibiotic-resistant bacteria 
and yeasts and is probably best avoided.218 Other practices 
which are best avoided because of lack of benefit or detri-
ment to patients200 include the use of anti-infective lubricants 
for catheter insertion, soaking the catheter in antimicrobial 
agents before insertion, use of topical agents of disinfection 
to the urethral meatus, continuous irrigation of the bladder 
and periodic instillation of anti-infectives into the bladder 
or  collection system,219 and closed catheter drainage systems 
with sealed connections.220

A number of antimicrobial urethral catheters have been devel-
oped and evaluated, several of which have been shown to be 
associated with a lower risk of catheter-associated urinary tract 
infection, including in particular silver hydrogel catheters.221,222 
A recent systematic review223 concludes that antimicrobial uri-
nary catheters can prevent or delay the onset of catheter-asso-
ciated bacteriuria. The systematic review suggested that there 
may have been systematic overestimation of the effect sizes in 
many of the randomized and quasi-randomized trials reviewed 
because of drop-outs and exclusions. The effects of antimicro-
bial catheters on substantive outcomes such as bloodstream 
infection are also not known.

  INFECTIONS ASSOCIATED WITH 
PERITONEAL DIALYSIS CATHETERS

Over the last 30 years dialysis through peritoneal catheters 
has become the treatment of choice for many patients with 
end-stage renal disease. The major complication associated 
with peritoneal dialysis is peritonitis. Sixty percent of patients 
undergoing peritoneal dialysis will develop an episode of 
peritonitis within the first 12 months following initiation of 
dialysis.224 Recurrent episodes of peritonitis compromise the 
ability of the peritoneum to act as the dialysis membrane 
and is the common reason for patients being transferred to 
hemodialysis.

Peritonitis is a more frequent complication than catheter 
exit site or tunnel infection, suggesting that spread of micro-
organisms from connections along the lumen of the catheter 
is the most important route of infection.225 Nasal carriers of 
Staph. aureus are more likely than non-carriers to develop both 
exit site infections and peritonitis.226 Dilution of host defense 
elements such as immunoglobulin and complement and the 
relatively high osmolality and low pH of the dialysate prob-
ably increase the risk of dialysis-associated peritonitis.227

Microbiology

Although the majority of peritonitis cases are associated with 
isolation of coagulase-negative staphylococci from perito-
neal fluid samples, a wide range of other microbes have been 
associated with peritonitis, as has been reported with other 
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 transcutaneous devices. Staph. aureus is particularly associ-
ated with exit site and tunnel infections.228

Diagnosis

Signs and symptoms include cloudy dialysate and abdomi-
nal pain or tenderness and fever.228 Shock is unusual in asso-
ciation with coagulase-negative staphylococcal peritonitis but 
may be a feature of peritonitis caused by Gram-negatives and 
Staph. aureus.

Exit site and tunnel infection may be diagnosed by local 
signs and symptoms. Laboratory findings include a raised 
dialysate white cell count of >100 cells/mm3. White cells are 
usually predominantly neutrophils but may be dominated by 
other cell types when peritonitis is caused by unusual patho-
gens such as mycobacteria or fungi.228

treatment

Current guidelines suggest that overall >80% of perito-
neal dialysis-associated peritonitis should be cured without 
removal of the peritoneal catheter.229 Intraperitoneal antibi-
otics achieve suprainhibitory concentrations both in the peri-
toneal cavity and in the bloodstream. A recent systematic 
review of treatment of peritoneal dialysis-associated peritoni-
tis showed that intraperitoneal antibiotics were effective and 
(based on the results of one study) perhaps more effective 
than intravenous antibiotics in reducing treatment failures. 
A number of different intraperitoneal antibiotic regimens 
were effective.230 Empirical regimens can include cepha-
losporins with or without an aminoglyside.231 It is probably 
not necessary to use a glycopeptide unless there is evidence 
to support infection with MRSA or resistance to the empiri-
cal regimen is reported by the laboratory. Aminoglycosides 
are probably best avoided in patients with residual function 
(urine output >100 mL per day).232

Removal of the dialysis catheter may be necessary to 
control infection or to prevent recurrent infection which 
is particularly likely with Staph. aureus, Ps. aeruginosa and 
fungal infection. The optimal antimicrobial therapy for fun-
gal peritonitis has not been defined. Fluconazole combined 
with flucytosine can be effective for susceptible strains.228 
The role of newer antifungals such as voriconazole, 
caspofungin and liposomal amphotericin preparations is  
ill-defined.

prevention

The 2005 International Society for Peritoneal Dialysis 
guidelines229 make specific recommendations for the pre-
vention of peritoneal dialysis-related peritonitis. These 
emphasize the importance of surveillance of infec-
tion rates, the use of prophylactic antibiotics at the time 
of insertion of the device, recommendations for mini-
mizing exit site care that target the control of Staph. 
aureus and requirements for training, including training  

in practical methods (particularly for connection and 
disconnection), minimizing the risk of translocation  
of micro-organisms from the bowel and criteria for use of 
antifungal prophylaxis.

The use of a Y connection allows simultaneous connec-
tion of the drainage and infusion bags, minimizing the num-
ber of connections and disconnections that have to be made. 
Randomized trials have shown a reduction in the rate of peri-
toneal dialysis-related peritonitis when these Y connections are 
used.225 These types of system have become further refined.233

Application of antimicrobials around the cannula exit site 
has been shown to reduce the risk of Staph. aureus exit site and 
tunnel infections but there are some concerns about the long-
term consequences of this strategy, particularly with respect 
to the selection of antibiotic resistance.234 Strategies involving 
anti-staphylococcal immunizations have so far been unsuc-
cessful in reducing either exit site infections or peritonitis.235
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Chapter

43 Antiretroviral therapy for HIV

anton pozniak

Before 1988 the management of HIV was primarily the treatment and 
prevention of opportunistic infections. When zidovudine became 
available on compassionate grounds to those patients with AIDS, the 
era of antiviral therapy for HIV began. Early studies with zidovudine 
monotherapy showed short-term benefits in symptomatic patients 
in delaying disease progression1 and the results of one of the first 
AIDS treatment trials, ACTG 019, suggested that even asymptom-
atic patients with a CD4 count of less than 500 cells/mm3 should 
be treated.2 However, by 1993, the usefulness of HIV treatment was 
questioned. The results of the Concorde trial indicated little benefit 
in early intervention3 and ACTG 1554 showed no advantage of dual 
therapy with zidovudine and zalcitabine over zidovudine or zalcit-
abine monotherapy, generating a mood of therapeutic pessimism.

All that changed by mid-1995, when the results of several large-
scale prospective studies proved that dual nucleoside analog regimens, 
especially zidovudine–didanosine, effectively delayed disease progres-
sion and prolonged life. Both the Delta and ACTG 175 trials5,6 estab-
lished the superiority of dual therapy over monotherapy and paved the 
way for the understanding of the importance of the use of surrogate 
markers, particularly viral load and CD4 levels, in measuring the efficacy 
of a regimen as well as the role of resistance in virological failure. At the 
same time, phase II studies of another dual nucleoside regimen with 
zidovudine and lamivudine demonstrated impressive CD4+ and viral 
load benefits up to 1 year of follow-up.7 Dual  nucleoside-reverse tran-
scriptase inhibitor (NRTI)-based regimens became commonplace, and 
AIDS-related mortality began to decrease.

In 1996, treatment of HIV changed dramatically for several 
reasons:
•	 First, there was an improved understanding of the pathogenesis 

of HIV infection.
•	 Second, tests became available to measure plasma HIV RNA 

levels down to below 1000 copies/mL.
•	 Third, a new and powerful class of drugs, the protease inhibitors, 

was introduced which, when added to the two nucleoside 
‘backbone’ analogs, were capable of completely suppressing 
plasma HIV RNA levels. At the 10th International Conference on 
AIDS in 1996, the optimism surrounding the results of these triple 
drug regimens led to a belief that eradication of the virus and a 
cure was possible.

As a result of increasing use of this highly active antiretroviral therapy 
(HAART), hospital admission rates for HIV-related complications and 
mortality rates decreased dramatically, AIDS hospice units closed and 
patients returned to work. Opportunistic infections, such as those 
caused by cytomegalovirus (CMV), Mycobacterium avium complex 
(MAC) and toxoplasmosis became exceedingly rare.8 Published data 
in the late 1990s estimated the mortality rate in patients with CD4 
counts of less than 100 × 106/L had fallen by nearly two-thirds to less 
than 8 per 100 patient-years. In stark contrast at this time of hopes 
and expectations the epidemic rose exponentially in the resource-
poor world where there was little access to HIV therapies and diag-
nostics. The global pandemic of HIV was established.

Further pathogenesis studies documented reservoirs of HIV in 
latently infected resting T lymphocytes and other long-lived cell 
populations, making it unlikely that HIV could be eradicated by anti-
retroviral therapy alone.9 Strategies to sustain suppression of viral 
replication in the long term were required. Drug development con-
centrated on therapy that was potent, simple to adhere to, and could 
be used against resistant strains. The non-nucleoside analogs with 
their low pill burden, lack of food requirements and a perceived lack 
of long-term toxicity made them an increasingly common first-line 
treatment option. New classes of drugs blocking HIV entry such as 
fusion inhibitors, chemokine receptor antagonists and HIV integrase 
inhibitors preventing HIV from being integrated into host DNA are 
now available in the clinic.

In addition to drugs that inhibit targets in the viral replication 
cycle, immunotherapeutic approaches have been assessed using the 
cytokine interleukin (IL)-2 which results in increases in CD4 counts 
but had no impact on clinical outcome in trials where it was used in 
combination with antiretroviral regimens as the CD4 cells were non-
functional.10–12

Therapeutic vaccines are also being pursued, which might 
improve specific immune responses and assist immunological con-
trol of HIV replication. Their clinical effectiveness remains unknown.

Sustained inhibition of viral replication results in partially recon-
stituting the immune system and substantially reducing the risk of 
clinical progression and death. The long-term efficacy of current anti-
retroviral regimens is becoming clearer and patients who have suc-
cessful control of HIV therapy can live relatively normal life spans; for 
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example, a 20-year-old individual starting HAART can expect to live 
for another 43 years on average, and a 35-year-old can expect 32 
more years of life.

Mortality rates become similar to that of the general population 
after the sixth year of follow-up among patients whose CD4 counts 
reach 500 cells/mm3.13 It appears that patients have to take therapy 
lifelong and that interruptions in therapy are associated with an 
increased risk of cardiovascular events.14,15 Patients’ adherence to cur-
rent regimens has to be very high to ensure virological success and 
limit the risk of resistance emerging.

Although antiretroviral therapy is extremely successful, there are 
still many challenges and problems, some of which are emerging, 
such as long-term metabolic, bone and cardiovascular complications 
of therapy.16–18 For parts of the world with the highest HIV rates the 
problem is still access to therapy, monitoring and medical care.

INITIATING ANTIRETROVIRAL THERAPY

AIMS OF TREATMENT

With currently available antiretroviral agents, eradication of 
HIV infection is not likely to be possible;19 thus, the aim of 
treatment is to prolong and improve quality of life by maintain-
ing suppression of virus replication for as long as possible.

The objective of antiretroviral therapy is to reduce and 
sustain plasma viral load levels to below the level of detect-
ability (<50 copies/mL). If patients are adherent to therapy, 
the likelihood of a viral load rebound and drug resistance is 
minimal. However, in spite of inhibition of viral replication in 
plasma, lymph nodes and other sites, reservoirs of HIV infec-
tion in latently infected resting macrophages and T lympho-
cytes remain. Bursts of viral replication from these reservoirs 
can be detected in patients with long-term viral suppression 
but whether or not new cells continue to be infected as a 
result of these bursts is still an area of debate. However, even 
in patients who have sustained, undetectable levels of plasma 
viral load for several years, discontinuation of antiretroviral 
therapy results in rapid rebound of plasma viral load to pre-
treatment levels.20

The three groups of treatment-naive patients for whom 
treatment might be considered are patients with primary 
HIV infection, patients with asymptomatic HIV infection and 
patients with symptomatic HIV disease or AIDS.

 PRIMARY HIV INFEcTION

The burst of viremia in acute primary HIV infection usually 
resolves in 2 months and this period is the focus of research 
into giving early treatment. There is a rationale for treatment 
during the 2- to 6-month period after this, so-called recent 
primary HIV infection, and it is based on the probability that 
virus replication in lymphoid tissue is still not controlled dur-
ing this time.21

Clinical trials information regarding treatment of acute 
HIV infection is limited.22 Multiple studies have shown con-
flicting results of therapy with varying short-term effects on 
immunological markers.23 A randomized prospective study 
is needed to weigh the risks and long-term benefit of treat-
ment regimens initiated during acute infection. This strategy 
is being examined by the Medical Research Council (MRC) 
SPARTAC study and results are anticipated in 2010.

The rationale for starting treatment during or shortly after 
infection is to attempt to maintain specific and robust CD4 
helper HIV responses,24–27 which are generally lost, with the 
exception of long-term non-progressors26 with chronic HIV 
infection.28 Such immune responses appear to be maintained 
in people treated with potent antiretroviral therapy shortly 
after primary HIV infection. Some data suggest that there is 
more rapid and complete immune reconstitution in patients 
starting therapy during primary infection than in those start-
ing treatment later.29 There is, however, no evidence to date 
that any of these immunological benefits persist indefinitely 
with continuing treatment or after treatment is withdrawn.

The possible benefits of treatment during primary infection 
with HIV should be considered against the known risks of drug 
toxicity,32,33 the associated risk of development of drug resis-
tance and the difficulties of long-term adherence. The optimal 
duration or optimal drugs to use in therapy for patients with 
acute or recent HIV infection is unknown. The potential need 
for lifelong treatment should be a consideration in  making the 
decision to treat or not. As non-nucleoside reverse  transcriptase 
 inhibitor (NNRTI) transmitted resistance is more commonly 
seen than protease inhibitor (PI) transmitted resistance, a 
 protease inhibitor-based regimen should be given until drug 
resistance test results are available.

While data are lacking a pragmatic approach would be to 
consider treatment of primary infection outside a prospec-
tive study when patients have neurological involvement, any 
AIDS-defining illness or a CD4 cell count persistently <200 
cells/mm3 (i.e. for 3 months or more).34

 cHRONIc HIV INFEcTION

The aims of antiretroviral therapy are to reduce the viral load 
which will lead to improved and/or preserved immune func-
tion and consequently reduce HIV-associated morbidity and 
mortality. Another possible benefit that is being explored is 
the potential to reduce HIV transmission, especially if there 
are continued high-risk behaviors.35

potential benefits of treating acute hIV infection

Decrease the severity of acute disease and reduce morbidity associated 

with high viraemia and CD4 depletion during acute infection

Reduce the risk of onward transmission of HIV

Limit loss of CD4-rich gastrointestinal lymphoid tissue that occurs during 

the first weeks of infection, although data are limited and the clinical 

relevance is unclear30,31
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Delaying therapy until the CD4 cell count is <200 cells/
mm3 is associated with a substantially greater risk of disease 
progression and death. As the risk persists for a significant 
period after treatment is started, every effort should be made 
to start treatment before the CD4 cell count has fallen to 
<200 cells/mm3.

Symptomatic hIV infection

International guidelines recommend initiation of antiretrovi-
ral therapy in patients with a history of AIDS-defining illness 
or symptomatic HIV infection. One exception to this might 
be someone with tuberculosis who presents with a high CD4 
count when the TB may be not a manifestation of immune 
suppression.

asymptomatic disease

The timing of antiviral therapy in patients who are asymp-
tomatic is an area of active debate and research. Until we 
have the results of a controlled, prospective study comparing 
early and deferred therapy (START trial), treatment guide-
lines rely largely on data from observational cohort studies.6,7 
Currently, these guidelines state that the optimal time to start 
therapy for an asymptomatic patient is around a CD4+ count 
of 350 cells per cubic millimeter (mm3).

Most physicians will use this 350 CD4 cell threshold as the 
main criterion for starting, but should patients or subgroups 
of patients start earlier than that? One of the driving forces for 
considering starting earlier is the impact of non-AIDS-related 
morbidity and mortality because of the effect of viremia on 
driving inflammatory and neoplastic processes independent 
of the CD4 count.

The SMART study helped us to understand this concept 
of viremia being harmful. SMART was a prospective, random-
ized, multicenter, cohort study, comparing treatment being dis-
continued when the CD4 T-cell count exceeded 350 cells/mm3 and 
reinitiated when the CD4 T-cell count fell to <250 cells/mm3 
with continuous antiretroviral therapy. Mortality was largely 
due to causes other than AIDS, and several non-AIDS-defin-
ing conditions such as hepatic failure, renal disease, cardio-
vascular disease and non-AIDS malignancy were greater in 
participants randomized to treatment interruption than in 
those who received continuous therapy.36,37

When a subgroup analysis of the SMART study (in which 
treatment-naive patients with CD4 T-cell counts of >350 cells/
mm3 were randomized to receive antiretroviral therapy either 
immediately or after the CD4 T-cell count dropped to <250 
cells/mm3) was analyzed, the risk of opportunistic diseases and 
serious non-AIDS events was higher in the deferred- therapy 
arm than in the treatment arm, suggesting that delaying ther-
apy until the CD4 T-cell count decreases to <350 cells/mm3 
should be avoided.38

A large observational cohort, the North American 
AIDS Cohort Collaboration on Research and Design 
(NA-ACCORD),39 showed that in the 8362 patients with a 
CD4+ count of 351–500 cells/mm3, deferral of therapy until 

the CD4+ count had fallen to 350 cells/mm3 or less was asso-
ciated with an increase of 69% in the risk of death, as com-
pared with patients who initiated therapy when their CD4+ 
count was within the designated range. The majority of deaths 
for which cause was available were from ‘non-AIDS-defining’ 
causes and thought to be due to the inflammatory effect of 
HIV itself.

Other data sets support the notion of starting earlier but 
consider that the advantage of starting above 500 cells/mm3 
rather than somewhere between 500 and 350 cells/mm3 may 
be small.40

THERAPEUTIc STRATEGIES IN THE 
TREATMENT-NAIVE PATIENT

The very dramatic fall in AIDS-related mortality and fre-
quency of AIDS events in the developed world coincided with 
the introduction of HAART.41 Any HAART regimen should 
be individualized in order to achieve the best potency, adher-
ence42 and tolerability, to minimize potential toxicity, and to 
avoid any likely drug–drug interactions. A measurement of a 

Other reasons for starting haart early

Patients with a rapidly falling CD4 count (e.g. falling by >80 cells/mm3 per 

year on repeated testing) should be considered for initiation of therapy 

relatively earlier within the CD4 count range 350–500 cells/mm3

AIDS diagnosis (or any HIV-related co-morbidity)

–  hepatitis B and C infection, where treatment is indicated or 

contemplated

–  low CD4 percentage (e.g. <14%, where Pneumocystis jirovecii 

prophylaxis would be indicated)

–  established cardiovascular disease (CVD) or a very high risk of 

cardiovascular events (e.g. Framingham risk of CVD more than 20% 

over 10 years)

Pregnant women

Persons with HIV-associated nephropathy

potential benefits and risks of early therapy

potential benefits

•	 	Maintain	a	higher	count	and	potentially	prevent	further	irreversible	

damage to the immune system

•	 	Decrease	the	risk	for	HIV-associated	complications	that	occur	even	

at high CD4 counts (e.g. tuberculosis, lymphoma, peripheral human 

papillomavirus-associated malignancies, neuropathy)

•	 	Decrease	the	risk	of	non-AIDS-associated	diseases	such	as	

cardiovascular disease, renal disease, liver disease, and  

non- AIDS-associated malignancies and infections

•	 Decrease	the	risk	of	HIV	transmission	to	others

potential risks

•	 Development	of	side	effects	and	toxicities	of	treatment

•	 	Development	of	drug	resistance	which	may	result	in	loss	of	future	

treatment options

•	 Treatment	fatigue	because	of	increased	total	time	on	medication

•	 	Transmission	of	drug-resistant	virus	in	patients	who	do	not	maintain	full	

virological suppression
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regimen’s success is achieving a viral load of <50 HIV-1 RNA 
copies/mL within 6–9 months of starting treatment.

 BASELINE ASSESSMENT

Before starting treatment patients should be counseled about 
adherence and given appropriate information on the drugs 
they may be taking and their side effects.

A baseline assessment should be performed and should 
include HIV resistance testing to detect transmitted resistance 
screening for hepatitis B and C co-infection, routine hematol-
ogy and biochemistry tests, a sexually transmitted infection 
screen and other tests as appropriate including co-receptor 
tropism and HLA B5701.

In addition, a full cardiovascular risk assessment should be 
undertaken and patients should be screened for diabetes and 
renal problems. A psychosocial history should also be taken 
to identify psychiatric problems, alcohol use and recreational 
drug use as well as safer sex knowledge and practice. A social 
and adherence assessment is essential.

In women of childbearing age, a discussion around plans 
for pregnancy and the use of contraception is important.

 WHIcH REGIMEN TO START?

When choosing a HAART regimen the advantages and disad-
vantages in terms of potency, adherence, toxicity and poten-
tial drug–drug interactions should be considered for each 
patient and therapy individualized accordingly.

Drug regimens that might be considered for a patient initi-
ating antiretroviral therapy for the first time are listed below:

•	 A	low-dose	ritonavir	‘boosted’	protease	inhibitor	and	two	
nucleo(t)sides

•	 A	non-nucleoside	reverse	transcriptase	inhibitor	
(NNRTI) such as efavirenz and two nucleo(t)sides

•	 Others	include	nucleo(t)side-sparing	or	integrase-based	
regimens, but these have been rarely used to date outside 
clinical trials.

  TWO NRTIs PLUS A BOOSTEd  
PROTEASE INHIBITOR

Protease inhibitors have a long history of clinical and surro-
gate marker efficacy in clinical practice.

Protease inhibitors are usually used in combination with 
low-dose ritonavir to provide a pharmacokinetic boosting 
effect. The rationale for this is that these drugs are exten-
sively metabolized by the cytochrome P450 system, resulting 
in short half-lives and low trough concentrations. Ritonavir is 
a potent inhibitor of cytochrome P450 CYP3A and enhances 
plasma concentrations of other protease inhibitors, rais-
ing trough levels and extending the half-life. This improves 

potency and is associated with a reduced risk of resistance 
development. In addition, a boosted protease inhibitor regi-
men can improve convenience by reducing dosage frequency 
and pill burden, and facilitating adherence. However, some 
toxicities (e.g. gastrointestinal upset) and lipid abnormali-
ties may occur more commonly with some boosted protease 
inhibitor regimens.43

Which boosted protease inhibitor?

The three main boosted protease inhibitors currently used in 
the treatment of naive patients are lopinavir, atazanavir and 
darunavir. Other boosted protease inhibitors include fosam-
prenavir and saquinavir: 

•	 Lopinavir	boosted	with	ritonavir	is	currently	the	only	
co-formulated protease inhibitor and is available in a 
heat-stable Meltrex tablet form. The other protease 
inhibitors are given with ritonavir separately. Lopinavir has 
a tendency to cause gastrointestinal intolerance, notably 
diarrhea.

•	 Atazanavir	causes	unconjugated	hyperbilirubinemia	
by competitive inhibition of the uridine diphosphate-
glucuronosyl transferase (UGT) 1A1 enzyme. This is only 
rarely of clinical significance.

•	 Darunavir	can	cause	a	mild	rash.

There have been two recent randomized trials of boosted 
lopinavir, one versus boosted atazanavir (Castle study) and 
one versus darunavir (Artemis study). In essence, in terms of 
overall efficacy, the comparator arms both outperformed the 
lopinavir arm, mainly based on discontinuations due to higher 
toxicity rates of the lopinavir arms, especially gastrointestinal 
effects. Lipid abnormalities were also higher in the lopinavir 
arms in both of the studies.44,45

 NNRTI-BASEd REGIMENS

These have gained much popularity in antiviral-naive patients 
because of the large clinical trial data available, lower pill bur-
den, drug interactions and safety profile, as well as cost.

Which NNrtI?

Two NNRTIs are currently licensed for use in treatment-
naive patients, nevirapine and efavirenz.

The 2NN study compared nevirapine with efavirenz. Both 
drugs were given in combination with stavudine and lamivudine 
in treatment-naive individuals. At 48 weeks of the study the dif-
ference in virological suppression did not reach criteria neces-
sary to demonstrate non-inferiority of nevirapine. However, two 
patients taking nevirapine died, one from hepatic toxicity and 
one from septicemia related to Stevens–Johnson syndrome.46

Nevirapine

The toxicities and side effects of nevirapine are well known 
and are substantially higher in those with higher CD4 counts 
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and in women, hence it is recommended that nevirapine is 
not started in men with CD4 counts of >400 cells/mm3 and 
in women with CD4 counts of >250 cells/mm3.

Efavirenz

Efavirenz has demonstrated potent viral suppression in large 
randomized, controlled trials and cohort studies of treatment-
naive patients at up to 7 years of follow-up.47–49

Efavirenz-based regimens have demonstrated superior 
virological responses to lopinavir protease inhibitor-based 
regimens, and comparable activity to atazanavir-based regi-
mens.50 The potency of efavirenz is independent of baseline 
viral load and CD4 cell count.

Efavirenz is associated with neuropsychiatric effects includ-
ing dizziness, abnormal dreams, insomnia, hallucination and 
euphoria. These side effects are more pronounced in the first 
1–2 weeks of treatment. Occasionally patients report disabling 
side effects which persist beyond this induction period, neces-
sitating switching from efavirenz.

Congenital abnormalities have been observed in cynomol-
gus monkeys whose mothers were treated with efavirenz dur-
ing pregnancy. While prospective studies of its use in pregnant 
women have failed to demonstrate an excess risk of congeni-
tal abnormalities, it remains the recommendation that alter-
natives are used in women trying to conceive or in those at 
higher risk of unplanned pregnancy.

 NNRTI OR PI

There is still much discussion over which is the best regimen 
on which to start patients. Until recently we only had cohort 
data but the randomized trial ACTG A5142 compared efa-
virenz with lopinavir–ritonavir, plus two NRTIs. There was also 
a third arm with the boosted protease inhibitor and NNRTI in 
combination but without nucleosides. This ACTG A5142 study 
showed better virological responses with an efavirenz-based reg-
imen compared with a lopinavir–ritonavir-based regimen, but it 
showed better CD4 cell responses and less resistance after viro-
logical failure with lopinavir–ritonavir plus two NRTIs.50

A smaller randomized trial in Mexico, which compared the same 
agents (efavirenz versus lopinavir–ritonavir) in  treatment-naive par-
ticipants who had CD4 cell counts of <200/mm3, also  suggested a 
virological advantage among efavirenz recipients.51

Recently ACTG A5202 compared efavirenz with ritonavir 
boosted atazanavir (combined with 2 different NRTI back-
bones) and showed similar efficacy.51a

  WHIcH NUcLEOS(T)IdE 
BAckBONE?

Dual nucleos(t)ide combinations form the backbone of initial 
therapy regimens with either boosted protease inhibitors or 
non-nucleosides. In reality, although there are several possible 

different combinations, there are only four combinations in 
common use. Three of these combinations have been co-for-
mulated to simplify dosing. However, one combination (teno-
fovir and emtricitabine) is preferred by most physicians.

tenofovir and emtricitabine

Tenofovir, when used with emtricitabine as part of an efa-
virenz-based regimen in treatment-naive patients, has dem-
onstrated potent virological suppression and was superior 
to zidovudine–lamivudine in virological efficacy up to 144 
weeks. Renal impairment, with increases in serum creatinine, 
glycosuria, hypophosphatemia and Fanconi syndrome, has 
been reported with tenofovir use.

Renal function, urinalysis and electrolytes should be 
monitored in patients who are on tenofovir and alternative 
agents used in renal impairment. Tenofovir with emtricitabine 
has also been studied in combination with several different 
boosted protease inhibitors in randomized clinical trials; all 
such trials demonstrate good virological benefit.

Tenofovir plus either emtricitabine or lamivudine is the 
preferred NRTI combination for patients co-infected with 
both HIV and HBV, as these drugs have activity against both 
viruses.

abacavir and lamivudine

Abacavir has the potential for serious hypersensitivity reac-
tions which are observed in 5–8% of patients who start this 
drug. The risk for this reaction is highly associated with the 
presence of the HLA-B*5701 allele. Studies have shown that 
a negative HLA-B*5701 test is not associated with this reac-
tion. Routine testing for HLA-B*5701 is recommended if 
abacavir is contemplated as part of the regimen.

Unfortunately there have been evolving issues with the use 
of abacavir:

•	 Data	suggest	that	regimens	given	to	patients	with	a	
starting viral load of >100 000 copies/mL showed a 
significantly shorter time to virological failure in an 
abacavir–lamivudine arm compared with a tenofovir–
emtricitabine arm.

•	 The	D:A:D	and	other	cohort	studies	have	suggested	a	link	
between abacavir use and myocardial infarction.52 These 
data have been supported by some but not all studies 
and the mechanism is unknown. No such association has 
been seen with tenofovir.

Didanosine and lamivudine

Didanosine has to be taken fasting and has been linked to 
increased risk of pancreatitis and non-cirrhotic portal hyper-
tension. In the ACTG 5175 study an inferior virological 
outcome was seen when it was used with lamivudine and a 
protease inhibitor.

The D:A:D study group have also implicated didanosine 
with the risk of myocardial infarction.
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Zidovudine–lamivudine

Zidovudine–lamivudine is now considered an alternative 
rather than a preferred NRTI option, mainly because of the 
greater toxicity of zidovudine compared with tenofovir.

Bone marrow suppression, with macrocytic anemia and/
or neutropenia, is seen in some patients. Zidovudine is also 
associated with gastrointestinal toxicity, fatigue, lipoatrophy 
and abnormal lipids.

  PROTEASE INHIBITOR/NNRTI 
cOMBINATIONS

The interest in protease inhibitor/NNRTI-based (‘nucleoside-
sparing’) regimens has arisen out of concern over the long-
term toxicities of NRTIs (such as lipodystrophy, pancreatitis 
and lactic acidosis). Although these combinations should be 
highly effective, dosing schedules tend to be complicated as 
both NNRTIs and protease inhibitors are substrates of the 
cytochrome P450 system and have complex drug interactions. 
In ACTG 5142 the combination of efavirenz and lopinavir–
ritonavir was as efficacious as the efavirenz nucleoside arms 
but had a higher rate of side effects and toxicities.

 OTHER NOVEL cOMBINATIONS

Nucleoside-sparing regimens combining a boosted protease 
inhibitor and an integrase inhibitor are under investigation.

raltegravir-based regimen

An integrase inhibitor has been studied in phase III tri-
als using a raltegravir-based regimen versus efavirenz in 
 treatment-naive patients. There were similar viral load data 
at 48 weeks but a faster rate of becoming virologically unde-
tectable on the raltegravir regimen, the significance of which 
is unknown. The overall toxicity rate, especially for neuropsy-
chiatric events, was lower in the raltegravir arm.

Maraviroc-based regimen

A randomized, double-blind study (MERIT) compared the 
CCR5 antagonist maraviroc with efavirenz, both in com-
bination with zidovudine–lamivudine, in treatment-naive 
participants.53

Only participants who had CCR5 virus and no evidence 
of resistance to any drugs used in the study were enrolled at 
48 weeks. The HIV RNA (<50 copies/mL) results did not 
meet the set criteria to demonstrate non-inferiority for mara-
viroc (65.2% vs 69.2% for efavirenz patients). CD4 counts 
increased by an average of 170 cells/mm3 in the maraviroc 
arm and by an average of 143 cells/mm3 in the efavirenz arm. 
Toxicity of maraviroc was low. The result was influenced by 
the lack of sensitivity of the tropism test used in determining 

whether patients had R5 tropic virus and  underestimated the 
number with dual X4 R5 tropic virus, leading to virological 
failure in such subjects.

MONITORING TREATMENT

Patients on HAART should have their CD4 count and plasma 
viral load levels monitored at regular intervals. Laboratory 
evaluations are usually performed at 2- to 4-week intervals 
initially and then eventually about 3 monthly, unless specifi-
cally needed. On effective therapy, plasma viral load falls rap-
idly as viral replication is inhibited. By 4 weeks a fall of greater 
than 1 log, and by 3–6 months a fall to <50 copies/mL, in viral 
load should be expected.

TOXIcITY OF ANTIVIRAL AGENTS

All antiviral agents can cause side effects and toxicities. Some 
are more linked to a class of drug, such as rash and hepatitis 
which are commoner with NNRTIs or dyslipidaemia with pro-
tease inhibitors. The thymidine analogs AZT (zidovudine) and 
D4T (stavudine) are both associated with the development 
of lipoatrophy which can lead to significant changes in body 
shape and is only slowly reversible once the drug is stopped. 
One proposed mechanism is drug-induced damage to mito-
chondria. Other side effects are more drug specific, such as 
anemia with AZT, neuropathy with stavudine, hypersensitiv-
ity with abacavir and jaundice with atazanavir. The latter two 
problems are genetically linked. In the case of abacavir, by 
screening out patients who are HLA-B*5701 positive, hyper-
sensitivity reactions can be prevented completely. Efavirenz, 
which is commonly used in first-line therapy, causes short-lived 
neuropsychiatric symptoms. Occasionally these can be severe 
and the drug needs to be stopped. In some patients these are 
linked to very high drug levels. Again a genetic basis for high 
drug levels can often be found in patients who have a cyto-
chrome P

450 2B6 enzyme deficiency. Enfuvirtide had an almost 
100% rate of injection-site reactions but the other new drugs 
raltegravir and maraviroc have good tolerability profiles.

Tenofovir is associated with decreases in renal tubular 
function which are usually clinically benign. It has, however, 
been linked to cases of Fanconi syndrome.

An association between an increased cardiovascular risk 
and the use of antivirals has been found for abacavir and more 
recently for lopinavir–ritonavir.

The most common reason for stopping antiretroviral agents 
is toxicity. These are often short lived and are usually gastro-
intestinal, but anemia, neuropathy and rash are also impor-
tant. Long-term toxicities such as lipodystrophy are becoming 
less common in resource-rich countries as physicians have a 
choice of drugs other than thymidine analogs. The situation 
is worsening in many resource-poor countries where no such 
choice exists. As most antiviral regimens in drug-naive popu-
lations have similar efficacy, the advantages of one drug over 
another can be its side effect profile.
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TREATMENT FAILURE ANd SALVAGE 
THERAPY

FIRST TREATMENT FAILURE

One measure of treatment success is whether complete viral sup-
pression is achieved; any evidence of ongoing viral replication 
indicates treatment failure. Once treatment failure is suspected, 
a repeat confirmatory viral load should be performed. There are 
several reasons why the viral load may increase on therapy and 
not all are the result of the development of viral resistance.

Starting treatment at a late stage of HIV disease (high HIV 
RNA levels54 and/or CD4+ count <100 cells/mm3) has also 
been strongly associated with early virological failure.55 
Lifelong adherence to therapy is crucial, as demonstrated 
in studies of adherence. Counseling and directly observed 
 therapy, rather than self-administered therapy, result in 
 significantly better viral load and CD4 responses.

  TRANSIENT INcREASE IN VIRAL 
LOAd

If a patient’s viral load rises to just above detectable (50–500 
copies/mL), the viral load count should be repeated as soon as 
possible, preferably within 2 weeks. The patient should be clin-
ically assessed to determine any contributing factors such as 
drug–drug interactions, poor adherence, coexisting infections 
and/or vaccinations, which can all increase the viral load tran-
siently. Rises in viral load to just above detectable levels occur 
in a significant proportion of patients on treatment.56,57 Those 
whose viral load is transiently detectable because of laboratory 
assay-related problems or other factors will show no further 
rise or revert to undetectable, and are called ‘blips’. Patients 
who develop virological failure show further increases in viral 
load. Whether viral ‘blips’ are associated with an increased 
future risk of virological failure is unclear for those who have 
already achieved viral suppression. One study showed no such 
association,56 but another suggested that, although a low-level 
viral ‘blip’ was not a predictor of failure, those with repeated 
episodes or sustained low-level viral rebound were more likely 
to experience future virological failure.57 Patients with frequent 
‘blips’ should be monitored more regularly than others.

 SUSTAINEd VIRAL LOAd REBOUNd

Falls in CD4 count and clinical disease progression is the 
usual outcome in patients whose viral load continues to rise 
towards pretreatment levels.58 Although resistance to all drugs 
in a treatment regimen may not be detected in patients expe-
riencing virological failure, a persistently high viral load on 
treatment will lead to the accumulation of resistance muta-
tions. For some drugs, such as lamivudine and NNRTIs, 
mutations at one position in the reverse transcriptase gene 
usually emerge at low levels of viral load rebound and result 
in significant phenotypic resistance. Reduced susceptibility 
to other drugs usually requires the accumulation of two or 
more mutations, as can occur with ongoing viral replication. 
Thus, changing therapy should be considered if viral replica-
tion persists and other therapeutic options exist to completely 
suppress it. However, a decision to switch to a second regi-
men is complicated, and depends on several factors, includ-
ing addressing the etiology of virological failure. A change of 
therapy should be considered if HIV load has never become 
undetectable or after being undetectable on antiviral therapy 
has subsequently becomes consistently detectable.

cHOIcE OF SUBSEQUENT REGIMEN

 PROTEASE INHIBITOR FAILURE

Optimal virological responses to a second or subsequent regi-
men will be obtained only when adherence is maximized and 
ineffective drugs are eliminated from the regimen. Resistance 
testing and a history of drug exposure will help guide drug 
choices. Patients who begin therapy with a combination of two 
NRTIs and a protease inhibitor retain susceptibility to NNRTI 
as long as baseline resistance tests show wild-type virus.

Patients failing on unboosted protease inhibitor  therapy 
are often difficult to treat because of broad cross- resistance 
within this class.55,59,60 In recent years, use of low-dose 
 ritonavir-based boosted protease inhibitor regimens have 
changed this and if treatment failure is due to poor adher-
ence, primary protease mutations will usually not be found 
on resistance testing.

Newer protease inhibitors such as tipranavir and, espe-
cially, darunavir usually have good activity, even when sev-
eral primary protease mutations are present, and can be used 
in case of prior protease inhibitor failure dependent on the 
genotype.

 NNRTI FAILURE

Patients who begin therapy with a combination of two 
NRTIs and an NNRTI retain susceptibility to protease 
inhibitors. Unfortunately, there is broad cross-resistance 

Causes of treatment failure

Major causes of treatment failure

•	 Insufficient	drug	exposure	due	to	poor	adherence

•	 Drug–drug	interactions	leading	to	poor	pharmacokinetics

•	 Drug	toxicity	leading	to	cessation	of	the	regimen

Less common causes of treatment failure

•	 Lack	of	potency

•	 Inadequate	drug	absorption

•	 Inability	of	the	agents	to	penetrate	viral	reservoirs

•	 Primary	drug	resistance	acquisition	at	the	time	of	infection
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between efavirenz and nevirapine. Thus, they cannot be 
used reliably after failure of other drugs in the same class. 
The second-generation NNRTI etravirine has activity 
against some NNRTI-resistant strains but activity depends 
on the genotypic resistance that has developed to the exist-
ing agents. Fortunately it has excellent activity against the 
common K103N mutation often seen as a lone NNRTI 
mutant in early efavirenz failure.

SUBSEQUENT VIROLOGIcAL FAILURE

Virological failure on treatment can be defined as a confirmed 
HIV RNA level >400 copies/mL after 24 weeks of prior ther-
apy or >50 copies/mL after 48 weeks, or a repeated detectable 
HIV RNA level after prior suppression of viremia.

In the past, for those who had experienced virological 
failure on two or more HAART regimens (often referred 
to as ‘salvage therapy’), the therapeutic approach and goal 
of therapy were very different as, with the drugs then avail-
able, complete viral suppression was rarely achievable. Partial 
viral suppression became the goal of therapy; even viral load 
reductions of >0.5 log10 copies/mL which resulted in clinical 
improvement implied that such salvage regimens were worth 
pursuing.61 However, continuing viral replication on antiret-
roviral therapy selects for further resistance, limiting future 
options; eventually the viral load will rise, CD4 will fall and 
patients will progress to AIDS and death.

  ASSESSMENT OF THE HIGHLY  
EXPERIENcEd PATIENT

Any new therapeutic regimen should have the optimal chance 
of success. Adherence problems should be carefully explored 
and the impact of the patient’s social and psychological condi-
tion on adherence explored.

The following should all be considered prior to changing 
treatment: 

•	 A	detailed	history	of	prior	antiretroviral	therapy	and	the	
reasons why the patient changed drugs.

•	 A	resistance	test,	preferably	while	still	on	failing	
treatment.

•	 Data	from	prior	resistance	tests	as	mutations	may	have	
been lost over time because of lack of drug pressure (e.g. 
184V mutation and protease inhibitor mutations).

•	 Retrospective	resistance	testing	of	stored	plasma	taken	
at the time of previous treatment failure in patients who 
have interrupted therapy.

•	 An	assessment	of	any	potential	current	and	future	drug–
drug interactions and conditions that might lead to drug 
malabsorption.

With the development of next-generation boosted pro-
tease inhibitors and NNRTIs active against viruses with key 
mutations and new classes of entry/fusion drugs and inte-
grase inhibitors, the aim of treatment in highly treatment  

experienced patients is to achieve undetectable viral loads. 
This can be achieved in the majority but there remains a small 
minority in whom an effective suppressive regimen cannot be 
constructed. These patients are the new ‘salvage’ group.

Over the last 5 years several studies (Torro, Power, Duet, 
Resist, Motivate and Benchmark) have defined an effec-
tive antiretroviral strategy for managing highly treatment-
 experienced patients. The principles of treatment are that 
new regimens should contain, whenever possible, three fully 
active drugs based on patient history and resistance testing. 
If three fully active drugs are not available, data suggest that 
most patients will still respond using two fully active drugs 
plus drugs with partial activity, with at least one of these drugs 
coming from a new class. If possible, the regimen should also 
contain an active boosted protease inhibitor.62–66

It should be noted that when agents from new classes are 
used in a regimen where they are, in effect, the only active 
drug, then resistance to that drug usually occurs within weeks. 
This phenomenon is seen with the integrase inhibitor ralte-
gravir, the NNRTI etravirine, the entry inhibitor enfuvirtide 
and the CCR5 inhibitor maraviroc.

Patients who have few options based on history and resis-
tance testing are difficult to manage and have limited choices. 
Options include the following:

•	 Treatment interruption. Treatment interruption, however, 
has not been shown to be associated with any durable 
benefit and may be associated with a rapid increase in viral 
load and decrease in CD4 count, with or without clinical 
progression, and an increase in non-HIV complications 
such as cardiovascular, renal or hepatic problems.67–69

•	 A nucleoside-only regimen. Cohort studies suggest continued 
immunological and clinical benefits if the HIV RNA level 
is maintained at <20 000 copies/mL.70,71 There is evidence 
from cohort studies that continuing therapy, in the presence 
of viremia, decreases the risk of disease progression.72

Switching patients to a nucleosides-only regimen may be of 
benefit as not only will this strategy reduce the amount of drug 
taken but also decrease some of the toxicity, preventing further 
resistance mutations occurring to the other classes of drug.73

Monotherapy with or continuing nucleosides, including 
lamivudine, are strategies that have been used when there 
are few options available. Data suggest that lamivudine may 
reduce viral fitness and reduce viral load by maintaining the 
M184V mutation.74,75

 OTHER PATIENT POPULATIONS

Pregnant women and children require special consider-
ation as far as antiviral therapy is concerned but the prin-
ciple of using antiviral therapy to reduce the viral load to 
below detectability remains the same. Detailed guidance for 
their management can be found at http://aidsinfo.nih.gov/
ContentFiles/Pediatric Guidelines.pdf and at http://aidsinfo.
nih.gov/ContentFiles/PerinatalGL.pdf, and as published by 
the British HIV Association.76
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hepatitis C (hCV)

In patients co-infected with hepatitis C, treatment can be 
considered at any CD4 cell count for HCV genotypes 1a, 1b 
or 4, as it will potentially slow the progression of liver disease. 
Starting HAART should also be considered for those with 
HCV genotypes 2 or 3 who do not clear the virus with HCV 
therapy or who are intolerant to the HCV treatment.

For some patients with CD4 counts of <200 cells/mm3, it 
may be preferable to initiate antiretroviral therapy and delay 
HCV therapy.

Important drug interactions occur between ribavirin and 
didanosine, leading to pancreatitis and lactic acidosis. This 
means that they should not be used together. Zidovudine 
should also be avoided because both it and ribavirin can cause 
anemia. There are also some concerns with abacavir and riba-
virin at lower doses.

hepatitis B (hBV)

HAART should be started in those with active HBV co-
infection irrespective of CD4 cell count to try to reduce 
the rate of liver disease progression. It is important that the 
HAART regimen contains two antiretroviral drugs that are 
active against HBV. Tenofovir and either emtricitabine or 
lamivudine are the preferred drugs for initial treatment of 
HBV in co-infection as they have activity against both HBV 
and HIV. Discontinuation of these drugs may potentially 
cause serious hepatocellular damage resulting from reacti-
vation of HBV.

tuberculosis co-infection

Rifamycins are essential drugs for the treatment of tuber-
culosis. Rifampicin (rifampin) is the most potent inducer 
of hepatic enzymes, especially CYP3A4, which then results 
in significant decreases in exposure to ritonavir-boosted or 
unboosted protease inhibitors. This can lead to antiretrovi-
ral treatment failure. Co-administration of rifampicin and 
nevirapine or efavirenz is associated with lower NNRTI 
drug exposures and greater variability in plasma NNRTI 
drug levels. This does not have such an impact on efavirenz, 
especially in patients of low body weight. In most patients, 
adjusting the dose of efavirenz and then performing drug 
levels can allow safe co-administration. Nevirapine dosing 
cannot be increased without substantially increasing the risk 
of hypersensitivity reactions. Nevirapine use in tuberculosis 
co-infection has been associated with an increased risk of 
virological failure compared to its use in non-tuberculosis-
infected patients.

Rifabutin is a less potent inducer of cytochrome 
enzymes and has fewer and less severe drug interactions 
with antiretroviral drugs. Rifabutin has been successfully 
used instead of rifampicin in treating tuberculosis in HIV-
negative patients. It can be regarded as an alternative in 
HIV-positive patients, especially to avoid drug interactions 
with rifampicin.
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Chapter

44 Infections of the upper 
respiratory tract

Nicholas a. Francis and Christopher C. Butler

Upper respiratory tract infections (URTI) are the most common symp-
tomatic human infections in developed countries1 and the most 
common reason for patients to consult a healthcare professional.2,3 
The vast majority are managed by self-care, with annual consulting 
rates in primary care varying from 125 to 1110 per 1000 registered 
patients.4 As only complicated cases are generally seen in hospi-
tals, this chapter will focus mainly on primary care and community 
perspectives.

Despite their high incidence, there are major gaps in the evidence 
base underpinning management. For example, although most of 
these infections are self-limiting with a low incidence of complications, 
there are limited tools to predict accurately which few will go on to 
develop a prolonged course or become complicated. Similarly, distin-
guishing those patients who are likely to benefit from antibiotic treat-
ment from the majority who do not benefit remains a major challenge 
in everyday clinical practice. Faced with this uncertainty, clinicians fre-
quently follow what they consider a cautious approach and prescribe 
antibiotics, even when they know the average patient is unlikely to 
benefit.5–8 However, many patients are satisfied with non-antibiotic 
management if they feel they have been examined thoroughly and 
received a full explanation.9 Nevertheless, antibiotics continue to be 
widely used for these infections.10,11 Indeed, URTI are the most com-
mon reason for antibiotics to be prescribed. Widespread unneces-
sary antibiotic prescribing not only wastes healthcare resources and 
leads to a cycle that encourages further consulting in the future,12 it 
is also the main driver of increasing antibiotic resistance.13 Antibiotic 
prescribing for these infections varies widely between countries14 and 
within primary care settings in countries,10 suggesting there remains 
considerable scope for rationalizing their use.

Improving the quality of antibiotic prescribing for URTI depends 
on enhanced diagnosis, better communication within the consulta-
tion, empowering healthcare consumers to confidently self-manage 
their illness, and behavior-change interventions aimed at clinicians 
and the public so that the emerging evidence is translated into 
changes in the real world.

Here, we focus on the evidence supporting management for the 
four commonest URTIs.

THE COMMON COLD (CORYZA)

The common cold (coryza), which is often also called an 
acute URTI, is defined as inflammation in the nasal or pha-
ryngeal mucosa, in the absence of any other defined upper 
respiratory tract infection. The common cold needs to be 
distinguished from other causes of rhinitis, such as aller-
gic rhinitis. Common colds are almost invariably caused by 
viruses, with rhinoviruses, adenoviruses, influenzae, parain-
fluenzae and respiratory syncitial virus (RSV) the main 
causes.1

EFFECTIVENESS OF ANTIBIOTICS

Antibiotics are not effective in shortening or reducing 
symptom severity.15 There is some evidence of benefit for 
people with purulent nasal discharge15 and in children with 
persistent nasal discharge (10 days or more).16 However, 
only one in every four to eight will receive benefit from 
treatment, and this comes at a cost of risk for side effects. 
Given the infrequency of serious complications, the lack 
of long-term benefits and the minimal short-term bene-
fits, it is hard to justify treatment with antibiotics for these 
conditions.

OTHER TREATMENTS

Antihistamines are not effective by themselves, but oral 
decongestants in adults,17 and the combination of oral decon-
gestants and antihistamines in adults,18 produce some symp-
tomatic benefit. There is no evidence of benefit from steam19 
or from vitamin C initiated after the onset of symptoms.20 
However, prophylactic vitamin C may result in a shorter dura-
tion of illness.20
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ACUTE SORE THROAT

Acute sore throat is one of the most common presentations in 
primary care. Controversies in management relate mainly to the 
place of antibiotic treatment, prognosis and diagnostic testing.

ANTIBIOTIC TREATMENT

A Cochrane review included 27 studies with a total of 12 835 
patients with sore throat and found that spontaneous resolu-
tion was common, with 82% of those taking placebo being 
symptom-free by 1 week.21 Antibiotics marginally reduced 
symptom duration. Six patients need to be treated with anti-
biotics for one fewer person to be symptomatic at day three, 
and 21 need to be treated for one to benefit by day seven. On 
average, antibiotics reduce symptom duration by around 16 h. 
Analysis of 1839 patients from 11 studies found that those 
who had positive throat cultures for group A streptococcus are 
more likely to benefit from treatment (number needed to treat 
[NNT] of 3.7 for one more patient to be pain-free at 3 days).

ACUTE RHEUMATIC FEVER

One of the main arguments for antibiotic treatment is that 
it reduces the risk of acute rheumatic fever (ARF). The 
Cochrane review and a recent meta-analysis22 found evidence 
for a protective effect from antibiotic treatment. However, the 
studies contributing to both of these analyses were all con-
ducted in the 1950s and early 60s when the incidence of ARF 
was much higher. Indeed, none of the trials reporting since 
1961 had a single case of ARF. A retrospective cohort study 
of respiratory tract infections between 1991 and 2001, which 
included more than a million cases of sore throat, found virtu-
ally no cases of acute rheumatic fever or acute glomerulone-
phritis after sore throat.23 Furthermore, the incidence of ARF 
started declining before antibiotic use became widespread. 
Therefore, while there is historical evidence for a relative ben-
efit from treatment with antibiotics in the prevention of ARF, 
the absolute benefit in Western societies, where the incidence 
of ARF is now vanishingly small, is minimal. Clinicians need 
to take this context into account when making prescribing 
decisions. Those working in developing countries and with 
other populations at higher risk of developing ARF should 
consider prescribing antibiotics more readily, while clinicians 
working in Western countries should not prescribe antibiotics 
to prevent ARF.

QUINSY

The evidence for a preventive effect from antibiotics for quinsy 
largely comes from a study in the 1950s which used intramus-
cular penicillin.24 More recent studies have included only nine 

cases of quinsy between them,25 and therefore it is difficult to 
draw conclusions from them.

A UK case-control study found that around two-thirds of 
cases of quinsy presented without prior consultation for sore 
throat. In those that did consult with sore throat before the 
development of quinsy, antibiotic treatment did not appear 
to protect against the development of quinsy. Risk factors 
for quinsy include smoking, male gender and aged 21–40.25 
Another retrospective analysis of 1 065 088 cases of sore 
throat in a UK general practice database found that antibiotic 
use for sore throat was associated with a reduction in quinsy 
within the month following diagnosis. However, the incidence 
of quinsy is so low that 4300 patients need to be treated to 
prevent one case.23

IDENTIFICATION OF STREPTOCOCCAL 
INFECTION

A number of approaches are available for identifying those 
individuals with sore throat who have an infection caused by 
group A streptococcus (GAS), including clinical scoring sys-
tems, rapid antigen detection tests (RADTs) and throat cul-
ture. All have pitfalls and costs and therefore decisions about 
uptake need to include consideration of the benefit of iden-
tifying those with a GAS infection. There is no international 
consensus on the advantage of identifying and treating those 
with GAS.26 North American, French and Finnish guidelines 
stress the importance of treating patients with GAS in order 
to prevent ARF. However, this is not the case with many other 
European guidelines. A review of international guidelines 
found considerable inconsistency in studies cited, with North 
American guidelines more likely to cite North American 
authors.27

Regardless of interpretation of the evidence for prevent-
ing ARF, it may still be worth identifying those with a GAS 
infection as these patients derive greater symptomatic ben-
efit from antibiotic treatment. Clinical scoring systems clearly 
have the greatest potential utility, as they are generally sim-
ple and cheap. The most widely used scoring system, devel-
oped by Centor and colleagues, awards one point for each of 
the following: temperature >38°C, no cough, tender anterior 
cervical adenopathy, and tonsillar swelling or exudate.28 This 
system was modified by McIsaac et al to increase its perfor-
mance by adding one point for those aged 3–14 years and 
subtracting one point for those aged 45 years or more.29 When 
combined with use of throat culture for those with mid-range 
scores, this clinical score achieved a sensitivity of 83–85% and 
a specificity of 92–94%.30 However, many have argued that 
it is not sufficiently valid to be used on its own for detecting 
GAS. In a recent study in children, the modified Centor scor-
ing system was found to produce an area under the receiver 
operating curve (ROC) of only 0.65–0.7.26 This is clearly not 
adequate when detection of GAS is critical. However, it may 
have some value for identifying those who are at a greater 
 likelihood of benefiting from antibiotic treatment.
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RADTs are a potentially useful tool. However, one of the 
challenges in using both RADTs and throat swab culture is 
that up to 20% of the healthy population carries GAS in their 
throat. As asymptomatic carriers will also get viral throat infec-
tions, the presence of GAS does not confirm active infection. 
That being said, using a RADT in patients with McIsaac’s 
modification of the Centor score >2 gives a sensitivity of 78% 
and a specificity of 97% for detecting GAS.26 These tests are 
likely to play an increasing role, but before widespread uptake 
into everyday care, further research is needed that evalu-
ates their impact on antibiotic use, symptoms and their cost-
effectiveness.

Throat culture is the most accurate way of detecting the 
presence of GAS, but its use involves cost of transporting the 
specimen, plating, culture and the communication of results – 
both to the practitioner and then ultimately to the patient. 
Furthermore, its use may involve a delay of treatment (or 
unnecessary initiation of treatment in many patients), which 
may negate the benefit of identifying the organism. If accu-
racy of identification is the main aim, as those in the ARF 
prevention camp contend it is, then it is hard to argue for any-
thing but throat culture. However, if one believes that reduc-
ing antibiotic use is not likely to result in a resurgence of ARF, 
then throat culture may be less of an important clinical tool.

 ANTIBIOTIC CHOICE

When a decision to prescribe antibiotics is made, an agent 
active against GAS should be selected. In most countries 
 penicillin V continues to be the therapy of first choice, and 
erythromycin for those allergic to penicillin.

DIPTHERIA

Antibiotics are an essential but adjunctive part of treatment, 
and do not obviate the need for antitoxin.

Corynebacterium diphtheriae is moderately susceptible to 
penicillin and also susceptible to amoxicillin, erythromycin 
and clindamycin. Erythromycin remains active, apart from a 
few strains of the mitis biotype, and is preferred for the treat-
ment of the index case as well as household contacts or known 
carriers.31

ACUTE EPIGLOTTITIS

This rapidly progressive and life-threatening illness is encoun-
tered mainly in children, but is increasingly being recognized 
in adults. It is caused by infections with Haemophilus influ-
enzae type b, which may often be cultured from the blood 
as well as from the local lesion. The favorable impact of 
conjugate vaccines on H. influenzae meningitis has also for-
tunately reduced the incidence of acute epiglottitis in child-
hood. Treatment is as much concerned with maintaining the 

airway as with control of the infection. Ampicillin has been 
widely used in the past but the relative rarity of the condi-
tion does not allow objective judgment of its continued ben-
efit. Ampicillin resistance is now widespread in H. influenzae, 
and a cephalosporin, such as cefotaxime or ceftriaxone, is now 
preferred on account of β-lactamase stability, high potency 
and excellent safety records.

Acute croup (laryngotracheobronchitis) is largely viral in 
etiology (RSV, parainfluenza), but may also occasionally be 
bacterial in nature (M. pneumoniae). The differential diag-
nosis of croup includes acute epiglottitis, diphtheria, and 
many non-infectious conditions. Pseudomembranous croup 
is a severe bacterial tracheitis.32 Staphylococcus aureus is most 
commonly involved, although sometimes with other organ-
isms,33 and treatment should include a β-lactamase-resistant 
penicillin.

ACUTE SINUSITIS

Acute sinusitis is an acute inflammation of the paranasal air 
spaces that is usually the result of a viral or bacterial infec-
tion. In the USA, sinusitis affects one in seven adults and is 
the fifth most common reason for antibiotic prescription.34 
As most cases of sinusitis are caused by viral infections,35 the 
benefit from antibiotic treatment for most of these infections 
is marginal. However, antibiotics continue to be widely used; 
in the USA, 96% of pediatricians report treating sinusitis with 
antibiotics ‘always’ or ‘frequently’.36

ANTIBIOTIC TREATMENT

The effectiveness of antibiotics for acute sinusitis has been 
assessed in three recent systematic reviews and one meta-
analysis of individual patient data.37–40 All of these reviews 
found overall benefit from antibiotic treatment. However, the 
benefits are small, and therefore of questionable clinical rele-
vance, and the rate of spontaneous improvement is high. Both 
effect size and rate of spontaneous resolution depend on the 
inclusion criteria of the studies selected. Those using clinical 
criteria had a lower effect size (NNT of 15 for one additional 
cure at 8–15 days in the meta-analysis of individual patient 
data) and higher rate of spontaneous improvement (80%), 
while those that included studies using radiological or micro-
biological definitions of sinusitis had slightly larger effect sizes 
and a slightly lower rate of spontaneous resolution (68%).

Patients diagnosed with ‘acute sinusitis’ clearly have a widely 
differing clinical course and will vary in their response to anti-
biotic treatment. As such, diagnostic criteria are important. The 
vast majority of patients are managed in primary care and there-
fore the use of microbiological culture or imaging studies is not 
feasible and clinical criteria must be used. A systematic review 
examining the predictive value of signs and symptoms found 
that purulent nasal discharge as a symptom, purulent nasal dis-
charge as a sign, pain in teeth, pain on bending  forward, and 
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two phases to illness, were predictive in one or more studies.41 
However, they found that the studies used different ‘gold stan-
dards’ and their results were inconsistent. Bacterial sinusitis 
appears to be unlikely in those who have had symptoms for less 
than 7 days, and, as such, duration of illness of a week or more 
is a common diagnostic criterion in guidelines.42 However, the 
most recent meta-analysis found that, although those with a 
longer prior duration of illness were more likely to have a pro-
longed course, those who had been unwell for a week or more 
were no more likely to benefit from antibiotic treatment.39 The 
only factor found to predict a greater response to antibiotics in 
this study was purulent discharge seen in the pharynx (NNT = 
8 in this group). In a secondary analysis of data from 300 par-
ticipants feeling generally unwell and feeling unable to work 
were predictive of prolonged duration of  sinusitis. No factors 
predicted response to antibiotics.43

So where does this leave clinicians faced with a patient with 
sinusitis-like symptoms? No systematic review has demon-
strated a significant reduction in complications from antibiotic 
treatment and symptomatic improvement for most patients is 
modest. Conversely, those who receive antibiotics are more 
likely to experience adverse effects.38 Therefore, antibiotic ther-
apy should not be given to most people with suspected acute 
sinusitis. However, it is still not clear whether certain subgroups 
of patients will benefit from antibiotic treatment. Patients with 
signs of serious illness are intuitively more likely to benefit 
from treatment, and are usually excluded or do not agree to be 
randomized into placebo-controlled studies. Treatment should 
therefore not be withheld in this group. Another factor that 
may be helpful in identifying those more likely to benefit, and 
importantly in reducing prescribing for the majority, is the use 
of point of care testing. Use of a C-reactive protein point of 
care test has been shown to be associated with reduced antibi-
otic prescribing for acute sinusitis in an observational study,44 
but its use for sinusitis has not yet been evaluated in a trial. 
Until further improvements in diagnostics become available 
it seems sensible to broadly follow the advice of major guide-
lines and consider antibiotic treatment primarily in those with 
purulent nasal secretions (and particularly those with purulent 
secretions seen in the pharynx) or who have a ‘double wors-
ening’, who have been unwell for 10 days or more and have 
 moderate to severe symptoms.40,42

For those in whom antibiotic therapy is initiated, there is 
no evidence of superiority for one agent over another. Choices 
should provide coverage for the most common causative organ-
isms, Streptococcus pneumoniae, H. influenzae and Moraxella 
catarrhalis. Most guidelines recommend amoxicillin as first-line 
therapy.40,45 There is also no clear evidence over optimal dura-
tion of therapy. Most trials have used relatively long courses 
(10 days) and so this duration has therefore been adopted by 
many guidelines. However, a recent meta-analysis of data from 
12 randomized controlled trials found no significant benefit 
from longer courses compared with shorter courses (3–7 days). 
This may simply reflect the lack of benefit from treatment for 
most patients and may not be representative of the optimal 
duration for selected patients with more severe symptoms.

OTHER THERAPIES

All patients with sinusitis should be given advice about anal-
gesics. Intranasal corticosteroids appear to offer marginal 
benefit,46 with those having milder symptoms possibly ben-
efiting more.47 No other therapies have been shown to have 
clear benefits, although topical saline appears to have some 
beneficial effects for those with more chronic symptoms.48

ACUTE OTITIS MEDIA

Acute otitis media (AOM) is one of the most common dis-
orders of childhood – by the age of 3 years 80% of children 
have had at least one episode.49 Nearly 40% of older chil-
dren eventually have six or more episodes.50 AOM is also the 
most common reason for antibiotic prescription for children, 
accounting for 45–53% of antibiotics prescribed for children 
in one US study.51

The most common bacterial pathogens implicated in caus-
ing AOM are Str. pneumoniae, non-encapsulated H. influenzae, 
Mor. catarrhalis and group A streptococcus.52 However, viral 
respiratory pathogens can be isolated from up to 75% of chil-
dren with AOM and can be detected in the middle ear fluid 
of 48%.53

Risk factors for AOM are: use of a pacifier, attendance in 
a day-care centre, not being breastfed, presence of siblings, 
passive smoking, craniofacial abnormalities and presence of 
adenoids.54

DIAGNOSIS

Diagnosis of AOM on clinical grounds is not accurate.55,56 
By definition, a middle ear effusion (MEE) is a prerequisite 
to the diagnosis, and most guidelines recommend using evi-
dence of an MEE and evidence of inflammation in the middle 
ear to make the diagnosis.57 An MEE is not easy to assess 
using simple otoscopy, but can be improved through the use 
of pneumatic otoscopy, which has a high sensitivity (94%) 
and specificity (80%) in diagnosing MEE.50 Although this 
technique requires some training, it is simple and cheap and 
has the potential to improve diagnostic accuracy in commu-
nity settings. Tympanometry is another method for diagnosing 
MEE that is simple and objective. It has a similar sensitivity to 
pneumatic otoscopy, but a slightly lower specificity.50

EFFECTIVENESS OF ANTIBIOTIC 
TREATMENT

Most children (80%) with AOM spontaneously recover 
within a week.58 The most recent systematic review from the 
Cochrane Collaboration found that antibiotics had no over-
all effect on pain at 24 h, but a slight reduction in pain at 
2–7 days, with an NNT of 15.58 A subsequent meta-analysis 
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of individual patient data from 1643 children found that the 
subgroups most likely to benefit were children under 2 years 
of age with bilateral otitis media (NNT = 4) and those with 
otorrhea (NNT = 3).59

PREVENTING MASTOIDITIS

Treating AOM with antibiotics may prevent serious compli-
cations such as mastoiditis. However, a recent retrospective 
cohort study from the UK has called this into question. The 
records of over 2.5 million children were examined, identi-
fying 854 cases of mastoiditits.60 Most (two-thirds) had not 
seen their general practitioner prior to the development of 
the mastoiditis, and therefore could not have benefited from 
anti biotic treatment. There was a reduction in the risk of 
developing mastoiditis following AOM in those treated with 
antibiotics, but the number needed to treat was impractically 
large (NNT = 4831). The costs of increased microbial resis-
tance from widespread antibiotic use may outweigh any symp-
tomatic benefits. Furthermore, antibiotic prescribing results 
in increased re-consultations.61,62

OTHER TREATMENTS

A systematic review examined decongestants and antihista-
mines for AOM and found a small reduction in persistent 
AOM in those who took both decongestants and antihista-
mines. There were no benefits in terms of early cure rates, 
symptom resolution, prevention of surgery or other complica-
tions. There was also a large increase in side effects from both 
interventions and the authors concluded that the marginal 
benefits were outweighed by these adverse effects.63

REDUCING ANTIBIOTIC USE

We have outlined the evidence supporting reduced antibi-
otic prescribing for most upper respiratory tract infections. 
However, reducing antibiotic use is not always easy to achieve. 
One of the main approaches is to try to improve diagnostic 
accuracy. Clinical diagnostic criteria and clinical prediction 
rules have already been mentioned, and their use can make 
a significant contribution to improving management. Near-
patient tests are likely to play an increasing role. A near-patient 
C-reactive protein test is already widely used in Scandinavian 
countries, and use of this test has been shown to reduce antibi-
otic prescribing for lower respiratory tract infections safely.64

Interventions aimed at changing clinician behavior tend 
to be more effective if they are interactive rather than didac-
tic.65 From behavior-change theories we also know that they 
are more likely to be effective if they addresses the ‘why’ of 
change (i.e. the importance of change, outcome expecta-
tions and beliefs about consequences) as well as the ‘how’ 
(i.e. confidence in making changes, self-efficacy and beliefs 

about control).66 New approaches that address these issues 
using blended learning (combination of online and face-to-
face learning) are being developed.67

Education of patients through mass-media campaigns 
achieves important effects.65,68 Parental education at the time 
of the consultation has been shown to reduce antibiotic use 
and consulting for AOM.69,70 Training clinicians to provide 
parents with an ‘interactive’ booklet on respiratory tract infec-
tions reduces antibiotic prescribing for a range of such infec-
tions.71 Multifaceted interventions that combine professional 
and patient education have consistently been shown to have 
some (generally modest) effect on prescribing.65,68,72–75

Finally, the use of a delayed antibiotic prescribing approach 
has been shown to safely reduce prescribing for sore throat,76 
otitis media,77,78 common cold79 and uncomplicated cough,80 
and has been promoted as a useful technique for manag-
ing respiratory tract infections in primary care by the UK 
National Institute for Health and Clinical Excellence (NICE) 
guidelines.81,82
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Chapter

45 Infections of the lower 
respiratory tract

Lionel a. Mandell and robert C. read

Respiratory infections are usually divided into those involving the 
upper and those involving the lower respiratory tract. The former 
typically include infections of the sinuses, the tonsillopharyngeal area 
and the middle ear. Lower respiratory tract infections include acute 
bronchitis, acute exacerbations of chronic bronchitis and pneumo-
nia. Pneumonia is further subdivided into community-acquired, 
healthcare-associated and hospital-acquired infections.

Acute lower respiratory tract infections are a significant cause 
of morbidity and mortality worldwide and most occur in devel-
oping countries where poverty and inadequate medical care 
contribute to the high mortality rates. Pneumonia continues to 
be the most common cause of death from infectious diseases 
worldwide. Although our understanding of the various etiologi-
cal agents and the pathogenic mechanisms involved in various 
respiratory infections has increased, our ability to diagnose accu-
rately the causative agent(s) has not kept pace. This means that 
often the physician initiates treatment on an empirical basis and 
in far too many situations antibiotics are used when the infection 
is viral in nature.

ACUTE BRONCHITIS

Lower respiratory tract infections are typically divided into 
either bronchitis or pneumonia. These can also be thought 
of as infections involving the airways and the pulmonary 
parenchyma, respectively. Acute bronchitis is very common 
and can be viewed as one end of a continuum that extends 
from bronchitis to pneumonia. While it is generally not  
a particularly serious infection, it still has a considerable 
economic impact because of the frequency of physician 
visits and the fact that despite the lack of any compelling 
evidence supporting antimicrobial therapy, physicians who 
diagnose acute bronchitis prescribe antibiotics for 66% of 
such patients.1

In the USA it is estimated that acute bronchitis results in 
approximately 12 000 000 visits to physicians per year at a 
cost of $200–300 million.2

ETIOLOGY AND EPIDEMIOLOGY

The most common infectious agents are viruses, and typically 
respiratory viruses such as rhinovirus, corona virus, adeno-
virus and influenza virus are implicated. Other viral agents 
include respiratory syncytial virus (RSV), parainfluenza virus, 
measles virus and herpes simplex virus.3–5

While the term ‘atypical respiratory pathogens’ can include 
a large and diverse number of etiological agents, by convention 
they usually refer to Mycoplasma pneumoniae, Chlamydophila 
pneumoniae and Legionella species. Mycoplasma and Ch. pneu-
moniae and the etiological agent of whooping cough, Bordetella 
pertussis, are the most commonly encountered non-viral causes 
of acute bronchitis.6

Like many other respiratory infections, acute bronchitis is most 
common during the winter months. The mean attack rate in devel-
oped countries is 87 cases per 100 000 persons per week, reaching 
a peak of 150 cases per 100 000 during the winter season.7

PATHOGENESIS

In cases of acute bronchitis the disease process is limited 
to the mucous membrane lining the tracheobronchial tree. 
The mucous membrane becomes edematous and hyper-
emic and increased bronchial secretion is typically seen. 
Epithelial injury is usually mild to moderate but in cases of 
influenza virus infection there may be fairly significant epi-
thelial damage.

Studies of pulmonary function during attacks of acute 
bronchitis have demonstrated abnormal findings in both air-
way resistance and reactivity. Such results are in keeping with 
the association that has been described between an increased 
incidence of mild asthma and patients with a history of recur-
rent episodes of acute bronchitis.8

The increased airway reactivity and resistance may mani-
fest themselves clinically as a persistent cough lasting up to 
several weeks following the initial infection.
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CLINICAL MANIFESTATIONS

The predominant symptom is cough. This may last up to several 
weeks and, depending upon the etiological agent, may be non-
productive or productive of either mucoid or purulent sputum. In 
some cases the sputum may be mucoid initially, but if secondary 
bacterial infection results it may become purulent. Patients may 
also experience a burning retrosternal sensation on inspiration.

Physical examination may reveal the presence of rhonchi or 
coarse rales but bronchial breath sounds should not be heard.

The patient may be febrile but usually does not appear par-
ticularly ill. The exceptions to this are herpes simplex infec-
tion or bronchitis complicating influenza, which can produce 
marked malaise.

DIAGNOSIS

The diagnosis of acute bronchitis in an otherwise well adult 
is usually obvious from the clinical features. If there is any 
 question of pneumonia, a chest radiograph will exclude the 
presence of a pulmonary infiltrate.

In general, it is not worth obtaining blood samples for 
serology or sputum for Gram stain and culture.

TREATMENT

Acute bronchitis is a common condition and most patients 
are managed at home. The treatment of acute bronchitis can 
be symptomatic or specific. Symptomatic treatment relies pri-
marily upon maintenance of adequate hydration and cough 
suppression in those unable to sleep. If bronchospasm is a 
problem, then inhaled β2-adrenergic bronchodilators may be 
used. At present there is no evidence to support the routine 
use of oral or inhaled steroids. Smokers should be encour-
aged to stop.

In patients with underlying cardiopulmonary disease, an 
episode of acute bronchitis may precipitate cardiac failure and 
the patient may need to be admitted to hospital for appropri-
ate ventilatory and cardiac support.

Antimicrobial chemotherapy is generally not recom-
mended: a number of placebo-controlled trials have evaluated 
the role of antibiotics in acute bronchitis and there is minimal 
benefit at best. Antibiotics might be considered in patients 
with persistent, prolonged and worsening symptoms.

In such situations, doxycycline, or a macrolide (erythromy-
cin, azithromycin or clarithromycin) should be considered.

ACUTE EXACERBATION OF CHRONIC 
BRONCHITIS

Chronic bronchitis is defined as the presence of a productive 
cough for at least 3 months of the year for 2 consecutive years. 
Chronic bronchitis itself constitutes a common component 

of chronic obstructive pulmonary disease (COPD), a clini-
cal entity characterized by reduced expiratory air flow that is 
relatively stable over several months of observation. The prog-
nosis for COPD correlates best with the forced expiratory vol-
ume in one second (FEV1), and when this falls below 50% of 
predicted value the prognosis worsens.

Most physicians do not differentiate among COPD, acute 
bronchitis and acute exacerbation of chronic bronchitis 
(AECB). In fact, even pneumonia is often simply included 
as part of the designation ‘lower respiratory tract infections’. 
It is difficult to obtain accurate data on the exact economic 
impact of such entities, although COPD has been estimated 
to afflict one-fifth of the population of the USA.9 In the UK 
around 30 million working days are lost every year because of 
bronchitis, and the disease accounts for approximately 5% of 
deaths annually.10

ETIOLOGY AND EPIDEMIOLOGY

Chronic bronchitis is the result of a variety of insults to the 
lung over time. These include predominantly cigarette smoke, 
infection, and environmental pollutants and irritants. Once 
chronic bronchitis is established, the episodic worsening 
referred to as acute exacerbations of chronic bronchitis can 
be triggered by similar causes. For the purposes of this chap-
ter, however, we will focus on infectious triggers.

Viruses account for up to 50% of acute exacerbations of 
chronic bronchitis and a variety of agents have been impli-
cated: RSV, rhinovirus, influenza virus and parainfluenza virus. 
The remaining 50% of acute exacerbations are bacterial in 
nature, with the most common pathogens being Haemophilus 
influenzae, Streptococcus pneumoniae and Moraxella catarrhalis. 
The role of atypical pathogens such as M. pneumoniae and  
Ch. pneumoniae is unclear but it is thought that they may 
account for a small percentage of infections.

Infection results in the release of inflammatory media-
tors and further impairment of mucociliary clearance. This 
in turn alters the local milieu, making it easier for pathogens 
to further colonize the airways. Progressive airway damage is 
thought to occur as the result of injury caused either by the 
pathogens themselves or by the host response to the various 
infective agents.

CLINICAL MANIFESTATIONS

The clinical manifestations of patients with AECB represent 
a common pathway of underlying pulmonary disease in the 
form of chronic bronchitis or emphysema and the acute exac-
erbation triggered by infection or environmental pollutants. 
Patients may present with any or all of the following: increase 
in dyspnea, sputum volume or sputum purulence. In 1987, 
Anthonisen and colleagues demonstrated that patients with 
at least two of these three findings experienced better clinical 
outcomes when treated with antibiotics than with placebo.11 
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The Anthonisen classification refers to patients with one of 
these findings as type 3, two of the findings as type 2 and three 
of the findings as type 1. Other symptoms that may be noted 
during an exacerbation include wheezing, elevated tempera-
ture and a feeling of malaise.

The duration of an exacerbation can vary from a few 
days to several weeks. On average, most patients experience 
approximately three exacerbations annually, although signifi-
cant variation has been described.

DIAGNOSIS

The diagnosis of AECB is usually clinical. Patients with a known 
history of chronic bronchitis who suffer periodic flare-ups are 
usually well aware of the signs and symptoms heralding the onset 
of an exacerbation. Increasing dyspnea, sputum volume and 
purulence are the main clues that an exacerbation has occurred.

One of the difficulties in defining etiology is that many,  
if not most, individuals with chronic bronchitis normally have 
bacteria in their respiratory secretions. These bacteria colonize 
the airways but during an exacerbation are present in higher num-
bers. H. influenzae, Str. pneumoniae and Mor. catarrhalis  are the 
predominant pathogens. However, among those with severe 
exacerbations requiring admission to an intensive care unit 
(ICU) and mechanical ventilation, these pathogens seem to be 
present less frequently and organisms such as H. parainfluenzae 
and Pseudomonas aeruginosa are more frequently found, and 
bacteria in this context are often resistant to antibiotics.12,13

In most patients treatment is begun empirically. In those 
with more severe underlying disease or in whom the exacerba-
tions appear to be more serious, it may be worthwhile obtain-
ing sputum samples for culture and susceptibility testing in 
order to rule out the presence of a resistant pathogen. Data are 
available suggesting that as the severity of the illness increases 
(as indicated by markers such as illness lasting longer than 10 
years, more than four exacerbations per year, steroid therapy, 
recent antibiotics, and severe airway obstruction [FEV1 <35% 
predicted]) the microbiology becomes more complex.14,15

On the basis of a clinical examination, it may be impossi-
ble to differentiate between an acute exacerbation of chronic 
bronchitis and pneumonia. In such cases, a chest radiograph 
is necessary.

TREATMENT

Anthonisen was the first to assess response to treatment based 
upon stratification of patients according to their symptoms.11  
A meta-analysis of nine randomized placebo-controlled trials of 
patients treated for AECB demonstrated a statistically significant 
improvement in outcomes in those treated with antibiotics.16 The 
effect size favored antibiotics in seven of the nine studies.

Despite such data, however, it is clear that routine anti-
biotic treatment fails in 13–25% of exacerbations.17 Such 
failures carry an economic burden because they require addi-
tional visits to physicians, additional treatment regimens and 
more days lost from work.

A number of risk factors have been defined for treatment 
failure. These include the presence of cardiopulmonary disease 
and increased frequency of pulmonary infections during the 
previous year (>4).17 A subgroup of patients is at risk, not only 
of treatment failure but also of respiratory failure. Mortality 
rates in hospital inpatients of 10–30% have been described, 
typically in patients older than 65 years, those with co-morbid 
respiratory and extrapulmonary organ dysfunction, and those 
residing in hospital before transfer to the ICU.18,19

It has been suggested that stratification of patients according 
to risk factors will allow physicians to treat more appropriately. 
No single stratification scheme has been agreed upon but those 
that do exist attempt to rank patients according to increased risk 
factors for treatment failure and possibly admission to hospital. 
Three schema have been published to date: Lode – Germany 
(1991), Balter – Canada (1994), and Wilson – UK (1995).20–22 
Their recommendations are summarized in Table 45.1.

Patients with AECB should be considered as being possibly 
infected with a ‘core’ group of pathogens such as H. influenzae, 
Str. pneumoniae and Mor. catarrhalis; those who are more com-
plicated (such as elderly patients, patients with more frequent 
exacerbations and those with reduced lung function) may be 
infected not only by the core pathogens but also by Gram-
negative bacilli such as the Enterobacteriaceae and Ps. aerugi-
nosa or possibly resistant core pathogens.

The advantage of such an approach lies in the fact that they 
identify patients at increased risk of failure so that treatment 
may be initiated with antibiotic regimens most likely to be 
effective against all of the potential etiological pathogens.

aSee Ch. 13 for classification of cephalosporins.

Category Characteristics Suggested treatment

Group 1 Postviral tracheobronchitis; previously healthy person None

Group 2 Simple chronic bronchitis; young person; mild–moderate impairment  
of lung function (FEV1 >50% predicted); fewer than 4 exacerbations/year

No treatment or β-lactam antibiotic 

Group 3 
 

‘Chronic bronchitis plus risk factors’ older person; FEV1 50% predicted or FEV1 
50–60% predicted but concurrent medical illnesses; CHF, diabetes mellitus,  
chronic renal disease, chronic liver disease, more than 4 exacerbations/year

Fluoroquinolone, amoxicillin–clavulanic acid, group  
3 or 4 cephalosporin,a azithromycin or clarithromycin 

Group 4 ‘Chronic bronchial sepsis’, bronchiectasis, chronic airway colonization Tailor antimicrobial treatment to airway pathogens

table 45.1 Stratification and treatment of acute exacerbations of chronic obstructive pulmonary disease20

CHF, congestive heart failure; FEV
1
, forced expiratory volume in 1 second.

From Lode H. Respiratory tract infections: when is antibiotic therapy indicated? Clin Ther. 1991;13:149–156.
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A variety of adjunctive or supportive measures, includ-
ing the use of bronchodilators, steroids (oral and/or inhaled) 
and oxygen therapy, may be necessary. Preventive measures 
such as cessation of smoking, annual influenza vaccination 
and administration of the pneumococcal vaccine should be 
emphasized.

COMMUNITY-ACQUIRED PNEUMONIA

Community-acquired pneumonia (CAP) has a significant 
impact on both individual patients and society, and pneumo-
nia is currently the sixth leading cause of death in the USA 
with an estimated 3–4 million cases annually, accounting for 
more than 600 000 hospital admissions and 64 million days 
of restricted activity.23

CAP is not a reportable disease so exact figures are not 
available. It is clear, however, that it has a significant impact 
on the individual patient and society as a whole. Most (80%) 
patients are treated as outpatients while 20% are admitted to 
hospital; it is these 20% who generate most of the costs. The 
annual costs of treatment are US$4.8 billion (patients older 
than 65 years) and $3.6 billion (patients under 65 years).24

ETIOLOGY AND EPIDEMIOLOGY

As with many other infections, the incidence rates of CAP are 
greatest at the extremes of age. Although the overall annual 
rate of pneumonia in the USA is 12 cases per 1000 the rate is 
12–18 cases per 1000 in children below 4 years of age and 20 
cases per 1000 in people over 60 years age.25,26 Between the 
ages of 5 and 60 years, the annual rate ranges from one to five 
cases per 1000 and the incidence of CAP requiring admission 
to hospital in adult patients is 2.6 cases per 1000.27

Risk factors for pneumonia have been defined and include 
the following: alcoholism, asthma, immunosuppression, insti-
tutionalization, and age greater than or equal to 70 years ver-
sus age 60–69 years.28 Specific risk factors for pneumococcal 
infection include dementia, seizure disorders, congestive heart 
failure, cerebrovascular disease, COPD and HIV infection.29

Numerous microbial pathogens are potential etiologi-
cal agents, and patients may be infected with more than one 
agent. Such mixed infections are well described in hospital-
acquired pneumonia, where multiple pathogens are pres-
ent in more than half of the nosocomial pneumonia patients 
studied.30 In CAP, the incidence of mixed infections is lower, 
ranging from 2.7% to 13% in well-defined studies of inpa-
tients with CAP.31–33

The single most important etiological agent is undoubt-
edly Str. pneumoniae. In a meta-analysis covering a 30-year 
period and including 7000 cases of pneumonia in which an 
etiological diagnosis was made, Str. pneumoniae accounted for 
two-thirds of all cases and for two-thirds of fatalities.34

At one time it was thought that atypical pathogens such as 
M. pneumoniae, Ch. pneumoniae and Legionella species were 

not important causes of pneumonia and that if they did cause 
infection they were usually mild and affected primarily the 
young. A study in 1997 of more than 2700 patients admitted 
to hospital with CAP ranked these pathogens second, third 
and fourth of all etiological agents meeting the criteria for 
a ‘definite’ diagnosis.35 Another study described three out-
breaks of Ch. pneumoniae in nursing homes with high attack 
and mortality rates.36 These two studies have helped to dis-
pel the earlier misconceptions surrounding infection with the 
atypical pathogens.

Gram-negative rods such as Escherichia coli and Klebsiella 
spp. are not particularly common causes of CAP but are nev-
ertheless important to consider, particularly in elderly people  
or in those with co-morbid illness, especially if they are ill 
enough to require hospital treatment.31,37 There has been con-
siderable debate about whether or not Ps. aeruginosa is a sig-
nificant pathogen requiring treatment. The consensus is that, 
while it is certainly not common, it can occur in selected 
patients if risk factors such as a recent course of antibiotics or 
steroids or a prolonged stay in hospital are present.

PATHOGENESIS

The various etiological pathogens can gain access to the lower 
respiratory tract by a number of possible routes. These include 
inhalation, aspiration and hematogenous spread. For bacterial 
pneumonia, aspiration of organisms colonizing the orophar-
ynx appears to be the most important route.38 Pneumonia 
results when innate immunity, including macrophage phago-
cytosis, fails to eradicate the infecting pathogen, and a neutro-
philic infiltrate is recruited.6

CLINICAL MANIFESTATIONS

Until relatively recently, physicians tended to divide cases of 
CAP into typical or atypical pneumonia based upon their clin-
ical presentation. Typical or classic pneumonia refers to infec-
tion caused by bacterial pathogens such as Str. pneumoniae  
or H. influenzae, whereas atypical pneumonia refers to infec-
tion caused by the atypical pathogens (M. pneumoniae,  
Ch. pneumoniae and Legionella spp.). It was thought that those 
with classic bacterial pneumonia presented with fairly sud-
den onset of signs and symptoms with cough productive of 
purulent sputum, pleuritic chest pain and rigors. In con-
trast, those with atypical infection presented with an illness 
of undefined duration, a non-productive cough and often a 
frontal headache. It has become clear, however, that it is not 
possible to determine the etiological agent from a careful his-
tory, physical examination, and non-specific laboratory tests 
and chest radiographs.

The symptoms of CAP may be constitutional and non-
specific or they may be localized to the respiratory tract and 
be fairly specific for respiratory infection. The former cat-
egory includes such findings as malaise, anorexia, myalgias 
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and arthralgias, chills and rigors; the latter includes short-
ness of breath, pleuritic chest pain, cough and sputum 
production.

In elderly patients the findings may be imprecise because 
constitutional symptoms such as confusion may predomi-
nate and there may be fewer findings related to the respira-
tory tract.

DIAGNOSIS

The problem of the diagnosis of CAP has generated much 
debate among physicians. Unfortunately, despite extensive 
testing even in university medical centers, no specific etio-
logical agent may be found in up to one-half of the cases. In 
routine clinical practice, the etiological agent is determined in 
approximately 25% of cases but results in a change in antimi-
crobial therapy in less than 10% of cases.39 Furthermore, an 
improvement in clinical outcome does not always result from 
identification of the etiological agent.

Generally, diagnostic tests fall into two categories: clin-
ical and invasive/quantitative. Clinical testing relies on 
information obtained from the patient history, physical 
examination, and selected tests or procedures such as chest 
radiography, sputum Gram stain, and blood and sputum 
cultures. Invasive/quantitative methods include broncho-
scopic techniques, pleural fluid aspiration and (in selected 
cases) lung biopsy. As a rule, the clinical method is too sen-
sitive and lacks specificity while the invasive/quantitative 
methods require special expertise and laboratory support, 
and are more costly.

 CLINICAL EvALUATION

The first step is to determine whether the patient has pneumo-
nia rather than some other infective process such as bronchi-
tis, or whether a non-infectious etiology (e.g. congestive heart 
failure, pulmonary embolism) is the cause of the patient’s 
problem. If a diagnosis of pneumonia is made, the next step is 
to determine the etiological agent if possible. Unfortunately, 
it is impossible to accurately identify the pathogen based on 
clinical findings, even when multiple clinical variables are 
used.31,40 There is significant intraobserver variation in the 
ability to elicit abnormal physical findings and the sensitiv-
ity and specificity of the history and physical examination are 
currently undetermined.41

 CHEST RADIOGRAPH

The presence of an infiltrate on the chest radiograph can help 
to establish the diagnosis of pneumonia but does not determine 
the causative pathogen. However, the radiograph is important 
in defining the presence of a lobar or multilobar infiltrate and 
in assessing the severity of illness and prognosis.

 LABORATORY ASSESSMENT

Routine laboratory assessment is unnecessary for ambula-
tory patients with CAP, who are likely to be managed as out-
patients. However, for those ill enough to require admission 
to hospital (or even for those considered for admission), a 
complete blood and differential count, serum electrolytes, 
liver function tests, serum creatinine and an oxygen satura-
tion assessment should be obtained. Significant abnormali-
ties have been identified as risk factors for a complicated 
course or increased mortality. These abnormalities can be 
used to assess mortality risk and to help in the site of care 
decision.42

 MICROBIOLOGICAL ASSESSMENT

Sputum Gram stain and culture

Of the two tests, the sputum Gram stain is more reliable, 
but is regarded as neither sensitive nor specific, though 
in some laboratories the test has made a positive contri-
bution to early diagnosis.43 Many patients are unable to 
produce a sputum sample, and of those samples produced 
a significant percentage may not be adequate. Although 
current data suggest that atypical pathogens are respon-
sible for 20–25% of all CAP cases, none is detectable by 
the sputum Gram stain. There is also considerable inter- 
and intraobserver variation in Gram stain interpretation.44 
The sputum culture also lacks sensitivity and specificity. 
Even in patients with confirmed pneumococcal pneumo-
nia based upon positive blood cultures, a simultaneously 
obtained sputum culture tested positive in only one-half 
of patients.45

Blood cultures

The incidence of positive blood cultures in ambulatory 
patients with CAP is less than 1%.46 In hospital inpatients it 
ranges from 6.6% to 17.6% but may reach 27% in patients 
in ICUs.32 The most common pathogen is Str. pneumoniae, 
and pneumococcal pneumonia is complicated by bacteremia 
more frequently than pneumonia caused by other pathogens. 
It is generally recommended that blood cultures be obtained 
from all patients who are admitted with CAP but not from 
those treated in the community.

Serology

To determine the role of a specific micro-organism as a 
pathogen, serological assessments should be based on the 
results of paired (acute and convalescent) serum samples. 
Unfortunately, such results are never available at the time 
the initial treatment decision is being made. Therefore, other 
than helping to define the epidemiological role of selected 
pathogens, serological testing is not helpful and is not recom-
mended for routine use.
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Legionella urinary antigen

This test is easy to perform and yields rapid results with a sensi-
tivity of 70% and specificity of 100%. It is limited by the fact that 
it identifies only Legionella pneumophila serogroup 1. However, 
this serogroup accounts for most Legionella infections.

DNa probes and amplification

Polymerase chain reaction-based methods are being used 
increasingly.47 Unfortunately, rapid diagnostic techniques are 
not generally available and simply identifying the presence 
of a particular micro-organism does not confirm infection. 
There are, however, a few micro-organisms whose mere pres-
ence indicates infection. These include M. tuberculosis, Coxiella 
burnetii and Pneumocystis jirovecii (formerly Pn. carinii).

 INvASIvE PROCEDURES

For most patients with CAP, invasive tests such as bron-
choscopy, bronchoalveolar lavage, protected specimen brush 
and percutaneous lung needle aspiration are not required. 
However, they may be appropriate in certain situations (e.g. 
patients with fulminant pneumonia or those unresponsive to a 
standard course of antimicrobials), when it may be necessary 
to identify a resistant or fastidious pathogen or to rule out a 
non-infectious cause.

Thoracocentesis should be performed in CAP patients with a 
significant pleural effusion defined as a collection of greater than 
10 mm thickness on the lateral decubitus view. The incidence of 
pleural effusion with pneumonia varies from 36% to 57% and is 
most common in patients with pneumococcal infection.48

TREATMENT

Therapy can be directed or empirical. Directed therapy implies 
that the etiological agent is known and that therapy is aimed spe-
cifically at that pathogen. Empirical therapy is the more usual; 
it is, in effect, an educated guess and the physician institutes a 
course of treatment aimed at the most likely causes. Of these 
two options, directed therapy is clearly more desirable because 
it limits the breadth of spectrum required of the treatment 
agent(s), it may limit the number of drugs, reduces the adverse 
reactions associated with antibiotics, reduces antibiotic selec-
tion pressure and may result in less antimicrobial resistance.

Before discussing the various regimens, it is important to 
consider how the decision is made in terms of outpatient versus 
inpatient therapy and the problem of antimicrobial resistance.

SITE OF CARE DECISION

This decision is an important one, with considerable eco-
nomic implications. The cost of inpatient care exceeds that 
of outpatient treatment by a factor of 15–20, and the cost of 

hospital management accounts for most of the money spent 
annually on CAP in the USA.49

In some cases it is immediately obvious that a patient can 
be treated outside the hospital; in other situations it is equally 
apparent that a patient requires hospital treatment and pos-
sibly admission to an ICU.

Effective prognostic scoring and outcome assessment tools 
are necessary to help physicians make the site of care deci-
sion. Such tools provide objective methods to assess the risk 
of adverse outcomes, including death.

Studies by Fine and others have attempted to identify 
patients at increased risk for adverse outcomes and to define 
independent predictors of mortality or poor outcome.34,42 
However, weaknesses or design flaws were found in each of 
them.49

The use of prediction rules may minimize unnecessary 
hospital admissions and help to identify patients who will 
benefit from care and intervention in the hospital and the 
ICU. The best known and most widely used prognostic tool 
is that of Fine.42 This is a two-step rule designed to iden-
tify patients at low risk for mortality. Points are given based 
on age, coexisting disease, and abnormal physical and lab-
oratory findings, and patients are assigned to classes 1–5 
based on the total number of points assigned. This scoring 
system has been used to triage low-risk patients towards 
outpatient therapy with a high degree of success.50 Fine’s 
rule has been adopted into recommendations published 
by the Infectious Diseases Society of America (IDSA), 
the American Thoracic Society (ATS) and the European 
Respiratory Society.51–53

An alternative system of assessing severity, the CURB score, 
has been recommended by the British Thoracic Society54 and 
the European Respiratory Society.53 This score incorporates 
assessments of pulse rate, respiratory rate, renal function and 
mental status for the initial evaluation of patients, assigning 
1 point for each abnormal feature (plus 1 for patients over  
65 years of age in the CURB65 variation) and is much easier 
to use than the Fine score.

In assessing patients for severity, such scoring systems 
can only be a guide. Ultimately the physician must decide 
on grounds of clinical experience whether an individual 
patient with pneumonia warrants intravenous therapy, 
admission to hospital or management in an intensive care 
facility.

ANTIMICROBIAL RESISTANCE

Antimicrobial resistance among respiratory pathogens has 
become a major concern and it is important that clinicians 
understand and appreciate the general mechanisms and 
implications of this phenomenon. The emergence of resis-
tance to penicillin among Str. pneumoniae isolates represents 
a gradual reduction in in-vitro susceptibility. The National 
Committee for Clinical Laboratory Standards defines 
strains for which the minimum inhibitory concentration 
(MIC) of penicillin is <1 mg/L as sensitive, 1.0–2.0 mg/L as 
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intermediate and ≥4 mg/L as resistant.55 With Str. pneumo-
niae, the DNA incorporation and remodeling that results in 
resistance is from the DNA of closely related oral commen-
sal bacteria (see Ch. 3). By such a process, our own flora can 
develop resistance when we are treated with antibiotics and 
pathogens such as Str. pneumoniae can subsequently acquire 
resistance coding DNA from our own colonizing micro-
flora.56 Pneumococcal resistance to β-lactams is due solely 
to the presence of low-affinity penicillin-binding proteins. 
Macrolide resistance, however, can occur either by target 
site modification or by an efflux pump (see Chs 3 and 22). 
The relative frequencies of the two mechanisms vary inter-
nationally but in North America account for approximately 
45% and 55%, respectively, of resistant isolates. Reports of 
breakthrough pneumococcal bacteremia in patients treated 
with macrolides have highlighted concerns about resistance 
to this class of agents.57,58

Resistance to ciprofloxacin and to newer fluoroquino-
lones among pneumococcal isolates has been reported.59 
Pneumococcal resistance to fluoroquinolones may be medi-
ated by changes in one or both target sites (topoisomerase 
II and IV), usually resulting from mutations in the gyrA 
and parC genes, respectively, and possibly also by an efflux 
pump (see Ch. 3).60 Of greatest concern, however, are the 
multidrug-resistant isolates, those that are resistant to two 
or more antibiotics having different mechanisms of action. 
In the USA, between 1995 and 1998, the proportion of inva-
sive pneumococcal isolates that were resistant to three or 
more classes of drugs increased from 9% to 14%; there also 
were increases in the proportions of isolates that were resis-
tant to penicillin (21% to 25%), cefotaxime (10% to 15%), 
meropenem (10% to 16%), erythromycin (11% to 16%) 
and trimethoprim–sulfamethoxazole (25% to 29%). These 
increases in frequency of resistance to multiple antimicro-
bial agents occurred in penicillin-resistant isolates only.61 
Drug-resistant Str. pneumoniae is associated with various risk 
factors including the presence of co-morbidities, such as 
chronic heart, lung, liver or renal disease, diabetes, alcohol-
ism, immunosuppression or use of antimicrobials within the 
previous 3 months.62 Infection with drug-resistant pneumo-
cocci results in invasive disease with higher mortality rates 
amongst hospitalized individuals.63

Pathogens such as H. influenzae and the Enterobacteriaceae 
are also important to consider. H. influenzae is the third most 
common cause of CAP requiring admission to hospital and, 
while the Enterobacteriaceae are not particularly common, they 
are important because of the high mortality rates associated with 
them. Among such pathogens resistance is usually mediated by 
β-lactamases, and the highest prevalence of β-lactamase genes 
is found on plasmids rather than chromosomes. Members of the 
TEM and SHV families are the most successful of the plasmid-
encoded β-lactamases, and the TEM-1 β-lactamase accounts 
for almost 80% of all plasmid-encoded β-lactamases.64 The 
extended-spectrum β-lactamases include oxyimino enzymes 
that are TEM and SHV mutants and cephalosporinases unre-
lated to TEM and SHV enzymes (see Ch. 15).

THERAPEUTIC REGIMENS

Once the diagnosis of pneumonia has been made, the physician 
must decide whether to treat the patient outside or inside the 
hospital and this in turn will help to determine the appropriate 
therapeutic regimen. In most patients an empirical choice must 
be made; however, where the infecting pathogen is known, anti-
biotic choice can be guided by local knowledge of antimicrobial 
sensitivities and policies. The correct choice of antimicrobial(s) 
for empirical therapy has generated considerable discussion, 
and a number of societies have produced guidelines to help phy-
sicians with the initial management of patients with CAP.51–54

Guidelines have served a number of useful functions. They 
have codified our management of patients with CAP and (at the 
very least) they have highlighted the gaps in our knowledge and 
have helped to direct future studies and research. Adherence 
to guidelines has had a significant pharmaco-economic effect, 
lowered mortality rates and shortened hospital stay.65,66

The joint guidelines of the IDSA and the ATS51 make 
recommendations for outpatient and inpatient treatment of 
pneumonia, and draw a distinction between those individ-
uals who do or do not have risk factors for drug-resistant  
Str. pneumoniae (DRSP) (Table 45.2). For outpatient treat-
ment of previously healthy individuals with no risk factors for 
DRSP, these guidelines recommend a macrolide (azithromy-
cin, clarithromycin or erythromycin) or doxycycline. In the 
presence of risk factors for DRSP, outpatients are recom-
mended a ‘respiratory’ fluoroquinolone (moxifloxacin, gemi-
floxacin or levofloxacin [750 mg]) or a high dose β-lactam 
plus a macrolide or doxycycline. This latter recommenda-
tion also pertains to all inpatients (non-ICU). For inpatients 
requiring ICU treatment the IDSA/ATS guidelines recom-
mend a β-lactam (cefotaxime, ceftriaxone or ampicillin–sul-
bactam) plus either azithromycin or a fluoroquinolone, except 
where Pseudomonas infection is suspected, in which case an 
antipneumococcal, antipseudomonal β-lactam (piperacillin–
tazobactam, cefepime, imipenem or meropenem) plus either 
ciprofloxacin or levofloxacin (750 mg) is the recommended 
first-line regimen. Where community-acquired methicillin-
resistant Staphylococcus aureus infection is suspected to be 
the cause of the pneumonia, these guidelines recommend the 
addition of vancomycin or linezolid to the regimen.

The recommendation for the use of macrolides in these 
guidelines relates to the coverage of atypical pathogens.  
A β-lactam would be the agent of choice for Str. pneumo-
niae but it would be ineffective against any of the atypicals. 
However, a macrolide provides good-to-excellent coverage for 
all these likely pathogens.

In North America the fluoroquinolones have assumed an 
important role in the management of CAP coinciding with ris-
ing resistance to β-lactams and macrolides, the appreciation of 
the potential importance of Gram-negative rods in selected CAP 
patients and the availability of the ‘respiratory’ fluoroquinolones 
which offer once-daily monotherapy, compared with the multiple 
dosing required if a β-lactam and macrolide regimen is used.51
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Many experts feel that penicillin still has a role to play in  
the treatment of pneumococcal pneumonia and that it is effec-
tive against infections caused by susceptible organisms. For 
strains of Str. pneumoniae with intermediate levels of resistance  
to penicillin higher doses may be used, as recommended in the 
IDSA/ATS guidelines. Unfortunately, the identity or suscepti-
bility of the etiological agent is unknown in most cases at the 
time of initial antibiotic treatment.

Efflux resistance to macrolides results in low-level resis-
tance, whereas the target change mechanism results in high-
level resistance. Low-level resistance predominates in North 
America, while the latter is more frequent in Europe. In the 
USA and Canada, therefore, macrolides are still seen as hav-
ing a significant role to play in the management of many 
patients with CAP.

For those treated in hospital, the guidelines divide patients 
into those treated on a medical ward and those treated in 
the ICU, and use the risk of infection with Ps. aeruginosa as 
a means of further subdividing ICU patients, reflecting the 
enhanced mortality rate and constitutive antimicrobial resis-
tance associated with this organism.

The recent British Thoracic Society (BTS) guidelines 
(Table 45.3) provide an exhaustive evidence-based approach 
to the management of CAP patients.54 They differ from the 
IDSA/ATS guidelines quite extensively. For outpatients, 
the BTS does not consider that atypical pathogens such as 
M. pneumoniae or Ch. pneumoniae are important enough to 
warrant routine coverage, and therefore treatment is aimed 
primarily at Str. pneumoniae, for which the drug of choice 
is amoxicillin. For hospital inpatients, the North American 
document divides patients into those managed on a ward 
or in the ICU, whereas the British guidelines consider  
hospital-treated patients under three categories: (1) not severe 
and admitted for non-clinical reasons or previously treated 
in the community (CURB65 0–1); (2) moderate severity  

Outpatient treatment

1. Previously healthy and no use of antimicrobials within the previous  
3 months
– A macrolide
– Doxycycline

2. Presence of co-morbidities such as chronic heart, lung, liver or renal 
disease; diabetes mellitus; alcoholism; malignancies; asplenia;  
immunosuppressing conditions or use of immunosuppressing drugs; 
or use of antimicrobials within the previous 3 months (in which case 
an alternative from a different class should be selected)
– A respiratory fluoroquinolone (moxifloxacin, gemifloxacin or  

levofloxacin [750 mg])
– A β-lactam plus a macrolide

3. In regions with a high rate (>25%) of infection with high-level  
(MIC ≥16 μg/mL) macrolide-resistant Streptococcus pneumoniae,  
consider use of alternative agents listed above in (2) for patients  
without co-morbidities

Inpatients, non-ICU treatment

A respiratory fluoroquinolone
A β-lactam plus a macrolide

Inpatients, ICU treatment

A β-lactam (cefotaxime, ceftriaxone, or ampicillin–sulbactam) plus either 
azithromycin or a respiratory fluoroquinolone (for  penicillin-allergic 
patients, a respiratory fluoroquinolone and aztreonam are recommended)

Special concerns

If Pseudomonas is a consideration
– An antipneumococcal, antipseudomonal β-lactam  

(piperacillin–tazobactam, cefepime, imipenem or meropenem)  
plus either ciprofloxacin or levofloxacin (750 mg), or

– The above β-lactam plus an aminoglycoside and azithromycin, or
– The above β-lactam plus an aminoglycoside and an 

antipneumococcal  fluoroquinolone (for penicillin-allergic patients, 
substitute aztreonam for above β-lactam)

If CA-MRSA is a consideration, add vancomycin or linezolid

table 45.2 empirical antimicrobial selection for community-
acquired pneumonia (IDSA/AtS guidelines)

CA–MRSA, community-acquired methicillin-resistant Staphylococcus aureus; ICU, 
intensive care unit.
Adapted from Mandell LA , Wunderink RG , Anzueto A , et al. Infectious Diseases 
Society of America; American Thoracic Society. Infectious Diseases Society of 
America/American Thoracic Society consensus guidelines on the management of 
community acquired pneumonia in adults. Clin Infect Dis. 2007;44(suppl 2): 
S27–S72.

type of patient First choice Second choice

Low severity (i.e. CURB65 = 0–1), home 
treated

Amoxicillin 500 mg p.o. every 8 h Doxycycline 200 mg loading dose then 100 mg/day  
or clarithromycin 500 mg p.o. every 12 h

Hospital treated, not severe (i.e. 
CURB65 = 0–1)

Amoxicillin 500 mg p.o. or i.v. every 8 h Doxycycline 200 mg loading dose then 100 mg/day  
or clarithromycin 500 mg p.o. every 12 h

Hospital treated, moderately severe 
(i.e. CURB65 = 2)

1. Amoxicillin 500 mg–1 g p.o. every 8 h +  
clarithromycin 500 mg p.o. every 12 h

Doxycycline 200 mg loading dose then 100 mg/day  
or levofloxacin 500 mg p.o. every 12 h or moxifloxacin 
400 mg p.o. every 12 h

  
 

2. If oral treatment not possible, amoxicillin 500 mg 
–1 g i.v. every 8 h or benzylpenicillin 1.2 g i.v. every 
6 h + clarithromycin 500 mg i.v. every 12 h

  
 

Hospital treated, severe (i.e. CURB65 = 
3–5); consider critical care review

Amoxicillin–clavulanate 1.2 g i.v. every 8 h +  
clarithromycin 500 mg i.v. every 12 h (if Legionella 
strongly suspected, consider adding levofloxacin)

Benzylpenicillin 1.2 g i.v. every 6 h + either levofloxacin 
500 mg i.v. every 12 h or ciprofloxacin 400 mg i.v. every 
12 h
or
Cefuroxime 1.5 g i.v. every 8 h or cefotaxime 1 g i.v. every 
8 h or ceftriaxone 2 g i.v. per day + clarithromycin 500 
mg i.v. every 12 h (if Legionella strongly suspected,  
consider adding levofloxacin)

table 45.3 British thoracic Society recommendations for initial empirical treatment of community-acquired pneumonia

Adapted from Lim WS , Baudouin SV , George RC , et al. Pneumonia Guidelines Committee of the BTS Standards of Care Committee. BTS guidelines for the management of 
community acquired pneumonia in adults: update 2009. thorax. 2009;64(suppl 3):iii1–iii55.
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(CURB65 = 2); and (3) severe (CURB65 3–5). The first group 
is treated with amoxicillin, the second is given amoxicillin plus 
a macrolide (erythromycin or clarithromycin) and the third 
group is given a β-lactam (amoxicillin–clavulanate) plus intra-
venous erythromycin or clarithromycin. Fluoroquinolones are 
recommended as an alternative only for the second and third 
categories. In general, the potency and breadth of intravenous 
antibiotics recommended increases as severity increases. In 
moderately ill hospitalized patients treated in the UK, a sim-
ple β-lactam in combination with a macrolide is likely to be 
used, if clinicians follow the BTS guidelines. Individual hos-
pital policies will be tailored to balance the requirement for 
potent therapy, with the need to keep antimicrobial activity 
as narrow spectrum as possible to avoid potential impacts on 
hospital ecology.

Initiation of treatment should not be delayed, partic-
ularly when dealing with patients over 65 years of age. A 
study of elderly patients presenting to emergency depart-
ments with CAP showed that those who received antibiotics 
within 8 h of presentation had a significantly lower 30-day 
mortality rate than those who waited longer for initiation of 
treatment.67

Intravenous to oral sequential treatment is strongly recom-
mended because it reduces costs, encourages patient mobility 
and allows earlier discharge from hospital. Ancillary measures 
such as supplemental oxygen, drainage of significant pleural 
effusions and hydration are also important.

The patient should be followed and objective parameters 
monitored. These include the resolution of cough, shortness 
of breath and elevated temperature and (for those in hospital) 
improvement in the oxygen saturation, C-reactive protein and 
white blood cell count.

UNUSUAL PATHOGENS

Staphylococcal pneumonia can be associated with a necrotiz-
ing pneumonitis, particularly when stains expressing Panton–
Valentine leukocidin toxin are implicated. If such organisms 
are strongly suspected in patients with severe pneumonia, a 
combination of intravenous linezolid (600 mg every 12 h), 
intravenous clindamycin (1.2 g every 6 h) and intravenous 
rifampicin (rifampin) (600 mg every 12 h) should be added to 
the initial antibiotic regimen.54

HEALTHCARE-ASSOCIATED 
PNEUMONIA

‘Healthcare-associated pneumonia’ refers to pneumonia in 
patients who have recently been hospitalized, had hemo-
dialysis or received intravenous chemotherapy, or reside in 
a nursing home or long-term care facility.68 They are dis-
tinguished by having a different pattern of microbial flora 
associated with the pneumonia (often Gram-positive organ-
isms with a higher tendency towards antimicrobial resis-

tance) and also more severe disease, longer hospital stay 
and higher mortality rates. The dominant group in this class 
of patients generally comprises residents of nursing homes. 
Nursing home pneumonia or pneumonia in elderly residents 
of long-term care facilities is an important entity and is only 
now becoming the subject of serious clinical investigation. 
Pneumonia is the main cause of death among residents of 
such facilities, with acute mortality rates ranging from 5% to 
40% per infection. It is the most common reason for trans-
fer of nursing home residents to an acute care hospital, with 
approximately one-third of pneumonia patients requiring 
hospital admission.69

ETIOLOGY AND EPIDEMIOLOGY

The incidence of pneumonia among residents of nursing 
homes is considerably higher than among persons living in 
the community, ranging from 1.2 to 2.5 episodes per 1000 
resident days with a median incidence of 1 per 1000 resi-
dent days.69 One of the difficulties in establishing the etiol-
ogy of nursing home pneumonia is the fact that studies in 
this area have depended almost exclusively on results of spu-
tum cultures. Such studies are compromised from the out-
set because over half the elderly patients do not produce any 
sputum. The likely pathogens are somewhat different from 
those in patients with CAP. In cases of CAP, the predomi-
nant etiological agents are Str. pneumoniae and the atypicals 
(in selected cases Gram-negative rods may be encountered). 
In nursing home pneumonia, Str. pneumoniae is still a sig-
nificant pathogen, but (it is important to note that age >65 
years and residence in a nursing home have been identified as 
risk factors for penicillin-resistant Str. pneumoniae infection) 
there is a greater proportion of cases caused by Staph. aureus,  
H. influenzae and Gram-negative rods in this population than 
in a younger cohort, and a disconcertingly high percentage of 
the Staph. aureus isolates are methicillin resistant.70 Atypicals 
are more common in younger patients.

The role of anaerobes is still not definitely settled and appro-
priately designed studies to substantiate their role as patho-
gens in the elderly do not appear to have been undertaken.

In addition to aerobic and possibly anaerobic bacterial 
pathogens, viruses and M. tuberculosis must also be consid-
ered. Epidemics of influenza, RSV and parainfluenza have 
been described in such populations, and must always be 
considered if an institutional outbreak is encountered. The 
incidence of tuberculosis is substantially higher in the insti-
tutionalized elderly and must be included in the assessment 
of such patients.

PATHOGENESIS

A number of risk factors have been defined in a prospective 
cohort study of respiratory tract infections in nursing home res-
idents.69 Older age, male sex, inability to take oral medications 
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and swallowing difficulties were identified as independent risk 
factors for the development of pneumonia. Swallowing diffi-
culty, confusion and altered levels of consciousness have often 
been evoked as surrogate markers for aspiration and by infer-
ence as indicators of infection with anaerobes.

Nasogastric tube feeding and tracheostomy have also been 
identified as potential risk factors for pneumonia, presumably 
because of the increased risk of aspiration.

CLINICAL MANIFESTATIONS  
AND DIAGNOSIS

The physician must be aware that in an elderly patient with 
pneumonia rather than a history of elevated temperature, 
chills and cough with purulent sputum, the story may be that 
of confusion, weakness, anorexia and falls. The difficulty in 
making a diagnosis of pneumonia in a nursing home popula-
tion is enhanced by the fact that nursing homes lack labora-
tory and radiographic facilities and many often do not have a 
physician in attendance on a full-time basis.

Ideally, if a patient presents with findings suggestive of 
pneumonia, he or she should be evaluated by a physician and 
a chest radiograph obtained. If feasible, an expectorated spu-
tum sample should be sent for Gram stain and culture, and 
for people with more serious illness in whom parenteral ther-
apy or transfer to a hospital is contemplated, the following 
additional tests should be done: blood samples for culture and 
susceptibility testing, complete blood count and differential, 
serum creatinine, urine for Legionella antigen.

If pneumonia occurs in the setting of an influenza outbreak 
or if a particular case is suggestive of influenza infection, a 
nasopharyngeal swab should be obtained for rapid detection 
of viral antigen by polymerase chain reaction. Similarly, if 
tuberculosis is a possibility, sputum samples for microscopy 
and rapid culture should be obtained. In both of these cir-
cumstances respiratory precautions must be instituted and the 
patient should be isolated to prevent spread of the disease.

TREATMENT

As with any patient, the use of an antimicrobial directed at 
a known pathogen is the ideal; however, at the time that the 
treatment decision is made it is unlikely that a definitive etio-
logical agent will have been identified. As with most cases of 
pneumonia, an empirical regimen is usually selected, based 
upon local epidemiology and susceptibility patterns and risk 
stratification of the patient.

The site of care decision is an important one and nurs-
ing home residents with pneumonia can be evaluated using 
the same prediction rules for hospital admission as are used 
for other patients with CAP.42 For most patients who can be 
treated in the nursing home setting, with no other risk fac-
tors for multidrug-resistant pathogens, a ‘respiratory fluoro-
quinolone’ such as moxifloxacin, gatifloxacin or levofloxacin 

(according to availability), or a combination regimen consist-
ing of amoxicillin–clavulanate, is generally recommended as 
first choice.70,71

Influenza outbreaks in an institutional setting can be asso-
ciated with high attack rates and mortality rates. Annual 
immunoprophylaxis using vaccines offers protection and is 
recommended for all residents. Zanamivir and oseltamivir are 
neuraminidase inhibitors with activity against both influenza 
A and influenza B. Both of these agents are approved for treat-
ment of uncomplicated influenza and if given within 48 h of 
onset of symptoms may decrease the severity and duration of  
the symptoms.

HOSPITAL-ACQUIRED PNEUMONIA

Hospital-acquired or nosocomial pneumonia is by definition 
infection that occurs 48 h or more after admission to hospital. 
Although it is the second most common nosocomial infection 
in the USA, accounting for 13–18% of all hospital-acquired 
infections, it is the one most frequently associated with a fatal 
outcome, and is associated with significant morbidity and 
mortality.71

Current figures are based on estimates from hospital 
records because nosocomial pneumonia is not a reportable 
disease. It is considered, however, that currently more than 
300 000 cases occur annually in the USA, resulting in an aver-
age increase in length of hospital stay of 8 days.71

Mortality figures range from 15% to 70%; however, the 
more relevant attributable mortality figures are estimated at 
33–50%.

ETIOLOGY AND EPIDEMIOLOGY

The estimated rate of occurrence is 4–8 episodes per 1000 
hospital admissions in non-teaching hospitals and 8 per 1000 
in teaching hospitals.71 In patients who are intubated, the rate 
is up to 20 times higher than in non-intubated patients. Rates 
of ventilator-associated pneumonia are reported to be approx-
imately 15 per 1000 ventilator days.72

Risk factors for nosocomial pneumonia include increas-
ing age, COPD, neuromuscular disease, decreased conscious-
ness, aspiration, endotracheal intubation, thoracic and upper 
abdominal surgery, and nasogastric intubation. Of the vari-
ous pathogens, perhaps the most important with defined risk 
factors are Staph. aureus (head injury, coma longer than 24 h 
and intravenous drug use) and Ps. aeruginosa (prior antibiot-
ics, structural lung disease and steroid treatment).71,73

The most common pathogens encountered in nosocomial 
pneumonia are the Gram-negative bacilli, which have been 
reported in up to 60% of cases, and Staph. aureus, which has 
been reported in up to 40% of patients. In infections occurring 
during the first 4 days of hospital stay, bacteria typically asso-
ciated with CAP, such as Str. pneumoniae and H. influenzae,  
have also been reported.
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The Gram-negative rods of interest are Esch. coli, Klebsiella 
spp., Enterobacter spp., Proteus spp. and Serratia marcescens. 
Esch. coli is the third most common coliform isolated from 
patients with nosocomial pneumonia and appears to affect 
predisposed hosts such as the critically ill. K. pneumoniae is 
the most commonly isolated of the Klebsiella species and may 
cause severe necrotizing lobar pneumonia in the elderly, in 
alcoholics and in diabetics. K. pneumoniae and Esch. coli are 
the bacteria that most commonly carry the extended-spec-
trum β-lactamases, rendering them resistant to oxyimino 
β-lactams such as cefotaxime, ceftazidime and aztreonam.

Among Enterobacter spp., E. cloacae and E. aerogenes are 
the primary cause of nosocomial pneumonia and frequently 
colonize patients who have received a course of antibiotics. 
Resistance to group 4 cephalosporins among these pathogens 
may develop within days of treatment.

Proteus mirabilis and Proteus vulgaris can act as opportunis-
tic respiratory pathogens in a manner similar to that of the 
Enterobacter spp. Indole-positive species such as Pr. vulgaris may 
undergo a single-step mutation to become constitutive high-
level producers of β-lactamase enzymes, which is manifested 
as resistance to group 4 cephalosporins. Ser. marcescens pref-
erentially colonizes the respiratory and urinary tracts and has 
been associated with common source outbreaks of pneumonia 
in the setting of inhalation therapy and contaminated broncho-
scopes. Like all Enterobacteriaceae, this organism may spread 
to patients by hand transfer from healthcare personnel.

The non-fermentative Gram-negative bacilli of importance 
are Ps. aeruginosa and Acinetobacter spp. Ps. aeruginosa is one 
of the leading causes of Gram-negative pneumonia. The most 
common mechanism of infection is direct contact with envi-
ronmental reservoirs, including respiratory devices such as 
contaminated nebulizers or humidifiers. Acinetobacter spp. can 
also result in serious nosocomial infection and has been shown 
to be an important cause of ventilator-associated pneumonia.

H. influenzae frequently colonizes the upper respiratory 
tract of individuals with predisposing conditions such as 
COPD. Most adult infections are caused by non-typeable 
strains and H. influenzae (along with Str. pneumoniae) can 
often be isolated from tracheal secretions following intuba-
tion. Str. pneumoniae, like H. influenzae, colonizes the orophar-
ynx and, although it is predominantly a pathogen associated 
with CAP, Str. pneumoniae is being recognized with increasing 
frequency as a cause of hospital-acquired infection.71

Anaerobes may be found as pathogens in patients predis-
posed to aspiration. The anaerobes that have been implicated 
in nosocomial pneumonia are those that colonize the orophar-
ynx, such as Fusobacterium spp., Prevotella melaninogenica and 
Bacteroides ureolyticus.

Legionella pneumophila serogroup 1 is the most common 
of the Legionella spp. to be associated with both CAP and 
hospital-acquired pneumonia. The exact mode of transmis-
sion is controversial and there is evidence for both aspiration 
and inhalation. Contaminated potable water and contami-
nated aerosols have been reported as sources of infection in 
hospitals.

It is important to realize that nosocomial pneumonia may 
be caused by multiple pathogens in any one patient, empha-
sizing the need for broad coverage when empirical treatment 
is initiated. Bartlett and colleagues demonstrated that more 
than one pathogen could be documented in over half of the 
cases studied.30

PATHOGENESIS

The pathogenesis of nosocomial pneumonia is complex. 
Pathogens may gain access to the lower respiratory tract by 
inhalation, microaspiration or silent aspiration of oropharyn-
geal secretions, gross aspiration of gastric contents, hematog-
enous spread, translocation from the gastrointestinal tract, 
spread from a contiguous focus (e.g. pleural space) and direct 
inoculation during surgery.

For certain pathogens, such as Mycobacteria and Aspergillus 
spp., inhalation of aerosols is important. In patients being 
mechanically ventilated, contamination of a  humidification 
 reservoir may result in aspiration of potential pathogens 
directly into the airways. The most important mechanism, 
however, particularly for Gram-negative rods, is the microaspi-
ration of bacteria colonizing the oropharynx.

Studies have shown that while oropharyngeal coloniza-
tion by Gram-negative rods is unusual in healthy people, it 
occurs with increasing frequency in those with underlying 
disease.71 Once oropharyngeal colonization is established, the 
silent aspiration of these potentially virulent bacteria eventu-
ally results in the overwhelming of host defenses in the lung 
and the development of pneumonia.

In addition to the oropharyngeal–pulmonary route, the 
gastropulmonary route has also been suggested as a means 
of introducing pathogens to the distal airways. Normally, 
the acidic pH of the stomach provides a hostile environ-
ment to bacteria, rendering the stomach contents virtually 
sterile, but above pH 4 bacterial overgrowth may occur. 
However, studies of stress ulcer prophylaxis have failed to 
demonstrate a definitive correlation between colonization 
of the stomach by bacteria and pneumonia.74,75 A review 
of the literature concluded that the stomach should be 
regarded as an amplifier but not as the primary source of 
pathogens causing pneumonia and that the oropharyngeal–
pulmonary route is more important than the gastropulmo-
nary route.76

In patients who are being mechanically ventilated, the 
endotracheal tube plays an important role in the pathogenesis 
of ventilator-associated pneumonia. The tube itself breaches 
the upper airway defenses, and the inflated cuff allows the 
oropharyngeal secretions containing various pathogens to 
collect until they eventually pass the inflated cuff to the dis-
tal airways. In addition, the tube acts as a template upon 
which a layer of biofilm is deposited.77 Pieces of this biofilm 
containing millions of bacteria may subsequently break off 
and reach the distal airways, thereby seeding remote sites of 
the lung.
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CLINICAL MANIFESTATIONS

Much of what has been said in the discussion of the clini-
cal manifestations of CAP and nursing home-acquired pneu-
monia applies to nosocomial pneumonia. The findings will 
vary, depending upon the age of the patient and the severity 
of the illness. As with CAP and nursing home-acquired infec-
tion, the symptoms may be constitutional and non-specific or 
localized to the respiratory tract.

DIAGNOSIS

As with CAP, two approaches may be used: clinical and 
invasive/quantitative.

With the clinical approach, pneumonia is defined as the 
presence of a new pulmonary infiltrate unexplained by other 
obvious causes plus one of a number of additional features, 
such as elevated temperature, production of purulent spu-
tum or leukocytosis. While the clinical approach is relatively 
easy and straightforward and is not associated with signifi-
cant costs, it is overly sensitive and does not reliably discrim-
inate among the various causes. The invasive/quantitative 
approach, on the other hand, generally has greater precision 
but requires special training and laboratory support, is asso-
ciated with significant costs, and has the potential for serious 
adverse effects.

Whichever approach is used, every patient with nosocomial 
pneumonia requires a careful history, including risk factors 
for specific pathogens, a physical examination, postero-
anterior and lateral chest radiographs, complete blood count, 
blood chemistry, blood cultures, and either oximetry or 
 arterial blood gases.

Chest radiography is useful in helping to determine the 
extent of the pneumonia and the presence of a pleural effu-
sion. Multilobar involvement, cavitation or rapid radiographic 
progression indicates the presence of a severe infection.

Routine blood counts and chemistry may indicate evidence 
of end-organ dysfunction and can be helpful in adjusting 
treatment regimens. Blood cultures may be useful in identi-
fying the pathogen in up to 20% of patients with nosocomial 
pneumonia. The presence of a pathogen in blood indicates 
not only that it is the etiological agent but also that the patient 
is at increased risk for a complicated course.

Serology is not normally useful in the management of indi-
vidual patients with nosocomial pneumonia. It may, however, 
be helpful for epidemiological purposes, although this is more 
likely to be the case in patients with CAP.

The value of sputum Gram stain and culture is controver-
sial as there are significant problems with both the sensitivity 
and specificity of these tests. Most studies have been carried 
out in patients with CAP; however, the results can be extrap-
olated to patients with nosocomial pneumonia. In selected 
cases direct staining of sputum samples for fungi or myco-
bacteria, or direct fluorescent antibody staining for Legionella 
pneumophila, may help in directing therapy.

Invasive techniques are not performed routinely in patients 
with nosocomial pneumonia. However, invasive techniques 
should be considered in selected cases, such as:

•	 patients	receiving	appropriate	empirical	antimicrobial	
coverage but who are failing to respond

•	 certain	immunocompromised	patients
•	 patients	in	whom	an	alternative	diagnosis	(e.g.	carcinoma)	

is suspected.
A number of methods have been developed to obtain sam-
ples of lower respiratory tract secretions that are not con-
taminated by oropharyngeal micro-organisms. They are 
endotracheal aspirate, protected catheter aspirate, protected 
specimen brush and bronchoalveolar lavage. The studies that 
claim to support these techniques suffer from a lack of stan-
dardization, which makes comparison difficult at best. The 
discordant findings among the investigators studying these 
techniques make it difficult for practitioners to determine the 
most effective method.

Other invasive tests include transthoracic needle aspi-
ration, transbronchial biopsy, thoracoscopy and open lung 
biopsy. One study comparing invasive and non-invasive 
strategies for management of suspected ventilator- associated 
pneumonia showed that there was a statistically significant 
reduction in mortality, sepsis-related organ failure and 
 antibiotic-free days in the cohort managed with invasive 
diagnostic tests.78

TREATMENT

When devising an antimicrobial regimen, the patient, the 
pathogen and the drug should all be considered individually 
and the interactions among them taken into account.

 PATIENT-RELATED FACTORS

These include any previous history of adverse reactions 
(and, in particular, anything suggesting type 1 hypersen-
sitivity to any antimicrobial) and increasing age (since 
adverse drug effects are more common in elderly people). 
Macrolides, lincosamides, chloramphenicol and metronida-
zole are eliminated via the liver, while most other antibiot-
ics are eliminated by the kidney. When treating women of 
childbearing age, it is important to determine if the patient 
is pregnant because teratogenicity and fetotoxicity must be 
considered.

 PATHOGEN-RELATED FACTORS

Ideally, the narrowest spectrum agent associated with the least 
toxicity and lowest cost should be administered if the patho-
gen is known. Unfortunately, empirical therapy is usually the 
norm, and one must consider the likely pathogens based upon 
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local epidemiology, risk factors for pneumonia and for spe-
cific pathogens, and severity of illness. The prevalence of resis-
tance among pathogens to various antimicrobials must also be 
considered.

 DRUG-RELATED FACTORS

When selecting any antibiotic, the first step is to select an 
agent to which the pathogen is known or likely to be suscepti-
ble. Other considerations include pharmacokinetic and phar-
macodynamic properties, toxicity, drug interactions and cost. 
Depending upon the class of antibiotic being used, different 
pharmacokinetic/pharmacodynamic parameters correlate 
more or less closely with clinical or therapeutic efficacy. For 
β-lactam drugs, macrolides and clindamycin, the time during 
which the antibiotic concentration at the site of action in the 
tissues is above the MIC for the organism correlates best with 
efficacy. However, for aminoglycosides, fluoroquinolones and 
vancomycin, the 24 h area-under-the-curve/MIC ratio corre-
lates best. Higher ratios of peak serum concentrations to MIC 
(Cmax/MIC) have been shown to prevent the emergence of 
resistance during treatment with fluoroquinolones and amin-
oglycosides. Furthermore, aminoglycosides do not achieve 
high levels in lung tissue, and this problem is compounded by 
the fact that they are also relatively inactivated by the acidic 
pH present at the site of infection in the lung.

The approach to the management of patients with noso-
comial pneumonia should take into account the risk factors, 
severity of illness and time of onset of the illness.79,80 The risk 
factors are for infection with specific pathogens; severity of ill-
ness is either mild to moderate or severe; time of onset refers 
to early versus late (i.e. < 5 or ≥ 5 days, respectively). Based 
upon these variables, a hierarchical approach to the patient 
with nosocomial pneumonia has been developed. While it 
is recognized that a large number of bacteria are potential 
pathogens, there is a ‘core’ group of organisms that must be 
considered for each patient for whom antimicrobial coverage 
must be provided (Table 45.4). This group consists of Gram-
negative bacilli (such as Enterobacter spp., Esch. coli, Klebsiella 
and Proteus spp., Ser. marcescens), H. influenzae, Staph. aureus 
and Str. pneumoniae. Depending upon the risk factors pres-
ent and the severity of illness, anaerobes, methicillin-resistant 
Staph. aureus, Legionella spp., Ps. aeruginosa and Acinetobacter 
spp. should also be considered.

The American Thoracic Society regimens are presented in 
Tables 45.4, 45.5 and 45.6.71 Other countries have produced 
guidelines for local use which reflect variation in the target 
pathogens and choice of therapy. Until the evidence base 
surrounding nosocomial pneumonia improves, variations in 
practice are likely to continue. The decision to select an agent 
should be based upon the host, pathogen and drug-related 
issues outlined earlier. A few specific issues, however, deserve 
comment. Single-agent therapy is recommended in many sit-
uations. Although two drugs should be used to achieve syn-
ergistic or additive activity against Ps. aeruginosa, there are no 

data to support the routine use of combination therapy for 
other bacterial pathogens in non-neutropenic patients.81

In patients who are either severely ill with risk factors and 
early onset or severely ill without risk factors but with late 
onset, combination therapy should be instituted. If the patient 
was not receiving any prior antibiotics and deep  suction 

potential pathogen recommended antibiotica

Streptococcus pneumoniaeb Ceftriaxone
Haemophilus influenzae  or
Methicillin-sensitive Staphylococcus  
aureus

Levofloxacin, moxifloxacin,  
or ciprofloxacin

Antibiotic-sensitive enteric  
gram-negative bacilli

 or

 Escherichia coli Ampicillin–sulbactam
 Klebsiella pneumoniae  or
 Enterobacter spp. Ertapenem
 Proteus spp.
 Serratia marcescens

table 45.4 Initial empirical antibiotic therapy for hospital-
acquired pneumonia or ventilator-associated pneumonia in 
patients with no known risk factors for multidrug-resistant 
pathogens, early onset and any disease severity

aSee Table 45.6 for recommended initial doses of antibiotics.
bThe frequency of penicillin-resistant Str. pneumoniae and multidrug-resistant  
Str. pneumoniae is increasing; levofloxacin or moxifloxacin is preferred to ciprofloxacin. 
The role of other new quinolones, such as gatifloxacin, has not been established.
Adapted from the American Thoracic Society.71

potential pathogens Combination antibiotic 
therapya

Pathogens listed in Table 45.4 and  
multidrug-resistant pathogens

Antipseudomonal cepha-
losporin (cefepime,  
ceftazidime)

Pseudomonas aeruginosa or
Klebsiella pneumoniae (ESBL+)b Antipseudomonal carbapenem 

(imipenem or meropenem)
Acinetobacter speciesb or

β-Lactam/β-lactamase inhibitor 
(piperacillin–tazobactam)
plus
Antipseudomonal fluoro-
quinoloneb (ciprofloxacin or 
levofloxacin)
or
Aminoglycoside (amikacin,  
gentamicin or tobramycin)
plus

Methicillin-resistant  
Staphylococcus aureus (MRSA)

Linezolid or vancomycinc

Legionella pneumophilab

table 45.5 Initial empirical therapy for hospital-acquired 
pneumonia, ventilator-associated pneumonia and healthcare-
associated pneumonia in patients with late-onset disease or risk 
factors for multidrug-resistant pathogens and all disease severity

aSee Table 45.6 for adequate initial dosing of antibiotics. Initial antibiotic therapy 
should be adjusted or streamlined on the basis of microbiological data and clinical 
response to therapy.
bIf an extended spectrum β-lactamase-positive (ESBL+) strain, such as  
K. pneumoniae, or an Acinetobacter species is suspected, a carbapenem is a 
reliable choice. If L. pneumophila is suspected, the combination antibiotic 
regimen should include a macrolide (e.g. azithromycin), or a fluoroquinolone (e.g. 
ciprofloxacin or levofloxacin) should be used rather than an aminoglycoside.
c If MRSA risk factors are present or there is a high incidence locally.
 Reproduced from the American Thoracic Society. From American Thoracic Society. 
Guidelines for the management of adults with hospital-acquired, ventilator-
associated, and healthcare-associated pneumonia. Am J Respir Crit Care Med. 
2005;171:388–416.
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 aspirates or bronchoscopy samples fail to yield Ps. aeruginosa 
or other often-resistant pathogens such as Acinetobacter spp., 
treatment may be modified to a single-drug regimen.

Enterobacter spp. are among the most common causes of 
Gram-negative bacillary hospital-acquired pneumonia. A 
major concern with infection caused by this organism is that 
in the presence of a group 4 cephalosporin it can become a 
hyperproducer of β-lactamase.82

The final issue is that of duration of therapy. Unfortunately, 
there are no appropriately designed randomized controlled 
trials that specifically address this issue. The general consen-
sus, however, is that patients with severe infection caused by 
pathogens such as Ps. aeruginosa or Acinetobacter spp. should be 
treated for a minimum of 14 days, whereas patients with less 
severe infection may only require 7–10 days of treatment.
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Chapter

46 Endocarditis

Kate Gould

Endocarditis is traditionally defined as an inflammation of the endothe-
lial lining of the heart which usually results in the formation of ‘veg-
etations’ – platelet and fibrin aggregates which can enlarge to several 
centimeters in diameter. Endocarditis is most frequently infective in 
origin, and the definition has been expanded to include infection 
of intracardiac prosthetic material such as valves, patches, conduits, 
pacemaker/defibrillator leads and ventricular assist devices.

Estimates of the incidence of this condition vary but recent esti-
mates based on Duke criteria1 suggest that it is approximately 1 case 
per million of the population per year. The epidemiology of the con-
dition is changing with a shift away from native valve endocarditis 
secondary to rheumatic heart disease cause by α-hemolytic strepto-
cocci to prosthetic endocarditis caused by staphylococci.

Treatment outcome and the requirement from surgery are also 
variable, depending on the patient, site of infection and the infecting 
organism. The most successful outcomes tend to be in right-sided 
endocarditis and the worst with fungal or enterococcal endocarditis.

William Osler first described ‘malignant endocarditis’ during the 
Gulstonian lecture in 1885.2 At that time, the only treatment that 
could be offered was bed rest and serum from horses injected with 
the infecting bacteria. Following the discovery of penicillin there 
was hope of a cure, but it became clear that very high doses were 
needed, and even then there was a high risk of relapse when the 
antibiotic was stopped.

There followed an era of in-vitro and in-vivo experimentation from 
which the fundamental principles of therapy were determined.

The pathophysiology of endocarditis is such that the infecting 
micro-organisms are situated in the middle of a vegetation attached 
to a structure that has no blood supply. Thus, in order to reach these 
organisms, any therapeutic agent has to diffuse into the vegetation 
from the blood passing over it. In order to eradicate the infection, the 
therapeutic agent must also be bactericidal, since the body’s usual 
host defence mechanisms may not penetrate into the vegetation.

The in-vivo experiments3 determined that in a rabbit model at least 
four times the minimum bactericidal concentration (MBC) of an agent 
was required in the serum to diffuse into a vegetation, and that antibi-
otic peaks and troughs were more successful than continuous dosing.

In-vitro experiments demonstrated that for some Gram-
positive bacteria, penicillin, although having a minimum inhibitory 

 concentration (MIC) well within the sensitive range, was not cidal.4 
This phenomenon was labeled as ‘tolerance’, but further work deter-
mined that in the majority of cases kill could be achieved by adding 
streptomycin and, latterly, gentamicin.

Current endocarditis treatment guidelines5,6 are still centered on 
these basic principles since very few evidence-based studies have 
been performed. This is despite the availability of newer agents which 
have superior pharmacokinetics to benzylpenicillin. Similarly, oral 
therapies with agents which have good bioavailability and achieve 
 satisfactory serum levels are rarely recommended outwith pediatrics.

Recommendations for duration of therapy vary. For right-sided 
endocarditis, and for left-sided endocarditis with small vegetations, 
14-day regimens have been used successfully, but there is little evi-
dence to support why longer treatments are necessary in other cases.

LABORATORY INVESTIGATIONS

Full identification of all isolates – if necessary with the assis-
tance of a reference laboratory – is mandatory in endocarditis. 
Routine antibiotic testing for a wide range of agents should 
be followed by formal MIC testing. The method by which the 
MIC is determined is not important so long as it is adequately 
controlled.

Unfortunately, although the MBC is important in endo-
carditis, it is technically difficult to perform in a routine 
 diagnostic setting, creating problems with reproducibility.

The ability to perform high-level susceptibility testing for 
 gentamicin and streptomycin is also important.

ANTIBIOTICS

b-LACTAMS

Traditionally, if sensitive, penicillin has been the β-lactam of 
choice to treat endocarditis. The advantage is that it is narrow 
spectrum and MICs are generally very low. The disadvantages 
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are that it has a short serum half-life (<4 h), necessitating 
4-hourly dosing regimens which are impracticable outside the 
intensive care arena. Benzylpenicillin also has a high sodium 
load which can be an issue in the elderly or patients with con-
comitant heart failure. It should also be remembered that 
given in high dose, especially in patients with renal impair-
ment, penicillin can be neurotoxic.

There is no logical reason why other β-lactams such as 
ampicillin/amoxicillin or cephalosporins cannot be used in 
preference to benzylpenicillin.

GLYCOPEPTIDES

Glycopeptides are used as an alternative to β-lactams for 
patients with hypersensitivity to penicillin or who are infected 
with resistant bacteria. Glycopeptides are only slowly bacte-
ricidal, if at all, so must always be used in combination with 
another agent. Vancomycin is currently the glycopeptide of 
choice and in patients with normal renal function 1 g every 12 h 
should be used initially. Dosage can then be modified accord-
ing to trough level, normally 10–15 mg/L, but  increasing to 
15–20 mg/L for staphylococcal isolates with an MIC ≥2 mg/L. 
Teicoplanin may be considered for streptococcal endocarditis 
but at an initial dosage of at least 10 mg/kg every 12 h, then 
10 mg/kg per day. As pharmacokinetics are unpredictable, lev-
els must be measured at least weekly to ensure trough levels 
of at least 20 mg/L.

The role of the newer long-acting glycopeptides in the 
treatment of endocarditis has yet to be determined.

AMINOGLYCOSIDES

Animal studies have demonstrated the efficacy of combina-
tion therapy based on the traditional 8-hourly or 12-hourly 
regimens at a dose of 1 mg/kg. There is no evidence to suggest 
that once-daily gentamicin would be less effective but author-
ities are reluctant to recommend it on the basis that in some 
patients there may be a significant time period when serum 
levels are below 1 mg/L. Either way, levels should be moni-
tored at least twice weekly, and more frequently in patients 
with renal impairment or who are on concomitant therapy 
with other nephrotoxic drugs.

OTHER ANTIBIOTICS

Guideline recommendations are just that: recommenda-
tions which may need to be modified for individual patients. 
Controlled trials are few but a recent study of daptomycin7 
to treat staphylococcal bacteremia did include some patients 
with endocarditis. There are numerous case reports which 
have documented the successful use of quinolones, linezolid, 
rifampicin (rifampin), clindamycin and co-trimoxazole for a 
range of infecting bacteria.

EMPIRICAL THERAPY (Table 46.1)

For some patients who have an indolent presentation, it 
may be possible to delay antibiotics until the results of blood 
cultures are available. In practice this is rarely possible and  
therapy must be commenced immediately.

PROSTHETIC DEVICE ENDOCARDITIS

Prosthetic device endocarditis presents the greatest challenge 
for medical therapy since not only is it necessary to combat 
micro-organisms within a vegetation, they may also form part 
of a biofilm. Surgical intervention may need to be considered 
early, treatment may need to be more prolonged and antibiotic 
combinations that include agents active in biofilms may be more 
effective. Unfortunately, owing to the lack of robust clinical 
data, recommendations are based on the ‘best guess’ approach 
and expert advice should be sought for individual cases.

STAPHYLOCOCCAL ENDOCARDITIS 
(Table 46.2)

The choice of antibiotic will depend on the sensitivity of the 
infecting strain. There is no evidence that adding gentamicin 
to flucloxacillin offers any benefit when treating methicillin-
sensitive strains of Staph. aureus and is associated with an 
increase in adverse events. The addition of sodium fusidate or 
rifampicin is also not recommended.

Acute presentation 
 
 

Flucloxacillin (8–12 g i.v. per day in 4–6 divided 
doses), plus  
gentamicin (1 mg/kg i.v. every 8 h, modified 
according to renal function)

Indolent presentation 
 
 

Penicillin (7.2 g i.v. per day in six divided doses) 
or ampicillin/amoxicillin (2 g i.v. every 6 h), plus 
gentamicin (1 mg/kg i.v. every 8 h, modified 
according to renal function)

Penicillin allergy
Intracardiac prosthesis
Suspected  
methicillin-resistant 
Staphylococcus aureus

Vancomycin (1 g i.v. every 12 h, modified 
 according to renal function), plus
rifampicin (300–600 mg p.o. every 12 h), plus 
gentamicin (1 mg/kg i.v. every 8 h, modified 
according to renal function)

table 46.1 Empirical therapy

Methicillin sensitive Flucloxacillin (2 g i.v. every 4–6 h)

Methicillin resistant/ 
penicillin allergy 
 
 
 

Vancomycin (1 g i.v. every 12 h, modified 
according to renal function), plus
rifampicin (300–600 mg p.o. every 12 h), or
gentamicin (1 mg/kg every 8 h, modified 
according to renal function), or
sodium fusidate (500 mg p.o. every 8 h)

Endocarditis in  
presence of  
intracardiac prosthesis 
 
 
 

Flucloxacillin (2 g i.v. every 4–6 h) or  
vancomycin (1 g i.v. every 12 h, modified 
according to renal function), plus
rifampicin (300–600 mg p.o. every 12 h), and/or
gentamicin (1 mg/kg every 8 h, modified 
according to renal function), and/or
sodium fusidate (500 mg p.o. every 8 h)

table 46.2 Antibiotic therapy for staphylococcal endocarditis
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If vancomycin is used, the addition of a second agent is 
required. The choice depends on the sensitivity profile of 
the infecting organism. Teicoplanin is not recommended for 
staphylococcal endocarditis.

There are published case series which suggest that right-
sided endocarditis can be successfully treated with either 
14 days of intravenous therapy or 28 days of oral therapy. 
Examples of regimens include flucloxacillin alone, flucloxa-
cillin plus rifampicin and quinolones.

STREPTOCOCCAL ENDOCARDITIS 
(Table 46.3)

With a few provisos (size of vegetation, septic emboli, intrac-
ardiac prosthetic material), endocarditis caused by strepto-
cocci with an MIC ≤0.1 mg/L for penicillin can be successfully 
treated with 14 days of combination therapy of a β-lactam 
plus gentamicin. For less sensitive strains, 14 days of combi-
nation therapy followed by a further 14 days of a β-lactam is 
recommended.

Endocarditis caused by Streptococcus pneumoniae is associated 
with a high mortality and has been ascribed to patient factors 
rather than antibiotic failure. Penicillin-resistant strains should 
be managed in the same way as enterococcal endocarditis.

Group B streptococcal endocarditis is frequently associ-
ated with diabetes and has a high mortality. Tolerance has 
been described in some strains, so 28 days of treatment, 
including 14 days of combination therapy with gentamicin, 
is recommended.

Str. gallolyticus (bovis) endocarditis is associated with under-
lying gut pathology and liver disease and so a potential source 

should be sought. It should be treated according to its MIC 
for penicillin.

Nutritionally dependent streptococci are difficult to 
grow and appear tolerant to β-lactams, thus 28 days of com-
bination therapy is usually advocated. For especially slow-
growing isolates, treatment may need to be extended to 6 
weeks.

For patients with documented penicillin allergy, a glyco-
peptide is generally advocated, but a carbapenem or dapto-
mycin may also be considered.

ENTEROCOCCAL ENDOCARDITIS

Enterococci are usually tolerant to antibiotics and the range 
of available agents is more limited (Table 46.4), particularly 
for glycopeptide resistant strains. The use of new agents such 
as linezolid or daptomycin could potentially be life-saving in 
these circumstances.

Prolonged therapy (6–12 weeks) may be necessary, and 
relapse is not uncommon. For isolates with high-level gen-
tamicin resistance, streptomycin should be used as an alter-
native if the organism is sensitive. For glycopeptide-resistant 
isolates, daptomycin should be used.

 OTHER BACTERIA

Choice of agents and duration of therapy will vary according 
to the infecting organism. Difficulties obviously arise when 
the diagnosis is made by serology, as sensitivity testing cannot 
be performed.

penicillin MIC 
(mg/L)

penicillin or  
vancomycin and  
gentamicin 4 weeks

penicillin 4  
weeks

Ceftriaxone  
4 weeks

Vancomycin or  
penicillin 4 weeks and 
gentamicin 2 weeks

penicillin 4–6 weeks  
and gentamicin 4–6  
weeks

Vancomycin 4–6  
weeks and  
gentamicin 4–6 weeks

≤0.1       

≥0.1–<0.5        

0.5–<16       

≥16      

table 46.3 Antibiotic therapy of streptococcal endocarditisa

aFor dosages please refer to Tables 46.1, 46.2 and 46.4.

antimicrobial regimen Dose and route Duration (weeks) Comments

Ampicillin or penicillin, plus 2 g i.v. every 4 h (2.4 g every 4 h) ≥4  
gentamicin 1 mg/kg i.v. every 8–12 h ≥4  

Vancomycin, plus 1 g i.v. every 12 h ≥4 Alternative for penicillin-allergic patient provided isolate is 
vancomycin susceptible (MIC ≤4 mg/L)gentamicin, or 1 mg/kg i.v. every 8–12 h  

streptomycin 7.5 mg/kg every 12 h  

Daptomycin 4–8 mg once daily ≥4 For glycopeptide-resistant strains

table 46.4 Treatment of enterococcal endocarditis
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For fastidious Gram-negative bacteria, known as the 
‘HACEK’8 group, initial therapy with ampicillin/amoxicillin 
plus gentamicin would be appropriate. If the infecting organ-
ism is ampicillin/amoxicillin resistant, consider ceftriaxone, 
a carbapenem, or another class of antibiotic according to 
sensitivity.

It has been estimated that Coxiella burnetii accounts for 
up to 5% of cases of endocarditis worldwide. A combination 
of doxycycline and a quinolone is recommended as first-line 
treatment, and this must be continued until titers return to 
normal. Patients should be followed up for at least 2 years.

FUNGAL ENDOCARDITIS

Fungal endocarditis is a rare and devastating condition which 
usually requires surgical intervention.

Ideally the antifungal agent(s) should be cidal, and as with 
bacterial endocarditis, the choice of agent will depend on the 
sensitivity of the strain of fungus implicated.

Amphotericin B plus flucytosine are traditionally the agents of 
first choice for Candida, although both are toxic. High-dose flu-
conazole (400 mg every 12 h) could be considered as  second-line 
therapy, but it is only fungistatic. Caspofungin is fungicidal, but 
experience with its use in endocarditis is limited.

For other fungal species voriconazole or caspofungin 
should be considered as first-line empirical therapy.

PREVENTION OF ENDOCARDITIS

The role of antibiotics in the prevention of endocardi-
tis is controversial. Over the past 5 years there has been a 
paradigm shift away from universal prophylaxis for at-risk 
patients undergoing dentistry due to lack of evidence for 
its efficacy.9 Some authorities (UK and USA) have taken 
a more cautious approach, limiting prophylaxis to only 
those patients for whom endocarditis would carry a higher 
 mortality, for example those who have had previous endo-
carditis or who have intracardiac prostheses.10,11 For these 

reasons, readers should refer to their local guidelines for 
further information.

Nevertheless, it should not be forgotten that individuals 
with structural cardiac abnormalities or devices are at higher 
risk of endocarditis than those with ‘normal’ hearts. When 
undergoing surgical procedures requiring antibiotic prophy-
laxis for surgical site infection, special consideration should 
be given to the risk of enterococcal bacteremia and the 
prophylactic regimen adjusted accordingly.
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47 Infections of the 
gastrointestinal tract

peter Moss

Infectious diseases may affect any part of the gastrointestinal tract 
from the mouth to the anus. Most infections of the mouth, orophar-
ynx and esophagus are caused either by commensal organisms or 
by opportunist pathogens. These infections are usually secondary to 
underlying problems, either local (e.g. poor oral hygiene, malignancy) 
or systemic (particularly immunosuppression). Infections of the stom-
ach are relatively unusual, with the exception of Helicobacter pylori, 
which is associated with peptic ulceration and gastric neoplasms.  
It is infections of the lower gastrointestinal tract, the small and large 
bowel, which are of the greatest clinical significance.

Intestinal infections usually present with diarrhea, sometimes 
accompanied by vomiting, abdominal pain and fever. In severe 
cases there may be dehydration, hypovolemic shock and renal 
failure. Persistent infection may cause anorexia and weight loss. 
Gastroenteritis may be caused by viruses, bacteria, protozoa or (rarely) 
by helminths. Symptoms and signs may be produced by one or more 
of a number of different pathological mechanisms. The clinical pre-
sentation of gastroenteritis rarely allows a specific diagnosis, and it is 
not usually possible to identify the causative organism, at least in the 
early stages of illness. Management is therefore usually empirical and 
is based on the recognition of common clinical syndromes. These 
include acute watery diarrhea, dysentery, persistent diarrhea with or 
without malabsorption, and enteric fever. Identification of these pat-
terns, along with a knowledge of the likely pathogens in a particular 
location and patient population, will guide treatment in most cases.

EPIDEMIOLOGY

Gastroenteritis causing diarrhea with or without vomiting is 
the second most common infectious cause of death world-
wide (behind lower respiratory tract infection). Although oral 
rehydration programs have cut the death toll significantly, it is 
estimated that over 2 million people die every year as a direct 
result of diarrheal disease.1 Gastroenteritis is a major cause of 
morbidity as well as mortality, with a disease burden of 160 
million disability-adjusted life years (DALY) worldwide.1 The 
main burden falls on the poorest countries, where children 
can expect on average 3–6 bouts of infective diarrhea every 

year, and 15–20% of deaths under the age of 5 are due to 
diarrheal disease.2 In the Western world gastroenteritis is both 
less common and less likely to cause death, but it remains an 
important cause of morbidity and mortality. In Europe diar-
rheal disease is responsible for 39 000 deaths per year, and 
results in a burden of over three million DALY annually.1

Viral gastroenteritis is a common cause of diarrhea and vom-
iting in young children in both developed and developing coun-
tries, but is less often seen in adults. The viruses responsible 
(principally rotavirus, norovirus and enteric adenoviruses) are 
spread from person to person, mainly by the feco-oral route, 
but also as an aerosol. Seasonal outbreaks are seen in devel-
oped countries, and in comparison with other diarrheal dis-
eases there is less association with poverty and poor hygiene.

The main cause of adult gastroenteritis is bacterial infection. 
In developed countries this is often related to food poisoning, 
a problem exacerbated by modern methods of food produc-
tion and the globalization of food supply. In less developed 
areas transmission is frequently by the direct feco-oral route or 
from a contaminated water supply. Massive water-borne out-
breaks may occur, especially in association with natural disas-
ters or war. Protozoal and helminthic gut infections are rare in 
the West but are widespread in developing countries.

In all parts of the world it is children who are at most risk 
of catching diarrheal disease and at most risk of dying from  
it. Mortality is mainly related to dehydration, although other 
factors such as malnutrition are important in developing coun-
tries. Elderly people are also at increased risk of complications 
from gastroenteritis. In the developed world certain other groups 
have a higher incidence of diarrheal disease: these include trav-
elers to developing countries, the immunocompromised (espe-
cially in HIV infection) and infants in daycare facilities.

PATHOGENESIS OF ENTERIC INFECTION

Micro-organisms with the potential to cause enteric infection 
are ubiquitous, and the development of disease depends on a 
number of host and microbial factors:
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•	 Host	factors	include	age	and	general	health,	personal	
hygiene, specific and non-specific immunity, and 
composition of normal intestinal microflora.

•	 Microbial	factors	include	a	number	of	virulence	traits	
which determine the pathogenic mechanisms responsible 
for causing gastrointestinal infection.

Bacteria can cause diarrhea in three different ways: mucosal 
adherence, toxin production and mucosal invasion (Table 
47.1). Many species employ more than one of these meth-
ods. In most cases the first step in the pathogenic process is 
adherence to the intestinal mucosa, the exception being those 
 bacteria which secrete toxin in food before consumption.  
A number of different molecular adhesion mechanisms 
have been elaborated, typically involving microbial cell 
surface proteins (often located on pili or fimbriae) which 
bind to specific host glycoproteins. Expression of many of 
these adhesion proteins is encoded by transmissible plas-
mids. Usually attachment to the mucosa is merely the 
prelude to invasion or toxin production, but a few organ-
isms such as enteropathogenic Escherichia coli can produce 
mucosal  damage and secretory diarrhea directly as a result 
of adherence.3

Some bacteria, having attached to the intestinal mucosa, 
simply colonize the surface epithelium. Others, such as 
Shigella species and the invasive strains of Esch. coli, pen-
etrate and destroy the cells of the intestinal mucosa. Many 
different mechanisms may be involved in the invasive pro-
cess, including attachment to transmembrane glycoproteins, 
production of cytotoxic exotoxins, and deliberate induction 
of host inflammatory response.4 Invasion leads to destruc-
tion of the epithelial cells and produces the typical symptoms 
of dysentery: low volume bloody diarrhea with abdominal 
pain.

Many bacterial enteric pathogens produce symptoms by 
means of toxin production. Gastroenteritis can be caused by 
three different types of bacterial toxin:

•	 Enterotoxins	induce	excessive	fluid	secretion	into	the	
bowel lumen without physically damaging the mucosa.

•	 Neurotoxins	affect	the	autonomic	nervous	system,	
causing diarrhea and vomiting.

•	 Cytotoxins	damage	the	intestinal	mucosa	and,	in	some	
cases, vascular endothelium as well.

Usually these toxins are produced by bacteria adhering to the 
intestinal epithelium, but neurotoxins (often stable to heat 

and gastric acid) may be elaborated exogenously by patho-
gens in poorly prepared food.

The pathogenic mechanisms underlying viral gastroenteri-
tis are less well understood. The initial event is again adhesion, 
a viral capsid protein binding to specific glycolipid receptors 
in the mucosal cell membrane. This is followed by invasion, 
mainly of mature villus epithelial cells in the small intestine. 
A direct cytopathic effect leads to cell death, causing villus 
shortening, relative loss of absorptive epithelial cells relative 
to secretory crypt cells, and decreased production of intes-
tinal disaccharidases.5 In some cases (such as infection with 
Norwalk	 virus)	 there	 is	 significant	 mucosal	 inflammation,	
while in others (including rotavirus infection) there is little 
host inflammatory response. Diarrhea is probably produced 
by a combination of secretory/resorptive imbalance and disac-
charide/fat malabsorption (which may persist for some time 
following acute infection).

Protozoa can cause diarrhea by both invasive and non-
invasive mechanisms. Entamoeba histolytica (and probably 
Balantidium coli) attaches to the colonic mucosa by specific 
binding proteins. It then causes local destruction of the epi-
thelium by a combination of lytic enzyme release and phago-
cytosis, leading to the clinical symptoms of dysentery.6 Giardia 
lamblia (intestinalis), by contrast, is very rarely invasive. The 
parasite attaches to the duodenal and jejunal mucosa using 
a combination of mechanical and molecular bonds. Local 
disruption of the brush border ensues, with disacchari-
dase deficiency. There may also be more extensive damage 
to the epithelium with partial villous atrophy and inflam-
matory infiltrates; this is probably due to a cellular immune 
response to infection.7 Several different pathogenic mech-
anisms may be important in the production of diarrhea by 
Cryptosporidium parvum (depending in part on the integrity 
of the host immune system), while the role of other parasites 
such as Dientamoeba fragilis and Blastocystis hominis in causing 
gastroenteritis remains unclear.

Although helminthic infection of the gut is very common, 
it rarely causes significant enteric symptoms. Schistosomal 
colitis can result from the inflammatory response to parasite 
eggs lodged in the bowel wall, and some nematodes (notably 
Trichuris trichiura) may cause symptoms due to superficial 
invasion of the colonic mucosa. Heavy worm infestations 
may cause mechanical problems such as obstruction or 
prolapse.

Mechanism Mode of action Clinical presentation examples

Mucosal adherence Effacement of intestinal mucosa Moderate watery diarrhea Enteropathogenic Esch. coli

Toxin production    
 Neurotoxin Paralysis of autonomic nervous system Short-lived, profuse watery diarrhea and vomiting Bacillus cereus
 Enterotoxin Fluid secretion without mucosal damage Variable diarrhea ± vomiting Vibrio cholerae
 Cytotoxin Damage to mucosa Bloody diarrhea Enterohemorrhagic Esch. coli

Mucosal invasion Penetration and destruction of mucosa Dysentery Shigella spp.

table 47.1 Pathogenic mechanisms of bacterial gastroenteritis
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SYNDROMIC MANAGEMENT  
OF GASTROENTERITIS

SYNDROMES

 ACuTE wATERY DIARRHEA

Acute, self-limiting, watery diarrhea is the most common 
form of gastroenteritis. It is produced by direct or toxin-
mediated damage to the secretory and absorptive gut mucosal 
cells, and may be caused by a number of different pathogens  
(Table 47.2). Specific microbiological diagnosis is rarely nec-
essary, as antimicrobial therapy is not usually required. The 
morbidity and mortality of acute watery diarrhea is largely 
related to dehydration (especially in children), and by far 
the most important component of management is adequate 
rehydration. In most cases this can be achieved by oral rehy-
dration solutions (ORS), although intravenous fluids may 
occasionally be needed. Antimotility agents are rarely help-
ful, and should definitely not be used in young children.

Dehydration is assessed clinically (Table 47.3) and treat-
ment depends on the degree of fluid loss. Mildly dehydrated 
individuals should be given increased fluids; infants and chil-
dren should continue feeding normally if possible. For mod-
erate dehydration, ORS 75–100 mL/kg is given within the 
first	4	h,	 followed	by	 further	 fluids	 to	replace	 loss.	Children	
should continue feeding once initial rehydration is completed. 
Intravenous rehydration is required only for severely dehy-
drated individuals with features of collapse. Several liters of 
intravenous fluid are usually required to overcome the features 
of shock: adults and older children should be given 30 mL/kg 
in the first 30 min, then 70 mL/kg over the next 2.5 h; the rates 

should be halved for infants under 12 months.8 Maintenance 
of hydration can usually be achieved with ORS. In moderate 
and severe dehydration the patient must be reassessed regu-
larly to ensure that adequate fluid is being given. Attention 
should also be paid to nutrition, acid–base status and electro-
lytes, especially if the diarrhea is prolonged. Oral zinc (20 mg/
day for 14 days; 10 mg/day age <6 months) should be given to 
children with acute diarrhea, at least in developing countries, 
as this decreases both the severity of the acute episode and the 
incidence of diarrhea in the following 2–3 months.9

Antimicrobial therapy is rarely indicated in the empirical 
management of acute watery diarrhea. Antibiotics may lead to 
a decrease in the duration and severity of symptoms in some 
cases, but the improvement is small, and the condition is usually 
mild and self-limiting anyway.10 Even in situations where acute 
watery diarrhea is life threatening (e.g. in malnourished infants) 
there is little evidence that antibiotics are beneficial except in the 
case of cholera. In cases in which there is strong clinical suspi-
cion of cholera (or another infection that does require specific 
treatment) antibiotics should be started empirically while await-
ing confirmation. Occasionally acute watery diarrhea may be 
the presenting symptom of an enteric infection which develops 
into persistent diarrhea (e.g. giardiasis) or dysentery (shigello-
sis or Campylobacter infection). In these cases antibiotic therapy 
may be necessary when the diagnosis becomes clear.

 DYSENTERY

Dysentery is a clinical syndrome of bloody, usually low volume, 
diarrhea often associated with abdominal pain and fever. It is 
caused by infection with invasive enteropathogens (see Table 
47.2). Fluid and electrolyte loss is not as great as in watery 

 acute watery diarrhea Bloody diarrhea persistent diarrhea

Viruses 
 
 

Rotavirus
Enteric adenoviruses
Caliciviruses (including norovirus)
Astroviruses

  
 
 

Recurrent infections with rotavirus 
 
 

Bacteria 
 
 
 
 
 
 
 
 

Salmonella enterica serotypes
Campylobacter jejuni
Enteropathogenic Esch. coli
Enterotoxigenic Esch. coli
Enteroaggregative Esch. coli
Vibrio cholerae
V. parahaemolyticus
Clostridium difficile
Staphylococcus aureus (toxin b)
Bacillus cereus

Salmonella enterica serotypes
Campylobacter jejuni
Shigella spp.
Enteroinvasive Esch. coli
Enterohemorrhagic Esch. coli
Yersinia enterocolitica
C. difficile 
 
 

Mycobacterium tuberculosis
Recurrent or relapsing infections with other  
bacterial pathogens 
 
 
 
 
 
 

Protozoa 
 
 
 

Giardia lamblia
Cryptosporidium parvum
Isospora belli
Cyclospora cayetanensis
Dientamoeba fragilis

Entamoeba histolytica
Balantidium coli 
 
 

Giardia lamblia
Entamoeba histolytica
Cryptosporidium parvum
Isospora belli
Cyclospora cayetanensis

Miscellaneous   Schistosoma mansoni
Trichuris trichiura

Postinfectious irritable bowel syndrome
Disaccharidase deficiency

table 47.2 Clinical syndromes of gastroenteritis and typical causative organisms
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diarrhea, although ORS may still be important, especially in 
children. Morbidity and mortality are often due to complica-
tions other than dehydration, including perforation, sepsis and 
hemolytic–uremic syndrome (HUS). In most cases of bacil-
lary dysentery, antibiotics significantly reduce the severity and 
duration of illness, and in some instances decrease mortality.8 
Antimicrobials should always be used in shigellosis and ame-
bic dysentery, and may be helpful in other forms of bacillary 
dysentery. In developed countries the empirical therapy for 
dysentery (when amebiasis is not suspected) is either a fluo-
roquinolone or azithromycin. In developing countries bacil-
lary dysentery is presumptively treated as shigellosis (p. 600). 
However, in dysentery caused by verotoxigenic Esch. coli, anti-
biotic treatment increases the risk of toxin-mediated HUS and 
antibiotics should be used with caution if this is suspected.11

 PERSISTENT DIARRHEA

Infective diarrhea that continues for more than 14 days is defined 
as persistent, and may occur with or without malabsorption. It 
may be continuous, but is frequently intermittent, varying from 
day to day. Persistent diarrhea is often associated with weight 
loss and malnutrition, and accounts for most diarrheal deaths 
in children. It may be due to recurrent or relapsing infection 
with common and usually self-limiting bacterial or viral patho-
gens, especially in malnourished individuals. In other cases, 
such as giardiasis, Whipple’s disease and intestinal tuberculo-
sis, chronic diarrhea is the normal presentation in the absence 
of specific treatment (see Table 47.2). Immunocompromised 
patients, especially those infected with HIV, are susceptible to a 
variety of pathogens causing persistent diarrhea.

It is important to identify the infecting organism as spe-
cific treatment is often required. If this is not possible, empiri-
cal treatment based on local patterns of infection in relevant 
patients should be used. This is particularly important in peo-
ple with HIV/AIDS. If malnutrition is either contributing to 
or resulting from infection, nutritional supplements should be 
given. Antimotility agents may give symptomatic relief when 
the underlying cause cannot be diagnosed or treated.

In some cases persistent diarrhea may be triggered by 
an acute and self-limiting infection. A number of patho-
gens, including rotavirus, can cause villus damage and 
 disaccharidase deficiency, leading to malabsorption. This is 
managed by temporary withdrawal of the malabsorbed 
nutrient. Postinfectious irritable bowel may follow infection 
with some gastrointestinal pathogens.

 ENTERIC FEvER

Enteric fever is primarily a systemic illness, although the 
spread is feco-oral and the portal of entry gastrointestinal. The 
diagnosis is based on typical features and confirmed by isola-
tion of the organism from blood or bone marrow. Treatment 
is with specific antimicrobial therapy (p. 600).

  ANTIbIOTIC-ASSOCIATED 
DIARRHEA

Diarrhea associated with antibiotic use can present from 1 day 
to several weeks after taking the antibiotic. Symptoms can vary 
from mild watery diarrhea to a dysenteric syndrome with severe 
colitis. In many cases (especially at the milder end of the spec-
trum) diarrhea is due to a direct effect of the antibiotic on the 
gut (commonly associated with macrolides and clavulanic acid) 
or to changes in the normal intestinal microflora. However, in 
10–25% of patients with antibiotic-associated diarrhea (and 
50–75% of those with antibiotic-associated colitis),12 the symp-
toms are attributable to Clostridium difficile infection (p. 602).

 TRAvELERS’ DIARRHEA

Travelers’ diarrhea is defined as the passage of three or more 
unformed stools per day in a resident of an industrialized 
country traveling in or recently returned from a develop-
ing nation. Infection is usually food- or water-borne, and 

Symptom/sign No/minimal dehydration Moderate dehydration Severe dehydration

Mental state Alert Restless, irritable Lethargic or unconscious; floppy infant

Eyes Normal Sunken Very sunken, dry

Tears Present Absent Absent

Tongue Moist Dry Very dry

Thirst Drinks normally Drinks very eagerly Unable to drink

Skin pinch Goes back rapidly Goes back slowly Goes back very slowly

Probable fluid deficit <2.5% body weight 2.5–10% body weight >10% body weight

Management Increased fluids Oral rehydration Intravenous fluids

table 47.3 Assessment of dehydration in acute diarrhea in children
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younger travelers are most often affected (probably reflect-
ing behavior patterns). Reported attack rates vary from 
country to country, but approach 50% for a 2-week stay in 
many tropical countries. It may be caused by a wide variety 
of pathogens, the most common being enterotoxigenic Esch. 
coli.13 The severity and duration of symptoms can be reduced 
by antibiotic treatment,14,15 but the illness is usually rela-
tively mild and self-limiting. ORS should be used to prevent 
dehydration. The decision to treat with antibiotics should be 
based on individual circumstances, bearing in mind the cost, 
potential side effects and the possible effects on antimicro-
bial resistance.

SOLuTIONS FOR ORAL AND 
INTRAvENOuS REHYDRATION

The use of oral rehydration solutions is based on the obser-
vation that glucose and other carbohydrates enhance sodium 
absorption in the small intestine, even in the presence of secre-
tory loss due to toxins. The recognition of this principle, and 
the widespread promotion of the use of ORS by the World 
Health Organization (WHO) and other organizations, has 
saved millions of lives over the past 20 years. The composition 
of	currently	recommended	(lower	osmolarity)	WHO/UNICEF	
and other ORS are shown in Table 47.4.

Although	the	original	standard	WHO/UNICEF	ORS	was	
effective in replacing fluid loss, it did not have any impact 
on the duration and severity of diarrhea. Other forms of 
ORS have been developed in an attempt to address this. 
ORS based on cereal carbohydrate (usually rice) rather than 
glucose has been shown significantly to decrease stool vol-
ume and length of illness in cholera, both in adults and in 

children.16 In other forms of acute diarrhea it is at least as 
good as glucose ORS in replacing fluid loss (even in infants 
under 6 months), but does not have such a marked impact 
on the course of the illness.16,17 Hypo-osmolar ORS has been 
shown to decrease stool fluid loss in children,18 although 
this effect has not been demonstrated in adults and may be 
affected by other factors such as concurrent breast feed-
ing.19 Because of the significant benefits in children (who 
are	at	most	risk	from	diarrhea)	the	WHO	and	UNICEF	now	
recommend that the hypo-osmolar formulation should be 
the first choice ORS.9

Several other supplements have been added to ORS 
in an attempt to improve efficacy. The addition of lacto-
bacilli has been shown to improve outcomes in children 
with rotavirus and non-rotavirus diarrhea, although this 
has not become standard practice.20,21 Supplementation of 
ORS with zinc significantly decreases fluid requirements 
in malnourished children with persistent diarrhea,22,23 but 
other nutritional supplements such as folic acid have not 
been shown to help.24 It is important to keep the prepara-
tion and administration of ORS simple: community-based 
studies have shown that despite instruction a high propor-
tion of mothers are unable to prepare even standard ORS 
correctly.25

In severely dehydrated patients intravenous fluids may be 
needed for initial resuscitation. The fluid used should con-
tain electrolytes to replace those lost, and bicarbonate or 
lactate to correct any acid–base imbalance. Examples of suit-
able commercial and generic solutions are shown in Table 
47.4. If these are not available, isotonic (0.9%) saline can 
be used but it does not contain base or potassium. Simple 
dextrose solutions should not be used as they contain no 
electrolytes.8

Solution Components (mmol/L) Substance added (grams/L of water)

Oral     

WHO/UNICEF reduced osmolarity Na 75 NaCl 2.6
 Cl 65 Trisodium citrate 2.9
 K 20 KCl 1.5
 Citrate 10 Glucose (anhydrous) 13.5
 Glucose 75   

Household (salt based)   Salt 2.5 (½ teaspoon)
   Sugar 30 (6 teaspoons)

UK/Europe Na 35–60 Commercial  
 K 20–40 preparations  
 Glucose 90–200   

Intravenous     

Ringer’s lactate Na 130 Commercial  
 Cl 109 preparation  
 K 4   
 Lactate 28   

Dhaka solution Na 133 NaCl 5
 Cl 98 NaHCO

3
4

 Lactate 48   
 K 13 KCl 1

table 47.4 solutions for oral and intravenous rehydration
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DRuGS IN SYNDROMIC MANAGEMENT

 ANTIbIOTICS

Antibiotics are often prescribed for acute watery diarrhea in 
developed countries, even though the disease is usually mild 
and self-limiting (Table 47.5). Quinolones have been shown 
to decrease slightly the duration and severity of symptoms in 
adults in industrialized countries;10 there is little information 
on children (in whom viral diarrhea is much more common), 
or from the developing world. By decreasing fluid loss, anti-
biotic therapy should help to prevent dehydration, but there 
is no good evidence that the use of antimicrobials decreases 
mortality from dehydration or other complications of acute 
watery diarrhea. It may occasionally be justified on symptom-
atic grounds in adults with particularly severe or prolonged 
symptoms; in these cases either azithromycin 500 mg/day or 
ciprofloxacin 500 mg every 12 h for 3 days is the best choice. 
Any benefit from antibiotic therapy has to be balanced against 
cost, the risk of side effects and the possibility of inducing 
resistance.

Treatment with antibiotics is definitely indicated in 
shigellosis, which is the most common cause of dysentery 
in the  developing world. The benefits are less marked in 
dysentery due to other organisms such as Salmonella and 
Campylobacter, which account for a large proportion of bloody 
diarrhea in industrialized countries. In general, in countries 
where shigellosis is relatively rare antibiotic therapy should be 
reserved for those with more serious or prolonged symptoms 
of bloody diarrhea; azithromycin or ciprofloxacin are again the 
drugs of choice. In developing countries adults and children 
should receive antibiotics for presumed shigellosis (p. 600).

Enteric fever should always be treated with antibiotics, and 
if clinical suspicion is high treatment should be started empir-
ically while results are awaited.

A variety of different antibiotics have been shown to 
decrease the severity and duration of symptoms in trav-
elers’ diarrhea, including trimethoprim–sulfamethox-
azole, erythromycin, azithromycin and quinolones.15 
Ciprofloxacin	 is	 effective	 in	 a	 single	 dose	 of	 750	 mg,	
and is the best choice if antimicrobial therapy is needed. 
Antibiotic prophylaxis may be appropriate in some cases, 
especially	 in	 immunocompromised	 individuals.	 New	
options for prophylaxis are becoming available with the 
use of non-absorbed antibiotics such as rifaximin, and vac-
cines are under development.26

  ANTIMOTILITY AND ANTISECRE-
TORY AGENTS

A number of antimotility agents are available for the symp-
tomatic relief of diarrhea. The most widely used are codeine 
phosphate, loperamide, diphenoxylate and kaolin/opiate 
preparations: proprietary formulations of these are available 
over	the	counter	in	many	countries.	None	is	recommended	
for use in infants or young children with acute diarrhea 
because of the risk of precipitating respiratory depression 
or paralytic ileus. In adults antimotility agents may be use-
ful for short-term relief of the symptoms of acute watery 
diarrhea (e.g.  during a journey), although they can cause 
abdominal bloating. The use of these agents in dysentery is 
controversial. There is some evidence that they do provide 
symptomatic relief, but concerns exist about both increased 
risk of toxic dilatation and prolonged excretion of pathogens. 
If antimotility agents are used in more severe diarrhea and 
dysentery, they should be given in conjunction with appro-
priate antimicrobial therapy. Loperamide and codeine have a 
role in the management of chronic infective diarrhea, particu-
larly in HIV-associated diarrhea where definitive treatment of 
the infection may be impossible.

Condition Drug of choice alternatives Indications Benefits

Acute watery  
diarrhea 
 

Ciprofloxacin 500 mg every  
12 h (15 mg/kg every 12 h) or
azithromycin 500 mg per day  
for 3 days

Clarithromycin 500 mg every 12 h
Trimethoprim–sulfamethoxazole  
960 mg every 12 h (30 mg/kg  
every 12 h)

Severe symptoms,  
prolonged illness,  
immunosuppressed 
patient

Relieves symptoms, shortens  
illness 
 

Dysenteryb 
 
 

Ciprofloxacin 500 mg every  
12 h (15 mg/kg every 12 h) or 
azithromycin 500 mg/day  
for 3 days

Ofloxacin 200 mg every 12 h  
(15 mg/kg in two divided doses)
Ceftriaxone 2 g per day 

Most patients 
 
 

Relieves symptoms, shortens  
illness
Decreases mortality in children 

Travelers’  
diarrhea 
 

Ciprofloxacin 750 mg single  
dose 
 

Trimethoprim–sulfamethoxazole  
960 mg every 12 h (30 mg/kg  
every 12 h)
Azithromycin 1 g single dose

Rarely needed 
 
 

Relieves symptoms, shortens  
illness 
 

table 47.5 Antibiotics in the empirical treatment of acute gastroenteritisa

Treatment is for 5 days unless otherwise stated.
aThe doses indicated are for adults; when provided, children’s doses are given in parentheses (not to exceed adult dose). Fluoroquinolones are not licensed for children under  
12 years old, although they are widely used and appear safe.
bAntibiotics should be used with caution if enterohemorrhagic Esch. coli is suspected.
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MANAGEMENT OF SPECIFIC 
INFECTIONS

  bACTERIAL INFECTIONS  
(Table 47.6)

Cholera

Cholera	 is	 characterized	 by	 watery	 diarrhea	 that	 is	 often	
profuse and may be life-threatening. It is caused by secre-
tory enterotoxins (principally cholera toxin) produced by 
Vibrio cholerae. The main pathogenic strain of V. cholerae 
worldwide is O1 El Tor, which first appeared in South East 
Asia in 1961 (the start of the seventh pandemic), and is now 
endemic	 in	Africa,	Asia,	 and	Central	 and	South	America.	
A smaller number of cases are caused by the O1 (classical) 
and O139 biotypes. The mainstay of treatment for cholera is 
rehydration, and with appropriate and effective  rehydration 
therapy mortality can be reduced to less than 1%. Oral 
rehydration with ORS is usually adequate, but severely 
dehydrated individuals may need intravenous fluids. Several 
liters of intravenous fluid may be required initially, and flu-
ids must be continued to keep up with ongoing loss. As in 
other forms of watery diarrhea, zinc  supplementation is 
beneficial in children.27

Antibiotics reduce the duration and volume of diarrhea, 
and may limit transmission by reducing the infectivity of the 
stools.28 Treatment should be started as soon as possible in 
order to decrease the fluid requirement. The standard treat-
ment in children is a 12-dose course of erythromycin. In adults 
doxycycline (300 mg single dose) remains the antibiotic of 
choice in most cases but resistance is becoming a major prob-
lem in many parts of the world.29,30 Plasmid-mediated multi-
drug resistance is common, but unlike shigellosis, cholera does 
not tend to accrue resistance over time, and resistance patterns 
fluctuate rapidly even in the same region.31 For this reason in 
an outbreak situation samples should be obtained for sensi-
tivity testing as soon as possible. V. cholerae is generally sensi-
tive to fluoroquinolones, and a single dose of ciprofloxacin has 
been shown to be as effective as doxycycline (in adults)32,33 and 
erythromycin (in children)34 in treating cholera. Recently, how-
ever, some resistance to fluoroquinolones has been reported.35 
Azithromycin, another possible alternative, is effective as sin-
gle-dose therapy in children and adults, but is more expensive 
and less widely available than the other drugs.36

Effective surveillance and improvements in hygiene and 
sanitation are the main factors in limiting the spread of chol-
era. Antibiotic prophylaxis should not be given to asymp-
tomatic contacts: this practice promotes the development of 
resistance and is not cost-effective.37 A number of cholera vac-
cines are available or under development.

Condition Drug of choice alternatives Indications Benefits

Cholera 
 
 

Ciprofloxacin 1 g single dose  
(20 mg/kg single dose) or  
doxycycline 300 mg  
single dose

Erythromycin 250 mg every 6 h  
(12.5 mg/kg every 6 h) for 3 days
Azithromycin 1 g single dose  
(20 mg/kg single dose)

All patients 
 
 

Relieves symptoms,  
shortens illness
Reduces transmission 

Enteric fever 
 
 
 
 
 
 

Ciprofloxacin 500 mg every  
12 h (15 mg/kg every 12 h)  
for 7 days 
 
 
 
 

Ofloxacin 15mg/kg/day in 2 divided 
doses for 3 days
Azithromycin 500 mg once daily  
(10 mg/kg once daily) for 5–7 days
Chloramphenicol 500 mg every  
6 h (12.5 mg/kg every 6 h) for 7 days
Ceftriaxone 2 gm daily

All patients 
 
 
 
 
 
 

Reduces morbidity and 
mortality 
 
 
 
 
 

Non-typhoidal  
salmonellosis 
 
 

Ciprofloxacin 500 mg every  
12 h (15 mg/kg every 12 h) 
 
 

Trimethoprim–sulfamethoxazole  
960 mg every 12 h (30 mg/kg  
every 12 h)
Azithromycin 500 mg/day 

Prolonged illness;  
severe symptoms;  
immunosuppressed 
 

Relieves symptoms,  
shortens illness
May decrease  
complications in  
selected groups

Shigellosis 

  
 
 

Ciprofloxacin 500 mg every  
12 h (15 mg/kg every 12 h)
  
 
 

Ofloxacin 200 mg every 12 h  
(15 mg/kg in two divided doses only)
Azithromycin 500 mg on day one 
then 250 mg/day for 4 days (10 mg/kg 
per day)
Ceftriaxone 2 g per day

All patients 

 
 
 

Relieves symptoms,  
shortens illness
Decreases morbidity  
and mortality 
 

Campylobacter 
 

Azithromycin 500 mg/day  
(10 mg/kg per day) 

Clarithromycin 500 mg every 12 h 
 

Immunosuppressed;  
severe symptoms  
(rarely needed)

 
 

table 47.6 Antibiotic treatment of specific bacterial causes of acute gastroenteritisa

Treatment is for 5 days unless otherwise stated. Therapy should be guided by local antimicrobial sensitivities where known.
a The doses indicated are for adults; when provided, children’s doses are given in parentheses (not to exceed adult dose). Fluoroquinolones are not licensed for children under  
12 years old.
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 ENTERIC FEvER

The enteric fever syndrome is an acute systemic illness 
characterized by fever, headache and abdominal discom-
fort. Typhoid, the typical form of enteric fever, is caused by 
Salmonella enterica serotype Typhi. A similar but generally less 
severe illness known as paratyphoid is due to infection with 
Salmonella enterica	serotypes	Paratyphi	A,	B	or	C.	Untreated	
typhoid carries a mortality of up to 30%, but this can be 
reduced dramatically with appropriate therapy. After clinical 
recovery, 5–10% of patients will continue to excrete S. Typhi 
for several months: these are termed convalescent carriers. 
Between 1% and 4% will continue to carry the organism for 
more than a year: this is chronic carriage.

Chloramphenicol	has	long	been	the	drug	of	choice	in	enteric	
fever, but from the late 1980s onwards isolates resistant not only 
to chloramphenicol but also to ampicillin and co-trimoxazole 
have been reported from many parts of the world38,39 (multiple 
antibiotic resistance is mediated by a transmissible plasmid).40 
As a result, quinolones are now widely used to treat typhoid 
and paratyphoid. Although many strains remain fully sensitive 
to all quinolones, decreased susceptibility has been reported 
in a number of countries.41 Such isolates, although apparently 
ciprofloxacin susceptible on disc testing, often show in-vitro 
resistance to nalidixic acid and are associated with increased 
clinical failure rates when treated with ciprofloxacin.42	Newer	
quinolones such as gatifloxacin appear to have better activity 
against these nalidixic acid resistant strains.43

Wherever possible the treatment of enteric fever should 
be based on individual or local antibiotic susceptibility pat-
terns. With decreased usage chloramphenicol resistance rates 
have actually fallen in India and Bangladesh, and many iso-
lates are now once again sensitive to this drug44,45 (which is 
cheap and widely available). However, fluoroquinolones give 
better outcomes than chloramphenicol even in fully suscep-
tible strains,46 and are the drug of choice in most situations. 
Where there is no decreased fluoroquinolone sensitivity, cip-
rofloxacin gives a clinical cure rate of 98%, fever clearance 
time of 4 days, and relapse and chronic carriage rates of less 
than 2% (better in all respects than chloramphenicol).42	No	
one drug of this class has been shown to be better than oth-
ers; ciprofloxacin is the most widely used, and short courses 
of both ofloxacin and fleroxacin have proved effective in chil-
dren.47–49 Despite concerns about the use of these agents in 
children (because of the risk of damage to developing carti-
lage) there is now considerable evidence to suggest that cip-
rofloxacin is sufficiently safe to be used in the treatment of 
childhood typhoid.50,51 Studies using cephalosporins have 
produced variable results: one study showed good a cure rate 
with ceftriaxone52 but others have demonstrated less efficacy 
with ceftriaxone and with cefixime than with other drugs, 
especially in short-course regimens.48,53

Several trials in adults and children have shown excellent 
results using a 5- or 7-day course of azithromycin.54–57 Studies 
directly comparing ciprofloxacin, azithromycin and ceftriax-

one have produced mixed results and are difficult to inter-
pret because of variations in study design and populations.58 
Where there is known to be decreased susceptibility to quino-
lones, azithromycin appears to be the most effective agent,59 
but the use of this drug (and the cephalosporins) is limited by 
cost and availability. Another potential option in this situation 
is a quinolone such as gatifloxacin.43

Most of these studies have been carried out in patients 
with mild or moderate typhoid. Patients with hypotension, 
impaired mental function or evidence of decreased organ 
perfusion have a worse prognosis, and the impact of newer 
antibiotics in this group has not been assessed. The role of ste-
roids in severe typhoid remains controversial: one trial (with 
relatively small numbers) demonstrated increased survival in 
patients treated with high-dose dexamethasone,60 but there 
is	 little	 corroborating	evidence	 for	 this.	Complications	 such	
as intestinal perforation and renal failure should be managed 
aggressively, with surgical intervention and intensive care sup-
port where necessary.

Chronic	 carriage	 of	 S. Typhi may be difficult to eradi-
cate, especially in the presence of gallbladder disease or uri-
nary schistosomiasis. Prolonged courses of amoxicillin or 
trimethoprim–sulfamethoxazole are sometimes effective, and 
quinolones appear to have a higher success rate.61,62 Treating 
underlying gallbladder or parasitic disease may help, but 
cholecystectomy is not justified on public health grounds alone.

 SHIGELLOSIS

Infection with Shigella species can cause either watery diar-
rhea (clinically indistinguishable from other causes of acute 
watery diarrhea) or, more typically, dysentery. Four species 
can cause enteritis in humans: Shigella dysenteriae produces 
the most severe dysentery and may also secrete a toxin which 
can induce hemolytic–uremic syndrome. Antibiotic treat-
ment of shigella dysentery leads to a reduction in the severity 
and duration of symptoms, as well as a decrease in mortal-
ity in children.8 In theory the use of antibiotics in toxigenic 
 S. dysenteriae could lead to an increased risk of hemolytic–uremic 
syndrome (as has been demonstrated in infections with 
 verotoxigenic Esch. coli), but this remains to be confirmed.

Shigella spp. can rapidly develop resistance to antimicro-
bials, due to their ability to acquire plasmid-borne resistance 
genes from other species such as Esch. coli.63 Multiresistance is 
common, and some of the older and cheaper antibiotics such 
as ampicillin and trimethoprim–sulfamethoxazole are now inef-
fective in many developing and developed countries.64,65 Most 
isolates remain sensitive to quinolones, although it is now rec-
ognized that quinolone resistance too can be acquired through 
horizontal plasmid transfer,66 and clinical fluoroquinolone resis-
tance is being reported.67,68 The group 1 quinolone nalidixic 
acid has been used extensively for the treatment of shigellosis in 
the past. However, resistance to this drug develops rapidly and 
predisposes to more extensive quinolone resistance.69	Nalidixic	
acid dosing regimens are more complicated than those of more 
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modern quinolones, it is no longer the cheapest option, and its 
use in shigellosis is no longer recommended.70

A number of studies have demonstrated the clinical efficacy of 
ciprofloxacin, norfloxacin and ofloxacin in both adults and chil-
dren.71,72 Short courses of quinolones (e.g. ofloxacin 15 mg/kg 
in two divided doses in children) appear to be effective in many 
cases,	making	their	use	more	economically	viable.	Ceftibuten,	
cefixime and ceftriaxone have all been shown to be effective in 
various regimens,73,74 as has azithromycin (500 mg, followed 
by 250 mg/day for 4 days),75 but the data on these drugs are 
less complete and their use is limited by cost and availability. 
Ideally, the choice of antibiotic for shigellosis should be guided 
by current local resistance patterns. In the absence of these, a 
fluoroquinolone is the drug of choice in most areas,70 with cip-
rofloxacin being the cheapest and most widely available.

Although dehydration is not usually a major feature of  
shigella dysentery ORS should be given, especially to children.

 NON-TYPHOIDAL SALMONELLOSIS

Salmonella serotypes other than Typhi and Paratyphi most 
commonly cause self-limiting gastroenteritis, which is usu-
ally watery but may be dysenteric. Bacteremia is documented 
in about 5% of cases: this may be transient and benign, but 
can lead to serious complications such as metastatic infection. 
Clinical	 trials	suggest	that	 fluoroquinolones	may	reduce	the	
duration and severity of gastrointestinal symptoms in salmo-
nella infection, but the effect is small (1–2 days reduction).10 
In general, antibiotics are not recommended for people with 
mild or moderate salmonella enteritis: even the presence of 
bacteremia in an otherwise healthy person is not a definite 
indication. Treatment is justified in patients with severe or 
prolonged symptoms, in neonates, and for those at increased 
risk of invasive disease (in particular the immunocompro-
mised and patients with significant underlying disease). 
Some authorities recommend a short (48–72 h) ‘pre-emptive’ 
course of antibiotics in those who have other risk factors for 
metastatic disease (e.g. elderly people and people with known 
atherosclerotic lesions or aortic aneurysm),76 while others 
suggest a 10- to 14-day course in the same group:77 the clini-
cal efficacy of either approach is unproven.

If antibiotic treatment is indicated, then fluoroquinolones 
are	the	best	choice.	Ceftriaxone,	azithromycin	and	aztreonam	
are also effective; trimethoprim–sulfamethoxazole may be used 
although resistance is increasing. A number of studies have 
looked at the effect of quinolone treatment on fecal excretion 
of Salmonella spp., which typically persists for several weeks 
after infection. Treated patients usually have negative stool 
cultures immediately after treatment, but overall antibiotics 
have little effect on the time taken to clear the organism.78 
Even this limited response may be effective in interrupting 
spread of the disease in institutional outbreaks.79 The man-
agement of symptomatic salmonella bacteremia (which is 
common in HIV-positive patients in developing countries) 
is difficult: antibiotics may help, but eradication often proves 

impossible. Metastatic salmonella infection, which typically 
affects atheromatous endothelium, also requires prolonged 
antibiotic therapy, often in conjunction with surgery.

 EschErichia coli INFECTION

Esch. coli	 infection	of	 the	gut	with	enterotoxigenic	 (ETEC),	
enteropathogenic	(EPEC),	enteroinvasive	(EIEC),	enterohe-
morrhagic	 (EHEC)	 or	 enteroaggregative	 (EAggEC)	 strains	
can cause human disease, but these pathogens are not routinely 
identified	in	most	microbiological	laboratories.	Consequently	
information about these infections is limited, and there are 
few therapeutic trials.

Verotoxin-secreting	strains	of	EHEC	(principally	O157:H7)	
can cause hemolytic–uremic syndrome (HUS) and throm-
botic thrombocytopenic purpura (TTP), especially in chil-
dren, and have therefore been the focus of much attention in 
industrialized countries. Several large food-borne outbreaks 
of Esch. coli O157 have been reported; most patients had a 
mild self-limiting bloody diarrhea, but 2.5–14% of children 
(and occasional adults) developed HUS.11,80 Antibiotic treat-
ment appears to increase the risk of HUS, presumably by 
increasing toxin release from dying bacteria,11 and antibiot-
ics should generally be avoided in Esch. coli O157 enteritis. 
EHEC	has	also	been	reported	as	a	cause	of	gastroenteritis	in	
adults and children in Africa.81

ETEC,	which	can	produce	both	heat-stable	and	heat-labile	
toxins, is an important cause of acute watery diarrhea in chil-
dren and adults throughout the world.81,82 It has been respon-
sible for large food- and water-borne outbreaks, and is the 
most commonly confirmed cause of travelers’ diarrhea.83,84 
Widespread antibiotic resistance has been reported, with iso-
lates from many parts of the world showing resistance to mul-
tiple drugs, including trimethoprim–sulfamethoxazole and 
amoxicillin.83	The	majority	of	ETEC	remain	sensitive	to	fluo-
roquinolones, but a survey in Thailand showed 1% of isolates 
to be ciprofloxacin resistant; 15% of isolates in the same study 
were azithromycin resistant.85	The	illness	caused	by	ETEC	is	
usually mild and self-limiting; however, if treatment is deemed 
necessary, then a fluoroquinolone should be used if available.

EIEC	 causes	 bacillary	 dysentery	 indistinguishable	 from	
shigellosis. It is rarely isolated and most cases are probably 
treated	empirically	as	 shigellosis.	 If	EIEC	 is	cultured,	 treat-
ment should be guided by sensitivities.

EPEC	is	now	recognized	as	a	cause	of	acute	watery	diar-
rhea in infants and children worldwide, although it appears to 
be more common in developing countries.81,86,87 Relatively lit-
tle	is	known	about	antibiotic	sensitivities	of	EPEC:	resistance	
to trimethoprim–sulfamethoxazole has been reported, but it 
is generally sensitive to quinolones.87,88 Antibiotic treatment is 
rarely indicated.

EAggEC	can	be	isolated	from	healthy	people,	but	it	also	
appears to be responsible for episodes of travelers’ diar-
rhea,89 persistent diarrhea in children87,90 and HIV-associated 
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diarrhea.91 The symptoms of both travelers’ diarrhea and 
HIV-related	chronic	diarrhea	caused	by	EAggEC	can	be	alle-
viated by ciprofloxacin,89,91 although in the former case this 
is not usually necessary. The epidemiology and treatment of 
EAggEC	diarrhea	in	developing	countries	remains	unclear.

 campylobactEr INFECTION

Infection with Campylobacter jejuni can cause acute watery 
diarrhea or, less commonly, dysentery. The illness is usu-
ally relatively mild and self-limiting, although there may 
occasionally be more severe dysenteric or systemic features. 
Campylobacter coli causes a similar but generally less severe 
illness. Campylobacter spp., which are widespread in live-
stock animals, have considerable potential to develop anti-
biotic resistance. This is usually plasmid mediated and has 
been associated with the use of antibiotics in both humans 
and animals. Resistance to fluoroquinolones has become 
a major problem in many countries, with up to 70–80% of 
human isolates being resistant in some areas (notably Spain 
and Thailand).92 This has been linked to the veterinary use of 
these drugs,93 but resistance has also been shown to develop 
in humans during a course of treatment.94 Macrolide resis-
tance is also increasing.92

Most cases of campylobacter enteritis resolve without spe-
cific treatment. More severe cases are likely to be treated 
empirically, but if campylobacter is suspected then azithro-
mycin is the best choice. If a Campylobacter species is grown 
and significant symptoms persist (especially in patients with 
HIV/AIDS), then antibiotic treatment should be guided by 
in-vitro sensitivities.

 yErsinia INFECTION

Yersinia enterocolitica is a relatively unusual cause of enteric 
infection in all ages. The spectrum of illness is very variable, 
and includes severe dysentery, septicemia and extraintestinal 
manifestations such as lymphadenopathy and reactive arthri-
tis. More severe cases should be treated with antibiotics: fluo-
roquinolones appear to be the most effective agents, although 
data are limited.95

  NON-CHOLERA Vibrio, aEromonas 
AND plEsiomonas SPECIES

These organisms are being isolated with increasing frequency 
from patients with gastroenteritis, although whether this rep-
resents a genuine increase in prevalence or simply better lab-
oratory techniques is unclear. Vibrio parahaemolyticus has 
caused major food- and water-borne outbreaks in Asia,96 while 
Aeromonas and Plesiomonas species are common causes of diar-
rhea in children and travelers in some parts of the world.77,84,97 

All three usually cause self-limiting watery diarrhea. Almost all 
of these organisms are sensitive to fluoroquinolones in vitro; 
there is widespread and variable resistance to other antibiot-
ics.98	Clinical	data	are	very	limited.

 TOxIN-SECRETING bACTERIA

Some bacteria, notably Clostridium perfringens, Bacillus cereus 
and strains of Staphylococcus aureus, can produce heat-stable 
neurotoxins that affect the autonomic nervous system to cause 
diarrhea and vomiting. If toxin is ingested in contaminated 
food, symptoms start within a few hours. Although diarrhea 
may be profuse, the illness is usually short lived (24–48 h) 
and no specific treatment is required. Bacterial toxins are a 
common cause of food poisoning in Europe and the USA; 
the prevalence in developing countries is unknown. Ingestion 
of preformed toxins of Clostridium botulinum (especially from 
inadequately processed canned food) is a rarer but potentially 
fatal form of food poisoning.

 clostridium difficilE

C. difficile has been recognized as a cause of antibiotic-asso-
ciated diarrhea and of pseudomembranous colitis since the 
1970s. In the last decade, however, it has attracted increased 
attention as a major cause of morbidity and mortality, espe-
cially in the healthcare setting. The overall incidence has 
increased, and mortality has risen since the emergence of the 
hypervirulent 027 ribotype in 2000.99 The epidemiology of 
C. difficile	as	a	healthcare-associated	infection	(HCAI)	is	well	
documented in the developed world, but there is a paucity 
of information on the prevalence and behavior in developing 
countries.

A spore-forming bacterium, C. difficile is widespread in 
the environment. It is occasionally found in asymptomatic 
individuals (especially neonates), but is usually prevented 
from colonizing the human gut by the presence of normal 
intestinal microflora. If the normal commensals are erad-
icated by antibiotic treatment, C. difficile is able to move 
into the vacant niche: this is especially likely in the immu-
nocompromised and the elderly. The propensity for antibi-
otics to precipitate C. difficile-associated	diarrhea	 (CDAD)	
depends on: (1) the effect of the antibiotic on the normal 
bowel flora, and (2) the resistance of C. difficile itself to the 
drug. Although almost any antibiotic can be associated with 
CDAD,	 cephalosporins,	 clindamycin	 and	 aminopenicillins	
have been the most frequently implicated in the past. More 
recently fluoroquinolones have emerged as an important pre-
disposing factor because of increasing C. difficile  resistance 
to quinolones.100,101

Although antibiotics are important in the acquisition of 
C. difficile infection, there are complex organism and host fac-
tors	involved	in	the	development	and	course	of	CDAD.	Once	
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the gut is colonized the organism produces cytopathic tox-
ins	(of	which	CDT	A	and	B	are	the	most	important).	These	
are responsible for the symptoms, which can range from 
mild watery diarrhea to potentially fatal pseudomembranous 
colitis.

The	most	obvious	first	step	in	managing	CDAD	is	to	stop	
or simplify antibiotic therapy. However, symptoms often do 
not start for days or weeks after the offending course, and if 
the patient is still on antibiotics it is often not clinically appro-
priate to stop them. The majority of patients with symp-
tomatic C. difficile infection will require specific antimicrobial 
treatment. Metronidazole remains the most widely used agent, 
although the use of vancomycin is increasing. In mild or mod-
erate	CDAD	the	two	drugs	have	similar	efficacy,	with	cure	rates	
of >90% (although recurrence is common). Some recent stud-
ies have shown poorer results with metronidazole; this may be 
related to the emergence of metronidazole-resistant C. difficile, 
although this relationship is unproven.12,102 In more severe dis-
ease vancomycin is more effective, with a better cure rate and 
faster time to cure,103 and there is some evidence that higher 
doses (2 g per day) may be better still.99 However, these ben-
efits have to be weighed against the potential for increasing the 
rate of vancomycin resistance in other pathogens. Suggested 
treatment regimens are shown in Table 47.7.

Data on intravenous vancomycin and metronidazole in 
CDAD	 are	 limited.	There	 is	 some	 evidence	 supporting	 the	
use of intravenous metronidazole in patients who are unable 
to take oral therapy;12 vancomycin enemas have also been used 
in this situation. Relapse following treatment is common: this 
is usually due to reinfection with the same or a different strain 
rather than failure to clear the original infection. It is common 

practice to treat relapses with an antibiotic other than that 
originally used, but there are no data to support this.

Other	drugs	have	been	used	to	 treat	CDAD.	Teicoplanin	
and fusidic acid have been shown to have similar efficacy to 
metronidazole and vancomycin, but neither seems to offer 
significant	advantages.	Nitazoxanide	(an	antiprotozoal	drug)	
and rifaximin (used for prophylaxis of travelers’ diarrhea) 
have	 been	 used	 successfully	 for	 treating	 CDAD;	 neither	 is	
approved for this indication, but further assessment is under-
way. A number of new antimicrobials with activity against 
C. difficile are under development.104,105

Other potential therapeutic measures include antimotility 
agents, probiotics, immunoglobulins and steroids. Antimotility 
agents	have	traditionally	been	contraindicated	in	CDAD,	but	
recent evidence suggests that they may sometimes be  helpful.106 
Further clinical trial data are needed before they can be rec-
ommended. The evidence on probiotics is extensive and con-
fusing. For secondary prophylaxis in patients at high risk of 
recurrent disease, Saccharomyces boulardii may be protective.107 
There is not yet sufficient evidence that primary prophylaxis 
with probiotics has a role. Probiotics should be used with cau-
tion in immunocompromised patients as there is a risk of bac-
teremia and metastatic infection. Methylprednisolone and 
pooled human immunoglobulin have each been used with 
variable	 success	 to	 treat	 refractory	 CDAD.12 These may be 
tried in intractable cases, although there is no real evidence of 
their	efficacy.	Severe	CDAD	is	life-threatening,	and	surgical	
intervention (with colectomy) should be considered if there 
is no response to medical treatment. All severe cases should 
have regular surgical assessment, especially if there is signifi-
cant cecal dilatation.108

C. difficile is principally a healthcare-associated infection, 
and preventive measures include good antimicrobial steward-
ship, scrupulous attention to hand washing and hygiene, and 
contact isolation of affected patients.109

 wHIPPLE’S DISEASE

Whipple’s disease (caused by infection with Tropheryma 
whipplei) is a multisystem disorder, but the most commonly 
affected site is the small intestine. It is extremely rare, with 
an estimated incidence of less than 1 per million. Antibiotic 
treatment may be curative, but relapse after treatment is 
common,	 especially	 in	 the	 central	 nervous	 system	 (CNS).	
There have been no randomized prospective trials compar-
ing different drug therapy. A reasonable regimen is to give  
2 weeks of intravenous therapy with either benzylpenicil-
lin (2.4 g per day) and streptomycin (15 mg/kg per day) or 
ceftriaxone (2 g per day), followed by 1 year of trimethop-
rim–sulfamethoxazole 960 mg every 12 h.109 Resistance to 
trimethoprim has been reported, and if possible isolates should 
be tested for resistance genotypes.110 Longer courses may be 
needed	for	CNS	infection,	and	lumbar	puncture	should	be	
performed	in	all	cases	to	exclude	CNS	involvement.109

 antimicrobial treatment alternative/additional 
treatment

First episode   
 General  

measures 
 

  
 
 

Stop antibiotics if possible
Fluid and electrolyte 
replacement
Isolate; strict hygiene

 Mild Metronidazole 400 mg p.o. 
or 500 mg p.o. every 8 ha

Vancomycin 125 mg  
p.o. every 6 h

 Severeb,c 
 

Vancomycin 125 mg  
p.o. every 6 hd 

Metronidazole 500 mg i.v. 
every 8 he

Vancomycin enemae

Recurrence Metronidazole 400 mg  
or 500 mg p.o. every 8 ha

Vancomycin 250 mg p.o. 
every 6 h

Second  
recurrence 
 

Vancomycin 500 mg  
p.o. every 6 h 
 

Saccharomyces boulardii 
probioticf

Methylprednisoloneg

Immunoglobulinsg

table 47.7 suggested management path for CDAD

aSwitch to vancomycin after 72 h if condition worsens.
bCriteria for severe CDAD98 include white blood cell count >15 × 109, >50% rise in serum 
concentration of creatinine, severe diarrhea, temperature >38.3°C, albumin <25 mg/dL.
cConsider surgery for megacolon or severe colitis.
dMay be increased to 250 mg.
eIf unable to take by mouth.
fCaution in immunocompromised.
gConsider in severe or refractory cases.
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  INTESTINAL MYCObACTERIAL 
INFECTION

Intestinal tuberculosis should be treated with standard antitu-
berculosis	chemotherapy	(Ch.	58).

 SMALL bOwEL OvERGROwTH

Colonization	of	the	small	intestine	with	exogenous	bacteria	may	
occur in patients with structural abnormalities of the small 
bowel (such as strictures or diverticula), bypassed surgical 
loops, or in conditions associated with hypomotility such as 
scleroderma. Bacterial overgrowth may lead to diarrhea and 
malabsorption.	 Clinical	 improvement	 is	 usually	 seen	 after	
treatment with metronidazole, tetracycline or a fluoroqui-
nolone, but repeated courses are often required if the under-
lying abnormality remains.

 hElicobactEr pylori

Infection with H. pylori is common throughout the world. It is 
characterized by a mild chronic active gastritis, but this is usu-
ally asymptomatic. However, H. pylori gastritis is implicated 
in the pathogenesis of duodenal and gastric ulcers, mucosa-
associated lymphoid tissue (MALT) lymphomas and some 
gastric adenocarcinomas.111 Eradication of H. pylori virtually 
abolishes duodenal ulcer relapse, and all patients with pep-
tic ulcer disease in association with H. pylori infection should 
receive antibiotics. Eradication therapy should also be used 
in	the	treatment	of	gastric	lymphomas.	Non-ulcer	dyspepsia	
is commonly associated with H. pylori infection, but the evi-
dence for a causal connection is limited. Some patients do 
get symptomatic improvement after clearance of H. pylori, 
but expert opinion is divided on who should be treated.111,112

Several different therapeutic regimens have been used for 
treating H. pylori infection, including various combinations of 
antibiotics, proton pump inhibitors (PPI), H2-receptor antag-
onists and bismuth compounds. The recommended first-line 
therapy in Europe remains PPI, plus clarithromycin (500 mg 
every 12 h), plus either metronidazole (400–500 mg every 12 h) 
or amoxicillin (1 g every 12 h) for 7–14 days.112 The longer 
course is more effective, but not necessarily more cost-effec-
tive. The success rate of this regimen has fallen from >90% 
to <80%, largely due to increasing clarithromycin resistance. 
Various alternative treatment strategies have been proposed, 
both as primary therapy and as second line or rescue therapy. 
These include bismuth-based quadruple therapy, regimens sub-
stituting either fluoroquinolones or rifabutin for clarithromycin, 
and sequential treatment with different combinations.111 The 
European Helicobacter Study Group continue to recommend 
bismuth-based treatment for people who fail to respond to first-
line therapy112 (PPI, bismuth,  metronidazole 400–500 mg every 

8 h, and tetracycline 500 mg every 6 h. A number of bismuth 
salts are available commercially, and dosage will depend on 
which preparation is in use locally.) This recommendation may 
change as more data on new regimens become available.111

In children, H. pylori is associated with gastric and duode-
nal ulcer disease, as well as chronic gastritis. Eradication of 
the infection leads to long-term resolution of these conditions. 
However, there is a lack of data on treatment regimens and no 
clear consensus on optimal management.113

vIRAL INFECTIONS

Viral gastroenteritis is extremely common throughout the world, 
especially in children. It can be caused by several different organ-
isms, notably rotavirus, enteric adenovirus (types 40 and 41), 
Caliciviridae	 and	 Astroviridae.	 Norovirus,	 a	 genus	 of	 closely	
related	RNA	viruses	in	the	calicivirus	family,	is	highly	transmis-
sible and is responsible for large outbreaks of gastroenteritis both 
in the community and in healthcare institutions.

All these viruses cause self-limiting watery diarrhea and 
require only supportive treatment and rehydration. Occasionally 
mucosal damage or disaccharidase deficiency caused by the 
infection may result in more prolonged diarrhea. Viral gastroen-
teritis, often in association with malnutrition, is a major cause of 
morbidity and mortality in children in the developing world.

Some viruses, notably cytomegalovirus and herpes simplex, 
can cause severe ulcerating infection of the gastrointestinal 
tract in patients with HIV/AIDS or other immunosuppress-
ing conditions.

PROTOZOAL INFECTIONS

 GIARDIASIS

Infection with Giardia lamblia (intestinalis) can produce a vari-
ety of responses including acute watery diarrhea, persistent diar-
rhea (often associated with nausea, anorexia and belching) and 
asymptomatic colonization. Most people recover spontaneously 
and treatment is often unnecessary. Treatment of symptomatic 
patients probably accelerates parasitological and clinical cure, 
and is definitely indicated in patients with a more protracted 
illness. There is little point in treating people with asymptom-
atic infection in endemic areas, as reinfection rates are high, but 
those living in non-endemic areas should be treated. The most 
commonly used drugs are metronidazole and tinidazole.114 
Treatment	regimens	are	discussed	in	more	detail	in	Chapter	63.

 AMEbIASIS

Infection with Entamoeba histolytica can be divided into three 
clinical pictures: asymptomatic cyst passage, dysentery and 
liver abscess. The management of asymptomatic carriage has 
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been complicated by the recognition that there are at least 
two species of ameba, E. histolytica and E. dispar, which are 
indistinguishable by microscopy of the cysts. Only the former 
is potentially pathogenic. The importance of a third species,  
E. moshkovskii, remains uncertain.115 In endemic areas 
attempts to eradicate cyst carriage are of limited value due to 
the high rate of reinfection. In non-endemic areas people with 
proven E. histolytica in the gut should be treated, because of the 
potential pathogenicity and the risk of transmission. However, 
tests to distinguish E. histolytica from E. dispar are still not 
widely available, and treatment of asymptomatic cyst carriers 
based on microscopy alone is not recommended (unless there 
is other reason to suspect E. histolytica).116 The drug of choice 
for treating cyst carriage is diloxanide furoate, a non-absorbed 
luminal amebicide; paromomycin is also effective.

Proven amebic dysentery and amebic liver abscess should 
always be treated. The best agents are nitroimidazoles, either 
metronidazole or tinidazole, although nitazoxanide is an alter-
native for amebic dysentery. In non-endemic areas systemic 
treatment should always be followed with a luminal amebi-
cide.	Appropriate	regimens	are	described	in	Chapter	63.

 OTHER PROTOZOAL INFECTIONS

The treatment of cryptosporidiosis, microsporidiosis, isospo-
riasis and infection with Cyclospora cayetanensis is described 
in	Chapter	63.

Carriage	of	Balantidium coli is usually asymptomatic, but it 
can cause a syndrome similar to amebic dysentery. Tetracycline 
and metronidazole are effective, although there are no good 
clinical trials to guide therapy.117

Dientamoeba fragilis is often found in association with other 
gut parasites, but there is evidence that isolated D. fragilis 
infection can cause gastrointestinal symptoms.118 Treatment 
with tetracycline or metronidazole may be effective.

The role of Blastocystis hominis in human disease remains 
uncertain. It may occasionally be associated with clinical 
features (possibly related to a particular genetic subtype of 
the parasite),119 but in general the presence of this organism 
should not be accepted as a cause of symptoms.

INTESTINAL HELMINTHS

See	Chapter	64.
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Chapter

48 Hepatitis

Janice Main and howard C. thomas

Acute and chronic viral hepatitis continue to cause significant mor-
bidity and mortality worldwide. While many viruses cause hepatitis 
this chapter concentrates on the hepatotropic viruses, particularly 
those associated with chronic hepatitis.

HEPATITIS A VIRUS INFECTION

Hepatitis A virus (HAV) is a member of the Picornaviridae 
family and a major cause of acute hepatitis. HAV is trans-
mitted by the feco-oral route. Although most cases of acute 
HAV infection are subclinical, life-threatening fulminant hep-
atitis can occur and is particularly seen in older patients in 
the setting of significant alcohol consumption or pre-existing 
chronic liver disease such as chronic hepatitis B or C or non-
alcoholic fatty liver disease (NAFLD).

There are anecdotal reports of interferon-β being used in 
severe cases1 but this is an experimental approach and refer-
ral to a transplant center is recommended for those with life-
threatening disease.

PREVENTION

A major advance in the prevention of HAV infection has been 
the development of a safe and effective vaccine.2 Prior to this 
the only approach was the administration of ‘normal human 
immunoglobulin’, also known as gamma globulin, as passive 
prophylaxis. The efficacy of this depended on the presence of 
protective anti-HAV antibodies in the pool of blood donors, 
but the seroprevalence of IgG anti-HAV has declined with 
improved sanitation in many countries and failures of pro-
phylaxis have occurred. There are also increasing concerns 
regarding the safety of immunoglobulin products with poten-
tial risk of new variant Creutzfeldt–Jakob disease.

HAV vaccine has also been combined with hepatitis B vac-
cine and, in a preparation particularly targeted towards travel-
ers, with typhoid vaccine.

Different countries have used varying strategies for the 
administration of HAV vaccine. Some have included the vac-
cine as part of the normal childhood vaccination program 
and others have recommended a more targeted approach. 
The vaccine is recommended for those who travel to areas 
of poor  sanitation, for those with underlying liver disease 
such as chronic hepatitis B or C and those involved in food 
preparation where the infection could be passed on to many 
individuals.

HEPATITIS B VIRUS INFECTION

EPIDEMIOLOGY

Hepatitis B virus (HBV) can be transmitted sexually, by 
blood, blood products or vertically (mother to child). There 
are an estimated 350 million cases of chronic HBV world-
wide. In some areas of South East Asia approximately 20% 
of the population have chronic HBV infection, with many 
infected vertically. Already vaccination programs are reduc-
ing the prevalence in some countries, but it will be many years 
before the disease can be eradicated. In the Western world 
chronic hepatitis B (CHB) is mainly seen in high-risk indi-
viduals such as men who have sex with men (MSM) or intra-
venous drug users (IDU).

NATURAL HISTORY

HBV is a small (3.2 kb), partially double-stranded DNA virus 
and a member of the hepadnavirus group.

The incubation period is 2–6 months and although many 
cases are subclinical, fulminant hepatitis can occur.

Chronic HBV infection is defined by ongoing viral repli-
cation 6 months or more after the initial infection. Chronic 
infection is seen in approximately 5% of healthy adults, with 
higher rates in those with underlying immunodeficiency. 
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With perinatal infection the risk of chronicity is much higher 
(95%), and it is thought that this may be related to the imma-
turity of the neonatal immune system, circulating hepatitis B 
e antigen (HBeAg) inducing immune tolerance and possibly 
host genetic factors.3

More severe disease is seen in men and it is estimated that 
40% of infected men, if untreated, will die because of the 
subsequent complications which include the development of 
cirrhosis, liver failure and the development of hepatocellular 
carcinoma (HCC).4,5

 WILD-TYPE VIRUS AND VIRAL 
VARIANTS

Patients infected with wild-type HBV have circulating hepati-
tis B surface antigen (HBsAg) and HBeAg. HBV variants are 
increasingly recognized and many have implications for diag-
nosis, management and vaccination programs. For example, 
a subgroup of patients who are HBsAg positive and HBeAg 
negative, with anti-HBe antibodies, have active viral replica-
tion with HBV DNA levels of more than 105 genomes/mL in 
the blood and active liver damage with raised transaminase 
levels and inflammation and often fibrosis on liver biopsy. Viral 
sequencing in these patients revealed a mutation in the pre-
core gene6 which resulted in a stop codon which limited pro-
duction of HBeAg. These viral variants are known as pre-core 
variants or HBe-negative variants and can develop in patients 
with wild-type virus, during antiviral therapy or, alternatively, 
patients can be infected de novo with these variants.

 GENOTYPES

There are several genotypes of HBV and these were originally 
thought mainly to be of epidemiological interest. It is also rec-
ognized that the response to treatment may additionally be 
determined by the genotype. Patients infected with genotype 
A, for example, are more likely to respond to interferon ther-
apy by HBe antigen/antibody seroconversion than those with 
other genotypes.

 ANIMAL MODELS

Hepadnavirus infections with similar outcomes are seen 
in several animal species, including woodchucks, Beechey 
ground squirrels and Pekin ducks.

ACUTE HEPATITIS B

The development of acute hepatic illness appears to coincide 
with the host immune response and the detection of anti-
hepatitis core (anti-HBc) IgM antibodies. Although fatigue is 

not uncommon for some months following infection, it does 
not necessarily correlate with ongoing viral replication. Large 
multicenter trials would be required to determine whether 
immunomodulatory or antiviral therapy could limit the acute 
illness and reduce the risk of chronicity. There are theoretical 
risks that the immune stimulant effects of interferons could be 
detrimental in this setting. This has not been seen in practice.7 
Small studies support the use of nucleoside analogs, particu-
larly lamivudine, in severe cases.8

CHRONIC HEPATITIS B

The risks of developing decompensated liver disease or HCC 
have been shown to be positively correlated with viremia  levels 
of more than 105 genomes/mL. The aims of antiviral therapy 
are to clear or suppress the infection and to reduce the risks of 
developing life-threatening liver disease. Viral clearance also 
reduces the risk of viral transmission to others.

 CANDIDATES FOR THERAPY

Chronic infection is defined as the presence of ongoing viral 
replication (HBV DNA in blood) for more than 6 months. 
Those infected with wild-type virus will be HBsAg and HBe Ag 
positive and those with HBe-negative variants will be HBsAg 
positive, HBeAg negative and anti-HBe antibody positive. HBe 
antigen positive and negative patients with viremia levels of 
more than 105 genomes/mL with evidence of hepatic necroin-
flammatory activity and fibrosis are candidates for therapy.9

 ASSESSING THE RESPONSE  
TO ANTIVIRAL THERAPY

In patients with wild-type infection, a response is defined as:

1. sustained clearance of HBV DNA
2. sustained clearance of HBeAg and the development 

of anti-HBe antibodies (known as HBeAg/anti-HBe 
seroconversion)

3. sustained clearance of HBsAg and the development 
of anti-HBs antibodies (this can occur many years 
after (1)).

In patients infected with HBe-negative variants, only (1) and 
(3) are applicable.

In a successfully treated patient the clearance of virus is 
associated with a biochemical response (normalization of 
the elevated transaminase value) and a histological response 
(decreased hepatic inflammation and fibrosis).

With the available treatments only a minority of patients 
achieve a sustained virological response after 1 year of therapy, 
and long-term suppressive therapy has become an increasingly 
popular strategy for patients most at risk of the life-threaten-
ing complications of chronic HBV infection.
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 TREATMENTS

Interferons

Interferon-α has been administered for chronic HBV infec-
tion since 1976 and is now licensed therapy in many coun-
tries. Standard interferon-α was given thrice weekly for 3–6 
months but has now been phased out in preference to the 
more long-acting pegylated interferons (peginterferons) which 
are administered weekly for 6–12 months.

It is thought that the successful response to interferon ther-
apy is from its combination of antiviral and immunostimula-
tory effects.

Interferons induce intracellular enzymes which inhibit viral 
protein synthesis. They stimulate the production of about 30 
host proteins including 2',5'-oligoadenylate synthetase which 
leads to activation of ribonuclease enzymes that cleave viral 
mRNA. Protein kinases are also induced which can have an 
inhibitory effect on viral protein synthesis.

Hepatocytes have very little major histocompatibility 
complex (MHC) class I display and it is thought that this 
limits host immune recognition of infected cells. Interferons 
enhance the MHC class I display and it is thought that 
this encourages immune lysis of infected cells, which 
sometimes manifests as an elevation of the transaminase 
values in patients successfully treated with interferon. In 
patients with HIV and HBV infection, a similar phenom-
enon is seen with the immune restoration that follows effec-
tive antiretroviral therapy.10 This ‘transaminitis’ (Fig. 48.1) is 
generally asymptomatic; in those with advanced liver dis-
ease, however, a brisk hepatitic response can lead to hepatic 
 decompensation. Particular care is therefore required 
when treating patients with cirrhosis with interferon-based 
regimens.

In successfully treated patients with wild-type virus, an 
HBeAg/anti-HBe seroconversion occurs. Patients may continue 
to be HBsAg positive for some years but eventually this is often 
cleared.11 Follow-up studies have shown an improvement in the 
level of inflammation and fibrosis in the liver and this has been 
associated with a reduced risk of HCC in these patients.12

The original studies were with standard interferon given 
thrice weekly subcutaneously and success rates of 25–40% 
were reported in those with adult acquired disease.13–16 Similar 
results have been seen with peginterferon.17

Lower sustained response rates (approximately 20%) are 
seen with treatment of patients with anti-HBe variants.18

Patients with an existing active immune response with high 
transaminase levels, or active inflammation on a liver biopsy 
and low HBV DNA levels, are more likely to respond to ther-
apy than those with immunodeficiency such as HIV infection 
or vertically acquired disease.

The main adverse effects of interferon-α are listed in Box 
48.1. In view of the potential myelotoxicity, careful monitoring 
of the blood count is advised, with dose alteration as required. 
Patients with advanced liver disease and leukopenia or throm-
bocytopenia at baseline require particularly careful monitor-
ing. Influenza-like symptoms with malaise, fever and myalgia 
are particularly troublesome with the initiation of therapy. 
These can be minimized by administration of the interferon in 
the late evening and by prescribing paracetamol (acetamino-
phen) or non-steroidal anti-inflammatory drugs as required.

Depression is another major side effect and may limit therapy 
for some individuals. Patients with mild depressive symptoma-
tology often find antidepressants helpful but expert psychiatric 
help is advised for those with more severe symptoms.

The immunostimulatory effects of interferon can also result 
in the exacerbation of underlying autoimmune conditions.

 OTHER IMMUNOMODULATORY 
APPROACHES

Trials with thymic hormones, thymic peptides,19 levamisole 
and inosine pranobex have generally shown no benefit and the 
use of adjuvant vaccines remains experimental.

Box 48.1 Side effects of interferon-α

Fever and chills (less with subsequent doses)

Myalgia

Fatigue

Myelotoxicity (regular monitoring of full blood count required)

Impaired concentration

Altered mood (particularly depression – can be severe)

Exacerbation or development of underlying autoimmune disease, 

e.g. hyperthyroidism or hypothyroidism

Alopecia

Arthralgia

Hypersensitivity reactions (rare)

Pulmonary infiltrates (very rare)
Fig. 48.1 Chronic hepatitis B; successful response to interferon 
(IFN). ALT, alanine transaminase.
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There are case reports of patients with CHB with hema-
tological conditions who have been given bone marrow 
transplants from HBV immune donors and subsequently 
cleared HBV.20 This has led to considerable interest in 
the potential for lymphocyte transfer or modulation of 
the host immune response by ex-vivo stimulation of host 
lymphocytes.

 NUCLEOSIDE/NUCLEOTIDE 
 ANALOGS (NUCS)

There are three classes of NUCs used as therapy for HBV 
infection.

l-Nucleosides

Lamivudine

Lamivudine (3′-thiacytidine, 3TC) was one of the first of the 
new generation of agents to be shown to have a  significant 
effect on HBV replication.21–23 Its low toxicity, even with 
long-term use, is thought to relate to its minus enantiomer 
configuration.

After 1 year of therapy in one study 17% of patients cleared 
HBeAg and the response rate increased to 27% after a second 
year of therapy.24 An incremental increase is seen with longer 
treatment periods and a success rate of up to 66% has been 
reported with 4 years of therapy.25

Viral resistance was initially reported in the setting of liver 
transplantation26,27 and was noted to involve the YMDD motif 
(the equivalent of the 184 mutation in the HIV reverse tran-
scriptase gene).

After 1 year of therapy approximately 20% of patients have 
resistant virus and this increases over time to around 70% at 
5 years.

Although the YMDD variant is thought to be less repli-
cation competent,28 there have been ‘flares’ in hepatitis29,30 
reported with its emergence.

Although lamivudine in combination with interferon or other 
NUCs has not been shown to result in increased clearance rates, 
the emergence of resistance appears to be decreased by combi-
nation therapy.31

Lamivudine monotherapy appears effective for viral pro-
phylaxis in patients at risk of HBV reactivation who are about 
to receive immunosuppressive therapy for co-existent mor-
bidities.32 Lamivudine monotherapy is also occasionally used 
in pregnant mothers with high levels of viremia to reduce the 
risk of mother-to-baby transmission,33 but otherwise, hav-
ing been recognized as having a low genetic barrier, it is now 
rarely used as monotherapy.

Emtricitabine

As an antiviral agent, emtricitabine (FTC) appears very simi-
lar to lamivudine.34,35 Abnormal dreams are reported by some 
patients. It is mainly prescribed in combination with tenofo-
vir and as both agents also have activity against HIV, this has 

proved very useful for the management of patients with HIV/
HBV co-infection.

Telbivudine

Although telbivudine appeared more effective than lamivu-
dine in a large controlled trial,36 there were reports of elevated 
creatine kinase levels and concerns regarding peripheral neu-
ropathy with more prolonged therapy.

acyclic nucleoside phosphonates

Adefovir

Adefovir as monotherapy has been shown to be effective in 
patients with HBeAg positive and negative chronic hepatitis 
B.37,38 More prolonged therapy appears more advantageous 
in HBeAg-negative chronic hepatitis.39 There have been con-
cerns regarding nephrotoxicity.40 It has activity against lami-
vudine-resistant HBV and has therefore been mainly used in 
combination with lamivudine as a ‘de novo’ therapy or as an 
‘add-on’ agent for patients on lamivudine monotherapy41,42 
and emerging resistance.

Tenofovir

Tenofovir is more potent than adefovir.43 It is increasingly 
used in patients with HBV infection as it has potent anti-HBV 
activity and low rates of resistance compared to lamivudine 
monotherapy. Reports suggest that patients with the anti-HBe 
variant may be more at risk of resistance than those infected 
with wild-type virus.44 There are some concerns regarding the 
potential for nephrotoxicity, with reports of elevated creati-
nine, renal tubular dysfunction and risks of osteomalacia,44–48 
and monitoring (creatinine, calcium and phosphate levels) is 
recommended. It is only with longer-term follow-up that the 
risk of this will be clarified.

Deoxyguanosine analogs

Entecavir

Entecavir has potent activity against HBV49,50 and low rates 
of resistance have been reported.51 It appears more potent 
than adefovir.52 It has been suggested that with low toxicity, 
high potency and low rates of resistance it is useful as a first-
line agent as minimal monitoring is required in the outpatient 
clinic. It is less useful for patients with lamivudine-resistant 
virus53 and also has limited efficacy in patients with a partial 
response to adefovir therapy.54 There were concerns in ani-
mal studies regarding development of tumors but this has not 
been observed in humans.

PLANNING THERAPY FOR THE PATIENT

Overall it is possible to offer a sustained HBeAg/anti-HBe 
seroconversion rate of 30–40% of immunocompetent adults 
with adult acquired disease. Treatment can be stopped 6 
months after HBe clearance.
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Many patients, however, have only minimal liver disease 
and the risks of therapy with side effects of drugs and emer-
gence of resistance have to be weighed against the clinical 
benefit and the healthcare costs.

Studies such as the REVEAL study55,56 have been helpful 
in determining which patients are most likely to benefit from 
therapy and this is acknowledged in guidelines.

This study showed that a worse disease outcome is seen in 
those with higher levels of HBV replication. Guidelines gen-
erally recommend targeting therapy to those with active viral 
replication and evidence of progressive liver disease.57,58 The 
potential risks and benefits of therapy have to be carefully 
assessed for the individual patient and guidelines are being 
frequently updated59 with the development of new agents and 
the results of more long-term studies. Interferon is often rec-
ommended as a first-line therapy, particularly in those with 
a reasonable chance of response (genotype A, high transami-
nase level, low HBV DNA levels) as it is a ‘one-off therapy’.

In a subgroup of patients treated with NUCs it is possible 
to discontinue therapy after a finite course of therapy; how-
ever, NUCs are increasingly being used as long-term suppres-
sive therapy. The potency and high genetic barrier of tenofovir 
and entecavir have encouraged their use as monotherapy. 
These approaches should not be embarked on lightly as anti-
viral treatment requires monitoring, is expensive and there are 
risks of potentially fatal flares of hepatitis if the patient discon-
tinues medication.

PREVENTION

Safe and effective vaccines have now been developed against 
HBV.60 Passive prophylaxis with HBV immune globulin con-
tinues to be used to help prevent vertical transmission and 
in the setting of transplantation if nucleoside NUCs are 
ineffective.

HEPATITIS C VIRUS INFECTION

Hepatitis C virus (HCV), a member of the Flaviviridae family, 
was discovered in 1989,61 although its existence was suspected 
for many years as some patients who had been exposed to 
blood products developed acute or chronic hepatitis but had 
negative tests for HAV or HBV infection. The terms ‘post-
transfusion’ or ‘parenterally transmitted’ non-A, non-B hepa-
titis evolved and on retrospective testing the majority were 
found to be caused by HCV.

EPIDEMIOLOGY

HCV is mainly transmitted via blood. The screening of blood 
products has limited new cases but the infection remains 
common in those with a background of exposure to blood 
products before screening was introduced and in those with 

a history of intravenous drug use. Mother-to-baby transmis-
sion can occur but, in contrast to HBV, sexual transmission 
among heterosexuals is rare. An outbreak of HCV infection 
among HIV-positive men has, however, raised the possibility 
that sexual transmission is a potential route of transmission in 
men who have sex with men (MSM).62

In many patients there is no clear source of infection. It is esti-
mated that there are 170 million people with hepatitis C world-
wide.63 The seroprevalence is low (0.07%)64 in UK 
blood donors but thought to be 0.7% in the general UK 
population.65

Higher seroprevalence rates are reported elsewhere. In some 
areas of Egypt, for example, 25% of the adult population have 
HCV infection.66

There are six main genotypes of HCV:67 genotypes 1, 2 and 
3 are the predominant genotypes in Europe and the USA,68 
with genotype 4 predominating in Egypt.69

NATURAL HISTORY

The incubation period of HCV infection is 6–12 weeks. 
Acute hepatitis is generally subclinical and therefore often 
undiagnosed unless the patient is being monitored following 
a needlestick injury. Chronic infection follows in 60–80% of 
patients which can, over decades, lead to the development 
of cirrhosis and HCC.70,71 More rapid progression is associ-
ated with male gender, older age at time of infection, heavy 
alcohol consumption72 and immunosuppression such as HIV 
infection.73

It is also recognized that many patients with often only 
mild liver disease complain of significant fatigue and it has 
been postulated that HCV may cause CNS infection and/or 
dysfunction.74

TREATMENT

 ACUTE HEPATITIS

Although acute HCV is often undiagnosed, a number of stud-
ies have assessed the benefits of antiviral therapy with inter-
feron monotherapy75 or in combination with ribavirin. One 
study showed a response rate of more than 95% with standard 
interferon monotherapy.76 Even in the setting of HIV infec-
tion, response rates of 60%77 are recorded, apparently unde-
termined by the viral genotype.78 These rates are much higher 
than those seen in established chronic infection.

Overall, early diagnosis and treatment are beneficial and 
this is important when dealing with a patient or with a health-
care worker, for example, who has sustained a needlestick 
injury from an infected patient.

The optimal regimen and, indeed, timing have yet to be 
determined but most clinicians would recommend treatment 
within 3 months, particularly if monitoring has shown no 
decline in HCV RNA levels.
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 CHRONIC HEPATITIS

Chronic hepatitis is when infection has been present for 6 
months or more. Spontaneous clearance thereafter is highly 
unusual. Just as with HBV infection, the main aims of therapy 
are to clear the infection and to reduce the risks of fatal liver 
disease. There is no vaccine for HCV infection so treatment is 
also important in limiting potential spread of the disease.

The initial studies were before the discovery of HCV and 
the response limited to the transaminase levels and the liver 
biopsy appearances. Molecular virological advances have 
led to increased use of HCV RNA levels in determining the 
response to antiviral therapy.

Some patients when treated with antiviral therapy show no 
response or only a partial decline in the level of HCV RNA. 
Some patients who respond initially, subsequently ‘break-
through’, and some patients show a favorable response and 
then relapse following cessation of therapy

A sustained virological response (SVR) is defined as a 
 negative HCV RNA test 6 months after cessation of therapy 
(Fig. 48.2). Relapse thereafter is highly unusual.

Detailed monitoring of the viral load during the first few 
weeks of therapy helps tailor the antiviral regimen.

The rapid virological response (RVR) is the response of the 
HCV RNA level to undetectable levels after 4 weeks of therapy, 
and the early virological response (EVR) is the response to nega-
tivity at 12 weeks. It is generally recommended, for example, that 
patients who fail to demonstrate an EVR should discontinue 
therapy as it is very unlikely that they will achieve an SVR.

Interferon-a
Interferon-α has been used in trials since 198679 and is 
licensed in many countries. Initially it was given as mono-
therapy thrice weekly, and SVR rates of 10–20% were seen 

with this approach. With the introduction of peginter-
ferons and combination therapy with ribavirin, however, 
overall SVR rates of 45–55% are now seen.80,81 SVR rates 
are 70–80% in patients with genotype 2 or 3 infection 
and 40–50% in patients with genotype 1 infection. The 
Hadziyannis study81 demonstrated that 48 weeks of ther-
apy and full dose ribavirin was required to treat genotype 1 
infection (SVR 52%), whereas 24 weeks of therapy and low 
dose ribavirin was sufficient for patients with genotypes 2 or 
3 infection. The main side effects of interferon are listed in 
the Box 48.1 (p. 610).

ribavirin

Ribavirin is a guanosine analog with broad-spectrum anti-
viral activity. In initial monotherapy studies a reduction was 
seen in transaminase levels during therapy82 but subsequent 
studies showed very little effect on HCV replication83 and its 
mode of action in hepatitis C therapy is therefore unclear. It 
is given orally in combination with interferon for HCV infec-
tion. Side effects (Box 48.2) include anemia (mainly sec-
ondary to hemolysis), skin rash, pruritus and, more rarely, 
hypersensitivity. There are concerns regarding its potential 
for teratogenicity and prospective patients and their partners 
should be carefully counseled regarding this. It is recom-
mended that both men and women avoid conception whilst 
on therapy and for several months thereafter in view of the 
long half-life.

Combination therapy

Peginterferon and ribavirin combination therapy has been 
generally shown to be cost-effective. Older patients in partic-
ular should be carefully assessed prior to commencing ther-
apy as they may risk cardiac decompensation if they develop 
significant anemia with ribavirin-associated hemolysis. Low 

Fig. 48.2 Schematic representation of the influence of interferon treatment on hepatitis C virus RNA levels.
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response rates in genotype 1 infection suggest that it is not 
cost-effective to treat older patients with genotype 1 infection 
and mild liver damage84 or cirrhosis.85

Newer agents

Protease, polymerase and helicase inhibitors are being 
developed.

Telaprevir, for example, is a peptidomimetic. It resem-
bles the HCV polypeptide which is cleaved by HCV pro-
tease. With monotherapy significant reductions were seen in 
HCV RNA levels86 but viral resistance was observed early in 
the treatment course. Treatment courses (12–24 weeks) of 
 telaprevir in combination with peginterferon and ribavirin 
(24–48 weeks) appear promising, with SVR rates of 61–67% 
in patients with genotype 1 infection.87,88 Rashes, pruritus, 
nausea and diarrhea were more common in patients given the 
triple therapy and this may limit longer treatment regimens 
with triple therapy.

Boceprevir is a protease inhibitor with activity against 
 genotype 1 HCV,89 and trials are underway with the drug in 
combination therapy with peginterferon and ribavirin.

PLANNING THERAPY FOR THE PATIENT

Initially antiviral therapy was considered only for patients 
with more severe liver disease as determined by liver biopsy. 
The improved success rates with more effective combination 
therapy and analysis of viral load responses have encouraged 
more patients to embark on antiviral therapy. The standard 
guidelines recommend 24 weeks of peginterferon and ribavi-
rin for patients with genotype 2 or 3 infection.90

A 48-week treatment course is recommended for patients 
with genotype 1 infection but treatment should only be con-
tinued beyond the first 12 weeks if there is a favorable response 
(2 log10 or more reduction in HCV RNA or undetectable 
HCV RNA). This early virological response is helpful in stop-
ping ineffective therapy at an early stage. Those patients with 
genotype 1 infection who have undetectable levels of HCV 
RNA at 4 weeks (rapid virological response) may only require 
24 weeks of therapy.
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Box 48.2 Side effects of ribavirin

Hemolysis – caution in patients with cardiac problems

Risk of teratogenicity – males and females to avoid conception
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Acute hypersensitivity – rare
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49 Skin and soft-tissue infections
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The skin and underlying soft tissues form a formidable defensive barrier 
against infection despite the fact that the skin’s surface is normally colo-
nized by a variety of organisms. Disruption of the integrity of the integu-
ment, immunocompromised conditions, or spread of an organism via 
the circulation can lead to a variety of skin and soft-tissue infections. 
Diagnosis may rely solely upon the appearance of the skin lesions or on 
simple diagnostic tests such as cultures or skin biopsies. Isolation of the 
causative organism may be difficult, in many cases due to contamina-
tion by normal commensal skin flora. Treatment with systemic antivi-
ral or antibacterial agents offers excellent tissue penetration and rapid 
recovery. Topical antimicrobial therapy is limited by lack of adequate 
tissue penetration and skin hypersensitivity; however, the advantage of 
topical therapy is its lack of systemic toxicity and ease of application.

CHILDHOOD EXANTHEMS

Viral exanthems are common in children. In some cases the 
morphology of the rash and associated findings may allow 
for a specific diagnosis and treatment, although many cases 
are non-specific and not pathognomonic for a specific virus. 
There are now more than 50 specific agents known to cause 
viral exanthems. The classic six childhood exanthems are not 
all caused by viruses (Table 49.1).

Most childhood exanthems cause a rather non-specific 
generalized rash that occurs in a predictable pattern. Most are 
benign and self-limiting viral diseases with no specific treat-
ment except for supportive care; however, when these diseases 

occur during pregnancy and affect the fetus, they can have 
serious sequelae. For example, rubella (German measles) 
is a benign disease but the effects of congenital rubella can 
be very serious. If a pregnant woman is afflicted in the first 
trimester, the incidence of fetal damage approaches 50%.1 
Likewise, if erythema infectiosum (fifth disease; caused by 
parvovirus B19 infection) is acquired during pregnancy, the 
risk of spontaneous abortion or hydrops fetalis in a surviving 
offspring is increased. Some viral exanthems are known for 
the unique skin lesions they produce; measles (rubeola) causes 
the  characteristic Koplik’s spots and erythema infectiosum is 
known for the erythematous ‘slapped cheek’ appearance.

Treatment for viral exanthems is supportive, although 
childhood vaccination remains the most effective means of 
prevention in the case of measles and rubella.

ENTEROVIRAL INFECTIONS

Enteroviral infections such as hand, foot and mouth dis-
ease, herpangina, and echovirus 9 are the leading cause of 
childhood exanthems in the summer and fall. Enteroviruses 
enter through the gastrointestinal tract and are thought to 
account for two-thirds of all exanthems in August, September 
and October in the USA. More than 30 have been identi-
fied to cause exanthems. Enteroviral infections are spread 
by the oral–oral or fecal–oral route, and the typical incuba-
tion period is 3–5 days. The cutaneous manifestations are 
quite pleomorphic and include rubelliform, morbilliform, 
roseola-like, scarlatiniform, urticarial, pustular, petechial, 
purpuric and hemangioma-like eruptions. A specific entero-
viral diagnosis is not possible for most exanthems. Hand, 
foot and mouth disease is characterized by vesicular lesions 
in the mouth and on the extremities associated with a mild 
fever. Herpangina is a specific infectious disease character-
ized by sudden onset of fever, headache and neck pain, and 
gray–white papulovesicular lesions on the anterior pillars, 
soft palate, uvula and tonsils. No specific treatment is avail-
able; only supportive care is recommended for enteroviral 
infections.

table 49.1 Classic childhood exanthems

First disease Rubeola (measles)

Second disease Scarlet fever

Third disease Rubella

Fourth disease Filatov–Duke’s disease

Fifth disease Erythema infectiosum

Sixth disease Exanthem subitum (roseola infantum)
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HERPESVIRUSES

HERPES SIMPLEX (HSV)

HSV-1 and HSV-2 are double-stranded DNA viruses. Both 
types are characterized by a primary infection, which may or 
may not be symptomatic, followed by the establishment of a 
latent infection in the spinal ganglion.

HSV-1 commonly causes herpes labialis, also known as 
cold sores. Primary infection is more severe than recurrences, 
and may be associated with fever and lymphadenopathy. 
Infection usually recurs on or near the vermilion border of 
the lip and is triggered by sunlight, emotional stress, trauma 
to the lips, fatigue or fever. Recurrence is heralded by a typi-
cal prodrome of itching or burning at the site, followed by the 
classic appearance of an erythematous macule, followed by a 
papule, vesicle and finally a crust.

Genital herpes is most commonly caused by HSV-2, gen-
erally acquired through sexual contact; however, HSV-1 has 
been increasingly associated with genital herpes. Over 50% 
of persons with asymptomatic HSV-2 actively shed the virus; 
70–80% of cases of genital herpes are thought to be spread 
by asymptomatic viral shedding.2 Like herpes labialis, a 
 prodrome occurs in 40–50% of episodes.

Both oral and genital herpes infections appear as vesicles on 
an inflamed base. The vesicles erode quickly or become pustu-
lar before crusting over. Healing usually occurs in about 9 days 
for recurrent lesions and up to 3 weeks for primary infections.

Herpetic lesions such as herpetic whitlow are caused by pri-
mary or recurrent HSV infection on the fingers due to digital 
contact with infected oral or genital tissues.

Herpes gladiatorum, caused by direct skin-to-skin contact, 
is seen among wrestlers and rugby players and may affect the 
head, trunk and extremities.

Eczema herpeticum is a widespread cutaneous infection 
with HSV, which occurs in patients with skin disorders such 
as atopic dermatitis, Darier’s disease and pemphigus. It is fre-
quently superinfected with bacteria and is associated with 
fever, lymphadenopathy and malaise.

 DIAgNOSIS

Diagnosis of herpes can be made by identifying multinucleated 
balloon keratinocytes on a Tzanck smear taken from the floor of 
an early vesicle stained with Wright or Giemsa stain. Culture is the 
gold standard for diagnosis, and serology via ELISA or Western 
blot can be used to distinguish between HSV-1 and HSV-2.

 TREATMENT

HSV-1 and HSV-2 infections can be treated with oral aci-
clovir, famciclovir or valaciclovir, and are treated differently 

depending on whether the patient presents with a first episode 
of infection, recurrence of infection or a need for suppressive 
therapy (more than six recurrences yearly). Table 49.2 lists 
the recommended treatment regimens for both herpes labialis 
and genital herpes. Both famciclovir and valaciclovir, which 
are equally effective, are more conveniently dosed and better 
absorbed than the prototype aciclovir (acyclovir).

Penciclovir and aciclovir creams are approved for herpes 
labialis; however, their effectiveness is limited by poor tissue 
penetration and by the frequent inconvenient dosing regimen.

VARICELLA ZOSTER VIRUS (HHV-3)

Varicella (chickenpox) and herpes zoster (shingles) are both 
caused by a single member of the herpesvirus family (human 
herpesvirus-3; HHV-3). Varicella results from a primary infec-
tion in a susceptible person, whereas zoster is a reactivation in 
persons who have had varicella. Varicella is highly contagious 
and usually transmitted via the respiratory route or by direct 
contact. The clinical manifestations of primary varicella include 
an occasional prodrome; in children, low-grade fever and mal-
aise may proceed or occur simultaneously with the onset of 
the rash. In adults, a headache, myalgia, nausea, vomiting and 
anorexia can precede the rash. The rash is characterized by 
small erythematous macules that initially appear on the face 
and trunk, spread to the proximal upper limbs, and somewhat 
spare the distal lower limbs. The skin lesions rapidly evolve in 
crops over 12–14 h. The rash progresses in a predictable man-
ner: first papules, next vesicles and, finally, crusts. Vesicles may 
have slightly hemorrhagic bases and have the  characteristic 

table 49.2 oral treatment regimens for herpes infections

Clinical disease treatment

Herpes labialis
 First episode Aciclovir 400 mg every 8 h for 7–10 days  

(children and adults)
Famciclovir 500 mg every 12 h for 7 days (adults)
Valaciclovir 1 g every 12 h for 7 days (adults)

 Recurrences Aciclovir 400 mg every 8 h for 5 days
Famciclovir 1.5 g once
Valaciclovir 2 g every 12 h for 1 day

 Suppressive therapy Aciclovir 400 mg every 12 h
Famciclovir 500 mg every 12 h
Valaciclovir 500 mg once daily

Genital herpes
 First episode Aciclovir 400 mg every 8 h for 7–10 days

Aciclovir 200 mg five times daily for 7–10 days
Famciclovir 250 mg every 8 h for 7–10 days
Valaciclovir 1 g every 12 h for 7–10 days

 Recurrences Aciclovir 400 mg every 8 h for 5 days
Aciclovir 800 mg every 8 h for 2 days
Aciclovir 800 mg every 12 h for 5 days
Famciclovir 125 mg every 12 h for 5 days
Famciclovir 1 g every 12 h for 1 day
Valaciclovir 500 mg every 12 h for 3 days

 Suppressive therapy Aciclovir 400 mg every 12 h
Famciclovir 250 mg every 12 h
Valaciclovir 500 mg once daily (≤9 outbreaks a 
year)
Valaciclovir 1 g once daily (>9 outbreaks a year)
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appearance of ‘dewdrops on a rose petal’. Infection tends to be 
more severe in older children and adults.

For primary varicella in healthy children, treatment has 
traditionally been symptomatic, using only calamine lotion, 
cool compresses, tepid baths and non-aspirin antipyretics. 
Healthy children with primary varicella virus infection may 
also be treated with oral aciclovir.

Treatment of primary varicella in older children, adults and 
immunocompromised patients is mandatory. If the patient is 
an adult or of adult size, the dosage of acyclovir is 800 mg five 
times a day for 7 days; in smaller children the recommenda-
tion is 10 mg/kg four times a day for 5 days. Although neither 
famciclovir nor valaciclovir has been approved for treatment 
of primary varicella, zoster-equivalent doses are effective.

Herpes zoster is an acute inflammatory unilateral derma-
tosis having both dermatological and neurological manifesta-
tions. It is estimated to afflict 15–20% of the population, with 
incidence rising with increasing age.3 Immune senescence, 
resulting in a decline in T-cell-mediated immunity, is sus-
pected to contribute to the reactivation of the varicella zoster 
virus lying dormant in the spinal cord dorsal root ganglia.4 
The patient may experience prodromal symptoms of low-
grade fever, pain, numbness, pruritus and paresthesia several 
days before cutaneous involvement. These signs foreshadow 
the appearance of the classic rash, most often described as 
unilateral grouped vesicles on an erythematous and edema-
tous base along a dermatomal distribution. Frequently, there 
are a few scattered non-dermatomal lesions, and rarely a gen-
eralized eruption may occur. Complete cutaneous healing is 
expected in 3–4 weeks and patients are considered contagious 
until the lesions are crusted.

Varicella and herpes zoster are generally diagnosed clin-
ically. The Tzanck smear is positive in 80–100% of zoster 
cases. The current recommendation for treatment of herpes 
zoster is famciclovir 500 mg every 8 h for 7 days or valaciclovir 
1 g every 8 h for 7 days. These medications are more conve-
niently dosed and achieve higher plasma concentrations than 
oral aciclovir, for which the recommended dosing is 800 mg  
five times daily for 7 days.

EPSTEIN–BARR VIRUS (HHV-4)

Epstein–Barr virus (EBV) is a double-stranded DNA virus 
with an envelope and is a member of the herpesvirus family 
(HHV-4). Humans acquire infection through contact with sal-
ivary secretions. EBV persists for life as a latent infection in B 
cells. It is the etiological agent of infectious mononucleosis, and 
is associated with oral hairy leukoplakia and B-cell lymphoma 
in patients with AIDS, Burkitt’s lymphoma, nasopharyngeal 
 carcinoma, Hodgkin’s disease and some T-cell lymphomas.

The triad of fever, sore throat and lymphadenopathy char-
acterizes infectious mononucleosis.5 The monospot test is 
used to diagnose EBV. Mononucleosis is often self-limiting 
and management consists of rest and antipyretics. Severe 
cases may result in splenomegaly and subsequent splenic 
 rupture after trauma.

Oral hairy leukoplakia is a non-malignant hyperplasia of 
the epithelial cells due to active replication of EBV, most com-
monly seen in HIV-positive individuals.6,7 Lesions are usually 
present on the lateral tongue and appear slightly raised and 
white with a corrugated or hairy appearance. Oral hairy leu-
koplakia resolves with oral aciclovir, but will recur 2 weeks to 
2 months after stopping therapy.

CYTOMEgALOVIRUS (HHV-5)

Cytomegalovirus (CMV) is an enveloped, double-stranded 
DNA virus of the herpes family, also known as HHV-5. It is 
ubiquitous, with nearly everyone infected by adulthood. After 
primary infection, which is usually asymptomatic and sub-
clinical, the virus remains present for life in a latent stage. 
Immunocompromised patients and neonates are at the high-
est risk of danger from CMV infection. Transmission occurs 
via intimate contact with body fluids such as saliva, vaginal 
secretions, semen, breast milk, feces or blood. Cutaneous 
lesions associated with CMV are rare and non-specific, and 
usually occur only in immunocompromised states. The most 
specific manifestation of cutaneous CMV is ulceration of the 
perianal area.

Treatment is generally not needed in immunocompe-
tent individuals. Immunocompromised patients may be 
treated with ganciclovir, valganciclovir, foscarnet or cido-
fovir. Fomivirsen is also approved for treatment of CMV 
retinitis.

HUMAN HERPESVIRUS 6 (ROSEOLA)

Roseola (also known as exanthem subitum) is a very com-
mon childhood exanthem in which HHV-6 has been shown 
to play a causal role. Roseola is characterized by a prodrome 
of high fever (102–105°F) for 3–5 days, followed by an abrupt 
decrease in fever and sudden appearance of an exanthem 
(hence ‘subitum’) that occurs almost exclusively in children 
under 2 years old. Ganciclovir and foscarnet may be helpful 
in cases with severe complications, but are not approved for 
this purpose in the USA. Primary infections confer lasting 
immunity.

HUMAN HERPESVIRUS 7

This virus is also known to cause roseola, but much less com-
monly than HHV-6. It is also thought to be the causative 
agent of pityriasis rosea, a benign skin disease characterized 
by the appearance of a large, scaly, oval ‘herald patch’ fol-
lowed by smaller patches on the trunk and extremities. The 
rash is self-limiting, with resolution in 6–14 weeks. Although 
HHV-7 is susceptible to ganciclovir and foscarnet and mini-
mally  susceptible to aciclovir, these agents are not routinely 
used since only supportive care is needed in most cases.
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HUMAN HERPESVIRUS 8 (KAPOSI’s 
SARCOMA)

Kaposi’s sarcoma is a malignancy associated with HHV-8 infec-
tion.8 It presents as violaceous, red–dark-brown firm macules 
or papules, irregularly oval-shaped and parallel to skin tension 
lines. Systemic therapy should be restricted to patients with 
disseminated disease or with massive involvement of visceral 
organs. In HIV-positive patients therapy should be postponed 
until the patient has had time to respond to highly active anti-
retroviral therapy (HAART), as the lesions may improve with 
HAART only. Therapies for Kaposi’s sarcoma include radio-
therapy, interferon-α, cidofovir, conventional chemotherapy, 
and topical and systemic retinoids.9

POXVIRUSES

SMALLPOX

Smallpox is caused by a DNA virus known as variola. The 
last known case occurred in October 1977 and worldwide 
eradication was announced in 1979. Smallpox had a 25–30% 
mortality rate and was generally managed with supportive 
care; no treatment was ever found during its prevalence.

CONTAgIOUS ECTHYMA (CONTAgIOUS 
PUSTULAR DERMATITIS, ORF)

Contagious ecthyma is a member of the Parapox genus. It is 
acquired from infected sheep or goats with crusted lesions 
on the lips. The lesions appear as flat or dome-shaped bullae 
with minimal fluid and a central umbilicated crust. They bleed 
easily and heal without scarring. During a period of approxi-
mately 35 days the lesions pass through six clinical stages, each 
lasting about 6 days.10 The diagnosis is based on history and 
physical examination, viral culture on sheep cells, fluorescent 
antibody tests, electron microscopy and complement fixation 
test.11 No treatment is usually necessary as the lesions resolve 
in 4–6 weeks. Liquid nitrogen or shave excision may be used to 
speed recovery; antibiotics are indicated for superinfection.

MILKER’S NODULE

Milker’s nodule (caused by the paravaccinia virus) is simi-
lar to orf. The virus is endemic in cattle and is transmitted 
by direct contact with them.12 Lesions have been described 
as passing through six clinical stages similar to the orf virus. 
Milker’s nodule resolves without therapy.

MOLLUSCUM CONTAgIOSUM

Molluscum contagiosum is caused by a double-stranded 
DNA virus of the poxvirus group. It affects mainly children, 

sexually active adults and immunocompromised individu-
als, and is spread by direct inoculation between humans. 
The lesions are small, discrete waxy, flesh-colored, dome-
shaped papules with a central umbilication that are 3–6 mm 
in size. In patients with AIDS, several systemic fungal infec-
tions  commonly mimic molluscum contagiosum, includ-
ing cryptococcosis, histoplasmosis and Penicillium marneffei 
infection.

Histologically, molluscum bodies are present. The stratum 
corneum disintegrates in the center of the lesion, releasing the 
molluscum bodies and creating a central crater.

Treatment options include cryosurgery, curettage, inci-
sion and expression of the molluscum body; cantharidin, 
topical podophyllotoxin cream, salicylic acid preparations, 
 imiquimod and topical cidofovir.

HUMAN PAPILLOMAVIRUSES

Warts are caused by papillomaviruses, members of the family 
Papillomaviridae. Papillomaviruses are double-stranded DNA 
viruses that do not have an envelope and thus can remain 
infectious for long periods of time after drying. More than 
100 different types of human papillomavirus (HPV) have been 
identified by their separate DNA genotypes as detected by 
polymerase chain reaction.13 Incubation period is 2–9 months 
(average 3 months). Table 49.3 lists the various HPV types and 
their common lesions.

table 49.3 Human papillomaviruses and their common lesions

human papillomaviruses type Wart type

HPV-1, HPV-2, HPV-4 Palmoplantar warts

HPV-2, HPV-4, HPV-27, HPV-29 Common warts

HPV-3, HPV-10, HPV-28, HPV-49 Flat warts

HPV-6, HPV-11 Condyloma (low risk of 
carcinoma)

HPV-16, HPV-18, HPV-31, HPV-33–35,  
HPV-40, HPV-51–60

Squamous cell carcinoma  
(high risk of carcinoma)

HPV-6, HPV-11 Laryngeal papillomas

HPV-30 Laryngeal carcinoma

HPV-13, HPV-32 Oral focal epithelial hyperplasia 
(Heck’s disease)

HPV-16, HPV-18, HPV-31, HPV-33–35,  
HPV-39, HPV-40, HPV-51–60

Bowenoid papulosis

HPV-7 Butcher’s warts

HPV-5, HPV-8, HPV-9, HPV-12, HPV-14,  
HPV-15, HPV-17, HPV-19–26, HPV-36,  
HPV-47, HPV-50

Epidermodysplasia 
verruciformis

HPV-6, HPV-11 Giant condyloma of Buschke 
and Loewenstein



 GRAM-PoSiTiVE oRGAniSMS  621

Palmoplantar warts usually occur on the palms, soles and 
the lateral aspects of the fingers and toes. They can be  painful 
on pressure and look similar to a callus, but are  differentiated 
by their loss of skin lines and multiple black dots (which rep-
resent punctate hemorrhages from thrombosed dermal cap-
illaries). Common warts (verruca vulgaris) can occur on any 
skin surface and are described as scaly, rough, spiny papules. 
Flat warts (verruca plana) are most common on the face, 
lower legs and dorsal hands.

Epidermodysplasia verruciformis (EV) represents a 
unique susceptibility to cutaneous HPV infection, espe-
cially types that are not generally responsible for human 
infection, such as HPV-5, -8, -9, -12, -14, -15, -17, -19, 
-25, -36, -38, -47 and -50.14 Approximately 50% of cases 
are inherited, usually with an autosomal recessive pattern. 
Recent findings have shown mutations in the EVER1 and 
EVER2 genes to be associated with this disease. Patients 
suffer from extensive infection with warts that resemble ver-
ruca plana.15

Condyloma acuminatum commonly occurs on the penis, 
vulva and anal region. The lesions appear as soft verrucous 
papules that coalesce into cauliflower-like masses.

Giant condyloma acuminata of Buschke and Loewenstein 
has been associated with HPV-6 and HPV-11 DNA, and is 
regarded as a low-grade verrucous carcinoma that resembles 
a large aggregate of condyloma acuminata. It is most common 
on the glans penis, vulva and anal region.

Bowenoid papulosis is described as multiple, small, 
reddish-brown flat-topped papules of the genitalia of 
men and women. Squamous cell carcinoma may arise in a 
Bowenoid papule, and is most commonly associated with 
HPV-16.

Oral focal epithelial hyperplasia (Heck’s disease) is a 
rare condition described in Native Americans and Eskimos. 
Heck’s disease is a chronic disease associated with HPV-13 
and HPV-32. Lesions commonly present on the oral mucosa 
of the lower lip, buccal and gingival mucosa.

Therapy depends on the type of lesion seen clinically:

•	 For	common	and	palmoplantar	warts,	daily	topical	
salicylic acid preparations, cryotherapy, curettage, 
electrodesiccation, cantharidin, intralesional bleomycin 
and CO2 laser ablation are routine therapies.

•	 Genital	warts	respond	to	imiquimod,	sinecatechin	cream,	
cryotherapy, trichloroacetic acid 50–80%, electrosurgery, 
excision, laser ablation and interferon-α intralesionally. 
Imiquimod induces interferon-α and is the most effective 
treatment with the lowest recurrence rate. Podophyllin is 
contraindicated because it contains mutagens which are 
potential carcinogens.

•	 Flat	warts	may	respond	to	topical	treatment	with	
the vitamin A derivative tretinoin or 5-fluorouracil, 
cryotherapy and imiquimod.

•	 Epidermodysplasia	verruciformis	may	also	respond	to	
systemic retinoids.

•	 Radiation	of	verrucas	is	contraindicated	due	to	its	
association with the development of malignancy.

gRAM-POSITIVE ORgANISMS

STAPHYLOCOCCAL INFECTIONS

 IMPETIgO

Both bullous and non-bullous forms of impetigo exist; how-
ever, non-bullous impetigo caused by Staphylococcus aureus 
accounts for the majority of cases. A prodrome of itching and 
pain heralds the appearance of a vesicle or pustule, after which 
the classic honey-colored crusted plaque with surrounding 
erythema appears.

Treatment with topical mupirocin or bacitracin every 8 h 
for 7–10 days or retapamulin every 12 h for 5 days is gener-
ally sufficient for localized involvement, although a course 
of oral antibiotics with a penicillinase-resistant semisynthetic 
penicillin may be needed (Table 49.4). Oral dicloxacillin  

table 49.4 Common penicillin doses (for adults) used in skin 
and soft-tissue infections

penicillin route Dose

Natural penicillins
 Aqueous penicillin G i.v. 8–24 MU every 2–6 h
 Procaine benzylpenicillin G i.m. 0.6–1.2 MU once
 Benzathine penicillin G i.m. 1.2–2.4 MU once
  Procaine + benzathine 

penicillin
i.m. 2.4 MU once

 Penicillin V oral 250–500 mg every 6 h

Penicillin-resistant penicillins
 Dicloxacillin oral 125–500 mg every 6 h 

before meals
 Cloxacillin oral 250–500 mg every 6 h
 Flucloxacillin oral 250–500 mg every 6 h 

before meals
i.m. 250–500 mg every 6 h
i.v. 250–1 g every 6 h

 Nafcillin i.m. 500 mg every 4 h
i.v. 500–2000 mg every 4–6 h

 Oxacillin oral 500–1000 mg every 6 h
i.m., i.v. 250–2000 mg every 4–6 h

Aminopenicillins
 Amoxicillin oral 250–500 mg every 8 h

i.m. 500–1000 mg every 6 h
i.v. 1–2 g every 4–6 h

 Ampicillin oral 250–1000 mg every 6 h
i.m. 500–1000 mg every 6 h
i.v. 1–2 g every 4 h

 Ampicillin–sulbactam i.v. 1.5–3 g every 6 h
 Amoxicillin–clavulanate oral 250/125 mg every 8 h

500/125 mg every 12 h
875/125 mg every 12 h

Antipseudomonal penicillins
 Piperacillin–tazobactam i.v. 3.375 g every 6 h

4.5 g every 8 h
 Ticarcillin–clavulanate i.v. 3.1–3.2 g every 4–6 h
 Ticarcillin i.v. 3 g every 4 h or 4 g every 6 h
 Mezlocillin i.v., i.m. 3 g every 4 h or 4 g every 6 h
 Piperacillin i.m., i.v. 6–24 g per day in divided 

doses

MU, megaunit (1 megaunit = 600 mg).
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125–500 mg every 6 h, flucloxacillin 250–500 mg every 6 h 
or oxacillin 500–1000 mg every 4–6 h (Table 49.4) are rec-
ommended. A first-generation cephalosporin such as oral 
cefalexin 250–500 mg every 6 h (Table 49.5) may also be 
used. Alternatives include ampicillin plus clindamycin and 
either azithromycin, erythromycin or clarithromycin (Tables 
49.4 and 49.6).

 ECTHYMA

Impetigo can evolve into ecthyma if left untreated. Either 
Staph. aureus or Streptococcus pyogenes causes ecthyma (Table 
49.7). The lesions of ecthyma penetrate the epidermis, creating 
a yellow–gray crusted ulcer up to 3 cm in diameter. The lesions 
most commonly affect the lower extremities in neglected 
debilitated patients with poor hygiene. Healing can take  

several weeks, despite antibiotic therapy. Topical antibiotics plus 
the same oral antibiotic regimens as used in impetigo, coupled 
with warm compresses 3–4 times daily, are recommended.

 FOLLICULITIS

Folliculitis is most commonly caused by Staph. aureus (Table 
49.7). The two common types of folliculitis are superficial 
and deep. The superficial types are referred to as follicular or 
Bockhart’s impetigo and commonly are located on the beard 
area, axilla, buttocks and extremities. The deep form of fol-
liculitis typically occurs in the beard areas and involves peri-
follicular inflammation. Treatment with topical mupirocin, 
clindamycin 1% or erythromycin 2% along with an antibacte-
rial wash or soap is usually sufficient; systemic treatment with 
antibiotics is reserved for deep extensive cases. Left untreated, 
folliculitis can evolve into a furuncle or carbuncle.

 FURUNCLES AND CARBUNCLES

A furuncle, also known as a boil, is a deep, firm, erythema-
tous painful inflammatory nodule, which occurs around hair 
follicles and gradually enlarges to form a fluctuant abscess. 
Staph. aureus is the etiological agent (Table 49.7), and increas-
ing numbers of infections are found to be due to methicillin-
resistant Staph. aureus (MRSA), which may be hospital or 
community acquired. Following rupture of a furuncle, pus is 
expressed along with a core of necrotic material and the lesion 
begins to heal. Several furuncles can coalesce into a deeper 
network of more extensive lesions and form a carbuncle.

Carbuncles are usually more erythematous and indu-
rated than furuncles. Carbuncles and furuncles can evolve 
into more serious diseases such as cellulitis and bacteremic 
spread.

Treatment is aimed at incision and drainage of the pus. 
If a carbuncle or furuncle is complicated by fever or celluli-
tis, treatment with a semisynthetic penicillin is indicated: oral 
dicloxacillin, flucloxacillin, cefalexin, clindamycin or erythro-
mycin, or intravenous nafcillin/oxacillin 2 g every 6 h (Table 
49.4). Alternatively, intravenous cefazolin 1–2 g every 8 h 
or vancomycin 1 g every 12 h may be used. When MRSA 
 infection is suspected, oral tetracyclines, trimethoprim– 
sulfamethoxazole, clindamycin or linezolid (400 mg every  
12 h)  may be used.

 PARONYCHIA

Paronychia are infections caused predominately by Staph. 
aureus entering a break in the skin around the fingernails 
in persons exposed to hand trauma or chronic moisture16 
(Table 49.7). Other organisms causing paronychia include 
Streptococcus, Candida, Pseudomonas spp., oral anaerobes 

table 49.5 Common cephalosporin doses (for adults) used  
in skin and soft-tissue infections

Cephalosporin route Dose

First generation
 Cefalexin oral 250–500 mg every 6 h
 Cefadroxil oral 1–2 g per day
 Cefamandole i.v., i.m. 500–1000 mg every 4–8 h
 Cefazolin i.m., i.v. 500–2000 mg every 8 h

Second generation
 Cefaclor oral 250–1000 mg every 8 h
 Cefuroxime i.m., i.v. 750–1500 mg every 8 h
 Loracarbef oral 400 mg every 12 h
 Cefoxitin i.v. 2 g every 6 h
 Cefotetan i.v. 2 g every 12 h

Third generation
 Cefotaxime i.v., i.m. 1–2 g every 6–12 h
 Ceftriaxone i.m., i.v. 1–2 g per day
 Cefixime oral 400 mg/day or 200 mg every 12 h
 Ceftazidime i.m., i.v. 1–2 g every 8–12 h
 Cefoperazone i.v., i.m. 2–4 g every 12 h
 Cefpodoxime oral 200 mg every 12 h

Fourth generation
 Cefepime i.v. 500–2000 mg every 12 h

Macrolide route Dose

Erythromycin base oral 250–500 mg every 6 h

Erythromycin ethyl  
succinate

oral 400 mg every 6 h

Erythromycin estolate oral 250 mg every 6 h

Erythromycin  
lactobionate

i.v. 15–20 mg/kg every 6 h (maximum 
dose, 1 g every 6 h; 4 g per day)

Azithromycin oral 500 mg for one day followed by 
250 mg/day for 4 days or 1–2 g 
single dose

i.v. 500 mg/day

Clarithromycin oral 250–500 mg every 12 h

table 49.6 Common macrolide doses (for adults) used  
in skin and soft-tissue infections
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Disease Causative organism primary treatment Secondary treatment

Acne Propionibacterium acnes Doxycycline
Minocycline
Tetracycline

Erythromycin base
Clindamycin

Actinomycosis Actinomyces israelii,
Actinomyces gerencseriae

Penicillin V Clindamycin

Anthrax Bacillus anthracis Penicillin G (aqueous)
Ciprofloxacin
Levofloxacin

Erythromycin base
Doxycycline

Bacillary angiomatosis Bartonella henselae,
Bartonella quintana

Erythromycin base Doxycycline

Blistering distal dactylitis Staphylococcus aureus,
Streptococcus pyogenes

Dicloxacillin
Penicillin V

Cephalosporin (2nd generation)
Erythromycin base
Clindamycin

Boils (carbuncles, furuncles) Staphylococcus aureus Dicloxacillin Cephalosporin (2nd generation)
Erythromycin base
Clindamycin
Levofloxacin

Cat bite Pasteurella multocida,
Staphylococcal aureus

Amoxicillin–clavulanate Doxycycline
Cefuroxime
Penicillin G (aqueous)
Penicillin V

Cat-scratch disease Bartonella henselae Ciprofloxacin Trimethoprim–sulfamethoxazole

Cellulitis Streptococcus pyogenes,
Staphylococcus aureus

Nafcillin
Oxacillin
Dicloxacillin
Cefazolin

Cephalosporin (2nd generation)
Erythromycin base
Azithromycin or clarithromycin
Clindamycin
Levofloxacin
Linezolid

Clostridium cellulitis Clostridium perfringens Penicillin G (aqueous) Clindamycin
Metronidazole
Tetracycline
Chloramphenicol
Imipenem

Diphtheria Corynebacterium diphtheriae Erythromycin base Penicillin V
Benzylpenicillin

Dog bites Pasteurella multocida,
Viridans group streptococci,
Staphylococcus aureus

Amoxicillin–clavulanate Clindamycin plus: 
1. fluoroquinolone (adults)
2.  trimethoprim–sulfamethoxazole 

(children)

Ecthyma Staphylococcus aureus Dicloxacillin Cephalosporin (2nd generation)
Erythromycin
Clindamycin

Ehrlichiosis Ehrlichia spp. Doxycycline Chloramphenicol

Erysipelas Streptococcus pyogenes Penicillin G (benzathine)
Nafcillin
Oxacillin
Dicloxacillin

Erythromycin base
Azithromycin
Clarithromycin
Cephalosporin (2nd generation)

Erysipeloid Erysipelothrix rhusiopathiae Penicillin G (aqueous)
Ampicillin

Erythromycin base
Fluoroquinolones
Cephalosporin (4th generation)
Clindamycin

Erythema gangrenosum 
 

Pseudomonas aeruginosa 
 

Ceftazidime
Amikacin 

Piperacillin
Tobramycin
Ciprofloxacin

Erythrasma Corynebacterium  
minutissimum

Erythromycin base Topical benzoyl peroxide
Topical clindamycin

table 49.7 Skin and soft-tissue infections, causative organisms and primary and secondary treatment regimens

(Continued)
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table 49.7 Skin and soft-tissue infections, causative organisms and primary and secondary treatment regimens—cont’d

Disease Causative organism primary treatment Secondary treatment

Folliculitis Staphylococcus aureus Topical mupirocin Dicloxacillin
Penicillin V
Oxacillin
Penicillin G (benzathine)
Erythromycin base

Gangrenous cellulitis (necrotiz-
ing fasciitis)

Peptostreptococcus spp.
Bacteroides spp.
Enterobacter spp.
Proteus spp.

Ampicillin–sulbactam  
Imipenem–cilastatin 
Ticarcillin–clavulanate

Cephalosporin (3rd generation)
Clindamycin
Metronidazole + aminoglycoside

Gangrenous cellulitis (strepto-
coccal gangrene)

Streptococcus group A/B/C/G Penicillin G (aqueous)
Penicillin V

Erythromycin base
Cephalosporin
Vancomycin
Clarithromycin
Azithromycin
Clindamycin

Gas gangrene Clostridium perfringens Penicillin G (aqueous)
Clindamycin

Doxycycline
Erythromycin base
Chloramphenicol
Cefazolin
Cefoxitin

Human bites Viridans group streptococci
Staphylococcus epidermidis
Bacteroides spp.
Corynebacterium spp.
Eikenella corrodens

Amoxicillin–clavulanate Amoxicillin–sulbactam
Cefoxitin
Ticarcillin–clavulanate
Piperacillin–tazobactam
Clindamycin + ciprofloxacin or 
trimethoprim–sulfamethoxazole

Impetigo Staphylococcus aureus,
Streptococcus pyogenes

Dicloxacillin
Penicillin V
Oxacillin
Penicillin G (benzathine)

Cephalosporin (2nd or 3rd generation)
Erythromycin base
Clindamycin
Azithromycin
Clarithromycin
Mupirocin

Kawasaki syndrome Staphylococcus aureus superantigens Intravenous immunoglobulin + 
aspirin

None

Listeriosis Listeria monocytogenes Ampicillin
Penicillin G (aqueous)

Trimethoprim–sulfamethoxazole

Lyme disease (erythema 
migrans)

Borrelia burgdorferi Ceftriaxone
Ceftizoxime
Doxycycline
Amoxicillin

Penicillin G (aqueous)
Azithromycin
Clarithromycin

Meningococcemia Neisseria meningitidis Penicillin G (aqueous) Ceftriaxone
Chloramphenicol
Minocycline

Nocardiosis Nocardia asteroides Trimethoprim–sulfamethoxazole Minocycline

Paronychia Staphylococcus aureus Clindamycin Erythromycin

Plague Yersinia pestis Gentamicin
Streptomycin

Doxycycline
Chloramphenicol
Fluoroquinolones

Pseudomonal infection Pseudomonas aeruginosa Meropenem
Cefepime
Piperacillin–tazobactam
plus amikacin

Gentamicin
Tobramycin

Rat bite fever Streptobacillus moniliformis Penicillin G (aqueous)
Doxycycline

Erythromycin base
Chloramphenicol

Rocky Mountain spotted fever Rickettsia rickettsii Doxycycline Chloramphenicol
Fluoroquinolones

(Continued)
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and dermatophytes. Paronychia usually presents as red-hot, 
 tender, proximal and lateral nail-fold inflammation.

Treatment of bacterial paronychia includes both topical 
and oral antibiotic therapy plus incision and drainage of any 
abscess formation. Oral amoxicillin–clavulanate (375–625 mg 
every 8 h) or clindamycin (300 mg every 6 h) are the sug-
gested regimens (Table 49.6). Fungal paronychia may be 
treated with topical antifungal preparations or oral ketocon-
azole (200 mg/day).

  STAPHYLOCOCCAL SCALDED  
SKIN SYNDROME

Staphylococcal scalded skin syndrome is a severe skin exfo-
liation caused by a staphylococcal exotoxin (Table 49.7). 
Children under the age of 5 years are most commonly affected 
due to their immature immune systems; however, immuno-
compromised adults can also be afflicted.

The generalized syndrome can begin with an upper respi-
ratory tract, eye or ear infection.17 Areas around the mouth 
and axilla initially become tender and slightly erythematous; 
this heralds the appearance of the generalized blisters that 
evolve into large flaccid bullae. Next, large sheets of epider-
mis are shed, leaving an erythematous, denuded base exposed. 
Uniquely, the mucous membranes are spared. Healing of the 
lesions can be expected in 5–7 days. Culture and biopsy con-
firm diagnosis.

Treatment with an intravenous penicillinase-resistant 
antibiotic and subsequent substitution with an oral agent 

within a few days is appropriate (Table 49.4). Diligent 
 management of electrolytes and supportive skin care will 
speed recovery; however, despite all efforts the mortality 
rate is approximately 2–3% (rates are higher in adults than 
in children). Care must be taken to avoid epidemics in neo-
natal care units by eradicating Staph. aureus from healthcare 
workers who are nasal carriers and by implementing strict 
handwashing policies.

The recommended penicillinase-resistant antibiotic is 
intravenous nafcillin, oxacillin or flucloxacillin (2 g every 4 h 
in adults; 150 mg/kg every 6 h in children). Treatment should 
last 5–7 days (Table 49.4).

  STAPHYLOCOCCAL TOXIC-SHOCK 
SYNDROME

Staphylococcal toxic-shock syndrome, like staphylococcal 
scalded skin syndrome, is an illness that results from an exo-
toxin produced by Staph. aureus (Table 49.7). In addition, it 
is a multisystem disease involving at least three organ systems, 
with hypotension, fever, and a rash resembling that of scarlet 
fever followed by skin desquamation.

Menstruating women using tampons for a prolonged period 
of time account for up to 90% of cases. The conjunctiva may 
become infected; the oral mucosa and vagina may appear 
intensely erythematous. Palmar and plantar  desquamation 
occurs between 1 and 2 weeks later.

Initial treatment is aimed at controlling the hypotension 
and shock with fluid replacement. The tampon must be 

Disease Causative organism primary treatment Secondary treatment

Rosacea Unknown Minocycline
Doxycycline
Tetracycline
Erythromycin
Metronidazole (topical 1%)
Ampicillin

Trimethoprim–sulfamethoxazole
Metronidazole (oral)
Dapsone

Saltwater contaminated  
wound

Vibrio vulnificus,
Vibrio damsela

Ceftazidime + doxycycline Cefotaxime
Ciprofloxacin

Scarlet fever Streptococcus pyogenes Penicillin (all) Cephalosporins (all)
Macrolides (all)

Staphylococcal scalded  
skin syndrome

Staphylococcus aureus exotoxin Nafcillin Oxacillin

Toxic shock syndrome Staphylococcus aureus exotoxin Nafcillin or
Oxacillin + intravenous 
immunoglobulins

Cephalosporin (1st generation)

Tularemia Francisella tularensis Streptomycin Gentamicin
Doxycycline
Chloramphenicol

Wound infection postoperative Staphylococcus aureus,
Streptococcus,
Enterobacteriaceae

Cephalosporin (2nd generation)
Amoxicillin–clavulanate

Doxycycline
Cephalosporin (2nd and 3rd generation)
Levofloxacin
Linezolid

Note: Flucloxacillin can be substituted for nafcillin, oxacillin or dicloxacillin in countries in which it is available.

table 49.7 Skin and soft-tissue infections, causative organisms and primary and secondary treatment regimens—cont’d
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removed and intravenous penicillinase-resistant antibiotics 
started. If  therapy is instituted early, intravenous γ-globulins 
and fresh-frozen plasma containing immunoglobulins will 
expedite recovery.16 Treatment with intravenous clindamycin 
600–900 mg every 8 h is recommended. Intravenous nafcil-
lin, oxacillin or flucloxacillin 2 g every 4 h or a first-generation 
cephalosporin such as cefazolin 1–2 g every 8 h may also be 
used (Tables 49.4 and 49.5).

 KAwASAKI SYNDROME

Kawasaki syndrome is an acute multisystem vasculitis of 
infancy and childhood associated with high fever, muco-
cutaneous inflammation and the development of coronary 
artery abnormalities.18 The etiology of Kawasaki syndrome is 
unknown; however, it is suspected that Staph. aureus superan-
tigens may trigger the disease (Table 49.7).

Treatment should begin with intravenous immunoglob-
ulin 2 g/kg over 12 h, plus oral aspirin 80–100 mg/kg per 
day in four divided doses, followed by aspirin 3–5 mg/kg 
per day for 6–8 weeks. If the patient remains febrile after 
the first dose of immunoglobulin, a second dose may be 
administered.

STREPTOCOCCAL INFECTIONS

 IMPETIgO

Streptococcal impetigo is often indistinguishable from 
the staphylococcal variant (Table 49.7). Patients may be 
infected with both staphylococcal and streptococcal impe-
tigo. Treatment of the streptococcal form with mupirocin 
ointment is effective, but more severe forms of group A 
streptococcal impetigo should be treated with oral or intra-
muscular penicillin. Oral penicillin V 250–500 mg/day is 
the recommended regimen (Table 49.4). If an intramus-
cular dose of penicillin is preferred, then benzathine peni-
cillin G(0.6–1.2 million units) is advocated (Table 49.4). 
An alternative oral antibiotic is a second-generation cepha-
losporin (Table 49.5). Second-line treatment consists of a 
macrolide antibiotic or a third-generation cephalosporin 
(Tables 49.5 and 49.6).

 BLISTERINg DISTAL DACTYLITIS

Blistering distal dactylitis is caused most commonly by Str. 
pyogenes (Table 49.7). Mostly children and adolescents are 
affected.19 The lesion is described as a seropurulent blister 
on an erythematous base that develops on the distal palmar 
or plantar aspect of the fingers and toes. Treatment with oral 
penicillin or erythromycin base is appropriate (Tables 49.4 
and 49.6).

 ERYSIPELAS

Erysipelas is a form of superficial cellulitis with lymphatic ves-
sel involvement, caused mainly by group A β-hemolytic strep-
tococci (Table 49.7). The lesions may be precursors to a more 
invasive cellulitis. The painful lesions are well demarcated and 
the plaques appear very erythematous and edematous, with 
an advancing raised border.20 The diagnosis is usually clinical; 
however, Gram stain and culture will confirm the organism. 
It is important to differentiate between the more superfi-
cial erysipelas and the deeper cellulitis so that appropriate 
 treatment can be instituted.

Treatment is with either oral or intramuscular penicillin; 
erythromycin base can be used in the penicillin-allergic patient 
(Tables 49.4 and 49.6). A penicillin-resistant semisynthetic 
 penicillin such as oral dicloxacillin or flucloxacillin 500 mg every 
6 h or, for a more severe infection, intravenous nafcillin, oxacil-
lin or flucloxacillin 2 g every 4 h is preferred. Second-line agents 
include macrolide antibiotics, first-generation cephalosporins or 
ampicillin and clindamycin (Tables 49.5 and 49.6). Improvement 
can be expected in 24–28 h with antibiotic therapy.

 CELLULITIS

Cellulitis is caused most commonly by Staph. aureus and 
group A streptococci (Table 49.7). Other pathogens involved 
include group B streptococci, cryptococci, pneumococci 
and Gram-negative bacilli. Unlike erysipelas, the deep der-
mis and subcutaneous soft tissues are affected, and the mar-
gins are indistinct, not raised and are indurated. However, 
like erysipelas, cellulitis is very painful. Diagnosis is clinical 
and confirmed with Gram stain and culture.

Treatment must be implemented rapidly to avoid any com-
plications such as superinfections, bacteremia,  necrotizing 
fasciitis and amputations. Treatment can be customized 
depending on the offending pathogen (if cultures are avail-
able). Realistically, when patients present with cellulitis, cul-
tures are not immediately available and therefore empirical 
treatment with an intravenous penicillinase-resistant peni-
cillin should be initiated to treat both staphylococcal and 
streptococcal infections. Intravenous nafcillin or oxacillin 
2 g every 4 h is appropriate (Table 49.4). Subsequent cul-
ture results can help guide specific therapy. For moderately 
complicated infections oral levofloxacin 500–750 mg every 
12 h is acceptable (Table 49.8). Treatment with intravenous  
vancomycin (1 g every 12 h) or linezolid is preferred for 
methicillin-resistant cases of cellulitis.21 Linezolid is avail-
able in intravenous and oral preparations and is 100% orally 
bioavailable so patients may be switched from intravenous 
preparations to oral preparations without dose changes. 
Linezolid is available in 600 mg tablets, an oral suspen-
sion containing 100 mg/mL and an intravenous solution. 
The recommended oral dose for uncomplicated skin infec-
tions is 400 mg every 12 h.21 Immobilization and elevation 
of the affected limb will aid in reducing edema and pain. 
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Frequent dressing changes with sterile saline will keep the 
lesion clean. Oral analgesics may be necessary for pain 
management.

 gANgRENOUS CELLULITIS

Necrotizing fasciitis is a type of gangrenous cellulitis. The 
various forms of necrotizing fasciitis include a non-strep-
tococcal gangrene, streptococcal gangrene, synergistic 
necrotizing cellulitis and Fournier’s gangrene. Gangrenous 
cellulitis usually begins on an extremity, the perineum, or 
postoperative wound or trauma site and initially appears 
as a cellulitis infection. As the infection evolves, gangre-
nous changes become apparent within 36–72 h. The area 
becomes purple, followed by formation of vesicles and bul-
lae that quickly rupture, producing sharply demarcated 
areas of necrotic eschar and crepitus that destroy all soft 
tissues, including vessels and nerves. A  foul-smelling dis-
charge and palpable gas in the tissues can sometimes be 
detected.

Streptococcal gangrene is caused principally by group A 
streptococci.

Non-streptococcal gangrene is a type of necrotizing fas-
ciitis caused by pathogens other than group A streptococci, 
such as anaerobes plus at least one facultative species.20 These 
same pathogens can also cause Fournier’s gangrene, which 
involves the scrotum and penis.22

Another type of highly lethal necrotizing fasciitis is 
the polymicrobial synergistic necrotizing cellulitis, which 
involves necrosis of all layers of soft tissues and commonly 
involves the perineum. The diagnosis is based on Gram 
stain, culture and clinical findings. Treatment with broad-
spectrum antibiotics (with aerobic, anaerobic and antip-
seudomonal coverage) plus wide surgical debridement of 
the gangrenous tissue is  recommended. Despite therapy, 
mortality remains high.

 SCARLET FEVER

Scarlet fever is usually caused by a pharyngeal infection with 
group A streptococci and subsequent elaboration of a pyro-
genic exotoxin occurring in children under 10 years of age 
(Table 49.7). Between 24 and 48 h after the appearance of 
the fever and pharyngitis, the unique cutaneous manifesta-
tions of scarlet fever, including the characteristic diffuse ery-
thematous ‘sandpaper’ like rash, and ‘strawberry’ red tongue 
appear. Diagnosis is confirmed by the presence of a positive 
group A streptococcal throat culture.

Following treatment with penicillin the symptoms improve 
quickly; however, a desquamation may persist for a few weeks. 
If untreated, uncomplicated infection may last 4–5 days.

CORYNEBACTERIUM MINUTISSIMUM

 ERYTHRASMA

Erythrasma caused by Corynebacterium minutissimum is a 
common disease, occurring more often in men and with a 
predilection for the intertriginous areas (Table 49.7). The 
organism possesses keratolytic properties and lesions cause 
thick lamellated plaques on affected areas. The toe web spaces 
are commonly affected; a Wood’s lamp examination reveal-
ing a striking bright coral red–pink fluorescence will confirm 
the diagnosis, as will a culture. Recommended treatment for 
widespread involvement is oral erythromycin (250 mg every 
6 h or 500 mg every 12 h for 14 days) and, for more localized 
involvement, benzoyl peroxide (Table 49.7).

BACILLUS ANTHRACIS (ANTHRAX)

Anthrax is caused by infection with Bacillus anthracis, an aero-
bic, encapsulated, square rod (Table 49.7). Although primar-
ily a disease of animals, humans can be infected by contact 
with infected carcasses during animal product handling. 
Other means of infection include aerosolized spores, which 
may cause pulmonary infection. A painless malignant pustule 
occurring on an exposed surface of the body is the hallmark 
of cutaneous anthrax.

Treatment of choice is aqueous penicillin G 20 million 
units a day intravenously in four divided doses (Table 49.4). 
For aerosolized anthrax, fluoroquinolones and doxycycline 
are effective alternatives (Table 49.8).

ERYSIPELOTHRIX RHUSIOPATHIAE 
(ERYSIPELOID)

E. rhusiopathiae is a rod-shaped Gram-positive organism 
(Table 49.7), which occurs most commonly in people han-
dling raw fish, poultry or other meat products. The organism 
is inoculated through a break in the skin.23

Fluoroquinolones route Dose

Nalidixic acid oral 1 g every 6 h

Ciprofloxacin oral 250–750 mg every 12 h
i.v. 200–400 mg every 12 h

Ofloxacin oral, i.v. 200–400 mg every 12 h

Levofloxacin oral, i.v. 200–750 mg once daily or 
every 12 h

Trovafloxacin/
alatrofloxacin

oral 100–200 mg once daily

i.v. 300 mg once daily

Sparfloxacin oral 400 mg first day, followed by 
200 mg once daily

Gatifloxacin i.v., oral 400 mg once daily

Moxifloxacin oral 400 mg once daily

table 49.8 Common fluoroquinolones doses (for adults)  
used in skin and soft-tissue infections
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The macular and plaque-like lesions appear violaceous 
with sharply defined borders. A culture may confirm the pres-
ence of E. rhusiopathiae; however, the clinical history is usually 
enough to suggest the diagnosis.

Treatment with oral or intramuscular penicillin 2–3 million  
units (1.2–1.8 g) per day for 7–10 days is recommended 
(Table 49.4). In the penicillin-allergic patient, a fourth-
 generation cephalosporin, imipenem or ciprofloxacin would 
be adequate; however, most isolates are resistant to vancomy-
cin24 (Tables 49.5 and 49.8).

BARTONELLA HENSELAE (CAT-SCRATCH 
DISEASE)

Cat-scratch disease caused by B. henselae is the most common 
cause of localized chronic lymphadenopathy in children and 
young adults (Table 49.7).25 Infection is typically benign and 
is caused by a bite or scratch from a cat. The initial inocula-
tion may start as a papule and evolve into a vesicle and subse-
quent crust within 5 days.26 The gold standard for diagnosis is 
the cat-scratch disease skin test.

Treatment with antibiotics remains controversial, because 
most cases of this disease spontaneously resolve. B. henselae is 
sensitive to fluoroquinolones, macrolides, tetracyclines, and 
third- or fourth-generation cephalosporins (Tables 49.6, 49.8 
and 49.9). A recommended regimen would be oral azithro-
mycin 500 mg for 1 day followed by 250 mg for 4 additional 
days (Table 49.6); oral ciprofloxacin 500–750 mg every 12 h 
is also effective (Table 49.8).

BARTONELLA QUINTANA (BACILLARY 
ANgIOMATOSIS)

Either B. henselae or B. quintana may cause bacillary angiom-
atosis (Table 49.7). Bacillary angiomatosis typically affects 
severely immunocompromised patients, such as advanced 
cases of HIV with CD4+ lymphocytes <50 cells/mm3.27 
Symptoms of bacillary angiomatosis include fever, lymphade-
nopathy, abdominal pain, and the classic grouped  dark-red 
and violaceous papules and nodules that are friable and pain-
ful. The lesions of bacillary angiomatosis appear similar to 
Kaposi’s sarcoma and pyogenic granulomas, and should be 
distinguished from these conditions.

Erythromycin (500 mg every 6 h) is the drug of choice; 
oral macrolide antibiotics (clarithromycin 500 mg every 

12 h or azithromycin 250 mg/day) may also be used (Table 
49.6). Ciprofloxacin (oral 500–750 mg every 12 h) (Table 
49.8) and oral doxycycline (100 mg every 12 h) are also rec-
ommended (Table 49.9). Treatment must continue for up 
to 6 months.

PROPIONIBACTERIUM ACNES (ACNE)

Acne is an inflammatory condition caused by the accu-
mulation of free fatty acids in the follicles of the skin, 
produced by the action of bacterial lipolytic enzymes on 
triglycerides (Table 49.7). Acne begins with the formation 
of a comedone, sometimes papules, pustules and nodules. 
The ensuing inflammation is a result of the presence of 
P. acnes which is the target of the inflammatory response. 
The accumulation of sebum in the follicles of the face, 
chest, shoulders and back produces nutrients on which P. 
acnes thrives.

The disruption in keratinization is a fundamental com-
ponent of acne for which therapy is directed. Topical agents 
include use of products containing benzoyl peroxide, salicylic 
acid, vitamin A derivatives, the synthetic retinoids adapalene 
and tazarotene, and dapsone. Topical antibacterial agents 
such as clindamycin and erythromycin are effective (Table 
49.10). Another cream intended to affect the keratinization 
process is azelaic acid. Cleansing is of limited value because 
soaps will not remove bacteria or lipids from inside the fol-
licle. Intralesional steroid injection of larger nodular lesions 
will decrease inflammation and avoid potential scar forma-
tion. Daily oral tetracycline, erythromycin, clindamycin, 
doxycycline and minocycline decrease the concentration of 
free fatty acids and suppress P. acnes (Tables 49.6 and 49.9). 
Oral contraceptives containing estrogen will decrease sebum 
production and therefore decrease acne lesions. Isotretinoin, 
a synthetic oral retinoid that produces profound decreases 
in sebum production, has several side effects, including pro-
nounced dryness of the skin and mucous membranes. A dose 
of 0.5–1.0 mg/day is recommended for a 20-week treatment. 
Baseline complete blood cell counts, liver function tests and 
triglyceride levels should be checked and repeated at 3–4 
weeks and 6–8 weeks of therapy. As isotretinoin is terato-
genic, women of childbearing age should start contraception 
1 month before therapy.

CLOSTRIDIUM PERFRINGENS (CLOSTRIDIUM 
CELLULITIS)

Clostridium perfringens infection can cause a crepitant cellu-
litis of the subcutaneous tissue, possibly muscle, following 
traumatic tissue injury associated with soil contamination 
(Table 49.7). The crepitus present is caused by gas in the 
underlying tissues (gas gangrene). Pure clostridial infections 
do not emit foul odors; however, mixed and non-clostridial 
infections will produce foul-smelling hydrogen compounds 
through incomplete oxidation produced by anaerobic 
organisms.28

tetracycline route Dose

Short-acting tetracyclines
 Tetracycline oral 250–500 mg every 6 h

Long-acting tetracyclines
 Doxycycline oral, i.v. 200 mg initially then  

50–100 mg every 12 h
 Minocycline oral, i.v. 200 mg initially then 100 mg 

every 12–24 h

table 49.9 Common tetracycline doses (for adults) used in skin 
and soft-tissue infections
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The pain of a clostridium cellulitis is often mild and infec-
tion appears superficial, although tissue damage may be 
extensive. Treatment requires surgery and adjunct penicillin 
G, with possibly clindamycin and hyperbaric oxygen therapy 
(Table 49.4).

LISTERIA MONOCYTOGENES 
(LISTERIOSIS)

Listeria monocytogenes is found in the feces of wild animals, birds 
and soil; however, infection cannot usually be associated with 
exposure to any of the common sources (Table 49.7). Treatment 
is with either ampicillin or penicillin (Table 49.4). For adults 
the dosage of aqueous penicillin G is 12–24 million units (7.2–
14.4 g) intravenously daily in divided doses every 2–4 h; the 
dose of ampicillin is 12 g intravenously in divided doses every 
3–4 h (Table 49.4). In non-pregnant adults allergic to penicil-
lin, trimethoprim–sulfamethoxazole is an alternative.29

ACTINOMYCES (ACTINOMYCOSIS)

Either Actinomyces israelii or Actinomyces gerencseriae can cause 
actinomycosis (Table 49.7). Infection typically involves the 
cervicofacial anatomy following a traumatic procedure such 
as a dental extraction. Infection can result in a painful indu-
rated soft-tissue swelling around the oral mucosa known as 
‘woody fibrosis’. As the lesion enlarges at the angle of the jaw 
it is referred to as ‘lumpy jaw’. Direct extension to adjacent 
thoracic structures may occur.

Diagnosis is based on clinical suspicion and detection of 
the organism on Gram stain, culture, exudates or biopsy.

Treatment is with intravenous aqueous penicillin G 10–20 
million units (6–12 g) per day in divided doses every 4 h for 
4–6 weeks (Table 49.4) or intravenous ampicillin 50 mg/kg 
per day in divided doses every 12 h for 4–6 weeks, followed by 
amoxicillin 500 mg/day for 6–12 additional months to prevent 
relapse (Table 49.4).

antibiotic/strength Indications Bacterial coverage available forms

Azelaic acid 20% Acne Gram-positive Cream

Bacitracin Impetigo, furunculosis Gram-positive Ointment

Chloramphenicol 1% Minor skin infections Gram-positive and negative Cream

Clindamycin 1% Acne Gram-positive Solution, gel, pledget, lotion

Clioquinol Tinea pedis Broad spectrum Cream, ointment

Demeclocycline Skin infections Gram-positive Cream

Erythromycin 1.5–2% Acne Gram-positive and negative Solution, gel, pledget, ointment 
solution

Fusidic acid Skin infections Gram-positive Cream, ointment, impregnated 
gauze

Gentamicin 0.01% Prophylaxis of malignant otitis externa Gram-negative Cream, ointment

Gramicidin Skin infections Gram-positive Ointment

Metronidazole 0.75% Rosacea Anaerobes Gel, cream

Mupirocin 2% Impetigo, antimicrobial prophylaxis,  
and eliminating Staph. aureus nasal carriage

Gram-positive Ointment

Neomycin Abrasions, burns Gram-negative Ointment

Neomycin + polymyxin Abrasions Gram-negative Cream

Neomycin + polymyxin + 
bacitracin

Abrasions Gram-positive and negative Ointment

Nitrofurazone 0.2% Burns Gram-positive and negative Cream, solution

Paromomycin Cutaneous leishmaniasis Broad-spectrum antibacterial and 
antiparasitic

Polymyxin B Infected atopic, nummular, stasis dermatitis  
and swimmer’s ear

Gram-negative Ointment

Retapamulin 1% Staph. aureus Gram-positive Ointment

Silver sulfadiazine Burns Broad spectrum Cream

Tetracycline Acne Gram-positive and negative Ointment, solution

table 49.10 Topical antimicrobial agents
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gRAM-NEgATIVE ORgANISMS

NEISSERIA MENINGITIDIS 
(MENINgOCOCCEMIA)

Neisseria meningitidis is an obligate aerobic, encapsulated 
Gram-negative coccus (Table 49.7). Humans are the only 
known host. Asymptomatic exposure to N. meningitidis can 
elicit protective bactericidal antibodies; thus immunity 
increases with age.30 A brief upper respiratory tract infection 
and subsequent nausea, vomiting, myalgia, fever, meningis-
mus, stupor, hypotension and hemorrhagic rash can precede 
acute meningococcemia. The hemorrhagic rash is a result 
of the pathogen damaging the small dermal blood vessels. 
The rash may transiently appear macular and papular with 
an erythematous hue with evolving purpura, and sometimes 
there are large red–black geographic-appearing areas of tissue 
infarction with a gray center.

Polymorphonuclear leukocytosis is observed in the 
peripheral blood and cerebrospinal fluid. The organism 
may be seen on Gram stain and is easily cultured in cases of 
meningococcemia.

Untreated infection with N. meningitidis is fatal. Adults 
should be given aqueous penicillin G, 4 million units (2.4 g) 
intravenously every 4 h for 7 days after the temperature has 
returned to normal (Table 49.4); in the penicillin-allergic 
patient, chloramphenicol 1 g intravenously every 6 h is the 
recommended regimen. In parts of the world where meningo-
coccal resistance to penicillin has been isolated (e.g. Spain or 
the UK), a third-generation cephalosporin should be used31 
(Table 49.5). The recommended prophylactic dose of rifam-
picin (rifampin) is 600 mg orally every 12 h for 2 days.32 In 
cases of rifampicin resistance, a fluoroquinolone is an effec-
tive oral single-dose substitute (Table 49.8). Ceftriaxone is an 
alternative parenteral single dose for children and adults31,33 
(Table 49.5). Immunization with polysaccharide vaccines is 
safe and effective in preventing disease in adults and children 
over the age of 2 years.32,34

PSEUDOMONAS AERUGINOSA

Pseudomonas aeruginosa is an obligate aerobic Gram-negative 
bacillus (Table 49.7). Some strains produce the characteristic 
blue pigment pyocyanin or the yellow–green pigment fluo-
rescein, which will fluoresce under Wood’s ultraviolet lamp. 
An odor of grapes, characteristic of trimethylamine, is typi-
cal of pseudomonal infection.35 Healthy people infected with 
Pseudomonas will typically be affected in areas exposed to 
increased humidity and moisture, such as the toe webs, fin-
gernails (green nail syndrome) and the ear canal (swimmer’s 
ear). People utilizing public swimming pools or hot tubs (hot 
tub folliculitis) can also be affected.36 Local infections will 
improve with topical therapy and drying of the affected area. 
Superficial skin infections such as toe web infections respond 

to acetic acid, silver nitrate and gentian violet each applied 
2–3 times per day. Paronychia responds well to 4% thymol in 
chloroform, surgical drainage and nail trimming. For exter-
nal ear infection, acetic acid in 50% alcohol, 0.1% polymyxin 
in acetic acid, or glucocorticoids with neomycin are effective. 
Systemic infection is rare in the immunocompetent host.

Patients with Pseudomonas infections are typically immu-
nocompromised and may be afflicted with gangrenous cellu-
litis or possibly ecthyma gangrenosum. Ecthyma gangrenosum 
lesions are painless and begin with an area of erythema sur-
rounding a gray region of infarcted tissue. The lesions evolve 
to become black necrotic eschars. Treatment for systemic infec-
tions requires intravenous antibiotic therapy; meropenem, 
cefepime and  piperacillin–tazobactam plus amikacin are recom-
mended as first-line agents. The aminoglycosides gentamicin 
and tobramycin are also recommended (Table 49.11).

BORRELIA BURGDORFERI (LYME 
BORRELIOSIS)

Lyme disease is caused by a tick vector that transmits the 
offending Gram-negative bacterial spirochete Borrelia burg-
dorferi to humans (Table 49.7). Lyme borreliosis is common 
throughout the northern hemisphere. Lyme disease can be 
classified into three stages: the first stage is called the early 
localized stage, the second the early disseminated and the last 
stage the late or chronic stage of Lyme disease.

The hallmark cutaneous manifestation of Lyme disease, 
erythema migrans, begins at the site of a tick bite. Initially, the 
lesion appears as a confluent erythematous macule or patch; 
however, as the lesion spreads centrifugally the center of the 
lesion fades, leaving an annular area of erythema. The rash 
may be asymptomatic; however, systemic symptoms such as 
lymphadenopathy, headache, fever, malaise, myalgia, arthral-
gia and gastrointestinal symptoms may be present.

Diagnosis is based on the history of exposure to a tick bite 
plus the appearance and evolution of the characteristic rash 
and serology.

Amoxicillin (1 g every 8 h) or doxycycline (200 mg 
every 12 h) for 14 days, as well as intravenous ceftriaxone 
or  ceftizoxime, have all been suggested for treatment (Tables 
49.4–49.6 and 49.9).

aminoglycoside route Dose

Amikacin i.m., i.v. 15 mg/kg daily every 8–12 h

Gentamicin i.m., i.v. 1.7–5.0 mg/kg daily every 8 h

Spectinomycin i.m. 2 g once

Tobramycin i.m., i.v. 3–5 mg/kg daily every 8 h

Streptomycin i.m., i.v. 15 mg/kg daily or 25–30 mg/kg 
2–3 times per week

table 49.11 Adult doses of aminoglycosides for treatment  
of skin and soft-tissue infections
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YERSINIA PESTIS (PLAgUE)

The plague is an infection in humans caused by Yersinia pes-
tis, which is endemic in wild rodents and spread to humans 
via flea bites (see Ch. 61). Bubonic plague is the most com-
mon form of plague in the USA. Treatment is with intrave-
nous gentamicin 2 mg/kg loading dose then 1.7 mg/kg every  
8 h, or intramuscular streptomycin 1 g every 12 h for 10 days37 
(Table 49.11). Chloramphenicol, doxycycline and fluoroqui-
nolones are alternative treatments and preferred if streptomy-
cin-resistant strains are present (Table 49.9).

FRANCISELLA TULARENSIS (TULAREMIA)

Tularemia is an infection of humans that typically follows direct 
inoculation by animals or by insect vectors with Francisella 
tularensis (see Ch. 61). Treatment is with streptomycin 1–2 g 
per day for 7–10 afebrile days. Gentamicin, tetracycline and 
chloramphenicol are alternatives (Tables 49.9 and 49.11).

STREPTOBACILLUS MONILIFORMIS  
(RAT BITE FEVER)

Rat bite fever is acquired from rodents and is characterized 
by fever, polyarthralgia, and a rash38 (Ch. 61). Treatment is 
with intravenous penicillin G 4 million units every 4 h; ther-
apy can be switched to oral amoxicillin 1 g every 8 h for total 
treatment course of 14 days. Doxycycline, erythromycin and 
chloramphenicol are alternatives in the penicillin-allergic 
patient37 (Tables 49.6 and 49.9).

PASTEURELLA MULTOCIDA

Pasteurella multocida infection typically follows an animal bite 
(Ch. 61); P. multocida can be isolated from the upper respiratory 
tract of healthy dogs, cats, rats and mice. Treatment of choice is 
intravenous penicillin G 2–4 million units every 4 h or oral pen-
icillin V 500–750 mg every 6 h (Table 49.4). For the penicillin-
allergic patient, amoxicillin, doxycycline, chloramphenicol and 
trimethoprim–sulfamethoxazole (Table 49.9) are alternatives. 
Fourth-generation cephalosporins are also effective (Table 
49.5); alternatively, oral clindamycin 150–300 mg every 6 h 
plus a fluoroquinolone may be effective (Table 49.8).

VIBRIO VULNIFICUS

Vibrio vulnificus is the most pathogenic of the Vibrio species. 
The soft-tissue infection and septicemia caused by V. vulnifi-
cus is fatal 50% of the time (Table 49.7). V. vulnificus produces 
a toxin and lytic enzymes that contribute to its pathogenic-
ity. Gastroenteritis and saltwater wound injuries are common 
clinical findings. Septicemia following consumption of raw 
oysters can develop within 24 h.

Treatment of septicemia initially involves fluid replace-
ment for shock followed by treatment with ceftazidime 2 g 
intravenously every 8 h plus doxycycline 100 mg (intra-
venously or orally) every 12 h (Tables 49.5 and 49.9). 
Alternative regimens include cefotaxime 2 g intravenously 
every 8 h or ciprofloxacin (oral 750 mg every 12 h or intra-
venous 400 mg every 12 h) (Tables 49.5 and 49.8). Surgical 
debridement of necrotic lesions is indicated.37

RICKETTSIA RICKETTSII

Rickettsiae are obligate intracellular parasites transmitted to 
humans by arthropod vectors. The most common rickettsial 
disease in the USA is Rocky Mountain spotted fever. Others 
include typhus, trench fever and Q fever. Rocky Mountain 
spotted fever can range from virtually asymptomatic disease 
to fulminant, fatal disease.39 The disease begins with abrupt 
fever, chills, headache, myalgias and arthralgias, followed by 
a characteristic rash. The rash is a result of diffuse vasculitis 
that often begins first on the wrist, ankles and forearms, pro-
gresses to involve the palms and soles, and then spreads cen-
trally to involve the trunk, arms, thighs and face. The lesions 
initially appear as blanchable macules and papules, which 
become hemorrhagic with time. Treatment is with oral or 
intravenous doxycycline 200 mg every 12 h for 3 days and 
then 100 mg once daily for 4 days or for 2 days after the 
temperature returns to normal (Table 49.9). An alternative 
is oral or intravenous quinolones or chloramphenicol for 7 
days or 2 days after the temperature reaches normal.

PARASITES

SCABIES

Scabies is caused by the mite Sarcoptes scabiei var. humanus. The 
scabies mite is transmitted by skin-to-skin contact between 
sexual partners or family members. Infestation is usually 
bilateral and commonly involves the finger web spaces, wrists, 
elbows, and genital and axillary folds. Diagnosis is made by 
identifying the mite, eggs or fecal pellets.

Treatment is permethrin 5% cream, applied to the entire 
body from the neck down, paying special attention to the 
commonly infested areas. The cream must be washed off 
approximately 10 h after application. A second application 
may be used a week later if necessary. Lindane 1% (discon-
tinued in several countries, but still available in the USA) is 
equally effective, and since low levels of systemic absorption 
may occur, central nervous system toxicity has been reported. 
Permethrin and lindane must not be used on children under 
2 years of age. Sulfur 6% in petrolatum, applied nightly for 
three nights and washed off in the morning, is safe and effec-
tive for infants (and pregnant mothers). Symptomatic therapy 
of pruritus that may persist for weeks after effective therapy 
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should include oral and topical antihistamines, and low to 
mid-potency topical steroids.

In serious cases, systemic treatment with ivermectin 18 mg 
as a single dose may be effective.40

PEDICULOSIS (LICE)

Lice are blood-sucking insects. Their bites are painless and 
a person would be unaware of infestation if it were not for 
the body’s immune system recognizing the foreign saliva and 
anticoagulant produced by the bite of the insect feeding on 
the underlying dermis. Head lice (Pediculus humanus var. capi-
tis) are typically isolated to the scalp. Crab lice or pubic lice 
(Phthirus pubis) are typically sexually transmitted. Body lice 
(Pediculus humanus) are found on people with poor hygiene.

Head lice are treated with synthetic pyrethroids: per-
methrin 5% shampoo applied to a previously shampooed and 
rinsed hair and scalp, allowed to set for 10 minutes and then 
rinsed off with water. Alternatives include synergized pyre-
thrins applied in a similar manner. A second application of 
the medication 7–10 days later will kill any surviving eggs or 
nymphs that were not killed with the first treatment.

Crab lice are treated similarly with either synergized pyre-
thrins or lindane shampoo. The pubic area and the surround-
ing abdomen and thighs should be treated, especially if the 
patient is hairy. All undergarments and linens should be 
washed in hot water and dried on a high heat dryer cycle.

Body lice should be treated with a single application of 
permethrin 5% cream, exactly as one would treat scabies. 
Clothing and bed linens should be discarded or washed thor-
oughly in hot water.

OTHER INFECTIONS

•	 Fungal infections are discussed in detail in Chapter 60.
•	 Mycobacterial infections are discussed in detail in Chapter 58.
•	 Sexually transmitted diseases are discussed in detail in 

Chapter 56.
•	 Protozoal infections are discussed in detail in Chapter 63.
•	 Helminthic infections are discussed in detail in Chapter 64.
•	 Hepatitis infection is discussed in detail in Chapter 48.
•	 HIV infection is discussed in detail in Chapter 43.
•	 Leprosy is discussed in detail in Chapter 57.
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Chapter

50 Bacterial infections of the 
central nervous system

Jeffrey tessier and W. Michael Scheld

Bacterial meningitis remains an important cause of mortality and 
morbidity despite the widespread availability of effective antimicro-
bials.1 Bacterial meningitis was nearly always a fatal disease in the pre-
antimicrobial era. However, following the introduction of penicillin, 
mortality fell to 15–30%. Today, despite the availability of potent anti-
microbials, the overall mortality from bacterial meningitis in adults 
has not decreased, averaging 25% over the past three decades.2 In 
children, major progress was achieved in the 1990s following the 
 successful implementation of immunization against Haemophilus 
influenzae type b. However, in the neonate bacterial meningitis 
remains a serious disease; while the incidence has changed little in the 
past 30 years, the mortality rate has declined in industrialized coun-
tries from almost 50% in the 1970s to ~10% in 2001.3 Nevertheless, 
neurological sequelae remain problematic in spite of improvements 
in treatment.

BACTERIAL MENINGITIS

Epidemiological data are largely derived from developed 
countries, in which the most common infecting organisms 
are Streptococcus pneumoniae, Neisseria meningitidis, Group B 
streptococci, Escherichia coli and Listeria monocytogenes. In 
contrast, Gram-negative bacilli such as Klebsiella pneumoniae 
and Pseudomonas aeruginosa are important but occasional 
pathogens, both in the context of nosocomial and commu-
nity-acquired meningitis. In the latter, the elderly and those 
individuals with chronic diseases such as diabetes mellitus, 
cirrhosis and malignancy are at risk from Gram-negative men-
ingitis. Str. pneumoniae is numerically now the most important 
cause of community-acquired meningitis; strains resistant 
to penicillin and cephalosporins are increasingly recognized 
worldwide and have led to significant changes in manage-
ment. Despite the widespread use of the conjugated 7-valent 
pneumococcal vaccine among children in developed coun-
tries, the pneumococcus continues to be the most common 
cause of pediatric bacterial meningitis in these settings, with 
at least half of the cases caused by serotypes not included in 
the PCV7 vaccine (especially 19A).4

The etiology of bacterial meningitis varies by age and 
region of the world. One million cases of bacterial meningitis 
are estimated to occur worldwide; of these, ~200 000 people 
die annually. Case-fatality rates vary by age and the causative 
organism, ranging from 3% to 19% in developed countries, 
and rates of 37–60% have been reported from developing 
countries.5 Up to 54% of survivors are left with disability due 
to bacterial meningitis, especially following meningitis caused 
by Str. pneumoniae or Str. suis. These include deafness, mental 
retardation and other neurological sequelae.6,7

The etiology of bacterial meningitis has changed substan-
tially since the introduction of conjugate Haemophilus influen-
zae (Hib) vaccine in the early 1990s. In addition, the frequency 
of neonatal group B streptococcal meningitis has declined in 
some countries because of the implementation of screening 
and treatment protocols in obstetric patients.8 Str. pneumoniae 
is a well-recognized cause of meningitis following fracture of 
the skull. Nosocomial cases of bacterial meningitis are com-
monly associated with neurosurgery and are caused by Gram-
positive (coagulase-negative staphylococci, Staphylococcus 
aureus) and Gram-negative bacteria (Enterobacteriaceae, 
Ps. aeruginosa). Mixed infections, sometimes involving anaer-
obic organisms, are also found (Table 50.1).

Community-acquired bacterial meningitis exhibits sea-
sonal variation. The lowest incidence is in the summer months 
while pneumococcal infections are most common in the win-
ter and meningococcal infections in the spring. Epidemic 
meningococcal infections are uncommon in developed coun-
tries but still occur in parts of Africa, India and other emerg-
ing nations.

PRINCIPLES OF DIAGNOSIS AND 
TREATMENT

Early diagnosis of bacterial meningitis is essential for success-
ful treatment. The age of the patient is of some value in indi-
cating which of the common bacteria might be responsible. 
However, the only helpful physical sign is the  characteristic 
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rash found in some patients with severe meningococcal 
infection. Because of this paucity of clinical evidence, early 
bacteriological diagnosis is of the utmost importance, and 
identification of bacteria on a Gram-stained film of cerebro-
spinal fluid (CSF) should be regarded as a medical emer-
gency. One of the most important factors contributing to 
delayed diagnosis and therapy is the decision to perform a 
head CT scan prior to lumbar puncture and therapy (Table 
50.2). In patients with papilledema, age >60 years, an immu-
nocompromised state, altered level of consciousness, focal 
neurological symptoms or a seizure, a CT scan should be 
obtained;9 a lumbar puncture should not be performed 
immediately due to the risk of herniation. If cranial imaging is 
deemed necessary, patients should have blood cultures drawn 
and empirical antimicrobials administrated before CT evalu-
ation. Administering 1 or 2 h of antimicrobial therapy before 
lumbar puncture does not decrease diagnostic sensitivity as 
long as CSF culture is performed in conjunction with addi-
tional CSF analysis and blood culture.10 A prospective study 

of adults with  pneumococcal meningitis admitted to an inten-
sive care unit found that a delay in the administration of anti-
microbials greater than 3 h from the time of presentation is 
a major predictor (odds ratio [OR] 14.12, CI 3.93–50.9) of 
mortality 3 months after diagnosis.11 This and other data sup-
port the rapid diagnosis and administration of antimicrobial 
therapy when bacterial meningitis is suspected.

Other methods to supplement Gram stain and culture are 
now becoming more widely available. Rapid methods can be 
used to detect microbial antigens in CSF, blood or urine using 
specific sera against the common causal pathogens. These 
methods enable a rapid causal diagnosis to be made in some 
patients (especially those who have received antimicrobial 
treatment before lumbar puncture or when no bacteria can 
be seen in the Gram-stained CSF). Countercurrent immu-
noelectrophoresis and other methods such as enzyme-linked 
immunosorbent assays have been supplanted by commercially 
prepared latex agglutination kits which are easy to use and give 
results in a few minutes, although they vary in their sensitivity 

table 50.1 recommended empirical antimicrobials for patients with meningitis according to age

empirical therapy Frequent pathogens recommended antimicrobials

Patients <3 months Group B streptococci
Escherichia coli
Listeria monocytogenes

Cefotaxime  50 mg/kg every 12 h in <1 month age
                      50 mg/kg every 6 h in >1 month age

plus ampicillin 200 mg/kg 
per day

Patients 3 months to 
50 years

Streptococcus pneumoniae
Neisseria meningitidis

Ceftriaxone 100 mg/kg per day (children), 2 g every 12 h (adult) or  
cefotaxime 300 mg/kg per day (children), 2 g every 6 h (adult) plus  
vancomycin 60 mg/kg per day (children) or 30–45 mg/kg per day (adult)

Adults over 50 years Str. pneumoniae
L. monocytogenes
Gram-negative bacilli

Ceftriaxone 2 g every 12 h or
cefotaxime 2 g every 6 h plus
ampicillin 2 g every 4 h plus
vancomycin 30–45 mg/kg total daily dose

Immunocompromised 
adults

L. monocytogenes
Str. pneumoniae
Gram-negative bacilli (Pseudomonas 
aeruginosa)

Ceftazidime 2 g every 8 h or
cefepime 2 g every 8 h plus
ampicillin 2 g every 4 h plus
vancomycin 30–45 mg/kg total daily dose

Head trauma, 
 postneurosurgery 
patient (adult dosing)

Enteric Gram-negative bacilli, 
Staphylococci,  including 
Staphylococcus aureus and 
 coagulase-negative staphylococci; 
Pseudomonas aeuruginosa

Ceftazidime 1–2 g every 8–12 h or
cefepime 2 g every 8 h or
meropenem 2 g every 8 h plus
vancomycin 30–45 mg/kg total daily dose

table 50.2 Guidelines for the role of Ct scans and lumbar puncture in suspected intracranial infection

Urgent Ct scan indicated, lumbar 
 puncture contraindicated

Urgent Ct scan indicated, followed by 
 lumbar puncture if Ct satisfactory

Lumbar puncture contraindicated, urgent Ct 
scan may not alter management, antimicrobials 
should not be delayed

1. Raised intracranial pressure
(a) focal neurological signs
(b) definite papilledema

2. CT findings
(c) lateral shift of midline structures
(d) loss of suprachiamsic or context of 

 suspected basilar cisterns
(e) obliteration of fourth ventricle
(f) obliteration of superior cerebellar/ 

quadrigeminal plate cisterns with 
 sparing of ambient cisterns

(a) Altered level of consciousness, confusion, 
Glasgow Coma Scale <13

(b) Seizures (recent or upon presentation)
(c) When abscess suspected in view of ear/sinus 

or other focus of infection ± a subacute onset
(d) Immunocompromised patient
(e) Age >60 years
(f) Papilledema
(g) Focal neurological findings

Fulminant presentation ± purpuric rash ± 
 coagulopathy ± hypotension

Lumbar puncture must be performed without preceding CT scan in the absence of all of the above.
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and specificity.12 Obtaining a CSF sample for polymerase chain 
reaction (PCR) assay between 24 and 72 h after admission is 
now standard practice in many centers and is reported to have 
increased the diagnostic rate and led to improved manage-
ment.13 For patients treated with antimicrobials prior to lum-
bar puncture, the CSF culture may remain negative but the 
PCR may still reveal the causative pathogen. A recent Danish 
study described the development and use of a multiplex PCR 
to detect the eight most common pathogens causing menin-
gitis in Denmark (Str. pneumoniae, N. meningitidis, Esch. coli, 
L. monocytogenes, group B streptococci, Staph. aureus, HSV-1/2 
and VZV).14 When compared to the ‘gold standard’ of Gram 
stain microscopy and bacterial culture for the two most com-
mon pathogens, Str. pneumoniae and N. meningitidis, the PCR 
assay had excellent sensitivity (95% and 100%, respectively) 
and specificity (99.1% and 99.7%, respectively) while provid-
ing an accurate result in less than 1 workday.

No organism can be isolated from the CSF in some cases of 
purulent meningitis; the proportion varies between 12% and 
25% in different series. The major reason for this is the pre-
admission administration of an antimicrobial, which reduces 
the number of positive CSF Gram-stained films and cultures. 
One large study of pediatric patients with bacterial meningi-
tis found that antimicrobial therapy >12–72 h prior to lum-
bar puncture was associated with higher CSF glucose levels 
and lower CSF protein levels, but not with changes in the 
CSF leukocyte or absolute neutrophil count compared to 
those receiving no pre-treatment or treatment <12 h prior to 
the lumbar puncture.15 The low CSF glucose concentration 
normally found in pyogenic meningitis tends to persist and 
in the presence of a predominantly lymphocytic reaction sug-
gests tuberculous meningitis. A variety of studies have inves-
tigated the use of various biochemical markers as a means of 
differentiating between bacterial and viral meningitis; elevated 
CSF lysozyme, β-glucuronidase, complement C3, factor B 

and serum procalcitonin levels have all been advocated as use-
ful diagnostically, but none is used routinely for this purpose 
pending further data.16–19

PHARMACOKINETIC FACTORS

  FACTORS AFFECTING 
ANTIMICROBIAL PENETRATION 
INTO CSF

The factors affecting penetration of antimicrobials into CSF 
include molecular size and configuration, lipophilicity, plasma 
protein binding, the degree of meningeal inflammation, 
molecular charge and active efflux from the CSF.20

Numerous studies have focused on the penetration of 
 antimicrobials into CSF, brain tissues and brain abscess pus. 
Most measurements were performed with lumbar CSF and 
consist of a single determination in several individuals, either 
after a single dose or repeated bolus doses. The available data 
on CSF levels vary greatly from drug to drug (Table 50.3), 
but it is possible to make a clinical classification (Box 50.1) 
into four groups:

1. Therapeutic CSF concentrations may be reached by 
standard dosage and route of administration.

2. A high therapeutic ratio allows adequate CSF concentra-
tions to be achieved by high intravenous or intramuscular 
doses; the CSF concentration is usually higher when the 
meninges are inflamed.

3. Drug toxicity precludes an increase in dose, and the CSF 
concentration may reach therapeutic levels only when 
meninges are inflamed.

4. Little or no drug is found in the CSF with or without 
meningitis; intrathecal administration may be needed.

M, multiple; S, single; I, inflamed; U, non-inflamed; NA, not available; NM, Neisseria meningitidis; HI, Haemophilus influenzae; PSSP, Penicillin-sensitive Streptococcus pneumoniae;  
PRSP, penicillin-resistant Streptococcus pneumoniae; EC, Escherichia coli; PA, Pseudomonas aeruginosa.

table 50.3 penetration of some agents into human Csf in relation to miC
90

 for selected meningeal pathogens

agent Dose (route/
frequency)

Concentration  
in CSF (mg/L)

CSF:serum 
ratio (%)

MIC
90

 against common meningeal pathogen

NM hI pSSp prSp eC pa

Pencillin G 1.5 × 105 i.v./M 0.8 8 0.03 1–256 ≤0.06 4 NA NA

Ampicillin 15 mg/kg i.v./S 0–0.9 3.4 0.004–32 0.5–256 0.06 4 ≥8 NA

Ceftriaxone 100 mg/kg i.v./M 2–42 8.6 ≤0.06 ≤0.125 ≤0.06 16 ≤0.06 ≥16

Cefotaxime 40 mg/kg i.v./M 3.7–5.5 18 ≤0.06 ≤0.06 ≤0.05 0.5 0.125 ≥32

Ceftazidime 2.0 g i.v./M 2–56 23.5 ≤0.125 0.125–0.5 ≤0.125 4 0.25–4 ≥8

Meropenem 40 mg/kg i.v./S 0.3–6.5 21 ≤0.06 0.015–0.25 ≤0.06 16 0.015–4 0.015–16

Gentamicin 1.5 mg/kg i.m./S 0–0.10 2.5 NA 1–4 32 32 ≥0.5 ≥4

Ciprofloxacin 500 mg oral/S 0.3–0.5 25 ≤0.06 ≤0.06 1–2 12 0.03–0.125 0.5–4

Chloramphenicol 100 mg/kg i.v./M 2.0–15.6 38 0.06–8 0.5–8 1 16 4 NA



636 Chapter 50 BaCterial infeCtions of the Central nervous system

Logical decisions regarding antimicrobial dosing depend not 
only on knowledge of drug penetration but also on knowledge 
of the pharmacokinetic and pharmacodynamic properties of 
the antimicrobial.

Because of the general limitation in antimicrobial penetration 
into the CSF, the use of oral antimicrobials is discouraged since 
the dose and tissue levels tend to be considerably lower than 
with parenteral agents. An exception can be made for rifampicin 
(rifampin), given either as a synergistic drug or for eradication 
of mucosal carriage of H. influenzae or N. meningitidis.

Because of erratic distribution within the CSF, and failure 
of antimicrobials injected into lumbar theca to become dis-
tributed throughout the ventricular system, intrathecal ther-
apy is discouraged by many physicians as risks outweigh the 
doubtful therapeutic advantage. There are, nevertheless, some 
situations in which intrathecal treatment is indicated, when 
the ventricular route must be used. Doses and preparations 
for intrathecal injection should be determined carefully.

  CONTRIBuTION OF ExPERIMENTAL 
STuDIES

Although much information has been gathered about anti-
microbial concentrations in serum and CSF in humans with 

meningitis, ethical and practical limitations make it diffi-
cult to achieve a full picture of the conditions necessary for 
successful treatment. Many factors contribute to the poor 
results of treatment in neonatal meningitis and in Gram-
negative bacillary meningitis in older age groups, but recent 
studies indicate that failure to achieve the appropriate con-
centration of the correct antimicrobial at relevant sites cor-
relates with poor results. As elsewhere in the body, local foci 
of infection remain important and, in neonatal meningitis 
especially, persistent ventriculitis results in treatment failure. 
General principles apply here: the antimicrobial regimen used 
must be active and, in this situation, bactericidal against the 
causal organism at concentrations regularly achieved in CSF. 
Additional factors related to success or failure have been clari-
fied in experimental animals, especially in a rabbit model of 
experimental meningitis, in which repeated estimations of 
bacterial counts and of antimicrobial concentrations can be 
made. McCracken has shown that, for some agents, the phar-
macokinetic factors can be quite similar in the rabbit and the 
human infant.21 McCracken concludes that measurement of 
the ratio of CSF area under curve to serum area under curve 
(CSF AUC:serum AUC × 100) after single doses and the 
mean relative concentrations after 9 h infusions are good pre-
dictors for CSF penetration in infants and children. Both in 
rabbits and in children, best results are achieved if the bac-
tericidal titer of the CSF for the relevant organism is at least 
1:8, but the rate of decline in the CSF bacterial population is 
no greater even if this titer is much exceeded. Measurements 
of this type, both in experimental animals and in humans, 
are helpful in the initial evaluation of new putative agents for 
treating meningitis, but are impractical clinically once phar-
macokinetic features of the drug have been well established.

SPECIFIC FEATuRES OF 
ANTIMICROBIALS COMMONLY uSED 
IN THE TREATMENT OF MENINGITIS

  BENzYLPENICILLIN AND 
AMPICILLIN

As a general rule, most β-lactams, including penicillins, ampi-
cillin and amoxicillin, penetrate into the CSF poorly. Their 
low toxicity, however, enables this disadvantage to be over-
come by high systemic dosages which normally require intra-
venous therapy. Where conditions make this impracticable or 
hazardous, intramuscular injections can be used but the large 
injection volumes are painful. CSF concentrations appropri-
ate for the treatment of penicillin-susceptible meningococcal 
or pneumococcal meningitis can be achieved with a dosage 
of 150 mg/kg (250 000 units/kg) daily divided into 4-hourly 
intravenous doses.22 The same general points apply to ampi-
cillin and its congeners. The range of doses in controlled trials 
has varied from 150 to 400 mg/kg per day. The highest doses 
are unnecessary, and a standard dose of 200 mg/kg per day is 

Box 50.1 penetration of antimicrobial agents into Csf

1. therapeutic CSF concentrations achieved by standard 
doses and routes of administration

Chloramphenicol

Sulfonamides

Trimethoprim

Fluoroquinolones

Metronidazole

Doxycycline

Isoniazid

Rifampicin

Pyrazinamide

Ethionamide

2. therapeutic CSF concentrations achieved by high 
intravenous or intramuscular doses, especially in meningitis

Penicillins

Cephalosporins

3. therapeutic CSF concentrations may be achieved by 
standard doses and routes in meningitis

Clindamycin

Vancomycin

Tetracycline

Erythromycin

Ethambutol

4. therapeutic CSF concentrations cannot be reliably achieved 
except where intrathecal route is possible

Aminoglycosides

Polymyxin

Fusidic acid
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recommended. Notably, none of the oral forms of penicillin or 
ampicillin is suitable for treating meningitis. CSF  penetration 
diminishes even further as meningeal inflammation begins 
to resolve. The short half-lives of these compounds make it 
unwise to prolong the dose interval beyond 4–6 h.

Neurological toxicity from penicillin presents a danger 
only when excessively high blood or CSF concentrations are 
reached. This sometimes occurs when very large doses are 
given intravenously in the presence of renal failure, but was 
especially associated with incorrectly high intrathecal dosage at 
a time when this form of administration was commonly used.

 CEPHALOSPORINS

The extended-spectrum cephalosporins (cefotaxime, ceftri-
axone and cefepime) are characterized by excellent antibac-
terial activity against common meningitis-causing bacteria, 
and are currently the drugs of choice for the empirical ther-
apy of bacterial meningitis. Cephalosporins, like other antimi-
crobials, are not known to be metabolized in the CSF; thus, 
their concentrations in CSF depend on the balance between 
penetration and elimination. In most clinical trials, the pen-
etration of cephalosporins through the blood–brain barrier is 
expressed as the ratio of CSF to blood concentration at a par-
ticular time-point (Table 50.3, p. 635). Because of the slow 
entry of cephalosporins secondary to low lipophilicity, their 
concentration–time curves in CSF lag behind those in blood.23 
Furthermore, the most important determinant predicting effi-
cacy in meningitis is the relationship between the antimicrobial 
concentration in CSF and the minimum bactericidal concen-
tration (MBC) of the common organisms causing meningitis. 
The wide variability and occasional low CSF concentrations 
are worth noting because higher dosages are well tolerated and 
therapeutic concentrations in the CSF can still be achieved. 
Goldwater measured the concentration of ceftriaxone or cefo-
taxime in the CSF of children with bacterial meningitis caused 
by Str. pneumoniae, H. influenzae or N. meningitidis.24 Though 
there was significant variability in the CSF concentrations of 
these antimicrobials, the concentrations exceeded the mini-
mum inhibitory concentrations (MICs) for these organisms 
by 45- to 8750-fold. During the 1980s many controlled  trials 
evaluated different cephalosporins in treating meningitis. The 
largest groups studied were children with H. influenzae men-
ingitis. In most trials the compound under investigation was 
compared with ampicillin and chloramphenicol in combi-
nation, the prevailing standard of treatment for community-
acquired childhood meningitis at the time. These trials gave 
results generally similar to, but not better than, the standard 
regimen. Of the many compounds available, cefotaxime and 
ceftriaxone have been especially well studied.

In addition to clinical comparisons with the standard 
regimens, many trials included measurements of the rate of 
decline of bacterial counts in the CSF, and time to negative 
CSF cultures, which were again generally comparable in the 

two groups. In one trial comparing twice-daily ceftriaxone 
with chloramphenicol and ampicillin, repeat lumbar puncture 
10–18 h after the start of treatment showed similar reduc-
tions of bacterial counts, but the median bactericidal titer in 
the CSF was 1:1024 in the ceftriaxone group, compared with 
1:4 in the conventional therapy group.25 Ceftriaxone concen-
trations in the CSF were 3–24% (mean 11.8%) of the serum 
concentration. These generally good results emboldened 
investigators to study once-daily ceftriaxone dosing, allowing 
the possibility of outpatient treatment in patients who were 
well enough after the initial diagnostic assessment and initia-
tion of treatment. Again, results were satisfactory;26 diarrhea, 
the main adverse effect, was not severe enough to necessitate 
a change of treatment. Duration of treatment has also been 
studied, with Lin et al27 showing that the results with 7 days of 
ceftriaxone were as good as those after 10 days. Roine et al28 
found that 4 days of ceftriaxone therapy proved to be almost 
as safe as a 7-day course, especially in patients with rapid ini-
tial recovery from bacterial meningitis.

Cefotaxime has also been studied extensively and shown 
to be effective in the common forms of bacterial meningitis, 
usually at a dose of 50 mg/kg every 6 h. Cefotaxime may be 
administered at a dose of 300 mg/kg per day (maximum dose, 
24 g per day) in treating resistant pneumococci.29 A large 
study of 285 children prospectively randomized to receive 
cefotaxime or meropenem showed similar progress in the two 
groups.30

The increasing importance of drug resistance in H.  influenzae 
infection, and the possible antagonism between ampicillin 
and chloramphenicol, led Finnish investigators to conduct an 
important multicenter comparison in 220 children with men-
ingitis (146 with H. influenzae) of chloramphenicol, ampicillin 
(initially with chloramphenicol), cefotaxime or ceftriaxone.31 
Results were similar in the four treatment groups, but all four 
bacteriological failures were with chloramphenicol and treat-
ment had to be changed more frequently in this group. Use of 
ampicillin was limited by the problem of resistance. Results 
were equivalent between groups receiving either cepha-
losporin. Cefotaxime has fewer adverse effects, but the cost of 
both drugs limits their potential in developing countries.

Although cefotaxime and ceftriaxone are the most widely 
used cephalosporins for meningitis, other β-lactam compounds 
have also been studied in Haemophilus meningitis, includ-
ing ceftazidime, ceftizoxime and aztreonam – again, usually 
in comparison with ampicillin and chloramphenicol. Other 
cephalosporins currently available or under development for 
clinical use are ceftobiprole, cefpirome, cefepime, cefoselis, 
cefclidin, cefozopran and cefluprenam. Cefepime is active 
against a broader spectrum of bacteria than earlier cepha-
losporins. This cephalosporin penetrates inflamed meninges 
to produce CSF concentrations ±20% of the serum concen-
trations.32 This concentration is two- to four-fold greater than 
that achieved by ceftriaxone or cefotaxime. In 1995, Saez-
Llorens et al compared the use of cefepime and cefotaxime in 
90 children with bacterial meningitis aged between 2 months 
and 15 years, randomized to receive cefepime 50 mg/kg every 
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8 h or cefotaxime 50 mg/kg every 6 h.33 CSF concentrations 
of cefepime varied from 55 to 95 times greater than the MIC 
of the causative pathogens. Clinical response, CSF steriliza-
tion, complications and hospital stay were similar for the two 
treatment regimens, leading to the conclusion that cefepime 
is safe and therapeutically equivalent.33 This study has been 
confirmed by the same group in 345 pediatric patients in 
two randomized trials that compared cefepime with either 
ceftriaxone or cefotaxime.34 However, non-convulsive status 
epilepticus and reversible severe encephalopathy have been 
observed as unwanted side effects, especially if given in high 
doses or in patients with renal failure.35

 CARBAPENEMS

Carbapenems (meropenem, imipenem–cilastatin, ertapenem 
and doripenem) have a spectrum of antimicrobial activity 
that exceeds most other antimicrobial classes, which includes 
organisms resistant to many other antimicrobials, including 
other β-lactam agents. The mean CSF concentration of mero-
penem following a single dose of 40 mg/kg in patients with 
inflamed meninges who had received dexamethasone (which 
markedly reduces the CSF concentrations of β-lactam antimi-
crobials) has been reported to be 3.28 mg/L at 2.5–3.5 h after 
administration.36

Meropenem has been extensively evaluated in treating 
bacterial meningitis in children but few studies have been 
comparative. Schmutzhard et al randomized 56 adults with 
bacterial meningitis to meropenem (n = 28), cefotaxime 
(n = 17) or ceftriaxone (n = 11).37 The dose of mero-
penem was 40 mg/kg, up to a maximum of 2 g, every 8 h. 
The causative pathogens included meningococci, pneumo-
cocci, Ps. aeruginosa and H. influenzae. All bacterial isolates 
were eliminated, regardless of the drug used. Among evalu-
able patients at the end of treatment, all patients on mero-
penem, 9 of 12 on cefotaxime, and 8 of 10 on ceftriaxone 
were classified as cured.37 Klugman and Dagan random-
ized 98 children with bacterial meningitis to meropenem 
40 mg/kg every 8 h and 98 children to cefotaxime 75–100 
mg/kg every 8 h.38 Two cefotaxime-treated patients died 
while receiving therapy and one meropenem-treated patient 
died of trauma 26 days after therapy. None of the deaths 
was judged to be related to the study drug. In evaluable 
patients, cure without sequelae was reported in 54 of 75 
(72%) patients on meropenem and 52 of 64 (81%) random-
ized to cefotaxime; 21 patients (28%) on meropenem and 
10 on cefotaxime (16%) had neurological and/or audiologi-
cal sequelae. Seizures after the start of therapy were seen 
in five patients randomized to meropenem and three given 
cefotaxime.38 Meropenem would appear to be as effective as 
cefotaxime for this indication.

Imipenem–cilastatin has been evaluated for the treatment 
of bacterial meningitis in children.39 Although highly effec-
tive at eradicating bacteria from the CSF, 33% of the chil-
dren developed seizures after administration of this drug. As 
a consequence, the clinical trial was terminated; neurological 

 toxicity limits enthusiasm for the use of imipenem–cilastatin 
in the treatment of bacterial meningitis.

The latest carbapenems, ertapenem and doripenem, have 
not been evaluated for the treatment of bacterial  meningitis. 
Ertapenem has a significantly longer half-life than the 
other carbapenems but lacks activity against Ps. aeruginosa, 
while doripenem has an antimicrobial spectrum similar to 
meropenem.

 GLYCOPEPTIDES

Vancomycin is approximately 55% bound to serum proteins. 
It does not diffuse well into CSF, especially in the absence 
of inflamed meninges. Therapeutic concentrations can be 
achieved when higher dosages (15 mg/kg) are administered 
every 6 h or by continuous infusion.40 Animal studies reveal 
that maximal bacterial killing rate is achieved with Cmax:MBC 
ratios of 5:1 to 10:1; any further increases in vancomy-
cin CSF concentration does not increase bacterial killing.41 
Vancomycin in combination with a cephalosporin is recom-
mended to treat pneumococcal meningitis caused by strains 
with diminished susceptibility to the cephalosporin, especially 
in children older than 1 month.42,43

Although vancomycin (and teicoplanin) has not been sys-
tematically evaluated for the treatment of meningitis caused 
by methicillin-resistant Staph. aureus (MRSA), multiple 
case reports and series describe its successful use for this 
 disease.44,45 While Staph. aureus is not a common cause of 
community-acquired bacterial meningitis, this pathogen must 
be considered in specific scenarios, such as intravenous drug 
use, post-neurosurgical patients, and patients at risk for Staph. 
aureus bacteremia (e.g. hemodialysis, long-term intravenous 
catheters). In these settings, empirical use of vancomycin 
pending antimicrobial susceptibility testing is warranted.

CHOICES OF EMPIRICAL 
ANTIMICROBIALS

All adults in whom a diagnosis of bacterial meningitis is sus-
pected should receive antimicrobials as rapidly as possible, 
even if in the community while awaiting transport to the hos-
pital. There is little published evidence to indicate that the 
diagnosis is obscured by preadmission antimicrobials. In 
view of the serious nature of this disease, it is strongly rec-
ommended that primary care physicians should give 2 g of 
ceftriaxone or cefotaxime intravenously without delay upon 
suspicion of possible bacterial meningitis.

For patients admitted to hospital with suspected bacte-
rial meningitis, empirical antimicrobial therapy is indicated 
if the lumbar puncture is to be delayed or if the CSF find-
ings are compatible with bacterial meningitis with or  without 
a  diagnostic Gram stain. Antimicrobial therapy should be 
started as soon as possible. Early antimicrobial administration 
does not hinder microbiological diagnosis when PCR testing 
is used. The concern that early antimicrobial administration 
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may aggravate the clinical condition by causing antimicrobial-
induced endotoxin release46,47 has not been confirmed clini-
cally.48 In contrast, delayed antimicrobial therapy will simply 
result in an increase in bacterial biomass and the damaging 
effects of a more severe inflammatory response.

Because the CNS is an immunologically defective site, opti-
mal therapy for bacterial meningitis depends on using antimi-
crobials with bactericidal activity in vivo. Empirical treatment 
must cover the full spectrum of possible causative pathogens, 
based on the patient’s age, co-morbidities, and whether infec-
tion is community or hospital acquired (Table 50.1, p. 634). 
It is also important to note any history of drug allergy, recent 
travel, exposure to someone with meningitis, recent infections 
(especially respiratory and otic), use of antimicrobials, injection 
drug use, and the presence of a petechial or ecchymotic rash.

Currently a cephalosporin (usually cefotaxime or cef-
triaxone) is recommended for the empirical treatment of 
 community-acquired meningitis in adults and children older 
than 3 months. Empirical therapy for children younger than 
3 months of age consists of ampicillin and cefotaxime (in pref-
erence to ceftriaxone, which can bind albumin and alter bili-
rubin metabolism), though often ampicillin plus gentamicin is 
used in resource-limited settings. Cefotaxime and ceftriaxone 
have emerged as the β-lactams of choice in the empirical treat-
ment of meningitis in all other age groups. These drugs have 
potent activity against the major pathogens, with the notable 
exception of Listeria. They are clinically equivalent to, or bet-
ter than, penicillin and ampicillin owing to their consistent 
CSF penetration. Their activity also includes most strains of 
 penicillin-resistant Str. pneumoniae. Furthermore, synergistic 
activity has been reported between ceftriaxone and vancomycin 
in vitro and in experimental meningitis with strains for which 
the MIC of ceftriaxone was >4 mg/L.49–51 These findings have 
led most authorities to recommend vancomycin and ceftriax-
one as empirical therapy for patients with meningitis in areas 
with a high incidence of cephalosporin-resistant pneumococci.

ROLE OF CORTICOSTEROIDS IN 
MANAGING (NON-TuBERCuLOuS) 
BACTERIAL MENINGITIS

A variety of host inflammatory factors involved in the complex 
pathophysiology of bacterial meningitis have been identified 
that may serve as targets for adjunctive therapy. Dexamethasone 
has been the most widely evaluated since benefit was observed 
in experimental bacterial meningitis. Early administration of 
corticosteroids such as dexamethasone in childhood meningi-
tis, although showing no survival advantage, reduced the inci-
dence of severe neurological  complications and deafness in  
H. influenzae infection.52 A meta-analysis of five studies in 
children showed a relative risk of bilateral deafness of 4.1 and 
of late neurological sequelae of 3.9 in controls compared with 
children treated with steroids.53 Concerns over the adjunctive 
use of steroids include gastrointestinal bleeding, secondary 
fever, difficulties in the clinical assessment of bacteriological 
cure due to quicker  defervescence, and reduced penetration 

of antimicrobials through the blood–brain barrier, particularly 
in penicillin-resistant pneumococcal meningitis.54 Children 
with bacterial meningitis may be in septic shock and the role 
of steroids in septic shock and viral infections is unclear.55 
Sterilization of CSF by ampicillin and gentamicin in the pres-
ence of steroids also needs clarification. Not much is known 
about the use of dexamethasone in malnourished patients or 
those with HIV infection or other serious illness.

In 2002 a prospective, randomized clinical trial of dex-
amethasone therapy in adults with bacterial meningitis was 
 published.56 This trial randomized 301 adults to receive either 
placebo (n = 144) or 10 mg of dexamethasone every 6 h for 
4 days (n = 157), with the dexamethasone administered before 
or with the first antimicrobial dose. Approximately one-third 
of the patients were infected with Str. pneumoniae, one-third 
with N. meningitidis, and the remainder with other bacteria or 
negative CSF cultures. The group receiving dexamethasone 
had a lower risk of an unfavorable clinical outcome (relative 
risk [RR] 0.59, CI 0.37–0.94, p = 0.03), based on the Glasgow 
Outcome Scale at 8 weeks, and a reduction in mortality (RR 
0.48, CI 0.24–0.96, p = 0.04) compared to the placebo group. 
Subgroup analysis based on causative organism demonstrated 
particular benefit for those infected with Str. pneumoniae.

For pediatric meningitis, the evidence from recent 
 meta-analyses confirms benefit from dexamethasone in 
H. influenzae type b meningitis and efficacy in pneumococcal 
meningitis only if given early (before or during initial paren-
teral antimicrobials). The American Academy of Pediatrics 
recommends that adjunctive therapy with dexamethasone 
should be considered for infants and children 6 weeks of age 
and older; the potential benefits and risks must be carefully 
weighed. An important concern is that the administration 
of steroids in combination with vancomycin may be disad-
vantageous. Vancomycin does not penetrate well into non-
inflamed CSF and the addition of steroids has been shown 
to decrease CSF vancomycin concentrations in adults, but 
this concern may be moot as vancomycin should not be used 
alone to treat pneumococcal meningitis.57 This effect has not 
been observed in children. Ricard et al measured vancomycin 
concentrations in the CSF of 14 adult patients with bacte-
rial meningitis (13 with Str. pneumoniae, 1 with N. meningiti-
dis) who were being treated with dexamethasone 10 mg every 
6 h.58 The vancomycin was dosed as a continuous  infusion 
of 60 mg/kg per day after a loading dose of 15 mg/kg. The 
mean serum concentration was 25.2 mg/L with a mean CSF 
concentration of 7.2 mg/L (~29% of mean serum levels). 
This mean CSF concentration is above the MBCs for the 
vast  majority of  pneumococci, so it appears safe to use ste-
roids during  concomitant vancomycin administration with an 
extended-spectrum cephalosporin.

Two prospective, randomized, double-blind trials examining 
the use of adjunctive dexamethasone in the treatment of bacte-
rial meningitis were published in 2007, one conducted among 
465 adults in sub-Saharan Africa and one among 435 adoles-
cents and adults in Vietnam. In the African study, the major-
ity (90%) of patients were HIV infected. When compared to 
 placebo, dexamethasone had no effect on 40-day mortality, the 



640 Chapter 50 BaCterial infeCtions of the Central nervous system

main outcome measure of this trial.59 Additionally, no difference 
was observed between dexamethasone- and placebo-treated 
patients in the secondary outcomes of disability or death, hear-
ing impairment and adverse events. In the Vietnamese study, 
patients >14 years old with suspected bacterial meningitis were 
randomized to receive adjunctive dexamethasone or placebo, 
with the main outcome measures being death at 1 month and 
the risk of death or disability at 6 months.60 Intention-to-treat 
analysis of all suspected bacterial meningitis cases indicated no 
difference between the dexamethasone- and placebo-treated 
groups with respect to death at 1 month or death/disability at 
6 months. However, among the randomized patients with con-
firmed (by CSF culture) bacterial meningitis, dexamethasone 
significantly reduced the risk of death at 1 month (OR 0.43, 
95% CI 0.20–0.94) and death/disability at 6 months (OR 0.56, 
95% CI 0.32–0.98) compared to placebo.

A prospective, randomized, double-blind study comparing 
adjuvant dexamethasone or glycerol with placebo was performed 
among children (2 months to 16 years) with bacterial meningi-
tis in Latin America.61 The study included 654 patients infected  
mainly with H. influenzae type b, Str. pneumoniae and N. menin-
gitidis, and the primary endpoints were death or severe neurologi-
cal sequelae (as a composite) or deafness. Dexamethasone 
(0.15 mg/kg every 6 h for 48 h, first dose 15 min prior to 

 ceftriaxone) was given to 166, glycerol (1.5 g/kg orally every  
6 h, first dose 15 min prior to ceftriaxone) to 166, both dex-
amethasone and glycerol to 159, and placebo to 163. None of 
the adjuvant therapies affected death or deafness as individual 
outcomes, but the groups receiving either glycerol (OR 0.31, CI 
0.13–0.76, p = 0.01) or dexamethasone plus glycerol (OR 0.39, 
CI 0.17–0.93, p = 0.033) had a reduced risk of severe neuro-
logical sequelae. Based on this trial, glycerol appears to be a safe 
adjunct to ceftriaxone therapy in pediatric bacterial meningitis 
and has the advantage of oral administration in many patients.

Agents other than dexamethasone that are capable of 
intervening with inflammatory mediators such as nitric oxide 
synthase inhibitors, peroxynitrite scavengers, endothelin 
antagonists and matrix metalloproteinase inhibitors are ben-
eficial in experimental bacterial meningitis and await clinical 
trials in humans.

DuRATION OF THERAPY

The duration of antimicrobial therapy in patients with bac-
terial meningitis has traditionally been 10–14 days for non-
meningococcal isolates (Table 50.4). Further information is 
presented later when each pathogen is discussed.

table 50.4 recommended antimicrobial regimens for patients with culture proven meningitis

Organism antimicrobial 
therapy

Dosage in children>1 month 
age (mg/kg/day), dose interval

Dosage in adults Duration of 
 treatment (days)

Streptococcus pneumoniae
 Penicillin MIC <0.1 mg/L Penicillin G 300 000–400 000 Ua every 4–6 h 2.4 g every 4 h 10–14
 Penicillin MIC 0.1–1.0 mg/L Cefotaxime or 225–300 mg every 6–8 h 2 g every 6 h

ceftriaxone ± 100 mg every 12–24 h 2 g every 12 h
vancomycin 60 mg every 6 h 30–45 mg/kg per day in 2–3 

divided doses or by continuous 
infusion

 Penicillin MIC >1.0 mg/L Cefotaxime or 300 mg every 6–8 h 2 g every 6 h (up to 24 g)
ceftriaxone ± 100 mg every 12–24 h 2 g every 12 h
vancomycin 60 mg every 6 h 30–45 mg/kg per day in 2–3 

divided doses or by continuous 
infusion

  Ceftriaxone or cefotaxime  
MIC ≥1.0 mg/L

Cefotaxime or 300 mg every 6–8 h 2 g every 6 h (up to 24 g)
ceftriaxone plus 100 mg every 12–24 h 2 g every 12 h
vancomycin ± 60 mg every 6 h 30–45 mg/kg per day in 2–3 

divided doses or by continuous 
infusion

rifampicin 20 mg every 12 h 300–600 mg every 12 h

Haemophilus influenzae 7
 β-lactamase negative Ampicillin 300 mg every 6 h 2 g every 4 h
 β-lactamase positive Cefotaxime or 225–300 mg every 6–8 h 2 g every 6 h

ceftriaxone 100 mg every 12–24 h 2 g every 12 h
 Neisseria meningitidis Penicillin G 300 000–400 000 Ua every 4–6 h  

(maximum dose, 12 MU per day)
2.4 g every 4 h 5–7

 Listeria monocytogenes Ampicillin plus 300 mg every 6 h 2 g every 4 h 14–21
aminoglycoside Depends on aminoglycoside Depends on aminoglycoside

 Str. agalactiae Ampicillin ± 300 mg every 6 h 2 g every 4 h 14–21
aminoglycoside Depends on aminoglycoside Depends on aminoglycoside

 Enterobacteriaceae Ceftriaxone or 100 mg every 2–24 h 2 g every 12 h 21
cefotaxime ± 300 mg every 6–8 h 2 g every 4 h
aminoglycoside Depends on aminoglycoside Depends on aminoglycoside

 Pseudomonas aeruginosa Ceftazidime (or 
cefepime) +

150 mg every 8 h 2 g every 8 h 21

aminoglycoside Depends on aminoglycoside Depends on aminoglycoside

a300 000–400 000 U penicillin G = 180–240 mg. MU, million units.
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PATHOGEN-DIRECTED THERAPY

 MENINGOCOCCAL MENINGITIS

Although meningococcal meningitis is a serious illness and 
meningococcal shock syndrome one of the most rapidly fatal 
of all infections, the organism itself is easily eliminated by 
appropriate chemotherapy. The mainstay of treatment is 
benzylpenicillin, administered as described earlier, though 
the Infectious Diseases Society of America recommends a 
third-generation cephalosporin with penicillin as an alter-
native.62 Susceptibility testing is necessary because of the 
appearance of strains with reduced susceptibility to penicil-
lin. In-vitro testing of 431 isolates of N. meningitidis (373 
from the USA, 58 non-USA) demonstrated an elevated pen-
icillin MIC (≥0.12 µg/mL) in 14.3%, though the MIC range 
for these organisms was ≤0.007 to 1 µg/mL.63 These levels 
of reduced susceptibility are not clinically important if the 
 correct  dosage is used.

Ampicillin is also suitable for meningococcal disease. When 
the microbial diagnosis of pyogenic meningitis is uncertain, 
the cephalosporins (discussed above) are fully active against 
meningococci. Ceftriaxone has the added advantage of eradi-
cating nasopharyngeal carriage (see below) in the index case, 
which is not true of benzylpenicillin.

In sharp contrast to the situation with many other forms 
of meningitis, eradication of the organism can be achieved 
rapidly and prolonged treatment is unnecessary. Treatment 
is often continued for 7 days, but 5 days suffices to eradi-
cate infection and even shorter treatments have been effective. 
Viladrich et al64 treated 50 patients with meningococcal men-
ingitis with intravenous penicillin for 4 days. Even shorter reg-
imens, such as 2 days of ceftriaxone65 or single-dose therapy 
with a parenteral preparation of long-acting chlorampheni-
col, have been successful.66 A randomized, open-label trial 
compared a single dose of long-acting oily chloramphenicol 
(100 mg/kg intramuscularly, up to 3 g) with a single dose of 
ceftriaxone (100 mg/kg intramuscularly, up to 4 g) in African 
patients with epidemic meningococcal meningitis.67 This trial 
demonstrated clinical equivalence between these regimens, 
supporting a role for single-dose ceftriaxone in this resource-
limited setting.

If meningococcal disease is suspected, the patient should 
be given parenteral penicillin or a third-generation cepha-
losporin and admitted to hospital immediately. All suspected 
cases should be reported to the relevant public health authority. 
Although formerly widely used, nasal or throat swabs are no 
longer routine practice. Chemoprophylaxis should be offered 
promptly to all household and mouth-kissing contacts, to 
patients before discharge, and anyone who has had contact 
with a patient’s nasopharyngeal secretions (healthcare workers 
whose mouth or nose has been directly and heavily exposed 
to respiratory droplets/secretions from a case of meningococ-
cal disease around the time of hospital admission).68 Contacts 
should be advised about possible early symptoms and of 

the persisting risk, even if they have received prophylaxis. In 
 epidemic situations the use of vaccine should be considered, 
although prevention of epidemics of meningococcal disease in 
developing countries will be difficult until long-lasting conju-
gate vaccines capable of interrupting transmission of N. men-
ingitidis can be incorporated into routine infant immunization 
schedules.

prophylaxis of meningococcal meningitis

Outbreaks of meningococcal meningitis in closed commu-
nities, especially military recruits, are well recognized, but 
spread within family groups may also occur, especially in con-
ditions of overcrowding. Sulfadiazine has been very effective 
for chemoprophylaxis, but the emergence of sulfonamide-
resistant strains has posed a problem and this agent is no 
longer used for this purpose. Rifampicin is much more effec-
tive than penicillin, ampicillin, tetracycline or erythromycin 
in controlling the carriage of sulfonamide-resistant strains. A 
number of trials in the early 1970s established the degree of 
efficacy of rifampicin (85–90%) in immediate reduction of 
the meningococcal carrier rate, but a substantial proportion 
of the residual strains isolated in the post- treatment period 
were rifampicin resistant; it is therefore possible that wide-
spread use of rifampicin will be accompanied by an increase in 
strains resistant to this drug. The dosage of rifampicin is 600 
mg every 12 h for four doses (10 mg/kg every 12 h for four 
doses for children). Moderate success in controlling meningo-
coccal carriage has also been achieved with minocycline 200 
mg followed by 100 mg every 12 h for 5 days. Total clear-
ance of carriers was achieved using a combination of rifampi-
cin and minocycline, but one-third of the patients given both 
drugs experienced unpleasant side effects. Sequential use of 
minocycline followed by rifampicin has also been employed. 
Single-dose oral ciprofloxacin, in a dose of either 500 or 750 
mg, has proved notably effective, and is now the preferred 
agent for adult contacts. Cuevas et al conducted a random-
ized comparative study of rifampicin and ciprofloxacin for 
eradicating nasopharyngeal carriage of meningococci.69 
Ciprofloxacin proved a safe and effective alternative to rifam-
picin for eradication of meningococcal carriage in adults but 
remains contraindicated in children. Similarly, 46 persistent 
 carriers were treated with 750 mg in a single oral dose in a 
 placebo-controlled  double-blind trial:70 20 of the 22 placebo 
recipients remained positive, whereas 20 of 23 recipients of 
active drug showed negative results on swabbing 7 and 21 
days later. Adverse drug reactions occur rarely following a sin-
gle dose of ciprofloxacin but have included hypersensitivity 
reactions. Single-dose injection treatment with ceftriaxone has 
also been successful in clearing nasopharyngeal carriage71 and 
this is the agent of choice in pregnant contacts. The adult dose 
is 250 mg as a single intramuscular injection; children under 
12 years should receive half this dose. Furthermore, single 
doses of ofloxacin or azithromycin were found to be 97.2%72 
and 95%73 effective, respectively, in eradicating  carriage of N. 
meningitidis.
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Chemoprophylaxis may fail if given too late or given to 
the wrong person, or because of non-compliance. Rifampicin 
resistance, although rare, is another cause of failure.74 The 
effect of chemoprophylaxis is further limited because it does 
not prevent reintroduction of the pathogenic strain from a 
carrier outside the group, and therefore late secondary cases 
may occur.

Based on the observation that approximately half of the 
secondary cases in families develop within 24 h in children 
under 15 years, the Norwegian health authorities have advised 
treating these possible co-primary cases with phenoxymethyl-
penicillin for 1 week. Although this strategy has substantially 
reduced the number of co-primary fatalities in families, no 
controlled studies are available and this strategy has not been 
widely adopted elsewhere.

 PNEuMOCOCCAL MENINGITIS

Initially, all Str. pneumoniae isolates were exquisitely susceptible 
to penicillin (MIC ≤0.06 mg/L), and this antimicrobial served 
as the drug of choice. Today, drug-resistant Str.  pneumoniae is 
recognized worldwide. Several reports of treatment failures 
related to pneumococcal isolates with decreased susceptibility 
to penicillin were published in the 1970s. In these cases, pneu-
mococci with penicillin MICs between 0.1 and 1.0 mg/L were 
associated with microbiological and/or clinical treatment fail-
ures in patients given penicillin. These cases led to the conclu-
sion that penicillin at routine doses did not result in high enough 
levels in the CSF (peak ~1.0 mg/L) to reliably treat meningi-
tis caused by intermediately susceptible pneumococcal strains 
(penicillin MIC 0.1–1.0 mg/L). At that time, ampicillin and 
chloramphenicol were the standard empirical agents for sus-
pected bacterial meningitis in children. Chloramphenicol was 
considered an acceptable alternative to complete therapy if a 
penicillin-resistant Str. pneumoniae isolate was recovered, which 
at that time was still an infrequent occurrence. However, by 
the early 1990s, as penicillin- resistant pneumococcal isolates 
became more common throughout the world, treatment fail-
ures associated with cefotaxime or ceftriaxone administration 
for pneumococcal meningitis were reported. Vancomycin has 
also been used, but the correct drug concentration is difficult 
to achieve and a number of failures have been recorded. It is 
suggested that vancomycin be used (in penicillin- and chloram-
phenicol-resistant pneumococcal meningitis) only when high-
dose cephalosporins have failed.75 Vancomycin may also have 
a place in combination with cephalosporins when diminished 
susceptibility to the cephalosporin has been demonstrated.76 
Although optimal therapy for infections caused by drug-resis-
tant pneumococci is not known at present, several options 
are available. Where the majority of isolates remain sensitive 
to penicillin, this drug can continue to be used, although for 
empirical therapy ceftriaxone would be a more reliable choice. 
Where resistance rates are high, it seems prudent to treat all 
patients with purulent meningitis empirically with vancomycin 

combined with either cefotaxime or ceftriaxone while await-
ing CSF culture and antimicrobial susceptibility test results. 
The recommended dose of vancomycin in cases resistant to 
other drugs is 60 mg/kg per day. Alternative combination regi-
mens for penicillin- and cephalosporin-resistant pneumococ-
cal meningitis include rifampicin with either ceftriaxone or 
cefotaxime, rifampicin and vancomycin, and vancomycin and 
chloramphenicol. Both cefepime and meropenem have been 
evaluated in clinical trials for the treatment of bacterial menin-
gitis. Randomized comparative studies assessed the efficacy of 
cefepime as empirical monotherapy in the treatment of bacte-
rial meningitis. This drug represents an important therapeu-
tic option for the empirical treatment of bacterial meningitis 
in children based on the good clinical response and bacterio-
logical eradication rates observed in this study.34 However, no 
penicillin-resistant pneumococci were identified in the study; 
the effectiveness of cefepime for treating pneumococcal men-
ingitis due to resistant strains could not be assessed and thus 
remains unknown.

Although meropenem is an alternative to extended-
 spectrum cephalosporins, much more experience with the 
drug is required before it can be reliably recommended as 
an effective antimicrobial for the treatment of antimicrobial-
resistant pneumococcal meningitis.

Daptomycin, a lipopeptide antimicrobial with excellent in-
vitro activity against Str. pneumoniae (MIC90 range <0.125–
0.5 mg/L), may become a useful agent for the treatment of 
pneumococcal meningitis.77,78 Unlike β-lactams, daptomycin 
does not lyse pneumococci in experimental animal models of 
pneumococcal meningitis, despite having bactericidal activity 
in the CSF.79,80 Importantly, daptomycin does not cause release 
of pneumolysin from dead or dying pneumococci; pneumo-
lysin is a critical virulence factor for pneumococci and has 
been shown to induce apoptosis in neurons.81,82 Daptomycin 
is more rapidly bactericidal than ceftriaxone in experimen-
tal pneumococcal meningitis and retains antimicrobial activ-
ity against penicillin- and quinolone-resistant pneumococci.83 
A rabbit model of experimental pneumococcal meningitis also 
demonstrated that a combination of daptomycin and ceftriax-
one was more effective than vancomycin plus ceftriaxone after 
the addition of dexamethasone.84 Clinical trials are needed to 
confirm the efficacy, safety and appropriate dosing of dapto-
mycin in patients with pneumococcal meningitis.

In summary, the initial treatment of suspected pneumo-
coccal meningitis should be altered especially in areas where 
resistant pneumococci have been encountered. Initial ther-
apy with cefotaxime or ceftriaxone combined with vanco-
mycin is recommended (Table 50.4), with administration of 
dexamethasone (10 mg every 6 h) before or with the initial 
antimicrobial agent. Once the results of susceptibility test-
ing are available, modifications of therapy should be made. 
If the strain is susceptible to penicillin, vancomycin should 
be discontinued. Vancomycin plus cefotaxime or ceftriaxone 
should be used only if the organism is either intermediately 
or highly resistant to both penicillin and the cephalosporins. 
The addition of rifampicin or substitution of rifampicin for 
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vancomycin after 24–48 h could be considered if the organ-
ism is susceptible to rifampicin or if there is evidence to sug-
gest an inadequate clinical or microbiological response. It 
is prudent to perform a repeat CSF examination and cul-
ture at 24–48 h, until more experience is gained in treating 
 meningitis caused by penicillin-resistant pneumococci.

 HaemopHilus MENINGITIS

With the widespread addition of conjugate H. influenzae type 
b vaccine in developed countries, very few cases of meningitis 
from this organism now occur in childhood. H. influenzae 
meningitis, although very much less common overall, is now 
encountered more frequently in adults.

The treatment for Haemophilus meningitis over the years 
illustrates the progressive limitation of therapeutic choice 
that results from the spread of antimicrobial resistance. For 
many years chloramphenicol was unquestionably the drug 
of choice: it is bactericidal at concentrations that can readily 
be achieved in the CSF and is superior to ampicillin in that 
respect. Ampicillin appeared to be equally effective, and being 
free from possible hematological toxicity, it became the pre-
ferred drug, especially in the USA.

In 1974, the situation changed when resistant strains of H. 
influenzae type b emerged. Resistance of H. influenzae is most 
commonly due to plasmid-mediated β-lactamase  production. 
Ampicillin resistance in H. influenzae has increased globally 
and ranges from 0% to 94%, depending on the geographi-
cal area. Resistance to chloramphenicol, though reported 
in the early 1970s, has remained rare, the incidence being 
about 0.5%. These changing resistance patterns have led to 
the widespread use of cephalosporins as initial treatment of 
Haemophilus meningitis. It is important to note that there is 
no evidence that cephalosporins give better results; the sole 
reason for their use is the presence of antimicrobial resis-
tance. Treatment with chloramphenicol or ampicillin is 
entirely appropriate when isolates are susceptible, an espe-
cially important consideration in resource-poor countries. 
Practice in the USA, before ampicillin resistance became 
common, favored the initial use of chloramphenicol together 
with high-dose ampicillin. The antagonism between ampi-
cillin (or penicillin) and chloramphenicol makes it likely 
that this form of combined treatment effectively relies on 
the chloramphenicol component,85 and equivalent results 
are obtained whether chloramphenicol is used alone or in 
 combination with penicillin.86

A number of choices are available when cephalosporins 
are indicated for the treatment of Haemophilus meningitis. In 
many countries cefotaxime or ceftriaxone is chiefly used but, 
as indicated, many other extended-spectrum cephalosporins 
are equally suitable for Haemophilus meningitis. The gener-
ally low toxicity of β-lactams permits high parenteral dos-
age and this, together with their high intrinsic activity against 
common bacterial causes of meningitis, overcomes their poor 

CSF penetration. CSF concentrations and CSF:serum ratios 
for these compounds are summarized in Table 50.3. The 
wide variability and occasional low concentrations in CSF are 
worth noting.

protection of contacts

The risk of child contacts of patients with Haemophilus men-
ingitis (and possibly other systemic Haemophilus infections) is 
of a similar order to that experienced by contacts of menin-
gococcal disease. The overall risk is about 0.5% but nearer 
2% in household contacts under 5 years of age. The high rate 
of nasopharyngeal carriage of the organism in contacts sug-
gests the need for chemoprophylaxis. As with meningococcal 
infections, many agents that are effective in vitro or in vivo are 
ineffective in reducing nasopharyngeal carriage. Rifampicin, 
given in a dose of 20 mg/kg once daily for 4 days, has been 
shown to reduce carriage rates by 90% and the effect per-
sists, to a lessening extent, for several weeks. Resistance to 
rifampicin has been documented, although most re-isolates 
are still susceptible. These findings provided the basis for a 
number of trials, which showed a significant reduction of risk 
in contacts given rifampicin. The importance of correct dos-
age emerged clearly; in one study, carriage was reduced by 
97% in children given 20 mg/kg of rifampicin but only by 
63% in those given half that dose (and by 28% in the pla-
cebo group). Current recommendations have been influenced 
by the success of vaccination against invasive Haemophilus 
 disease. Rifampicin chemoprophylaxis is now offered to all 
contacts in households in which there are any unvaccinated 
or incompletely vaccinated children less than 4 years old. The 
index case should also be given rifampicin, because persistent 
nasopharyngeal carriage may re-emerge after the acute infec-
tion has been treated. Chemoprophylaxis is also given to adult 
and child contacts in preschool age groups if two or more 
cases of  disease have occurred within 120 days.

Chemoprophylaxis does not obviate the need for care-
ful observation of all contacts, because a workable policy for 
chemoprophylaxis cannot include all those at risk. Rifampicin 
may fail to eradicate carriage, and the risk of rifampicin 
 resistance is as yet uncertain. Moreover, although the re-
colonization rate is reduced, it does still occur. Failure of 
rifampicin prophylaxis has been reported a number of times. 
Rifampicin chemoprophylaxis, although marginally effective, 
will have negligible effect on the total number of patients with 
invasive H. influenzae disease and is much less important than 
vaccination as a control measure.

 STAPHYLOCOCCAL MENINGITIS

Staphylococcus aureus meningitis is usually encountered as a 
component of a generalized hematogenous infection, com-
monly in the elderly or in patients with serious underlying 
disease87 such as post-neurosurgical or post-trauma patients 
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and those with CSF shunts; other underlying conditions 
include diabetes mellitus, alcoholism, chronic renal failure 
requiring hemodialysis, injection drug use and malignancies. 
Other sources of community-acquired Staph. aureus meningitis 
include patients with sinusitis, osteomyelitis and pneumonia. 
Mortality rates have ranged from 14% to 77% in various 
series. The course of the illness is difficult to modify, even with 
appropriate therapy. Vancomycin is a suitable choice pending 
information from susceptibility tests. Meningitis caused by 
methicillin-sensitive Staph. aureus (MSSA) may be treated 
with a penicillinase-resistant penicillin (nafcillin, oxacillin, 
flucloxacillin). Results in the series quoted gave a suggestion 
that prognosis might be improved by the use of fusidic acid 
in conjunction with a penicillin. Meningitis due to MRSA 
should be treated with vancomycin; daptomycin may be an 
alternative, but linezolid or quinupristin–dalfopristin is not 
recommended. Staph. epidermidis is the most common cause 
of meningitis in patients with CSF shunts (discussed in detail 
in Ch. 42).

 streptococcus suis MENINGITIS

Streptococcus suis meningitis has a strong occupational associa-
tion with pigs or pork production. Arthritis, endocarditis and 
other septic manifestations have been reported, and deafness is 
a common sequel. Importantly, 6–31% of patients infected with 
Str. suis develop skin findings similar to purpura fulminans seen 
with meningococcemia.7 Kay et al, in a review that included 25 of 
their own cases,88 indicated that Str. suis is  susceptible to penicil-
lin, ampicillin, cephalosporins,  trimethoprim–sulfamethoxazole 
and vancomycin. Although 2–3 weeks’ treatment with peni-
cillin or ampicillin is usually satisfactory, relapses sometimes 
occur and require further treatment.

  GRAM-NEGATIvE BACILLARY 
MENINGITIS

Meningitis caused by organisms such as Esch. coli, Klebsiella 
and Proteus spp. is mainly encountered in neonates. It has 
become less unusual in older patients and those with immu-
nosuppression or other conditions such as chronic renal 
 failure. Cephalosporins (notably ceftriaxone and cefotaxime) 
have revolutionized the approach to their management, with 
reported recovery rates of 78–94%. Ceftazidime is active in 
vitro against Ps. aeruginosa and has demonstrated clinical effi-
cacy in infected patients. It is recommended that ceftazidime 
be combined with a parenteral aminoglycoside for the treat-
ment of Ps. aeruginosa meningitis. Concomitant intraventricu-
lar aminoglycoside therapy should be considered in patients 
who fail to respond.89 Other cephalosporins such as cefepime 
have been successful in the treatment of patients with Gram-
negative enteric bacillary meningitis. However, although the 
MICs of these drugs for many Gram-negative bacilli found in 

meningitis are low and greatly exceeded by attainable serum 
and CSF concentrations, MICs for some organisms such as 
Enterobacter cloacae and Acinetobacter baumannii may be rela-
tively high and treatment may fail for this reason.

The fluoroquinolones (e.g. ciprofloxacin) have also been 
used to treat these infections but are contraindicated in infants 
and children because of concerns about cartilage damage. 
Fluoroquinolones are most useful against multiresistant Gram-
negative organisms or when the response to conventional 
β-lactam therapy is slow.90 The fluoroquinolones penetrate 
well into the CSF, producing CSF:serum ratios of 20–30% 
for ciprofloxacin and ofloxacin.91 Hence, they find occasional 
utility in the treatment of Gram-negative bacillary meningitis, 
especially for organisms resistant to standard regimens.92

The carbapenems (e.g. meropenem) are logical choices for 
the treatment of Gram-negative bacterial meningitis, particu-
larly for carbapenem-sensitive strains of extended-spectrum 
or AmpC β-lactamase-expressing organisms (e.g. Esch. coli, 
K. pneumoniae, Enterobacter spp.). These agents may also be 
used to treat meningitis caused by A. baumannii, though there 
has been a worldwide increase in carbapenem-resistant strains 
of this organism. Very few options exist for the treatment of 
meningitis caused by broadly resistant strains of A. baumannii. 
A comprehensive review of therapies for Acinetobacter menin-
gitis suggested the combination of intravenous meropenem 
with an aminoglycoside (intrathecal or intraventricular, 
depending on the presence of ventriculitis) for those isolates 
susceptible to a carbapenem.93 These authors suggest the use 
of an intravenous polymyxin (colistin methanesulphonate, 
polymyxin B) with an aminoglycoside (intrathecal or intra-
ventricular, depending on the presence of ventriculitis) and 
optional rifampicin. As these infections are commonly noso-
comially acquired in the post-neurosurgical setting, removal 
of all potentially infected hardware is also recommended.

NEONATAL MENINGITIS

Meningitis often complicates neonatal sepsis, and carries both 
a high mortality and risk of residual neurological damage. The 
organisms responsible are summarized in Table 50.1. Among 
these, Esch. coli and Str. agalactiae (group B streptococcus) 
predominate. Factors predisposing to neonatal meningitis are 
low birthweight, a complicated labor and maternal puerperal 
infection. Other causes include meningomyelocele or other 
neurological defects. Gram-negative bacilli causing meningi-
tis often demonstrate a varied antimicrobial susceptibility pat-
tern, and prompt laboratory guidance on positive CSF and 
blood cultures is essential.

Historically, neonatal meningitis was often treated empiri-
cally with a penicillin, usually ampicillin, and an aminogly-
coside, usually gentamicin, as initial treatment. The poor 
penetration of aminoglycosides into CSF led to frequent 
 supplementary administration of daily intrathecal injections of 
gentamicin. The erratic distribution of drug into the ventricu-
lar system following administration led to the introduction of 
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ventricular reservoirs, allowing repeated CSF sampling and 
drug administration. The achievement of adequate ventricu-
lar concentrations of antimicrobial is not merely a theoreti-
cal requirement. However, successive trials have also shown 
that addition of gentamicin by the lumbar intrathecal route 
to a parenteral regimen of ampicillin and gentamicin does not 
improve the outlook, and that intraventricular administration 
carries a substantial risk.

The most appropriate initial regimen, if no organism is 
seen on Gram stain of the CSF deposit, is a combination of 
ampicillin and an appropriate cephalosporin, usually cefo-
taxime or ceftriaxone. If Gram-negative bacilli are seen, the 
cephalosporin can be used as sole initial agent. The former 
regimen of ampicillin and gentamicin (or other aminoglyco-
side) is still widely employed, especially when health budgets 
are low. However, failure to achieve adequate concentrations 
in the CSF and increasing resistance among Gram-negative 
bacilli account for some treatment failures with persistent 
meningitis.

 listeria monocytogenes

Listeria monocytogenes meningitis is less uncommon than pre-
viously thought. When it occurs in the newborn, it appears to 
result from maternal genital tract infection. It is also encoun-
tered in adults and is especially associated with lymphoreticu-
lar disease, immune suppression (as in transplant patients), 
pregnancy, diabetes mellitus and alcoholism.94 Some patients 
have no underlying disease.

Ampicillin or penicillin G should be used as therapy for 
meningitis caused by L. monocytogenes. Many add an amin-
oglycoside for proven infection due to documented in-vitro 
synergy, even though a controlled trial comparing ampicillin 
with ampicillin plus gentamicin has never been performed in 
humans. Ceftriaxone, cefotaxime and cefepime are inactive 
against L. monocytogenes and should not be used alone as an 
empirical regimen in neonates or when this organism is con-
sidered a likely pathogen.

Trimethoprim–sulfamethoxazole is increasingly used in 
patients who are allergic to penicillin, despite the in-vitro 
activity of chloramphenicol against Listeria, because the latter 
drug has an unacceptably high failure rate. Intraventricular 
vancomycin has been successful in one patient with recurrent 
L. monocytogenes meningitis. Meropenem, which is active in 
vitro and in experimental animal models of Listeria meningi-
tis, may be a further useful alternative.95

 streptococcus agalactiae

Neonatal infections caused by Str. agalactiae (group B strep-
tococcus) have come to prominence in recent years, especially 
in the USA. Much is now known of their epidemiology and 
pathogenesis. Two syndromes are seen: an early septic variety 

of rapid course and high mortality (50%) closely simulating 
the respiratory distress syndrome, and a meningitic syndrome 
developing somewhat later in the neonatal period. Group B 
streptococcal meningitis carries a high mortality (20%), as 
do other forms of neonatal meningitis. The median MICs 
of benzylpenicillin and ampicillin are 0.02 and 0.04 mg/L, 
respectively, with conventional inocula (105 colony forming 
units), but rise appreciably with larger inocula. Since the CSF 
may contain 106–108 bacteria/mL, treatment with high doses 
of penicillin, in excess of 150 mg/kg per day by intravenous 
injection, is recommended.

In most patients treated with high-dose penicillin or ampi-
cillin alone, the CSF rapidly becomes and remains sterile. In 
some patients, however, poor response or relapse has been 
noted. One reason may be failure to eradicate the organ-
isms from focal sites such as the ventricles or cardiac valves; 
another possibility is infection by a penicillin-tolerant strain, 
showing a high MBC:MIC ratio. These difficulties, together 
with the demonstration of synergy in vitro and in animal 
models between penicillin and aminoglycosides against group 
B streptococci, suggest the initial use of benzylpenicillin in 
high dosage with an aminoglycoside. The latter drug may be 
withdrawn if clinical progress and further laboratory data on 
the causal organism are satisfactory. Some units, following the 
recommendation of the American Academy of Pediatrics,96 
use penicillin or ampicillin as single agents.

prophylaxis

Acquisition of these organisms by neonates is highly corre-
lated with maternal carriage, although nosocomial transmis-
sion acts as an additional source. Attempts to reduce the risk 
of neonatal group B streptococcal disease are discussed else-
where (see Ch. 55).

BRAIN ABSCESS

The mortality from brain abscess is high and has changed lit-
tle in the antimicrobial era. The reasons for this are complex, 
but particularly important among them is the dangerously 
rapid rise of intracranial pressure which so often accompa-
nies the development of brain abscess during the early stage 
of cerebritis. Discussion here is confined to antimicrobial 
aspects of treatment, but other aspects of management are 
of crucial importance, notably the control of raised intrac-
ranial pressure, and drainage (using stereotactic CT scan-
ning) or excision of the abscess. As in other forms of abscess, 
 bacteria may be found in the abscess contents after many days 
of systemic chemotherapy. Surgical intervention may not be 
possible with multiple abscesses, and the advent of modern 
scanning has increased the frequency of non-surgical treat-
ment if the condition can be recognized early and treatment 
closely monitored.

The causal organisms differ to some extent in their order of 
frequency with the origins of the abscess, but several studies 
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have confirmed the importance of anaerobic Gram-negative 
bacteria, especially Bacteroides and Fusobacterium spp., and of 
aerobic and anaerobic streptococci. Enterobacteria of vari-
ous genera are also commonly found, and staphylococci are 
important in infection associated with trauma and in spinal 
epidural abscess. Several species are often isolated from a 
single specimen when suitable selective techniques are used, 
especially in abscesses of middle ear origin. De Louvois et al 
stressed the strong association of Bacteroides spp. with tempo-
ral lobe abscess and the general importance of streptococci,97 
 especially streptococci of the anginosus group (formerly Str. 
milleri). Streptococci were the most prominent single patho-
gen in non-temporal lobe abscesses but, as Grace and Drake-
Lee point out,98 Bacteroides spp. may also be found in abscesses 
of sinus origin. A similar distribution of causal organisms is 
found in cerebral abscess in childhood, common associations 
of which are cyanotic congenital heart disease, otitis, sinusitis, 
head injuries and cystic fibrosis. It has to be remembered that, 
although the dominant organisms in cerebral abscesses are 
well documented, other less common agents are sometimes 
encountered, including species of Actinomyces, Nocardia and 
fungi. A recent study utilized 16S ribosomal DNA sequenc-
ing to identify the bacteria in pus from patients with brain 
abscesses in France.99 This technique identified a much larger 
number of bacterial species than culture and confirms that the 
vast majority of brain abscesses are polymicrobial infections.

An appropriate antimicrobial regimen must take into 
account not only this diverse flora, but also the characteris-
tics of potentially effective drugs in penetrating brain  tissue, 
CSF and abscess cavities. Data on these aspects may be 
found in the work of Black et al,100 Picardi et al,101 De Louvois 
et al97,102 and a report by the British Society for Antimicrobial 
Chemotherapy.103 Microbiological data are occasionally avail-
able at the time chemotherapy is started (e.g. when brain 
abscess is diagnosed during the course of sepsis of known 
 etiology). Generally, however, no such information is avail-
able and initial antimicrobial policy must be based on the 
organisms known to be dominant in the etiology of cerebral 
abscess (Table 50.5), as described above, bearing in mind that 
the common forms of brain abscess are polymicrobial. Some 

authors recommend variations of regimens based on the dif-
ferent frequency of various species found in cerebral abscess 
associated with different parameningeal or pulmonary sources. 
These differences are not big enough to allow this sort of fine 
tuning; a single-unit policy for brain abscess associated with 
parameningeal or pulmonary sepsis is preferable.

High-dose ampicillin and penicillin retain an important 
role as they are effective against streptococci, including the 
microaerophilic species not susceptible to metronidazole, 
and against most of the relevant anaerobes. The recogni-
tion of anaerobes as an important component of the flora of 
many brain abscesses led to the use of metronidazole, espe-
cially relevant as Bacteroides fragilis and perhaps some strains 
of Prevotella melaninogenica104 are penicillin resistant but sus-
ceptible to metronidazole. This has led to the widespread use 
of metronidazole, together with ampicillin or penicillin (or 
ceftriaxone or cefotaxime), as agents of first choice. Good 
results in otogenic abscess were reported by Ingham et al,105 
who found that metronidazole, given orally or intravenously, 
achieved high concentrations in pus or ventricular fluid. In 
addition to high-dose ampicillin or penicillin and metron-
idazole, it is now customary to include a cephalosporin such 
as cefotaxime, ceftriaxone or ceftazidime in the treatment of 
patients with intracranial infections. Sjölin et al successfully 
treated 15 patients with a combination of cefotaxime (3 g 
every 8 h) and metronidazole (500 mg every 8 h) for a mini-
mum of 3 weeks.106 There are also a number of other reports 
of the successful use of cefotaxime to treat patients with brain 
abscess. Both ceftriaxone and ceftazidime achieve therapeu-
tic concentrations in intracranial pus. However, to date, the 
numbers of patients treated with these cephalosporins are 
small.107 Cerebral abscesses in neonates caused by Proteus 
mirabilis, Esch. coli or Serratia marcescens have been success-
fully treated with combinations of cefotaxime and gentamicin 
or, with an even higher success rate, ceftriaxone and amika-
cin.108 Chloramphenicol was formerly widely used but now 
remains a reserve agent because of toxicity concerns. There is 
very little information on the efficacy of more recently intro-
duced antimicrobials, such as the carbapenems, in the treat-
ment of brain abscess.

table 50.5 initial empirical antimicrobial therapy for patients with brain abscess

Infective source Intracerebral location antimicrobial regimena

Paranasal sinuses Frontal lobe Cefotaxime 2 g every 6 h or ceftriaxone 2 g every 12 h and metronidazole  
7.5 mg/kg every 6 h

Teeth Frontal lobe Penicillin G 2.4 g every 4–6 h and metronidazole 7.5 mg/kg every 6 h

Middle ear (less often, 
sphenoidal sinuses)

Temporal lobe, cerebellum Ceftazidime (or cefepime) 2 g every 8 h plus metronidazole 7.5 mg/kg every 6 h

Penetrating trauma Depends on site of wound Vancomycin 30–45 mg/kg every 8–12 h plus ceftazidime (or cefepime) 2 g every  
8 h plus metronidazole 7.5 mg/kg every 6 h

Metastatic and cryptogenic Multiple lesions (usually in area 
 supplied by middle cerebral artery)

Depends on source: penicillin G 2.4 g every 6 h plus metronidazole 7.5 mg/kg every 
6 h if endocarditis or cyanotic congenital heart disease; ceftriaxone 2 g every 12 h or 
cefotaxime 2 g every 6 h plus metronidazole 7.5 mg/kg every 6 h

aAdult daily dosages.
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Causal organisms in subdural empyema are generally simi-
lar to those in brain abscess and a similar antimicrobial policy 
may be used. For methicillin-sensitive staphylococcal brain 
abscess a combination of nafcillin or flucloxacillin (or a simi-
lar isoxazolyl penicillin) and fusidic acid is suggested. MRSA 
is a growing problem globally and has been isolated from 
brain abscesses in both community and nosocomial settings. 
The optimal management of MRSA brain abscess is unclear 
at this time. Vancomycin continues to be the mainstay of anti-
microbial therapy for infections caused by MRSA; the role of 
newer MRSA-active agents such as daptomycin and linezolid 
remains undefined. Other abscesses of hematogenous origin 
may require specific chemotherapy different from those rec-
ommended for the common types associated with paramen-
ingeal sources in the ear or sinuses; these must be tailored to 
the particular organism.

EPIDuRAL ABSCESS

SPINAL EPIDuRAL ABSCESS

Spinal epidural abscess is a rare but potentially devastating 
condition. Many abscesses begin as a focal pyogenic infection 
involving the vertebral disk or the junction between the disk 
and the vertebral body (pyogenic infectious diskitis); in such 
cases the abscesses are often located in the anterior aspect of 
the spinal canal. However, hematogenous spread was identi-
fied in 26% of cases, primarily located in the posterior aspect 
of the spinal canal. Reihsaus et al performed a meta-analysis 
of 915 patients with spinal epidural abscesses, 753 of which 
were bacterial in nature.109 Of these bacterial abscesses, Staph. 
aureus accounted for 73%, with the remainder caused by other 
staphylococcal species, streptococci, Gram-negative patho-
gens and anaerobes. In children, Auletta and John reviewed 
the literature over 15 years and confirmed that Staph. aureus 
is the predominant pathogen in spinal  epidural abscess and 
community-acquired MRSA has been recognized in pediat-
ric populations.110 For this reason, empirical therapy should 
be broad spectrum, including a combination of drugs with 
bactericidal activity against staphylococci, anaerobes and 
Gram-negative organisms. The vast majority of spinal epi-
dural abscesses should be drained, either surgically or via 
image-guided methods, and intraoperative cultures obtained 
for identification of the causative organism(s). If methicillin-
sensitive Staph. aureus is isolated, successful treatment is pos-
sible with a penicillinase-resistant penicillin, first-generation 
cephalosporin or vancomycin (in the case of a penicillin-aller-
gic patient). Vancomycin should be used for the treatment 
of abscesses caused by MRSA as experience is limited with 
other agents active against this pathogen. Parenteral treat-
ment should be continued for at least 4 weeks and may be 
prolonged for 8 weeks or longer if vertebral osteomyelitis is 
suspected. When no pathogen is isolated, broad ‘best-guess’ 
bactericidal cover is safest and best.

INTRACRANIAL EPIDuRAL ABSCESS

Intracranial epidural abscesses are less common than spinal 
epidural abscesses, and less acute in their evolution. They 
are usually associated with frontal sinusitis, prior craniotomy 
or mastoiditis. The morbidity and mortality of intracranial 
 epidural abscesses in isolation are low. However, the great 
majority of patients have an associated brain abscess (up to 
17%), subdural empyema (up to 81%) or meningitis (up to 
38%). Treatment usually consists of surgical drainage of the 
abscess and associated infected sinus in addition to intrave-
nous antimicrobial therapy. Empirical antimicrobial therapy 
should be chosen based upon the probable infection. The regi-
mens listed above for the treatment of spinal epidural abscesses 
when the etiology is unknown are also appropriate here.
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Viral infections of the central nervous system (CNS) occur infre-
quently and most often result in relatively benign, self-limited disease. 
Nevertheless, these infections have tremendous importance because 
of the potential for death and neurological damage. Neural tissues 
are exquisitely sensitive to metabolic derangements and injured 
brain tissue recovers slowly and often incompletely. The diseases 
discussed in this chapter include viral meningitis, encephalitis and 
transmissible spongiform encephalopathies (TSEs). The definitions of 
viral CNS disease are often based on both virus tropism and disease 
duration. Inflammation occurs at multiple sites within the CNS and 
accounts for the myriad of clinical descriptors of viral neurological 
disease. Aseptic meningitis is a misnomer frequently used to refer to 
a benign, self-limited, viral infection causing inflammation of the lep-
tomeninges. Encephalitis refers to inflammation of parenchymal brain 
tissue and is usually accompanied by a depressed level of conscious-
ness, altered cognition and frequently focal neurological signs. Slow 
progressive neurological deterioration, gliosis, abnormal accumula-
tion of prion proteins in the brain and the lack of CNS inflammation 
characterize the TSEs. Meningitis and encephalitis represent separate 
clinical entities; however, a continuum exists between these distinct 
forms of disease. A change in a patient’s clinical condition can reflect 
disease progression with involvement of different regions in the CNS. 
Therefore, in many cases, it is difficult to accurately and prospectively 
predict the etiology and extent of CNS infection. To provide organi-
zation for this chapter, viral meningitis and encephalitis will be dis-
cussed as discrete entities.

EPIDEMIOLOGY

Acute viral meningitis and meningoencephalitis represent 
the majority of viral CNS infections and frequently occur in 
epidemics or in seasonal distribution.1,2 The etiology and fre-
quency differ based on geography and immunization practices. 
Enteroviruses cause an estimated 90% of cases (in countries 
that immunize against mumps), while arboviruses constitute 
the majority of the remaining reported cases in the USA.1,3–5 
Mumps virus is also an important cause of viral CNS disease 
in countries that do not immunize against this virus. Mumps 

infection was the second leading cause of aseptic meningi-
tis, accounting for ~30% of the cases in regions that do not 
routinely vaccinate against the virus.6 A retrospective survey 
performed in the 1980s found that the annual incidence of 
‘aseptic meningitis’ was approximately 10.9/100 000 persons 
or at least four times the incidence passively reported to the 
Centers for Disease Control and Prevention (CDC) during 
the period.2 Virus was identified in only 11% of patients in 
this study. This low viral isolation rate likely reflects the tech-
nological limits of the period, the infrequency with which viral 
cultures were performed, and the decreased incidence of viral 
CNS disease resulting from widespread vaccination against 
mumps and polio viruses. With the advent of improved nucleic 
acid-based diagnostic methods, these data have changed. 
Isolation rates now approach 50–86%.1,7,8

Similar to viral meningitis, passive reporting systems under-
estimate the incidence of viral encephalitis.1,2 For example, an 
estimated 20 000 cases of encephalitis occur each year in the 
USA; however, the CDC received only 740 (0.3/100 000) to 
1340 (0.54/100 000) annual reports of persons with encepha-
litis from 1990 to 1994.1,9 A prospective multicenter study in 
Finland, a region with a low incidence of arboviral encephali-
tis, found the incidence of encephalitis to be 10.5/100 000.10 
Although nucleic acid-based diagnostic tests have enhanced 
the detection of viral pathogens, the tests fail to identify a 
pathogen in the majority (83%) of cases.7,11 While the etiology 
of encephalitis has changed with alterations in the viral reser-
voirs in North America, the overall death rates from encepha-
litis have not changed since the late 1970s and 1980s.12 Herpes 
simplex virus (HSV) CNS infections occur without seasonal 
variation, affect all ages, and constitute the majority of fatal 
cases of endemic encephalitis in the USA.1 Arboviruses, a group 
of over 500 arthropod-transmitted RNA viruses, are the lead-
ing cause of encephalitis worldwide.1,13,14 Arboviral infections 
occur in epidemics and show a seasonal predilection, reflect-
ing the prevalence of the transmitting vector. Encephalitis 
occurs in a minority of persons with arboviral infections, but 
the case fatality rate varies widely, from 5% to 70%, depend-
ing upon viral etiology and age of the patient. Based on passive  
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reporting to the CDC, neuroinvasive West Nile virus infections 
now far outnumber other arboviral causes of encephalitis in 
the USA.15 It is unknown if this is a function of improved test-
ing and more active surveillance for this disease. Historically, 
La Crosse encephalitis was the most commonly reported arbo-
viral disease in the USA.16,17

Japanese B encephalitis and rabies constitute the majority 
of cases of encephalitis outside of North America. Japanese 
encephalitis virus, a member of the flavivirus genus, occurs 
throughout Asia and causes epidemics in China despite rou-
tine immunization.1,18 In warmer locations, the virus occurs 
endemically.1,19 The disease typically affects children, although 
adults with no history of exposure to the virus are also sus-
ceptible.20 The disease has a high case fatality rate and leaves 
half of the survivors with a significant degree of neurologi-
cal morbidity.1 Rabies virus remains endemic around much 
of the world. Human infections in the USA decreased over 
the past few decades to 1–3 cases per year due to the immu-
nization of domesticated animals. Bat exposure is increasingly 
recognized as the source of infection. Fifteen percent (685 
of 4470) of bats tested carried the rabies virus in one study 
analyzing the risk of bat exposure and rabies.21 Since 1990, 
bat-associated variants of the virus have accounted for 24 of 
the 32 cases recorded. In most cases (22 of 24) there was no 
evidence of bite; however, in half of the cases direct contact 
(handling of the bats) was documented.22 In areas outside the 
USA, human cases of rabies encephalitis number in the thou-
sands and are caused by unvaccinated domestic animals fol-
lowing contact with infected wild animals.

Postinfectious encephalitis, an acute demyelinating process, 
has also been referred to as acute disseminated encephalomy-
elitis (ADEM) or autoimmune encephalitis. ADEM accounts 
for approximately 100–200 additional cases of encephalitis 
annually in the USA and is associated with antecedent upper 
respiratory virus (notably influenza virus) and varicella infec-
tions.1,23 In locations that do not immunize against measles 
and mumps, ADEM produces approximately one-third of 
the encephalitis cases and remains associated with the exan-
thematous viruses.1,24 Measles continues to be the leading 
cause of postinfectious encephalitis worldwide and is esti-
mated to occur in 1 of every 1000 measles infections.20

The slow viral brain infections (TSEs) occur sporadically. 
Creutzfeldt–Jakob disease (CJD), a prototypical TSE, occurs 
worldwide with an estimated incidence of 0.5–1.5 cases per 
million population, with high rates of familial occurrence.25 In 
1986, cases of a TSE in cattle, bovine spongiform encephalopa-
thy (BSE), were reported in the UK. In addition to affecting 
other livestock throughout Europe that were fed supplements 
containing meat and bone meal, cross-species transmission 
of BSE has been documented, leading to a ban on the use of 
bovine offal in fertilizers, pet food or other animal feed.25 A 
decrease in the recognized cases of BSE has occurred since the 
institution of these restrictions. Concomitant with increased 
cases of BSE in Europe, an increase in cases of atypical CJD 
also occurred, suggesting animal-to-human transmission. The 
report of atypical CJD (unique clinical and histopathological 

findings) affecting young adults (an age at which CJD has rarely 
been diagnosed) and a characteristic methionine at the poly-
morphic codon 129 led to the designation of a new disease, new 
variant Creutzfeldt-Jacob disease (nvCJD). As of 2006, a total 
of 160 cases of nvCJD were diagnosed in the UK and 28 cases 
outside of the UK.26

PATHOGENESIS

Viruses use two basic pathways to gain access to the CNS: 
hematogenous and neuronal spread. Most cases of viral men-
ingitis occur following a high titer secondary viremia. A com-
bination of host and viral factors, combined with seasonal, 
geographical and epidemiological probabilities, influence the 
proclivity to develop viral CNS infection. Enteroviral meningi-
tis occurs with greater frequency during the summer and early 
autumn months, reflecting the seasonal increase in enterovi-
ral infections. Enteroviral infections also exemplify the differ-
ence that host physiology plays in determining the extent of 
viral disease. In children less than 2 weeks of age, enterovirus 
infections can produce a severe systemic infection, including 
meningitis or meningoencephalitis.5 Ten percent of neonates 
with systemic enteroviral infections die, while as many as 76% 
are left with permanent sequelae. In children over 2 weeks of 
age, however, enteroviral infections are rarely associated with 
severe disease or significant morbidity.5

Viral hematogenous dissemination to the CNS involves ini-
tial inoculation, local spread and replication, often in regional 
lymph nodes (e.g. measles, influenza). The virus then enters 
the circulatory system (primary viremia), enabling virus to 
seed distant locations of the body. In rare circumstances, such 
as disseminated neonatal HSV infection, viruses can infect the 
CNS during primary viremia; however, most viruses infect an 
intermediate tissue such as the liver and spleen, replicate and 
then infect the CNS during a prolonged high titer secondary 
viremia.27,28 The pathophysiology of viral transport from blood 
to brain and viral endothelial cell tropism is poorly under-
stood. Virus infects endothelial cells, leaks across damaged 
endothelia, passively channels through endothelium (pinocy-
tosis or colloidal transport) or bridges the endothelium within 
migrating leukocytes.1,29,30

Historically, the peripheral neural pathway was con-
sidered the only pathway of viral neurological infection. 
Contemporary data, however, demonstrate that the circula-
tory system provides the principal pathway for most CNS 
infections in humans.16 Herpes simplex virus and rabies pro-
vide examples of viruses that infect the CNS by neuronal 
spread. Rabies classically infects by the myoneural route 
and provides a prototype for peripheral neuronal spread.1,31 
Rabies virus replicates locally in the soft tissue following a 
rabid animal bite. After primary replication, the virus enters 
the peripheral nerve by acetylcholine receptor binding. Once 
in the muscle the virus buds from the plasma membrane, 
crosses myoneural spindles or enters across the motor end 
plate.31 The virus travels by anterograde and retrograde 
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axonal transport to infect neurons in the brainstem and lim-
bic system. Eventually the virus spreads from the dienceph-
alic and hippocampal structure to the remainder of the brain, 
killing the animal.31

Viruses exhibit differences in neurotropism and neuroviru-
lence. For example, reovirus types 1 and 3 produce different 
CNS diseases in mice based on differences in receptor affin-
ities. Viral hemagglutinin receptors on reovirus type 3 bind 
to neuronal receptors, enabling fatal encephalitis. Reovirus 
type 1 has a distinct hemagglutinin antigen and binds to 
ependymal cells, producing hydrocephalus and ependymi-
tis.16 Receptor difference is only one determinant of viral 
neurotropism. For example, enteroviruses with similar recep-
tors produce very different diseases. Five Coxsackie B viruses 
(B1–B5) readily produce CNS infections, whereas type B6 
rarely produces neurological infection.32,33 Viral genes have 
been discovered that influence the neurovirulence of HSV-
1.34 Mutant HSV-1 viruses with either γ134.5 gene deletions 
or stop codons inserted into the gene have a decreased ability 
to cause encephalitis and death following intracerebral inocu-
lation in mice as compared to wild-type virus.34,35

In patients with acute encephalitis, the parenchyma exhib-
its neuronophagia and cells containing viral nucleic acids or 
antigens.20,36 The pathological findings are unique for different 
viruses and reflect differences in pathogenesis and virulence. 
For example, in cases of typical HSE, a hemorrhagic necro-
sis occurs in the inferomedial temporal lobe with evidence 
of perivascular cuffing, lymphocytic infiltration and neu-
ronophagia.1,37 Pathological specimens in animals with rabies 
encephalitis demonstrate microglial proliferation, perivascu-
lar infiltrates and neuronal destruction.

Some viruses do not directly infect the CNS but produce 
immune system changes that result in parenchymal damage. 
Patients with postinfectious encephalitis (ADEM) exhibit 
focal neurological deficits and altered consciousness associ-
ated temporally with a recent (1–2 week) viral infection or 
immunization.24 Pathological specimens, while they show evi-
dence of demyelination by histological or radiographic anal-
ysis, do not demonstrate evidence of viral infection in the 
CNS by culture or antigen tests. Patients with postinfectious 
encephalitis have subtle differences in their immune system 
and some authors have proposed an autoimmune reaction 
as the pathogenic mechanism of disease.20,24 Postinfectious 
encephalitis occurs most commonly following measles, vari-
cella zoster virus (VZV), mumps, influenza and parainfluenza 
infections. With immunization the incidence of postinfectious 
encephalitis has decreased in the USA; however, measles con-
tinues to be the leading cause of postinfectious encephalitis 
worldwide.16

The TSEs are non-inflammatory CNS diseases involving 
the accumulation of an abnormal form of a normal glycopro-
tein, the prion protein (PrP).38 These encephalopathies differ 
in mode of transmission. While most of the TSEs are experi-
mentally transmissible by direct inoculation in the CNS, this 
mode rarely occurs except for iatrogenic transmission.25 The 
scrapie agent spreads by contact and lateral transmission. 

There is no evidence for lateral transmission in the case of 
BSE or nvCJD and all cases appear to have occurred following 
parenteral inoculation or ingestion of affected materials. The 
transmissible agents remain infectious after treatments that 
would normally inactivate viruses or nucleic acids (detergent 
formalin, ionizing radiation, nucleases).38 Most of the exper-
imental work on TSEs has involved analysis of the scrapie 
agent. The current working model is that post-translational 
alteration of the normally α-helical form of the prion pro-
tein results in a protease resistant β-pleated sheet structure 
that accumulates in neurons, leading to progressive dysfunc-
tion, cell death and subsequent astrocytosis. In studies on the 
scrapie agent and recently with nvCJD, gastrointestinal tract 
involvement with infection of abdominal lymph nodes occurs 
first, followed by hematogenous spread throughout the retic-
uloendothelial system and brain involvement a year or more 
later.39 Experimental subcutaneous inoculation in mice and 
goats also leads to local lymph node involvement, followed by 
splenic spread and then CNS involvement. Cases of nvCJD 
by blood transfusion have also occurred.40 Based on animal 
studies, there is an equal distribution of the agent associated 
with leukocytes and free in the plasma with negligible levels 
associated with the red blood cells and platelets.41

DIAGNOSIS

Establishing a diagnosis requires a meticulous history, knowl-
edge of epidemiological factors and a systematic evaluation 
of possible treatable diseases. In the past, investigators failed 
50–75% of the time to identify an etiology for encephalitis 
depending on the study and diagnostic tests used.16,42,43 The 
techniques for identifying viral CNS infection were invasive 
and often insensitive as they relied on viral culture.42 A CSF 
pleocytosis usually occurs in encephalitis but is not necessary 
for the diagnosis. White blood cell counts typically number 
in the tens to hundreds in viral encephalitis, although higher 
counts also occur.1 Cerebrospinal glucose levels are usu-
ally normal, although some viral etiologies (Eastern equine 
encephalitis) produce CSF studies consistent with acute bac-
terial meningitis.1 With the advent of PCR, reliable diagnosis 
has improved the timely management of patients with viral 
CNS infections. The demonstration of viral nucleic acid in the 
CSF of patients with symptoms of meningitis or encephalitis 
has replaced viral culture and serological diagnosis for many 
CNS infections.23,44

For many viruses – HSV, enterovirus, Epstein–Barr virus 
(EBV), VZV, JC virus, human herpesvirus-6 (HHV-6) –  
detection of viral nucleic acids by PCR or reverse tran-
scription PCR (RT-PCR) from the CSF has replaced 
 culture and brain biopsy as the standard for diagnosing 
encephalitis.1,45,46 In the case of herpes simplex encephali-
tis, CSF PCR has a sensitivity of >95% and a specificity 
approaching 100%.47,48 Investigators are increasingly using 
these sensitive PCR-based diagnostic techniques to cor-
relate treatment response and predict clinical outcomes.48  
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As with any PCR-based technique, nucleic acid contamina-
tion of the laboratory area is a concern and results must 
always be interpreted within a clinical context. While PCR-
based assays exist for many viruses, there are still some for 
which (notably the arthropod-borne viral infections) uni-
versal primers are still being developed.49 In other cases 
(cytomegalovirus, HHV-6) the presence of latent virus or a 
virus associated with inflammatory cells can produce posi-
tive results of unknown significance. Molecular diagnostic 
techniques have greatly improved the speed, sensitivity and 
specificity of the diagnosis of enterovirus infections.3,7 PCR 
and other molecular biological assays provide rapid and reli-
able tests for verifying the etiology of certain types of men-
ingitis and can detect low copy numbers of viral RNA in 
patients with agammaglobulinemia or hyper IgM syndrome. 
Enterovirus is the cause of ~90% of aseptic meningitis cases 
for which a pathogen is detected.5 These techniques provide 
results within 24–36 h and therefore may limit the duration 
of hospitalization, antibiotic use and excessive diagnostic 
procedures.3,44

Magnetic resonance imaging (MRI) can provide 
 supportive evidence for encephalitis but is rarely diagnos-
tic alone. The increased sensitivity of MRI to alterations 
in brain water content and the lack of bone artifacts make 
this the neuroradiological modality of choice for CNS infec-
tions.50,51 MRI, and especially diffusion-weighted imaging, 
detects parenchymal changes earlier than CT scan and 
better defines the extent of a lesion.52 Furthermore, MRI 
is more sensitive for detecting evidence of demyelinating 
lesions in the periventricular and deep white matter, thus 
allowing the differentiation of para-infectious from acute 
viral encephalitis.

TSEs are currently only diagnosed by histological examina-
tion, characteristic electroencephalographic (EEG) changes and 
the clinical context. The clinical diagnosis of a TSE is supported 
by detection of characteristic EEG changes (periodic sharp and 
slow wave complexes), the presence of 14-3-3 protein in the 
CSF, and characteristic MRI findings (increased signal in the 
basal ganglia in sporadic CJD [sCJD] or evidence of increased 
signal in the posterior pulvinar in nvCJD).53 Most laboratory 
tests are of little value in the diagnosis in humans. CSF exami-
nation shows normal values or slightly elevated protein levels. 
The EEG in classic CJD reveals generalized slowing early in the 
disease, punctuated by biphasic or triphasic peaks late in the dis-
ease with the onset of myoclonus. MRI changes late in the ill-
ness reveal global atrophy with a hyperintense signal from the 
basal ganglia.25 Diffusion-weighted imaging and fluid attenua-
tion inversion recovery (FLAIR) remain the most reliable and 
sensitive imaging techniques for CJD.53,54 Histopathological 
examination of the brain using a specific antibody to the  
protease-resistant prion protein (PrP-res) confirms the disease. 
In addition, evidence of gliosis, neuronal loss and spongiform 
changes support the diagnosis. In cases of nvCJD, character-
istic amyloid plaques (so-called florid plaques) microscopi-
cally define the disease. The florid plaques are not seen in other 
TSEs and consist of flower-like amyloid deposits surrounded by  

vacuolar halos. The detection of PrP-res in the tonsillar tissue 
by immunohistochemical staining is also strongly supportive of 
nvCJD diagnosis.25

GENERAL THERAPY

The approach to a patient with a presumed CNS viral infec-
tion must be tailored to the severity and distribution of neu-
rological involvement. After establishing the degree of CNS 
disease by history and physical examination, and stabiliz-
ing the patient (airway, breathing, circulation), the clinician 
must next ascertain a diagnosis. With the advent of highly 
sensitive and less invasive diagnostic techniques (CSF 
PCR), identification of treatable forms of viral CNS dis-
ease (notably HSE) is essential in preventing further CNS 
damage. Potentially treatable diseases (fungal CNS infec-
tions, partially treated bacterial meningitis, tuberculous 
meningitis, parameningeal infection, mycoplasma, fastidi-
ous bacterial infections) can mimic viral CNS disease and 
should be vigorously investigated before attributing the ill-
ness to an untreatable viral etiology. The same logic applies 
to treatable viral infections and non-infectious etiologies. 
In the normal host, viral meningitis is a relatively benign 
self- limited disease and does not usually warrant specific 
antiviral treatment.55 In certain cases (e.g. neonate or agam-
maglobulinemic patient), therapy may be required. After 
establishing a presumptive diagnosis and instituting ther-
apy, the clinician must anticipate and treat complications 
(seizures, syndrome of inappropriate antidiuretic hormone 
secretion, cerebral edema, cardiac arrhythmias or respi-
ratory arrest from brainstem inflammation). Patients in a 
coma from encephalitis can recover after long periods of 
unconsciousness. The physician should limit the amount of 
iatrogenic damage and vigorously support the patient dur-
ing the acute phase of the illness.

A limited number of antiviral medications are available 
to treat CNS infections. Prevention remains the mainstay of 
therapy. Historically the most frequent cause of viral CNS 
disease, mumps, has largely been eliminated through vacci-
nation. Live attenuated vaccines against measles, mumps and 
rubella have resulted in a dramatic decrease in the incidence 
of encephalitis and postinfectious encephalitis in industrial-
ized countries. Vaccination has also changed the character of 
previously common viral CNS disease. In 1952, poliomyeli-
tis affected 57 879 Americans. Widespread vaccination has 
eliminated disease in the Western hemisphere and reduced 
the incidence worldwide.56 Vaccines exist for some arbovi-
ral infections. Vaccination against Japanese encephalitis virus 
has reduced the incidence of encephalitis in Asia; however, in 
China where 70 million children are immunized for this virus, 
cases still occur annually.57,58

In order to reduce the potential exposure to TSE agents 
in the blood supply, the US Food and Drug Administration 
(FDA) has implemented guidelines eliminating whole blood 
or blood components prepared from individuals who later 
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developed CJD or nvCJD. Changes in agricultural practices 
in Europe and bans on infected cattle have been associated 
with a decline in cases of nvCJD. In North America no 
cases of nvCJD have been reported and the Department of 
Agriculture has programs in place to monitor for TSEs in 
livestock. Further discussion will be limited to those infec-
tions for which therapies exist (HSV-1, HSV-2, VZV, cyto-
megalovirus, HIV, B-virus and enterovirus infection).

CHEMOTHERAPEUTICS

HSV INFECTION – ENCEPHALITIS

The introduction of aciclovir has resulted in a sharp decline 
in mortality and morbidity from herpes infections. For exam-
ple, neonatal mortality from disseminated HSV disease and 
HSE has declined from 70% to 40% since the development 
of aciclovir and vidarabine.1 Aciclovir (9-[2-hydroxyethoxym-
ethyl] guanine) is a nucleoside analog that is selectively  
phosphorylated by the HSV-1 and HSV-2 thymidine kinase 
gene product and then incorporated into the viral genome 
during DNA synthesis, resulting in premature DNA chain 
termination. The Collaborative Antiviral Study Group ran-
domized controlled trials in the 1980s established that 81% 
of adults with biopsy-proven HSE who received aciclovir at 
10 mg/kg every 8 h for 10–14 days survived and 38% of the 
aciclovir recipients regained normal neurological function.59 
Early initiation of antiviral therapy is essential for optimal 
recovery. Patients with encephalitis lasting longer than 4 
days had a worse outcome. For HSE, intravenous adminis-
tration of aciclovir is the treatment of choice and oral antivi-
rals should not be used.

In cases of neonatal HSV infection, aciclovir dosage, 
treatment duration and toxicities differ from adult HSE 
therapy. Encephalitis occurs in 33% of neonates perinatally 
infected with HSV. Neonates with evidence of CNS dysfunc-
tion or cutaneous manifestations of HSV infection should be 
empirically started on high-dose aciclovir until HSV neuro-
logical infection can be excluded. In neonates with localized 
cutaneous or mucocutaneous disease, intravenous aciclovir 
15 mg/kg every 8 h (45 mg/kg per day) for a minimum of 
14–21 days is the treatment of choice. Neonates demon-
strate a much lower rate of viral clearance than do immu-
nocompromised adults, thus justifying the longer duration 
of treatment.1 Higher dose therapy, 20 mg/kg intravenously 
every 8 h (60 mg/kg per day), is used for neonates with dis-
seminated disease or evidence of neurological involvement. 
A minimum of 14–21 days of therapy is indicated for the 
treatment of neonatal HSE. In patients who have evidence 
of viral DNA in the CSF after a standard course of aciclovir, 
therapy should be extended until virus is no longer detect-
able. Studies are currently ongoing evaluating the utility of 
aciclovir therapy for reactivations and suppressive therapy 
during the first 6 months of life.50,60

Aciclovir is associated with few adverse effects. In patients 
receiving large doses of aciclovir by rapid infusion, a dose-related 
nephrotoxicity from crystal deposition has been reported but 
is readily reversible with slower infusion times and improved 
hydration.61 CNS disturbances (hallucinations, disorientation, 
tremors) have also been reported with aciclovir therapy.62,63 
Neutropenia is well documented in children receiving pro-
longed aciclovir therapy.

HSV INFECTION – MENINGITIS

Although no definitive clinical trials have been conducted, 
most authors recommend the use of intravenous aciclovir 
(10 mg/kg every 8 h) for HSV meningitis associated with 
primary HSV-2 infection, as it decreases the duration of pri-
mary herpes disease and may limit meningeal involvement.64 
Recurrent HSV-2 meningitis occurs rarely and recently a 
single case of meningitis associated with HSV-1 reactivation 
was reported. At this time there are no data on the benefit of 
antiviral treatment or on suppressive therapy for recurrent 
HSV CNS disease.65

VARICELLA ZOSTER VIRUS

Varicella immunoglobulin (VZIG) and aciclovir have 
reduced the complications from primary VZV infection 
and herpes zoster in the neonate and immunocompromised 
patient. VariZIG is no longer produced by the Red Cross 
but is available under an investigational new drug (IND) 
protocol through FFF Enterprises. Although controlled 
trials have not evaluated the efficacy of aciclovir in VZV 
CNS infections, the medication is routinely used to treat 
this complication.66,67 Varicella can produce cerebral vas-
culitis, postinfectious encephalitis, ventriculitis, meningi-
tis, and, historically, encephalopathy (Reye’s syndrome). 
Other than postinfectious encephalitis, most of the VZV 
CNS manifestations are rare and occur most frequently in 
immunocompromised patients. Empirical therapy using 
intravenous aciclovir 10–15 mg/kg every 8 h for 10 days, 
combined with prednisone 60–80 mg for 3–5 days, is rec-
ommended for patients with large vessel cerebral vasculitis. 
Small vessel encephalitis should also be treated with aciclovir 
5–10 mg/kg every 8 h for a minimum of 10 days.67 Myelitis 
can complicate acute VZV or zosteriform reactivation, 
especially in immunocompromised patients, and presents 
as paraparesis 1–2 weeks after the development of a rash. 
MRI studies demonstrate significant spinal cord involve-
ment, while the CSF from patients frequently demonstrates 
an inflammatory infiltrate or increased protein levels. The 
demonstration of VZV in the CSF by PCR or the demon-
stration of specific antibodies in the CSF confirms the diag-
nosis. Aggressive treatment with intravenous aciclovir as 
described above for small vessel encephalitis can produce 
clinical improvements.68
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CONGENITAL CYTOEGALOVIRUS 
INFECTION

Ganciclovir and foscarnet have been used for the treatment of 
cytomegalovirus encephalitis, although controlled clinical tri-
als have not confirmed the efficacy of treatment. In the case 
of congenital cytomegalovirus infection, a multicenter study 
demonstrated slight protection against hearing loss for a sub-
set of congenitally infected neonates receiving intravenous 
ganciclovir during the first 6 months of life. The children 
enrolled in this study were severely affected (CNS calcifica-
tions, microcephalic) and were closely monitored for develop-
ment of hepatitis or neutropenia.69 A follow-up randomized 
controlled trial is evaluating the oral prodrug (valganciclovir) 
and the effect of duration of therapy (6 months vs 6 weeks) 
upon neurodevelopmental outcome and hearing in symp-
tomatic congenitally infected infants (D Kimberlin, personal 
communication).

CERCOPITHECINE HERPES INFECTION 
(B VIRUS)

B virus is indigenous in old world monkeys (rhesus, cynolo-
gous and Asian species of the Macaca genus) and causes a 
frequently fatal disease in humans if not treated. Infection has 
been documented in most cases following direct inoculation 
(bites), although cases exist following exposure to infected 
materials (animal bedding) as well as human-to-human spread. 
In humans bitten by an infected animal, the risk of transmis-
sion is low, as the frequency of virus excretion is only 2–3% in 
infected animals at any given time.70 Nonetheless, because of 
the severity of infection, therapy should be instituted immedi-
ately. B virus infection in humans produces a rapid infection 
with evidence of a vesicular rash and an ascending myelitis in 
most cases within days and progression within a month.71,72 
Ultimately, 90% of the documented infected persons pro-
gressed to develop encephalomyelitis and 70% died.

Management of potential B virus exposure is controversial 
but guidelines set up by the 2002 B Virus Working Group pro-
vide a framework for post-exposure management. Similar to 
post-exposure rabies treatment, rapid wound decontamination 
minutes after the injury is the most important component and 
the only way of preventing infection. Thorough irrigation for 
15 min with water or sterile saline (mucosal surfaces), along 
with washing with detergent or a povidone–iodine-containing 
solution (non-mucosal surfaces), is critical in preventing infec-
tion.71,73 In persons bitten by a known infected or seropositive 
animal, cultures should be obtained from the animal (buccal 
mucosa of the biting monkey, urogenital area for urine expo-
sure, swab from the cage for infected bedding). Some authors 
recommend culturing the patient after thorough cleansing 
and irrigation have been completed. Even more controver-
sial are the recommendations for instituting prophylactic anti-
viral therapy. In order to be most effective, antiviral therapy 
must be initiated before the onset of neurological symptoms; 

 however, few exposed cases progress to disease. The 2002 B 
Virus Working Group recommended antiviral prophylaxis 
based upon the likely risk of virus exposure or infection. The 
likelihood of infection is influenced by: (1) the type of primate 
exposure (macaque highest risk); (2) timeliness and adequacy 
of irrigation and first aid; (3) the type, depth and location of 
the wound; and (4) the type of infectious materials in cases of 
indirect exposure. Based on the guidelines from the 2002 B 
Virus Working Group, prophylaxis should be considered or is 
recommended except for contact with skin where there is no 
break in the skin or after exposure to a non-macaque species. 
For high-risk exposures (infected shedding monkeys, mon-
keys of unknown B-virus serology, ill macaques or a high titer 
fluid source) prophylaxis is indicated, especially if the wound 
was not immediately cleansed/irrigated for 15 min, or if the 
wound is a deep laceration or puncture. Because the inhibitory 
concentration of aciclovir for B-virus is ~10-fold higher than 
that for HSV-1, high-dose prophylaxis should be administered. 
Because valaciclovir and famciclovir achieve higher antiviral 
bloodstream concentrations, they are considered superior to 
aciclovir or penciclovir. While recent in-vitro data suggest that 
the B virus TK gene has lower affinity for the acyclonucleosides 
(aciclovir, ganciclovir, 5-bromovinyldeoxyuridine) when com-
pared with penciclovir, in-vitro susceptibility studies showed 
that inhibition of replication of B virus in cell culture did not 
consistently correlate with substrate affinity.74

The 2002 B Virus Working Group recommended the use of 
the highly bioavailable prodrug valaciclovir (1 g orally every 
8 h) because the prodrug provides higher serum levels of aci-
clovir and, unlike famciclovir, has been evaluated in in-vivo 
studies.73 If valaciclovir is unavailable, high-dose aciclovir 
(varicella dose regimen five times per day) was recommended 
by the 2002 B Virus Working Group. In-vitro data suggest that 
famciclovir (500 mg orally every 8 h) could be used for B-virus 
prophylaxis and has higher affinity for the TK gene; however, 
in-vivo studies are not currently available.71,73,74 If B virus is 
cultured from the wound culture, from the monkey, or if the 
bitten worker develops cutaneous or peripheral nervous system 
signs or symptoms of B-virus infection, immediate hospitaliza-
tion (with body fluid precautions) is required and intravenous 
aciclovir or ganciclovir instituted until symptoms resolve and 
three consecutive culture sets are negative.73 Patients with cen-
tral neurological signs or symptoms of B-virus infection should 
receive intravenous ganciclovir 5 mg/kg every 12 h according 
to the 2002 B Virus Working Group recommendations.73

It is equally important in the management of these patients 
to obtain acute and convalescent serological studies. In 
patients with B-virus infection (seroconversion or clinical 
disease), long-term management is essential. Be aware that 
antiviral prophylaxis, however, can interfere with humoral 
response and diagnostic studies. Experts at the CDC should 
be consulted for more detailed information on this subject. 
In general, long-term management requires monitoring the 
patient for evidence of virus shedding and in most instances 
long-term oral antiviral prophylaxis (minimum of 6 months, 
although some authors recommend lifelong suppression).
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ENTEROVIRUS INFECTION

Currently antibody preparations and an antiviral agent, ple-
conaril, showed activity against enterovirus in case reports and 
animal studies. Randomized controlled trials, however, have 
not supported their use in routine enterovirus meningitis.75,76

RABIES VIRUS INFECTION

Pre- and immediate post-exposure prophylaxis are the only 
ways known to prevent death in rabies-exposed individuals.31 
Case reports exist of patients surviving symptomatic rabies 
without prior vaccination.77–82 Other case reports, however, 
indicate that therapeutic pharmacological coma is not univer-
sally effective.77,79 Most patients who survive rabies have prior 
immunity or received post-exposure prophylaxis prior to devel-
oping symptoms. Both of the surviving patients in the litera-
ture developed neutralizing antibodies in the CSF at or shortly 
after presentation.83 An investigation is currently underway to 
evaluate the role of pharmacological coma in rabies after one 
patient without prior immunity survived after receiving this 
therapy.

Individuals exposed to rabies require vigorous cleansing of 
the wound, passive immunization with direct administration 
of rabies hyperimmunoglobulin at the site of the animal bite, 
and post-exposure intramuscular vaccination with human 
diploid cell vaccine or rhesus diploid cell vaccine on the first 
day of treatment and repeat doses on days 3, 7, 14 and 28 
after the initial dose. Individuals with frequent contact with 
potentially rabid animals (veterinarians, animal control staff, 
workers in rabies laboratories and travelers to rabies-endemic 
areas) should receive pre-exposure vaccination.

ADEM/POSTINFECTIOUS ENCEPHALITIS

In cases of postinfectious encephalitis or ADEM, no random-
ized controlled trial has confirmed the benefit of immuno-
modulatory drugs. In practice, clinicians often treat ADEM 
with different immunomodulators (corticosteroids, intra-
venous immunoglobulin preparations, plasmapheresis) in 
an attempt to limit immune-mediated destruction of the 
CNS.24,84–86 It must be emphasized, however, that no placebo-
controlled studies have been performed and immunomodula-
tory therapy is based simply on isolated case reports. As with 
most case reports, clinical failures and iatrogenic morbidity 
from a therapeutic modality are rarely ever reported.

CONCLUSION

Central nervous system infections must be examined in a geo-
graphic, cultural and environmental context as well as at the 
cellular, molecular and genetic levels. The development of 

improved diagnostic and molecular biological studies should 
improve our understanding of viral pathogenesis and the devel-
opment of targeted therapeutics for viral CNS infection.
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Chapter

52 Bone and joint infections

Werner Zimmerli

The different bone and joint infections vary in regard to pathogenesis, 
diagnostic investigation and treatment. Whereas acute hematoge-
nous osteomyelitis can generally be treated with antibiotics alone, 
implant-associated osteomyelitis needs careful surgical debridement 
combined with long-term antibiotics.1 The presence of infected 
implant material requires different treatment principles since bacte-
ria adhere to the foreign surface by forming a biofilm.2,3 As most anti-
biotics have no effect on biofilm bacteria, treatment needs to be for 
as long as a stable internal fixation is required, or an antibiotic should 
be used with efficacy on stationary phase and adherent bacteria.1,2,4

In the case of diabetic foot ulcers, it is important to know whether 
the patient has superficial infection or osteomyelitis. Microbiological 
diagnosis usually requires the culture of invasive biopsies, due to the 
poor correlation between superficial cultures and bone cultures.5 
Septic native arthritis and periprosthetic joint infection are different 
diseases. Whereas the former generally responds to antibiotics and 
non-invasive joint lavage, periprosthetic arthritis always needs long-
term antibiotics combined with careful debridement, surgery and 
sometimes even joint replacement.6

In studies of antimicrobial therapy of bone and joint infection, 
results are often presented at the end of treatment without adequate 
follow-up. In a meta-analysis of 167 studies of antibiotic treatment of 
different types of bone and joint infection, only 37 were randomized 
and 22 remained eligible.7 In 771 out of 927 patients, a 1-year follow-
up was reported. In the eligible patients, an eradication rate of 78.6% 
(95% CI, 66–94%) was found. There were no differences between 
comparative antibiotic treatment groups, except for  rifampicin 
(rifampin) in device-associated infection.4 Interestingly, standard 
intravenous therapy and oral fluoroquinolones were equivalent in 
seven studies published between 1987 and 1999.7 These data may 
be outdated because of increasing resistance; Staphylococcus aureus 
is the most frequent micro-organism in bone and joint infection and 
treatment with fluoroquinolones alone is compromised by the rapid 
emergence of resistance during therapy.4,8 In summary, the follow-
ing apply to the analysis of antimicrobial therapy of bone and joint 
infection: (1) end of treatment analysis is useless; 1-year follow-up is 
adequate; (2) 2-year follow-up is required in device-associated infec-
tion; (3) concomitant adequate surgical management is needed in 
chronic osteomyelitis and periprosthetic joint infection; and (4) when 

analyzing older studies, the current resistance pattern of bone and 
joint pathogens should be considered.

CLASSIFICATION OF OSTEOMYELITIS

There are several classifications of osteomyelitis that  consider 
pathogenesis, duration of infection, localization, presence or 
absence of an implant, or anatomic type and local host factors. 
Cierny and Mader developed a classification system which is 
especially useful for orthopedic surgeons treating patients with 
chronic osteomyelitis.9 For infection specialists, a more use-
ful approach considers the pathogenesis of bone  infection.10 
Hematogenous osteomyelitis bacterial seeding in bone mainly 
occurs in the metaphysis of long bones of prepubertal chil-
dren and in the vertebral column of adults.11 Exogenous 
osteomyelitis spreading from a contiguous source mainly fol-
lows thorax surgery (sternum osteomyelitis), bite wounds, 
deep perforating lesions (mainly on feet), chronic ear, nose 
and throat infections (sinusitis, otitis media), open bone frac-
tures, joint replacement or internal fixation.12 Another type of 
exogenous osteomyelitis results from deep soft-tissue infec-
tions mainly in diabetic patients with vascular insufficiency 
and/or neuropathy.13

HEMATOGENOUS OSTEOMYELITIS

Hematogenous infection of the metaphysis of long bones is 
seen in young children. It is mainly caused by Staphylococcus 
aureus, group-B streptococci and various other streptococci. 
Haemophilus influenzae group b has almost disappeared due 
to widely used vaccination. The main symptoms are fever, 
local pain, signs of inflammation and sinus tracts in untreated 
chronic cases. In cases of unclear bone pain after a bacterial 
infection, osteomyelitis should be sought.

In adults, hematogenous osteomyelitis mainly involves ver-
tebral bodies. The risk of infection rises with increasing age.14 
In almost 60% of cases, spondylodiskitis is in the lumbar or 
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 lumbosacral region. It is mainly caused by Staph. aureus (~50%), 
Gram-negative bacilli (~25%) and streptococci (~10%).14,15 
Tuberculous or brucellar spondylitis is still prevalent in endemic 
regions (e.g. Southern Europe), whereas it has almost disap-
peared in Central and Northern Europe. The predominant 
symptoms are fever, backache and local pain in the involved ver-
tebrae. Local signs of infection are generally not present. Severe 
local pain is a classic sign of spinal epidural abscess; neurologi-
cal signs have to be looked for and emergency MRI evaluation 
is required.16 Diagnosis comprises blood cultures, C-reactive 
protein and white cell differential counts. Imaging procedures 
include 99mTc-methylene diphosphonate (MDP) bone scan, 
antigranulocyte antibody scan, CT scan and MRI.14,17 MRI has 
the highest sensitivity and specificity. However, it should not 
be used for monitoring progress because of the low correlation 
between image improvement and healing.18

Acute hematogenous osteomyelitis can usually be suc-
cessfully treated with antibiotics alone. Surgery is mainly 

required for diagnostic purposes (open biopsy) if blood cul-
tures remain negative which occurs in 22–70% of cases.14,19 In 
addition, surgery is also needed in patients with spinal epidu-
ral abscesses or paravertebral extension (e.g. psoas abscess).

Table 52.1 summarizes the antibiotic treatment according 
to the micro-organism isolated. The duration of therapy is not 
standardized; controlled studies are missing. A 6-week course 
of high-dose antibiotics is generally recommended for acute 
hematogenous osteomyelitis.14,20 Treatment is generally started 
by the intravenous route. However, oral bactericidal drugs with 
excellent bioavailability are equally effective and allow early 
switch to the oral route. β-Lactams should not be commenced 
by the oral route because of their low bioavailability.

Staphylococcal osteomyelitis can be treated with a com-
bination of quinolones (e.g. levofloxacin 750 mg orally per 
day) plus rifampicin (300 mg orally every 12 h). In a prospec-
tive randomized study in patients with deep-seated or bac-
teremic staphylococcal infection, the quinolone–rifampicin 

table 52.1 Antibiotic therapy for adults with hematogenous osteomyelitis (excludes patients with implant devices)

Micro-organism antimicrobial agenta Doseb route

Staphylococcus aureus or coagulase- negative 
staphylococci
 Methicillin-susceptible (Flu)cloxacillinc followed by 2 g every 6 h i.v.

rifampicin, plus 300 mg every 12 h p.o.
levofloxacin 750 mg every 24 h p.o.

 Methicillin-resistant Vancomycin* or 1 g every 12 h i.v.
teicoplanine followed by 400 mg (6 mg/kg) every 24 h i.v., i.m.
rifampicin plus 300 mg every 12 h p.o.
levofloxacin or 750 mg every 24 h p.o.
fusidic acid or 500 mg every 8 h p.o.
co-trimoxazole 960 mg every 8 h p.o.

Streptococcus spp. Penicillin Gc or 5 million U (3g) every 6 h i.v.
ceftriaxone for 4 weeks, followed by 2 g every 24 h i.v.
amoxicillin 750–1000 mg every 8 h p.o.

Enterococcus spp.  
(penicillin-susceptible)

Penicillin G or 5 million U (3g) every 6 h i.v.
ampicillin or amoxicillin plus 2 g every 4–6 h i.v.
aminoglycosidef i.v.

Enterobacteriaceae (quinolone-susceptible) Ciprofloxacin 750 mg every 12 h p.o.

Non-fermenters (e.g. Pseudomonas aeruginosa) Cefepime or ceftazidime plus 2 g every 8 h i.v.
aminoglycosidef for 2–4 weeks,  
followed by

i.v.

ciprofloxacin 750 mg every 12 h p.o.

Anaerobesg

 
Clindamycin for 2–4 weeks, followed by 600 mg every 6–8 h i.v.
clindamycin 300 mg every 6 h p.o.

Mixed infections (without methicillin–resistant 
staphylococci)

piperacillin–tazobactam or 4.5 g every 8 h i.v.
imipenem or 500 mg every 6 h i.v.
meropenem 1 g every 8 h i.v.
for 2–4 weeks, followed by individual  
regimens according to antimicrobial susceptibility

* Vancomycin trough level should exceed 15 mg/litre
aIn the absence of an implant the total duration of antimicrobial treatment is generally 6 weeks.
bAll dosages are for adults assuming normal renal function.
cIn patients with delayed hypersensitivity to penicillins, cefuroxime (1.5 g i.v. every 6–8 h) can be administered. In patients with immediate hypersensitivity to penicillins, 
vancomycin (1 g i.v. every 12 h) is recommended.
dTrough blood levels should be monitored regularly during treatment.
eA loading dose of 800 mg i.v. in one or two doses should be given on day 1. Trough level should exceed 20 mg/litre
fAminoglycosides can be administered in a single daily dose.
gAlternatively, penicillin G (5 million U (3g) i.v. every 6 h) or ceftriaxone (2 g i.v. every 24 h) can be used for Gram-positive anaerobes (e.g. Propionibacterium acnes), and 
metronidazole (500 mg i.v. or p.o. every 8 h) for Gram-negative anaerobes (e.g. Bacteroides spp.).
i.m., intramuscular, i.v., intravenous, p.o. orally.
hNote: Formulations of amoxicillin-clavulanic acid differ internationally, therefore dose should be checked.
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 combination was equivalent to standard intravenous therapy.21 
Clindamycin has good bioavailability, but is only bacteriostatic 
against staphylococci. Therefore, it is adequate for long-term 
therapy of chronic osteomyelitis, and should not be given in 
acute spondylodiskitis caused by Staph. aureus. Nowadays, it is 
no longer adequate to treat staphylococcal osteomyelitis with a 
quinolone alone, even with newer fluoroquinolones; because of 
the risk of emergence of resistance, quinolones should always 
be combined with rifampicin in the treatment of susceptible 
staphylococci.21

OSTEOSYNTHESIS-ASSOCIATED 
OSTEOMYELITIS

Infections associated with internal fracture fixation generally 
occur exogenously as a result of the penetrating trauma (pre-
operatively), during insertion of the fixation device (intraoper-
atively) or during disturbed wound healing (postoperatively).22 
The most common micro-organisms causing implant-
 associated infections are Staph. aureus (30%), coagulase-nega-
tive staphylococci (22%) and Gram-negative bacilli (10%).23

Infections after internal fixation are classified as early (<2 
weeks), delayed (2–10 weeks) and late onset (>10 weeks).22,24 
Leading clinical signs of early infection are persistent local pain, 
erythema, edema, wound healing disturbance, large  hematoma 
and fever. Highly virulent organisms (e.g. Staph. aureus, Gram-
negative bacilli) are frequent agents of early infections. In cases 
of wound healing disturbance, necrosis of the wound edges 
or postoperative hematoma and infection must be actively 
sought.25,26

Persistent or increasing pain, pseudarthrosis, implant 
loosening and occasionally development of a sinus tract are 
hallmarks of delayed infection. However, clinical signs and 
symptoms of infection may be entirely lacking. Delayed and 
late infections are mainly caused by micro-organisms of low 
virulence (e.g. coagulase-negative staphylococci). Alternatively, 
manifestation of infection due to any micro-organism may be 
delayed because initial antimicrobial treatment was insuffi-
cient for complete microbial eradication. Late infections may 
be caused by a low inoculum or low virulence micro- organisms 
introduced during penetrating trauma or perioperatively with 
an insidious onset of systemic or local symptoms.

A combination of clinical, laboratory, histopathological, 
microbiological and imaging studies is required to diagnose 
infection. Blood leukocyte count and differential are neither 
sufficiently sensitive nor specific to confirm osteomyelitis. 
Repeated postoperative measurements of C-reactive protein, 
or a secondary increase after an initial postoperative fall, are 
highly suggestive of infection. Preoperative aspiration of accu-
mulated fluid and intraoperative tissue cultures provide the 
most accurate microbiological specimens. At least three intra-
operative tissue areas should be sampled. Swabs should be 
avoided because of low sensitivity. It is important to discon-
tinue any antimicrobial therapy at least 2 weeks before col-
lecting tissue cultures.27 If the implanted material is removed, 

the use of sonication to dislodge micro-organisms from the 
surface of explanted devices has the best sensitivity.28 Imaging 
lacks sensitivity in early infection, but is useful in delayed and 
late infections to assess the extent of infection.29

Treatment includes both surgery and antibiotic ther-
apy. The goals of treating infection associated with internal 
fixation devices are to consolidate the fracture and prevent 
chronic osteomyelitis. Complete eradication of infection is 
not the primary goal, since the device can be removed once 
consolidated. If the implant is stable, debridement with reten-
tion of the fracture-fixation device combined with long-term 
antibiotic treatment is reasonable.4 In cases of chronic osteo-
myelitis associated with a fixation device, surgical therapy 
should always include both orthopedic and plastic recon-
structive surgery.

Antimicrobial therapy should ideally be based on clear 
microbiological evidence. Suggested antimicrobial treatment 
according to pathogen and its antimicrobial susceptibility has 
recently been published1,6 and is similar to the recommenda-
tions for infection without an implant (Table 52.1). A con-
trolled study in patients with device-associated staphylococcal 
infection supports initial intravenous treatment for 2 weeks, 
followed by rifampicin (450 mg orally every 12 h) once there 
is no more wound secretion. The dose of rifampicin in these 
patients is higher than in the absence of an implant.4,21 The 
suggested treatment duration is 3 months in cases of device 
retention, but only 6 weeks if the infected device is removed. 
Except for quinolone-susceptible Gram-negative bacilli, intra-
venous treatment should be given initially and followed by 
oral therapy to complete the treatment course.

FOOT OSTEOMYELITIS

Diabetic foot infection is frequent due to the increasing 
prevalence of diabetes mellitus. Risk factors are: (1) periph-
eral motor, sensory and autonomic neuropathy; (2) neuro-
osteoarthropathic deformities (Charcot foot); (3) arterial 
insufficiency; (4) uncontrolled hyperglycemia; (5) patient dis-
abilities, such as reduced vision; and (6) maladaptive patient 
behaviors.30 Diabetics have a 25% lifetime risk of foot compli-
cations. Fifteen percent have a risk of infected foot wounds, of 
which 20–66% involve bone.

Due to the importance of correct therapy, foot osteomy-
elitis must be diagnosed as early as possible. Most clinicians 
now rely on the ‘probe-to-bone’ test which has a positive pre-
dictive value of 89% which is comparable to MRI.31 With this 
test, touching bone with a metallic instrument is indicative of 
osteomyelitis. Lavery et al32 reported a lower positive predic-
tive value of only 62%, because of a lower prevalence of osteo-
myelitis (20% vs 66%). Thus, probe to bone is an excellent 
test in patients with high pretest probability. Otherwise, MRI 
should be performed due to its high sensitivity (80–100%) 
and specificity (80–90%).31

The correlation between cultures from bone biopsy and 
wound biopsy is poor.33 Identical pathogens were found in 
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less than 20%.34,35 Therefore, treatment of diabetic foot 
 osteomyelitis should be based either on bone culture or 
empirically on the most frequent micro-organisms. Treatment 
according to wound biopsy culture results may be inadequate, 
since coagulase-negative staphylococci, Corynebacterium spp. 
and Gram-negative bacilli are heavily overestimated.33

According to newer treatment concepts, wound debride-
ment with a 4- to 6-week antibiotic course should replace early 
amputation. In a review of 11 studies with 546 patients under-
going debridement and 1–6 months of antibiotics, the median 
remission rate was 65% (29–88%).36 Thus, in about two-thirds 
of patients, early amputation can be avoided. If the patient can 
be treated with antimicrobial agents with excellent bioavailabil-
ity, there is no need for intravenous therapy. However, there are 
a few exceptions. Patients with Staph. aureus infection should 
be treated initially with a bactericidal agent such as fluclox-
acillin (2 g intravenously every 6 h) or ampicillin-sulbactam  
(3 g intravenously every 8 h – see footnoteh in Table 52. 1) in  
case of mixed infection with anaerobes. After about 2 weeks, 
this regimen can be switched to oral clindamycin (300 mg every 
6 h). Similarly, Pseudomonas aeruginosa should be treated with  
an initial 2-week intravenous course (e.g. cefepime or ceftazi-
dime 2 g every 8 h or  piperacillin–tazobactam 4.5 g every 6-8 h) 
in order to diminish the bacterial density before starting the 
only possible oral therapy (ciprofloxacin 750 mg every 12 h). 
This may avoid the emergence of resistance to ciprofloxacin. 
Other micro-organisms should be treated according to suscep-
tibility testing of bone cultures (Table 52.1). Oral therapy with 
linezolid (600 mg every 12 h) can be considered.37 However, 
this option should be restricted to experienced clinicians alert 
to the myelotoxicity and neurotoxicity of this agent38.

If no bone biopsy is available, empirical treatment should 
be given. In treatment of naive patients, clindamycin is a good 
option (300 mg orally every 6 h) since Staph. aureus, strepto-
cocci and anaerobes are the most frequent micro-organisms in 
diabetic osteomyelitis.33 In pretreated patients, Gram-negative 
bacilli may be selected. Here a combination of clindamycin 
plus ciprofloxacin (750 mg orally every 12 h) is preferred.

The Infectious Diseases Society of America (IDSA) guide-
lines30 recommend the following duration of treatment: 

•	 If	the	patient	requires	amputation,	a	postoperative	course	
of 2–5 days is sufficient.

•	 If	there	is	residual	infected	soft	tissue,	a	2-	to	4-week	
course is suggested.

•	 In	case	of	residually	infected	but	viable	bone,	a	treatment	
course of 4–6 weeks is recommended.

•	 In	chronic	bone	infections	in	which	debridement	is	not	
possible, or residual bone sequestration is present, at least 
3 months’ treatment is required.

SEPTIC ARTHRITIS

Rapid diagnosis and prompt local and systemic therapy are 
key to a good prognosis in acute arthritis. With purulent   
arthritis, empirical antimicrobial therapy should be started 

immediately. Since surgical and antimicrobial treatment  differ 
in the presence of an artificial joint, periprosthetic joint infec-
tions are discussed separately.

Bacterial arthritis is caused by either hematogenous seed-
ing or direct exogenous inoculation. In an analysis of 2407 
cases, the most common micro-organisms were Staph. aureus 
(44%), group A streptococci (8%), Streptococcus pneumoniae 
(6%) and Escherichia coli (4%).39 In intravenous drug users, 
Ps. aeruginosa and Candida spp. are frequent pathogens, while 
in infants below 2 years Kingella kingae are encountered.40 
Pasteuralla multocida or Captocytophaga spp. are commonly 
found after cat or dog bites, while after human bites (e.g. fist-
to-mouth trauma) bacteria from the HACEK group should 
be considered. Gonococcal arthritis should be suspected after 
sexual exposure, especially if the patient has oligoarthritis and 
a macular exanthem.41 Patients with meningococcal arthritis 
share the same clinical picture.

Signs and symptoms of acute bacterial arthritis include 
pain, signs of inflammation (redness, heat) and impaired 
function due to pain and joint inflammation. The pain is pres-
ent in the neutral position and increases with movement. In 
90% of cases, a single joint is affected, predominantly the knee 
(45–55%) or the hip (15–25%). Septic arthritis is rare in other 
joints, but can occur even in syndesmoses (symphysis, sacro-
iliac and sternoclavicular joints).42 Careful history may reveal 
rare diagnoses such as Brucella spp. (travel to Mediterranean 
region), Salmonella spp. (food history), Pasteurella multocida, 
Capnocytophaga canimorsus (animal bite), Neisseria  gonorrhoeae 
(sexual exposure), Mycoplasma hominis (gynecological inter-
vention) and Ps. aeruginosa (intravenous drug use).

The most important diagnostic investigations are blood 
cultures (positive in only 50%) and joint puncture. Leukocyte 
counts in synovial fluid can differentiate between inflamma-
tory and culture-positive infectious arthritis where they exceed 
20 000/µL. This value has a sensitivity of >80%;43 however, 
patients with rheumatoid arthritis or crystal synovitis may 
also have leukocyte counts above this threshold. The culture 
is positive in 80–90% of patients with bacterial arthritis. The 
sensitivity increases by using pediatric blood cultures.44 In 
most cases, imaging is unnecessary in acute septic arthritis. 
Ultrasound may be useful to detect synovial fluid, and bone 
scan (or CT scan) in sacroiliac arthritis. CT scan is preferred 
when concomitant psoas abscess is suspected.

Treatment of septic arthritis includes joint decompression  
and antibiotic therapy. The aim of local treatment is the elimi-
nation of granulocytes and their products (proteases) which can  
rapidly destroy the joi nt cartilage. Initial empirical antimicrobial  
therapy should be guided according to the history (see above). 
In general, an intravenous cephalosporin such as cefazolin 
(2 g every 8 h), or cefuroxime (1.5 g every 6–8 h) is appro-
priate. In the case of staphylococcal infection, therapy can 
be rapidly switched to an oral fluoroquinolone plus rifampi-
cin21 which is equivalent to classic intravenous therapy. This 
is not the case with oral β-lactams due to the inadequate joint 
drug concentrations. With fluoroquinolone- resistant strains, 
 rifampicin can be combined with  co- trimoxazole or fusidic 
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acid. The total duration of therapy is 4 weeks.21 Pneumococci 
and other streptococci should be treated with penicillin G for 
3–4 weeks. Ceftriaxone is an alternative for outpatient ther-
apy. Arthritis due to Enterobacteriaceae, gonococci or menin-
gococci can be treated with an oral fluoroquinolone, once 
susceptibility is confirmed. The former needs 4 weeks, the lat-
ter 2–3 weeks of therapy.

PERIPROSTHETIC JOINT INFECTION

Periprosthetic joint infections (PJIs) are classified as early 
(<3 months), delayed (3–24 months) and late (>2 years 
after  surgery).1 In early infection, typical signs and symp-
toms include fever, shivering and tachycardia. In addition, 
local signs of postoperative wound infection such as ery-
thema, warmth, a wet or gaping wound, as well as prolonged 
wound secretion are suspicious for surgical site infection. 
Early infections are mainly caused by Staph. aureus or Gram-
negative bacilli. Delayed or low-grade infection is charac-
terized by subtle or absent signs and symptoms. Persistent 
pain after implantation indicates inflammation and/or early 
loosening. This type of infection is mainly caused by low-vir-
ulence micro-organisms, such as coagulase-negative staphylo-
cocci and Propionibacterium acnes. Late infection is caused by 
hematogenous seeding. Hallmarks are sudden local joint pain 
due to inflammation or increasing pain due to loosening. The 
main sources of bacteremia are skin, respiratory tract, dental 
and urinary tract infection.45 However, hematogenous infec-
tion can also occur after primary Staph. aureus sepsis without 
a detectable focus.46

PJI is confirmed if at least one of the following criteria is 
present: (1) growth of an identical micro-organism in two or 
more cultures of synovial fluid or periprosthetic tissue; (2) 
purulence of synovial fluid or the implant site; (3) presence 
of granulocytes on histopathological examination of peripros-
thetic tissue; or (4) presence of a sinus tract communicating 
with the device.47

For diagnosis of PJI, blood leukocyte count and differential 
are neither sensitive nor specific. C-reactive protein (CRP) is 
elevated after surgery and returns to normal within weeks;48 as 
such, repeat measurements are more informative than a single 
value in the postoperative period. Procalcitonin or interleu-
kin-6 are no better than CRP for diagnosing PJI.49 Synovial 
fluid leukocyte count and differential allow differentiation of 
PJI from aseptic failure. The cut-off value of synovial leuko-
cytes is much lower for diagnosing PJI than septic arthritis in 
native joints. In patients without inflammatory joint disease 
and PJI of a knee, a synovial fluid leukocyte count of >1.7 × 
109/L and differential of >65% neutrophils has a sensitivity 
for diagnosing PJI of 94% and 97%, and specificity of 88% 
and 98%, respectively.50 In total hip arthroplasty, the optimal 
cut-off is at 4.2 × 109 leukocytes/L.51

The diagnosis of infection by plain radiography includes 
rapid prosthetic migration, rapidly progressive periprosthetic 
osteolysis and/or irregular periprosthetic osteolysis.52 CT scan 

is more sensitive than plain radiography in the imaging of joint 
space. It allows detection of joint effusion, sinus tracts, soft-
tissue abscesses, bone erosion and periprosthetic lucency. The 
main drawbacks are metallic artifacts reducing image quality. 
MRI can be used safely in patients with non- ferromagnetic 
implants and has a better resolution for soft-tissue abnormali-
ties than CT. The main disadvantages of MRI are imaging 
interferences in the vicinity of metal implants. Bone scinti-
graphy with 99mTc has a good sensitivity, but a low specifi-
city to diagnose prosthetic joint infection. Scintigraphy with 
99mTc-labeled monoclonal antibodies demonstrates an accu-
racy in the detection of prosthetic joint infection of 81%.53 
Fluorine-18-fluorodeoxyglucose (FDG) positron emission 
tomography (PET) has a sensitivity of 91% and a specificity 
of 87% for detecting PJI.54

Superficial wound or sinus tract cultures often yield skin 
micro-organisms and should be avoided. The yield from syn-
ovial fluid culture varies from 45% to 100%. Sensitivity may 
be improved by inoculation into a pediatric blood culture 
bottle.44 The most reliable specimens for detecting micro-
organism(s) are samples from periprosthetic tissue during sur-
gery. At least three intraoperative tissue specimens should be 
sampled.1 Swabs have a low sensitivity and should be avoided. 
It is important to discontinue antimicrobial therapy at least 
2 weeks prior tissue sampling for culture.27 Since implant-
associated infection involves microbial biofilms, the yield of 
implant culture may be higher than the one of tissue speci-
mens. Sonication of implants with the appropriate frequency, 
power density and time improves the yield of positive cultures 
in patients pretreated with antibiotics.28

In order to reach the goal of successful therapy, namely 
a long-term, pain-free, functional joint following complete 
eradication of infection, a combination of an appropriate sur-
gical procedure and antimicrobial treatment acting on adher-
ent bacteria is needed.1,2,4,6,55 The cornerstone of successful 
treatment is early diagnosis; since treatment is less invasive in 
patients with a short history of infection (see Fig. 52.1). This 
requires a high degree of suspicion and strict avoidance of 
empirical antibiotics where the diagnosis is equivocal.

The choice of antimicrobial agents by pathogen and its 
susceptibility is summarized in Table 52.1.1,6 Based on a con-
trolled trial in patients with orthopedic implant-associated 
infection, 3 months for hip prostheses and 6 months for knee 
prostheses is suggested.1,4 Intravenous treatment should be 
administered for the first 2 weeks, followed by oral therapy if 
a drug with good oral bioavailability is available.

The treatment course can be shortened to 6 weeks after 
explantation, if all foreign material is removed and no spacer is 
implanted. In this situation, persistence of a device-associated 
biofilm can be avoided. After 6 weeks of treatment, reimplan-
tation should be delayed a further 2 weeks in order to obtain 
tissue specimens for culture and to confirm treatment success. 
After reimplantation, antimicrobial therapy is reinstated. If 
cultures of intraoperative specimens remain negative, antibi-
otic treatment is stopped. Otherwise it is continued for 3 and 
6 months, respectively.
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Optimal antimicrobial therapy is best defined in staphy-
lococcal implant infections. Rifampicin combination regi-
mens have excellent activity on susceptible slow-growing and 
 adherent staphylococci.2 Rifampicin has proven activity in 
vitro, in  animal models and in several clinical studies.1,2,4,56,57 It 
must always be combined with another drug to prevent emer-
gence of resistance in staphylococci. Quinolones are excellent 
drugs for combination therapy because of their good bioavail-
ability, activity and safety. Newer quinolones have been studied 
in experimental bone infections,58 but only anecdotal clinical 
data exist.59 Since resistance of staphylococci to quinolones is 
an increasing problem, other anti-staphylococcal drugs have 
been combined with rifampicin, such as co-trimoxazole, mino-
cycline, fusidic acid60 or linezolid.61 Linezolid is active against 
most Gram-positive cocci, including methicillin-resistant 
staphylococci and vancomycin-resistant enterococci (VRE). 
However, the success rate in patients with orthopedic infections 
is modest, with clinical cure rates of 55% and clinical improve-
ment rates of 35%.62 Unfortunately, adverse events such as 
reversible myelosuppression (40%) and irreversible peripheral 
neuropathy (5%) occur.38 Experimentally, a combination of 
linezolid with rifampicin is more efficacious.63 Daptomycin is 
active against several Gram-positive bacteria, including meth-
icillin-resistant Staph. aureus (MRSA), vancomycin-resistant 
Staph. aureus and VRE. Its efficacy has been tested in an animal 
model of implant- associated infections, where it proved better 
in combination with rifampicin than vancomycin.64

In implant-associated infection, antimicrobial treatment 
without any surgical intervention usually fails. Figure 52.1 
provides a treatment algorithm for surgery in PJI.

Debridement with retention has a success rate >80%4,65–67 if 
the patients fulfill the following conditions: (1) stable implant; 
(2) pathogen with susceptibility to antimicrobial agents active 
against surface-adhering micro-organisms; (3) absence of a 
sinus tract or an abscess; and (4) duration of symptoms of 
infection of not more than 3 weeks.

Direct exchange includes the removal and implantation of a 
new prosthesis during the same surgical procedure. Patients 
with intact or only slightly compromised soft tissues qualify 
for this procedure. A success rate of 86–100% can be expected 
in appropriately selected patients.1 If resistant or difficult-
to-treat micro-organisms are causing the infection, such as 
MRSA, small-colony variants of staphylococci,68 enterococci, 
 quinolone-resistant Ps. aeruginosa or fungi, a two-stage revi-
sion is preferred. Two-stage exchange includes removal of the 
prosthesis with implantation of a new prosthesis during a later 
surgical procedure. In the absence of difficult-to-treat micro-
organisms, a short interval until reimplantation (2–4 weeks) and 
a temporary antimicrobial-impregnated bone cement spacer 
may be used. If difficult-to-treat micro-organisms are isolated, a 
longer interval (8 weeks) without a spacer is preferred. The two-
stage procedure can be used for every patient and has success 
rates exceeding 90%.1 However, the expenditure for the patient 
and the surgeon is higher than for other surgical options.

Condition

Surgical procedure

All yes

Otherwise

Duration of symptoms ≤ 3 weeks
+ stable implant
+ absence of sinus tract
+ susceptibility to antibiotics with
activity against surface-adhering
micro-organisms

Debridement with retention

One-stage exchange

Two-stage exchange with
short interval (2–4 weeks)

Two-stage exchange with
long interval (8 weeks)

Long-term suppressive
antimicrobial treatment

Implant removal without
replacement

Intact or only slightly
damaged soft tissue

Damaged soft tissue or
abscess or sinus tract

Micro-organism resistant
or difficult to treat*

No functional improvement by
exchange of the implant

Inoperable, debilitated or
bedridden

Fig. 52.1 Surgical treatment algorithm for prosthetic joint infections. * Difficult-to-treat micro-organisms include methicillin-resistant  
Staph. aureus (MRSA), small-colony variants of staphylococci,68 enterococci, quinolone-resistant Ps. aeruginosa and fungi. (Modified from 
Trampuz A, Zimmerli W. Prosthetic joint infections: update in diagnosis and treatment. Swiss Med Wkly. 2005;135:243–251.)
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Permanent removal of the device is usually reserved for 
patients with a high risk of reinfection (e.g. severe immu-
nosuppression, active intravenous drug use) or when no 
functional improvement after reimplantation is expected. 
Alternatively, long-term antimicrobial suppression may be 
chosen, if the patient is inoperable, bedridden or debilitated. 
However, suppressive therapy only controls clinical symp-
toms rather than curing the infection. Therefore, infection 
relapses occur in most patients (>80%) when antimicrobials 
are discontinued.

CONCLUSION

Antimicrobial therapy of bone and joint infection should  ideally 
be based on positive microbiological evidence. As an excep-
tion, diabetic foot osteomyelitis may be treated empirically if 
no debridement surgery is needed. Generally, prolonged treat-
ment courses are required in order to avoid recurrence.
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Chapter

53 Infections of the eye

David V. Seal, Stephen p. Barrett and Linda Ficker

DEFENSE OF THE OCULAR SURFACE

The commensals of the ocular surface are chiefly Gram-positive 
bacteria (coagulase-negative staphylococci, diphtheroids and 
Propionibacterium acnes), with occasional Gram-negative bac-
teria, especially in elderly people. They are found with greater 
frequency on the lid margin than in the conjunctival sac. 
Staphylococcus aureus colonizes up to 10% of normal lids where 
it can have both a pathogenic and commensal role; this rate is 
increased to as much as 70% in atopic individuals.1,2

The cornea and conjunctiva are protected by a tear film with 
an outer lipid, a middle aqueous and an inner mucin layer. The 
aqueous layer is of lacrimal origin and contains several antibac-
terial proteins. Non-specific defense mechanisms in the tears 
include lysozyme, lactoferrin and the defensins, while specific 
mechanisms involve IgA antibodies directed against a wide 
range of organisms. There is cooperation between specific and 
non-specific mechanisms. At the ocular surface potent antimi-
crobials (such as lysozyme and IgA) are entrained in the mucus 
film and maintain an antimicrobial presence in the surface 
microenvironment. With age, tear secretion and the concentra-
tion of protective lacrimal proteins falls. This situation is magni-
fied in the dry eye, including Sjögren’s syndrome, where lacrimal 
secretion is compromised and surface defenses are lowered.

Infection at the ocular surface involves binding of organisms 
by bacterial ligands or adhesins to specific surface molecules, 
which initiate the process of invasion. For example, Pseudomonas 
aeruginosa lipopolysaccharide binds to the lectin galectin-3 
present on corneal epithelial cells; experimental infection can 
be inhibited passively by antibodies against either molecule or 
by active immunization against lipopolysaccharide.

PHARMACOKINETICS

The bulbar conjunctiva and corneal epithelium are  relatively 
impermeable to water-soluble drugs, which penetrate 
poorly into the anterior chamber. Water-soluble,  proprietary 

 ophthalmic preparations, such as gentamicin sulfate, are 
available as eye drops or ointments at high concentration (e.g. 
0.3%) relative to their effective antimicrobial concentration 
and are thus active in the treatment of surface ocular infec-
tions such as conjunctivitis. In contrast, agents with a rela-
tively high lipid-water solubility (such as the fluoroquinolones, 
fusidic acid, chloramphenicol and the sulfonamides) readily 
penetrate the conjunctiva and cornea to enter the  tissues of 
the anterior segment.

If the surface epithelium is breached, as by corneal ulcer-
ation, water-soluble drugs can diffuse more readily into the 
anterior segment in high concentration. This can be enhanced 
using antibiotic concentrations exceeding those of commer-
cially available preparations (fortified drops). The topical 
route is unable to produce therapeutic concentrations in 
the posterior segment of the eye because of diffusion barri-
ers across the lens and zonule and the vitreous. Also, drug is 
lost from the vitreous and aqueous to the systemic circulation 
across the iris and retina or by aqueous drainage.

The surface epithelial barrier can be circumvented by 
delivering a bolus of drug under the conjunctiva (subcon-
junctival injection) or close to the surface of the globe (sub-
Tenon’s injection). These periocular routes deliver effective 
antimicrobial concentrations into the anterior segment of 
the eye (e.g. cornea and anterior chamber) and, less often, 
the posterior segment (e.g. the vitreous). Drugs may, how-
ever, be injected directly into the vitreous to treat infections 
of the vitreous and retina and controlled-release devices may 
be implanted in the scleral wall or suspended in the vitreous 
to provide long-term drug delivery.

THE BLOOD–OCULAR BARRIERS

In the uninflamed eye, barriers exist to the transfer of antibi-
otic from the circulation into the eye. A blood–aqueous barrier 
inhibits the entry of water-soluble drugs across the epithelium 
of the ciliary body into newly formed aqueous, and a blood–
retinal barrier limits the entry of such drugs into the vitreous 
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humor. Although drugs may reach a high concentration within 
the choroid via its fenestrated capillaries, diffusion across the 
outer retina is obstructed by tight junctions between the cells 
of the retinal pigment epithelium (the outer blood–retinal 
barrier), and across the retinal capillaries by endothelial tight 
junctions (the inner blood–retinal barrier).

In addition, anionic drugs (such as penicillins, cepha-
losporins and quinolones) present in the vitreous are actively 
transported out of the eye by the iris and ciliary epithelia, the 
retinal capillary endothelial cells and the retinal pigment epi-
thelium (RPE), giving a half-life of about 8 h for such drugs 
injected into the vitreous. There is also a passive route for out-
flow of the drugs, regardless of charge, by forward diffusion 
into the aqueous.

These barriers affect the potential for drugs to enter the 
vitreous space after systemic administration, as well as their 
retention after direct injection into the vitreous. In the unin-
flamed eye, the highest aqueous concentrations using the 
systemic route are achieved by lipid-soluble drugs such as 
chloramphenicol or the fluoroquinolones. Negligible concen-
trations are achieved using water-soluble drugs, particularly 
those in anionic form (such as the penicillins and cepha-
losporins), which are actively transported out of the eye.

In the inflamed eye, breakdown of the blood–ocular barri-
ers allows higher concentrations of antibiotic to be achieved 
in the ocular compartments following systemic therapy. 
Effective antimicrobial concentrations may be reached in the 
aqueous, but concentrations in the vitreous are still too low 
to provide adequate therapeutic levels, for instance in the 
treatment of endophthalmitis. Vitreous concentrations after 
high-dose systemic therapy in such situations will be sub-
therapeutic (0.5–2 mg/L) and much lower than those achiev-
able by direct injection into the vitreous (up to 1000 mg/L).  
The latter route is always favored in the treatment of 
endophthalmitis and reliance should not be made on intrave-
nous  therapy alone.

The above barriers (Fig. 53.1) do not exist for other orbital 
structures. Thus, infections within the orbit or ocular adn-
exae (the eyelids, lacrimal gland and nasolacrimal system) are 
readily accessible to systemic antibiotics.

MODES OF DELIVERY OF ANTIBIOTICS 
TO THE EYE

Some modes of delivery discussed here are outside the speci-
fications of the product license and should be used at the cli-
nician’s discretion. Infections of the eye are treated primarily 
with antimicrobials administered topically, or as local injec-
tions, which may be supplemented by the systemic route. 
This leads to some differences in practice from the treatment 
of infections in other body sites; for example, resistance to 
antibacterials has to be assessed in the context of the higher 
concentrations that can be achieved by local administration, 
and antimicrobial prophylaxis for procedures such as cata-
ract  surgery routinely continues for 7 days postoperatively, in 

 contrast to the single preoperative dose that is normal in most 
branches of surgery.

TOPICAL PREPARATIONS

Drops and ointments are the standard means of administering 
antibiotics to the surface of the eye, either for prophylaxis or 
treatment. Ointments (Box 53.1) prolong contact and permit 
less frequent instillation but should not be mixed with aqueous 
drops. Prior to the availability of commercial topical quinolone 
drugs (0.3–0.5%), the preparation of fortified antibiotic eye 
drops was advocated for the treatment of suppurative kera-
titis. Their use still has a place. Fortified drops are prepared 
by combining commercially available parenteral preparations 
with artificial tear preparations or sterile water to widen the 
range and concentration of agents used (Table 53.1).3–6

Various studies in the past have tried to increase the concen-
tration of antibiotics in the anterior chamber to levels in excess 
of minimum inhibitory concentrations (MICs) of common 
ocular pathogens, either for prophylaxis or for treatment. This 
can be achieved with systemic dosage of lipophilic antibiotics 
such as chloramphenicol or Septrin (Bactrim, co-trimoxazole) 
but both are considered to be too toxic to the bone marrow 
for routine use in prophylaxis. Azithromycin and clarithromy-
cin given systemically accumulate in the aqueous humor well 
in excess of MICs of Gram-positive cocci and bacilli but may 
not have good activity against Gram-negative bacteria. Others 
have tried to increase diffusion from the  corneal surface into 
the anterior chamber, either by  iontophoresis or by removing 
the corneal epithelium.
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Fig. 53.1 (A) Epithelial barrier (breached by an ulcer; negotiated 
by topical drops or subconjunctival injection). (B) Aqueous–vitreous 
barrier. (C) Blood–aqueous barrier limits entry into the aqueous from 
the blood. (D) Iris pigment epithelial pump removes anions from 
the aqueous. (E) Blood–retinal barrier; external, pigment–epithelial 
barrier. (F) Internal, capillary–endothelial barrier. There is an outward 
pumping of anions across the retina.
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In studies using aqueous drops of quinolones such as 
 levofloxacin, ofloxacin and ciprofloxacin in humans, these 
have been given twice to four times preoperatively, some-
times with added oral dosing, but sampling has only taken 
place at the start of cataract surgery.3 Such studies have 
produced levels of 0.4–1.6 µg/mL against an expected 
MIC required to inhibit the growth of 90% of organisms 
(MIC90) for common ocular pathogens up to 1.0 µg/mL. 
While the concentration on the ocular surface will be bacte-
ricidal, the levels achieved within the anterior chamber will 
be subinhibitory.

A new technique of pulsed dosing was introduced for 
the European Society of Cataract and Refractive Surgeons’ 
(ESCRS) prophylaxis study of endophthalmitis following cat-
aract surgery (see p. 682) using levofloxacin 0.5% preserved 
with benzalkonium chloride. Two drops were given before 
surgery – 60 and 30 min preoperatively – and three drops 
postoperatively, once immediately at the end of surgery, then 
5 min later and finally 5 min later again. Sampling took place 
in 30 volunteers at the start of surgery, after the first two doses 
as for other studies, withdrawing 50 µL of aqueous humor. 
Volunteers were later sampled at 5, 15, 30, 45, 60 or 90 min, 
each on one occasion only following the fifth postoperative 
dose, aspirating separate 50 µL samples with a needle and 
tuberculin syringe.3 All samples were stored at –20°C and 
transported on ice to Santen Oy in Finland for high-perfor-
mance liquid chromatographic analysis of levofloxacin levels.

It was found that pulsed dosing with levofloxacin 0.5%, a  
quinolone that is water and lipid soluble, increases the concen-
tration in the anterior chamber by 10-fold from 0.4 µg/mL at the  

time of surgery (after two doses) to a maximum of 4.4 µg/mL  
60 min after the fifth dose (Fig. 53.2).3 This level is four times  
in excess of the MIC90 for common ocular pathogens includ-
ing Staph. aureus, Streptococcus pneumoniae, Ps. aeruginosa and  
Haemophilus influenzae. At 90 min after the fifth dose, the mean 
level was still 3.1 µg/mL. The half-life was estimated to be 
approximately 60 min.3 It can be speculated, but not proven, 
that repeat dosing at 2-hourly intervals will maintain levels of 
levofloxacin in the anterior chamber close to 4 µg/mL.

The possible benefits of using this new pulsed dosing regimen 
are discussed below under refractive surgery and endophthal-
mitis prophylaxis following cataract surgery (p. 681). The 
recent introduction of single-dose 0.5 mL  containers of 
 unpreserved levofloxacin 0.5% (in the UK, Germany and 
Nordic countries) is particularly suitable for pulsed dosing at 
the time of surgery as it removes any possible toxicity of the 
preservative (benzalkonium chloride).

Box 53.1 topical antimicrobial ointments

antibacterial eye ointments

Chloramphenicola 1%

Chlortetracycline 1%

Erythromycin 0.5% (not commercially available)

Framycetin 0.5%

Gentamicin 0.3%

Neomycin 0.5%

Rifampicin 2.5% (not commercially available)

Sulfacetamide 2.5–10%

Tetracycline 1%

antibacterial ointment combinations
Graneodin:

 Neomycin 0.25%

 Gramicidin 0.025%

Polyfax:

 Bacitracin 500 U/g

 Polymyxin B 10 000 U/g

Polytrim:

 Trimethoprim 0.5%

 Polymyxin B 10 000 U/g

antiprotozoal eye ointment
Dibromopropamidine 0.15%

aThere is no evidence from new studies that topical chloramphenicol use in the eye 
contributes to bone marrow toxicity.4

table 53.1 selected topical antimicrobial drops: commercially 
available and fortified extemporaneous preparations

antibacterial eye  
drops

Fortifieda  
preparation

Commercial

Amikacin 25/50 mg/mL
Bacitracin 10 000 U/mL (Not in UK)
Cefuroxime 50 mg/mL
Chloramphenicolb 5 mg/mL
Ciprofloxacin 3 mg/mL (0.3%)
Gentamicin 15 mg/mL 3 mg/mL
Fusidic acid gel 10 mg/mL
Levofloxacinc 5 mg/mL (0.5%)
Ofloxacin 3 mg/mL (0.3%)
Penicillin G 5000 U/mL (0.3%)
Piperacillin 50 mg/mL
Propamidine isethionate 1 mg/mL (1%)
Sulfacetamide 100–300 mg/mL
Tetracycline 10 mg/mL, oil vehicle
Tobramycin 15 mg/mL 3 mg/mL
Vancomycin 50 mg/mL  

Combinations   

Neosporin:
 Polymyxin B 5000 U/mL
 Gramicidin 25 U/mL
 Neomycin 2.5 mg/mL
Polytrim:
 Polymyxin B 10 000 U/mL
 Trimethoprim  1 mg/mL

antifungal eye drops

Amphotericind 1.5–3.0 mg/mL
Clotrimazole and other 
azoles

1% in arachis oil

Flucytosine 1%
Natamycind 50 mg/mL  

antiprotozoal eye dropse

Propamidine isethionate 0.1% (1 mg/mL)
Chlorhexidine digluconate 
and polyhexamethylene 
biguanide

0.02% (200 mg/L) 
 

  
 

aProduced in hospital pharmacy.
bThere is no evidence from new studies that topical chloramphenicol use in the eye 
contributes to bone marrow toxicity.4
cUsed for pulse dosing to achieve high levels in the anterior chamber.3
dAqueous suspension.
eFor the treatment of Acanthamoeba keratitis.5,6
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Fig. 53.2 Pulsed dosing of aqueous levofloxacin drops (0.5%) twice preoperatively (60 and 30 min) and three times postoperatively  
(0, 5 and 10 min) in cataract surgery showing the concentrations achieved in the anterior chamber up to 90 min after the 5th dose.3 From 
Sundelin K , Seal D , Gardner S, et al. Increased anterior chamber penetration of topical levofloxacin 0.5% after pulsed dosing in cataract 
patients. Acta Ophthalmol (Copenh). 2009;87:173–178.

Ofloxacin aqueous solution is marketed at a concentration 
of 0.3% rather than at 0.5% and is absorbed similarly to levo-
floxacin. However, 50% of ofloxacin is virtually inactive. This 
means that use of 0.5% levofloxacin will achieve a concentra-
tion of active antibiotic inside the anterior chamber that is 
four-fold higher than that of ofloxacin. To inhibit and kill bac-
teria, a level of antibiotic is needed that is at least four times 
and preferably 10 times in excess of the MIC90.

Unit doses of moxifloxacin are produced at a concentra-
tion of 0.5% and without preservative. Animal data only are 
available, but peak concentrations similar to levofloxacin can 
occur, although the half-life of moxifloxacin in the anterior 
chamber appears much shorter than that of levofloxacin. 
Moxifloxacin has an advantage of increased activity against 
streptococci and methicillin-resistant Staph. aureus (MRSA). 
As such, it is better retained for therapy rather than routine 
prophylaxis unless a surgical unit has a particular problem 
with a moxifloxacin-sensitive, levofloxacin-resistant bacte-
rium when its possible use for prophylaxis may be justified. 
However, moxifloxacin-resistant bacteria do occur and are 
discussed in the section on endophthalmitis (p. 681).

PERIOCULAR INJECTION

Subconjunctival delivery involves the injection of  0.25–1.0 mL 
of antibiotic solution under the conjunctiva. There is some 
leakage of antibiotic back into the conjunctival sac, but the 
bolus chiefly acts as a depot for diffusion which will produce 
transient high levels of antibiotic in cornea, sclera, choroid 
and aqueous and, to a lesser and variable extent, the vitreous. 
Vitreous levels are lower because of the absorption of drug 

into the choroidal and retinal circulations, and because of the 
natural barriers to penetration into the vitreous across the ret-
ina (see above). Doses for subconjunctival injection include 
125 mg for cefuroxime, 40 mg for gentamicin, 34 mg for clin-
damycin and 25 mg for vancomycin.

Peak aqueous levels are achieved in the first hour and effec-
tive levels are maintained for about 6 h. Inclusion of adrena-
line (epinephrine) in the subconjunctival injection prolongs 
antibiotic activity for 24 h or more, so that injections may 
be repeated less frequently. This is contraindicated in patients 
with cardiac disease, and caution must be exercised in the 
elderly, or when patients are receiving general anesthesia with 
halothane. Where possible, the injection is delivered close to 
the site of infection, since tissue levels are highest near the 
injection site.

A sub-Tenon’s injection is delivered in a similar volume 
but more deeply into the orbit, beneath Tenon’s capsule and 
close to the sclera. Care must be taken to avoid penetration of 
the globe. It is said to achieve higher levels in the posterior eye 
than the more anterior, subconjunctival route.

Periocular injections require local anesthesia, and are not 
without complications. Conjunctival ischemia and necrosis 
may occur locally and orbital hemorrhage and penetration of 
the globe have been reported. Although high aqueous levels 
can be achieved, they are not sustained.

INTRAVITREAL INJECTION

Intravitreal antibiotic injection is the standard treatment for 
endophthalmitis. Injected antibiotic persists in the vitreous in 
effective concentrations for up to 96 h. Only a small volume 



 the roLe of BIofILMs In oCULar InfeCtIon  671

is injected (up to 0.2 mL), and an equal volume of vitreous 
withdrawn, to minimize ocular pressure elevation and to pro-
vide a specimen for culture. The retina is sensitive to toxic 
damage; amounts injected are based on animal toxicity stud-
ies. Selected doses are indicated in Table 53.2.

The vitreous is entered via the pars plana to avoid reti-
nal injury. Sampling may be combined with a total vitrectomy 
to reduce the infective load and facilitate drug diffusion. The 
injection can be repeated at 48–72 h intervals according to 
clinical response. Subsequent vitreous samples can be used to 
assay the vitreous level of antibiotic.

Cationic drugs such as gentamicin have longer half-lives 
in the vitreous than anionic drugs such as penicillin, which 
are actively transported out of the vitreous space. This 
effect is less in the inflamed eye. Persistence of drug can be 
prolonged if the same drug is given systemically, since the 
outward diffusion gradient is decreased. In the case of cer-
tain anionic drugs, such as the penicillins, cephalosporins 
and ciprofloxacin, levels can be further increased by par-
enteral probenecid. This raises plasma levels by inhibiting 
renal tubular excretion and blocks active transport out of 
the eye.

THE SYSTEMIC ROUTE

Systemic medication may be used to treat preseptal and 
orbital cellulitis, dacryoadenitis, acute dacryocystitis and the 
rare condition of ocular ‘erysipelas’ (necrotizing fasciitis of the 
eyelids), which may need surgical debridement. In the man-
agement of chronic blepharitis, tetracyclines used in low dose 
(e.g. oxytetracycline 250 mg every 12 h) may act by an effect 
on meibomian oil composition through inhibition of bacte-
rial lipases. In rosacea-associated blepharitis, oral tetracycline 
250 mg every 12 h or doxycycline 100 mg once daily will be 
effective in 50% of patients.7 Minocycline has also been found 
effective.8

Systemic medication may be combined with local therapy in 
the treatment of ophthalmia neonatorum due to Neisseria gonor-
rhoeae, Chlamydia spp. or, rarely, Pseudomonas spp. It is also used 
in the treatment of adult chlamydial or gonococcal eye disease.

Systemic chemotherapy has no place in the management of 
uncomplicated bacterial keratitis. It is often employed in high 
dosage as adjunctive treatment of bacterial endophthalmitis 
but must not be used alone without intravitreal injection. It 
is essential in the management of metastatic endophthalmi-
tis associated with septicemia. High-dose regimens should be 
closely monitored.

THE ROLE OF BIOFILMS IN OCULAR 
INFECTION

Many serious ocular infections are caused by virulent organ-
isms invading a compromised eye. Increasingly, however, indo-
lent infections result from organisms harbored in biofilms, 
carried by a therapeutic device, including contact lenses, lens 
cases, sutures and explants, keratoprostheses and intraocu-
lar lens implants. Similar infections occur on prosthetic heart 
valves, joint prostheses and indwelling catheters. The polymer 
becomes a physical vector, conveying the biofilm to the eye.

THE BIOFILM

 MICRO-ORgANISMS RESPONSIBLE

A biofilm is an association of replicating micro-organisms 
within their polysaccharide glycocalyx. Certain strains of Staph. 
epidermidis or Pseudomonas spp. secrete a glycocalyx, which will 
attach to and encase the biopolymer, dividing slowly and col-
onizing the device. Attachment may be enhanced for Staph. 
 epidermidis and Staph. aureus by the presence of fibronectin.

table 53.2 selected intravitreal and parenteral antibiotics

Intravitreal injectiona agent Dose (mg) effective duration (h) Intravenous injection, dose

Amikacin 400 24–28 15 mg/kg every 24 hc

Amphotericin 5–10 – 0.25–1.0 mg/kg every 24 hc

Cefuroxime 2000 16–24 0.75 g every 8 h

Ceftazidime 2000 – 1–2 g every 8–12 h

Chloramphenicolb – – 1 g every 6–8 h

Clindamycin 1000 16–24 0.3–0.6 g every 8 h

Gentamicin 100–200 48 5 mg/kg every 24 hc

Vancomycin 1000 25 1 g every 12 h

aMaximum intravitreal injection volume is usually 0.2 mL, i.e. 0.1 mL of each agent used in combination.
b Chloramphenicol given systemically penetrates into the vitreous to treat acute bacterial endophthalmitis satisfactorily providing the organism is sensitive to it; it should be 
reserved for therapy when intravitreal antibiotics cannot be given, but must be used within 48 h of the start of endophthalmitis if useful vision is to be saved.

cAdministered in three divided doses.
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Free-swimming organisms such as Ps. aeruginosa are ideally 
suited to the formation of biofilms. Having formed a glyco-
calyx they divide at a slower rate than in the planktonic con-
ditions (5–15 times slower). Bacteria within the biofilm are 
relatively inaccessible to antibiotics, biocides, surfactants, anti-
bodies, bacteriophages and neutrophils, and are consequently 
better able to survive attack. The levels of antibiotics required 
to inhibit growth within the biofilm may be 20–1000 times 
higher than that required to inhibit planktonic growth. Antigens 
expressed at the biofilm surface can activate complement.

Biofilm-related infections tend to be chronic, resistant to 
antibiotics, polymicrobial and culture negative, since treat-
ment may effectively free tissue fluids from planktonic forms, 
and shedding may be intermittent. The sensitivity to antibiot-
ics of shed bacteria is usually higher than those within the bio-
film. To obtain positive cultures it may be necessary to sample 
directly from the device and to release the bacteria with ultra-
sound. Simple or non-nutrient agar should be used in addi-
tion to normal cultural procedures.

Antibiotic resistance within the biofilm results in part from 
binding of the antibiotic, with a variable effect on sensitiv-
ity. Thus ciprofloxacin is inhibited more than tobramycin. In 
addition, antibacterial enzymes, such as β-lactamases pro-
duced by resistant staphylococci, are concentrated within the 
biofilm and reduce the antibiotic action of some penicillins 
and cephalosporins.

BIOFILMS ON OPHTHALMIC 
BIOMATERIALS

Silicone polymers, polymethylmethacrylate, hydrogels, nylon, 
polypropylene, aluminum oxide ceramics and Teflon may be 
non-specifically colonized. Biofilms are encountered in the 
following situations causing ocular infection.9

 CONTACT LENSES

The incidence of contact lens-associated keratitis increased 
greatly with the introduction of hydrogel lenses, particularly 
for extended wear and to a lesser extent with daily wear. Risk is 
associated with overnight wear and poor lens hygiene. A num-
ber of studies have demonstrated the same strains of organism 
in the lens case and in saline dispensers used for lens care.

The sequence of events leading to infection is as follows:

1. Organisms, such as staphylococci, are transferred to the 
surface of a contact lens from the commensal population of 
the eye or by lens handling when there is poor lens hygiene.

2. Overnight wet storage of a soft hydrogel lens provides an 
environment which encourages the glycocalyx formation.

3. Homemade storage solutions from a saline dispenser 
increase the bacterial load by adding organisms from the 
dispenser nozzle.

4. Organisms within an established biofilm are relatively 
protected from storage preservatives, although the 

 preservatives may kill organisms shed from the  biofilm. 
Lens storage cases tend to be washed in tap water, 
 contaminating the case with coliforms, Ps. aeruginosa 
and Acanthamoeba spp. The lens and its case become a 
reservoir for organisms and a physical vector from which 
organisms or their products can be transferred to the 
ocular surface on the lens to establish an infection.

The risk of infection is multiplied five times when there is 
extended, overnight wear of the lens because of the increased 
exposure time and because conditions at the ocular surface 
are altered during prolonged eye closure.10 During sleep, the 
ocular surface is in a proinflammatory state and the tears are 
rich in polymorphonuclear neutrophils and their digestive 
enzymes. Tear flow is almost at a standstill and IgA makes 
up the major fraction of the tear proteins. The new extended-
wear silicone hydrogel lenses provide greater oxygen trans-
mission and reduce the risk of hypoxia and corneal edema, 
but microbial keratitis still occurs similarly to other extended-
wear lenses.10 In addition, the risk of microbial keratitis with 
daily disposable lenses has not been found to be reduced but 
vision loss is less likely to occur.10

  CONTACT LENS-ASSOCIATED 
KERATITIS

Ps. aeruginosa is the most common cause of contact lens-
associated keratitis followed by Staph. aureus and coagulase-
negative staphylococci. Those coagulase-negative strains with 
virulence factors for contact lens-associated keratitis adhere 
more effectively to biomaterials and resist disinfection.

Acanthamebae are of particular interest because their 
growth is encouraged by the presence of other organisms and 
they feed on bacterial products. The trophozoite and cyst 
stages are introduced from tap water, showers and hot tubs. 
In the USA and the UK about 85% of infections have been 
contact-lens associated; in South India most of the infections 
arise from corneal trauma to the eyes of paddy-field workers.

Mycotic keratitis in soft lens wearers occurs most fre-
quently in relation to extended-wear therapeutic lenses, when 
yeasts predominate, or with aphakic lenses, when filamentous 
fungi are more frequent.

prevention of biofilm-related, contact  - 
lens-associated keratitis

Preventive measures include:

1. Good hygiene and removal of proteinaceous contact lens 
deposits.

2. The use of cleaners and surfactants to remove adherent 
micro-organisms or ‘multipurpose solutions’ that clean 
and disinfect (polyhexamethylene biguanide or polyquat) 
with little toxic residual activity.

3. Avoidance of home-prepared saline.

Hydrogen peroxide within 10 min is an effective microbicide 
against bacteria and within 60 min against some filamentous 
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fungi. Hydrogen peroxide 3% is effective against the tropho-
zoites and cysts of Acanthamoeba spp. over a period of 6 h. 
Catalytic neutralization of hydrogen peroxide allows microbial 
contamination and is not recommended. The ‘gold standard’ 
for soft lenses is 3% hydrogen peroxide overnight followed 
by neutralization with a thiosulfate/catalase solution made up 
from tablets in the morning.

 SUTURES

Biofilms can form around unburied sutures with a sequence 
of events including attachment to the hydrophobic polymer, 
colonization and biofilm formation. Once formed, a suture 
biofilm may give rise to a stitch abscess, corneal abscess or 
infectious crystalline keratopathy.

Infectious crystalline keratopathy is an indolent corneal 
infection when bacterial multiplication occurs within a bio-
film within the stroma, in which the close packing of micro-
organisms and disturbance of stromal lamellae give rise to 
a crystalline appearance on biomicroscopy.11 Most cases 
occur as a complication of surgery or keratitis. The organism 
responsible for infectious crystalline keratopathy is usually 
an α-hemolytic streptococcus, although other bacteria and, 
rarely, fungi or amebae have been incriminated. For strepto-
cocci, intensive treatment with topical vancomycin or baci-
tracin is recommended, although penetration is poor in the 
absence of an epithelial defect.

 PUNCTAL PLUgS

Punctal plugs are used to provide long-term occlusion of the 
lacrimal puncta, in order to conserve tears in dry eye states. 
Biofilms around punctal plugs occasionally give rise to canali-
culitis or dacryocystitis.

 ExPLANTS FOR RETINAL SURgERY

Both solid and sponge explants cause infection by means of 
a biofilm, although bacteria adhere more readily to sponge 
explants, presumably because of their greater surface area. 
Organisms include Staph. aureus, coagulase-negative staphylo-
cocci, Ps. aeruginosa, Proteus spp., Moraxella spp. and Branhamella 
catarrhalis; coagulase-negative staphylococci predominate. The 
frequency of infection has been estimated to be 0.6%.

 INTRAOCULAR LENS IMPLANTS

While 15–40% of aqueous samples at the end of cataract  surgery 
contain bacteria, endophthalmitis is not an  inevitable conse-
quence. Lens implantation can nonetheless be  associated with 

a chronic, saccular or capsular-bag-associated endophthalmi-
tis due to coagulase-negative staphylococci, diphtheroids and 
P. acnes from a biofilm around the implant or due to mac-
rophage-associated bacteria within the capsule remnant.12 
The non-purulent inflammatory reaction is thought to be due 
to anterior-chamber-associated immune deviation. Systemic 
azithromycin or clarithromycin can provide effective therapy 
and high intracellular concentrations.13,14

MICROBIAL INFECTIONS OF THE EYE

BLEPHARITIS

Blepharitis is an inflammation of the lid margins involving either 
the lash line (anterior blepharitis) or the meibomian oil glands 
(posterior blepharitis). Both forms are often associated with skin 
diseases such as seborrheic and atopic dermatitis and rosacea.

 ANTERIOR BLEPHARITIS

‘Staphylococcal’ blepharitis implies an anterior blepharitis 
with lash collarettes, crusting, lid ulceration and folliculitis, 
and a positive culture for Staph. aureus. This is an indication 
for antimicrobial treatment. However, a positive culture alone 
does not warrant treatment since the lid margins are colo-
nized with Staph. aureus in 6–15% of normal persons, rising 
to 50% in atopes.1,2 Coagulase-negative staphylococci are iso-
lated from over 80% of normal lid margins as commensals.

Chronic anterior blepharitis is common and requires reg-
ular cleansing of the lid margins with dilute bicarbonate or 
baby lotion to remove adherent scales. Misdirected lashes 
must also be removed. Culture of the lid margin requires 
‘scrubbing’ with a swab soaked in sterile broth, and plating 
directly onto blood agar and a selective medium for Staph. 
aureus. Blepharitis due to Staph. aureus is treated with topical 
ophthalmic fusidic acid gel 1%, 2–4 times daily, or with ocular 
Polytrim or ocular tetracycline. A highly active staphylococ-
cal blepharitis merits a course of systemic antistaphylococ-
cal therapy, such as flucloxacillin (oxacillin) or erythromycin 
(500 mg every 6 h for 4 days). Patients should be encouraged 
to wash with antiseptic soaps such as chlorhexidine to sup-
press the carriage of Staph. aureus at other skin sites.

Anterior blepharitis may respond to short courses of 0.5% 
hydrocortisone lotion or ointment applied sparingly to the lid 
margin.

 POSTERIOR BLEPHARITIS

The most common form is obstructive meibomian gland 
dysfunction (MGD), which is highly symptomatic. Lid mar-
gins are thickened and red, there is plugging of the meibo-
mian gland orifices and lid oil is poorly expressible. MGD 
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is treated by daily heat to the lids to increase oil fluidity, and 
firm  massage to express retained secretions.

Generally, MGD is not an infective condition but both ante-
rior and posterior blepharitis are accompanied by an increase 
in commensals, which produce lipases capable of releasing fatty 
acids from the lipid esters of the tear oils. These contribute to 
the inflammation. Lipases are inhibited by sub-antimicrobial 
levels of tetracycline, given intermittently as oxytetracycline 
(250 mg every 12 h) or doxycycline (50 mg/day), for 3 months 
which can be repeated after a 3-month interval. Minocycline 
has been proposed for recalcitrant staphylococcal blepharitis8 
or erythromycin in children to avoid dental abnormalities.

 ATOPY

Atopic blepharitis should not be confused with staphylococ-
cal blepharitis, although they may coexist. Non-inflamed lids 
in patients with atopic dermatitis are colonized with Staph. 
aureus,1,2 as are the conjunctivae, nasal mucosae and skin. While 
tear IgE levels are high, they are not directed against Staph. 
aureus antigens.1 Anterior and posterior blepharitis occurring in 
association with atopic dermatitis are treated as for non-atopes.

 ROSACEA

Rosacea is also associated with blepharitis and the lids are often 
colonized by Staph. aureus. Although cell-mediated immunity to 
Staph. aureus is enhanced, it is not known whether this is cause or 
effect. In a randomized, placebo-controlled crossover trial, symp-
tomatic improvement of blepharitis in mild rosacea occurred in 
90% of patients receiving topical fusidic acid (Fucithalmic) com-
pared with 50% in those on oral oxytetracycline.7 This improve-
ment did not occur in non-rosacea blepharitis. The non-infective 
keratitis of rosacea is treated with topical steroid.

STYES

Styes are painful microabscesses of the lid margin, at the base 
of a lash follicle. Colonization of the lash base with Staph. 
aureus is well recognized. Styes may respond to the applica-
tion of heat, combined with a topical antibiotic with good tis-
sue penetration, every 4–6 h (e.g. ofloxacin, ciprofloxacin, 
chloramphenicol or fusidic acid gel). Resistant cases may 
require treatment with a systemic antistaphylococcal agent.

CHALAZIA

A chalazion is a granuloma within the meibomian glands, asso-
ciated with obstruction of the gland orifices. It usually forms 
a painless swelling, which may resolve without treatment or 
may require incision and curettage. Secondary infection with 
pain can occur which responds to systemic antimicrobials.

CONJUNCTIVITIS

Conjunctivitis can be due to bacteria, chlamydia, viruses, 
fungi, protozoa and helminths (Box 53.2). Non-infective 
causes include allergy or toxicity. Toxicity may be due to pre-
servatives, such as benzalkonium chloride, associated with 
tear substitutes or occasionally to circulating bacterial toxins.

 CLINICAL PRESENTATION

Bacterial conjunctivitis presents with an acute purulent dis-
charge, which frequently becomes bilateral. Viral conjuncti-
vitis is usually associated with a watery discharge and in both 

Box 53.2 Microbial and other causes of conjunctivitis

Bacteria

•	 Staphylococcus aureus, associated with blepharitis

•	 Streptococcus pneumoniae, associated with sinus disease

•	 Str. pyogenes, associated with throat infections

•	 Listeria monocytogenes, associated with rural and farmyard dust (farmer’s eye)

•	 Corynebacterium diphtheriae, associated with a pseudomembrane

•	 Neisseria meningitidis/gonorrhoeae, associated with throat/genital infection

•	 Pseudomonas aeruginosa, associated with contact lens wear

•	 Klebsiella pneumoniae and other Enterobacteriaceae, associated with 

contact lens wear

•	 Proteus spp., associated with old age (more in men than women)

•	 Moraxella spp., associated with damaged ocular surface

•	 Haemophilus influenzae, associated with intrinsic throat flora

Chlamydia

•	 Chlamydia trachomatis, associated with overcrowding, poor hygiene and 

flies (encouraged by cattle dung) in the Near and Middle East and tropics

•	 Trachoma/inclusion	conjunctivitis,	associated	with	genital	infection	in	

Western countries

Viruses

•	 Herpes simplex, associated with corneal disease

•	 Herpes zoster, associated with affection of the fifth nerve

•	 Adenovirus,	associated	with	epidemics	from	shipyards,	close-living	

quarters, and eye clinics (via tonometers and staff handling of patients); 

early diagnosis is required to bring outbreaks to a quick halt

•	 Acute	hemorrhagic	conjunctivitis:	enterovirus	70,	poliovirus	and	

Coxsackie A24v are associated with epidemics and occasional paralysis; 

it is associated with foreign travel, especially tropical areas of Asia

•	 Conjunctivitis	occurs	with	systemic	infection	in	measles,	mumps	and	

dengue, glandular fever and hepatitis A infection

Fungi

•	 Fungal	conjunctivitis	is	uncommon,	but	may	complicate	fungal	keratitis

helminths

•	 Thellazia capillaris and Thellazia californensis, associated with birds in the 

Middle East and the USA

•	 Loa loa, subconjunctival worm occurring in tropical countries

protozoa

•	 Protozoa	include	Acanthamoeba spp., associated with contact lens wear, 

or rural corneal trauma and keratitis
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viral and chlamydial conjunctivitis there is often a follicular 
conjunctival response. Bacterial conjunctivitis may sometimes 
be confused with viral or chlamydial disease but an associated 
urethritis or proctitis points to chlamydial infection.

  MICROBIAL DIAgNOSIS 
AND TREATMENT

The patient’s history will often give a clue to the organism 
responsible.

presumed bacterial conjunctivitis

Swabs should be collected for smears (for Gram and acridine 
orange stains) and for culture on blood and chocolate agars 
(and a selected gonococcal agar if relevant). Culture should 
take place in carbon dioxide at 37°C for 48 h. Treatment is 
listed in Table 53.1 and Box 53.1 (p. 669).

presumed chlamydial conjunctivitis

The diagnosis is confirmed by polymerase chain reaction (PCR) 
or using a monoclonal antibody (e.g. the ‘Syvamicrotrak’ test). 
Conjunctival cells are scraped using a spatula and placed on 
special slides provided in the kit.

The older and cheapest method involved Giemsa staining 
for intracytoplasmic (Bedson) bodies (complete chlamydial 
cells lacking a traditional bacterial cell wall). Under ultraviolet 
light the stained chlamydiae fluoresce yellow, a non-specific 
reaction which renders the method more sensitive.

presumed viral conjunctivitis

Diagnosis is carried out by PCR tests on conjunctival 
scrapings.

 THERAPY

Bacterial conjunctivitis

Therapy requires antibacterial drops or ointment for 5 
days. If a primary culture is not collected, treatment with a 
broad-spectrum antibiotic should be given, such as chloram-
phenicol,4 levofloxacin or another quinolone or Polytrim. If 
treatment fails, conjunctival specimens should be collected 
after stopping drop therapy, including specimens for chla-
mydia where appropriate.

Ophthalmia neonatorum

Ophthalmia neonatorum is defined as any purulent dis-
charge from the eyes during the first 28 days of life. The 
presentation may be hyperacute and infection may progress 
rapidly to keratitis and perforation, leading to  blindness. It is 

an  important cause of blindness in low-income countries. 
Ophthalmia neonatorum in the UK occurs in up to 12% of 
live births but gonococcal infection is now rare. Elsewhere, 
the incidence of gonococcal conjunctivitis varies from 0.04% 
of live births in the West to 1.0% in parts of Africa. The inci-
dence of neonatal chlamydial ophthalmia in London has 
been estimated at less than 1%.

Neonatal prophylaxis is not used in Western countries. If 
needed, topical tetracycline protects against both gonococ-
cal and chlamydial ophthalmia, without the toxicity of silver 
nitrate drops (Créde’s solution).

Systemic treatment for gonococcal keratoconjunctivitis is 
essential, with 30 mg of benzylpenicillin/kg in every 12 h for 
7 days. Isolation of penicillin-resistant strains has led to the 
use of β-lactamase-stable cephalosporins such as ceftriaxone 
25–40 mg/kg intravenously every 12 h for 3 days, combined 
with topical saline lavage and antibiotic ointment (e.g. ocu-
lar gentamicin). Single-dose intramuscular therapy may be 
appropriate when there is no corneal involvement. As is the 
case with neonatal chlamydial ophthalmia, the infection must 
be treated systemically as well as topically.

TRACHOMA AND OTHER CHLAMYDIAL 
DISEASE

Ocular infection by Chlamydia trachomatis takes three forms: 
trachoma, adult chlamydial ophthalmia and neonatal chla-
mydial ophthalmia.

Trachoma affects 500 million people in developing 
countries and accounts for 5–10 million blind patients. It is 
caused by the chlamydial serovars A, B and C, and is trans-
mitted by ‘eye-seeking’ flies. In hyperendemic areas 30–50% 
of the population have active disease and 10% exhibit 
blinding sequelae. Although infection may be encountered 
as early as the second month of life, active inflammatory 
disease is most common in preschool children, when the 
infection leads to conjunctival scarring, entropion and tri-
chiasis, causing recurrent microbial keratitis from repeated 
corneal infection and trauma. Blinding sequelae occur after 
the age of 40 years. Public health intervention is required 
to prevent spread of the infection and reinfection during 
childhood. The World Health Organization program for 
the elimination of trachoma (GET 2020) has adopted the 
SAFE strategy of control measures (Surgery for ectropion 
and entropion, Antibiotics for infectious trachoma, Facial 
cleanliness to reduce transmission by the fly vector and 
Environmental improvements, such as control of disease-
spreading flies, improved access to clean water and provi-
sion of latrines).15

Adult chlamydial ophthalmia, also known as inclusion con-
junctivitis, and neonatal chlamydial ophthalmia result from 
sexual transmission. They are caused by serotypes D–K. The 
adult disease has its greatest prevalence between the ages of 15 
and 20 years. The neonatal form may rarely occur immediately 
after birth, but presents most commonly in the first week or up 
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to 6 weeks later. Treatment of maternal genital C. trachomatis 
infection during pregnancy, usually with erythromycin, is an 
important preventive measure.

 TREATMENT

C. trachomatis is unresponsive to aminoglycosides and only 
partially susceptible to chloramphenicol and penicillin, 
which adversely affect growth in culture media. For this rea-
son, transport media for chlamydial culture do not contain 
penicillin. The organism is fully sensitive to the tetracyclines, 
erythromycin and other macrolides including azithromycin, 
rifampicin (rifampin) and the quinolones. Some authorities 
regard quinolones as second-line treatment. It is also sensi-
tive to chlorhexidine.

Topical treatment of trachoma with tetracycline or eryth-
romycin ointment or quinolone drops can be effective given 
every 8–12 h for 6 weeks. In trachoma, treatment of other 
family members or whole villages is necessary to prevent rein-
fection. Treatment of the early active inflammatory stages is 
effective with a single oral dose of azithromycin, which is now 
the preferred therapy, but the cost is higher.16

Mass treatment of villagers with single-dose azithromycin has 
been shown to reduce the prevalence and intensity of infection in 
a Tanzanian community when infective levels remained low for 
2 years after treatment.16 However, more recent work has found 
that trachoma and ocular C. trachomatis were not eliminated 
3 years after two rounds of mass treatment with azithromycin 
in a trachoma hyperendemic village, again in Tanzania, which is 
disappointing.17 Continued implementation of the SAFE strat-
egy is needed in this environment to eradicate the infection.

Systemic therapy is necessary for the treatment or pro-
phylaxis of systemic manifestations such as cervicitis, uveitis, 
upper respiratory or ear disorders and Reiter’s disease in adult 
chlamydial ophthalmia, and for pharyngitis, vaginitis and a 
potentially fatal pneumonitis in the neonatal disease.

Adult chlamydial ophthalmia treatment with oral tetracy-
cline, erythromycin or rifampicin for 2 weeks has been recom-
mended but long-acting tetracyclines, such as doxycycline and 
minocycline, offer convenience and improved compliance, as 
fewer doses are required and dietary constraints are not neces-
sary. Oral azithromycin therapy is effective with a single dose. 
The patient and partner(s) should be checked for genital car-
riage and treated with erythromycin or azithromycin if positive.

A suitable treatment for neonatal chlamydial ophthalmia is 
oral erythromycin 50 mg/kg per day in four divided doses for 
2–3 weeks. Topical therapy may be used adjunctively, but is 
inadequate on its own (see also Ch. 56).

VIRAL CONJUNCTIVITIS

Primary herpes simplex causes a watery blepharoconjunctivi-
tis, which responds well to aciclovir ointment 3% five times 
daily.

Adenovirus conjunctivitis may begin unilaterally, but com-
monly becomes bilateral and may cause a disabling punctate 
keratitis. In its acute form it lasts up to 21 days, but full recov-
ery from visual sequelae may take several months. No com-
mercial agent is currently available for treatment. Current 
management is palliative; samples should be collected to con-
firm the diagnosis by PCR and to highlight the risk of poten-
tial epidemics.

Acute hemorrhagic conjunctivitis may occur in epidem-
ics and is due to enterovirus 70; mild paralysis occasionally 
ensues. Diagnosis is usually clinical. Viral culture should be 
performed if possible for epidemiological reasons. No specific 
antiviral therapy is available and treatment is symptomatic.

OTHER FORMS OF CONJUNCTIVITIS

Treatment of Acanthamoeba conjunctivitis and episcleritis is 
dealt with in section on keratitis (p. 677).

CANALICULITIS

Recurrent unilateral conjunctivitis due to an antibiotic-sen-
sitive bacterium such as H. influenzae can be the presenting 
symptom of a canaliculitis due to Actinomyces spp. (formerly 
Streptothrix or Leptothrix spp.) or Arachnia propionica. The 
organism does not usually invade the canaliculus wall but 
forms a ‘fungal’ ball that obstructs the lumen. The canalicu-
lus provides a microaerophilic environment, which supports 
the growth of non-fastidious anaerobic bacteria, and becomes 
infected with endogenous flora.

Pus, massaged along the canaliculus to the punctum, can 
be Gram stained to show typical, branching Gram-positive 
bacilli. Prolonged anaerobic culture on blood agar plates 
is necessary to demonstrate actinomycetes. Thioglycolate 
broth should also be inoculated. Sensitivity tests should be 
performed.

Actinomycetes and Arachnia spp. are usually sensitive to 
penicillin, tetracycline and erythromycin but resistant to amin-
oglycosides. Initial treatment involves irrigating the canalicu-
lus with penicillin. If this fails, the canaliculus is opened and 
debrided and material removed is Gram stained and cultured. 
The canaliculus should be treated with 5% povidone–iodine 
for 5 min as an effective antiseptic and syringed daily for 
7 days with penicillin.

DACRYOCYSTITIS

Acute dacryocystitis is caused by nasolacrimal stasis, with 
Staph. aureus or streptococci as the usual causes. Infection 
may respond to systemic chemotherapy or require drainage of 
a lacrimal sac abscess and ultimately dacryocystorhinostomy.

Chronic dacryocystitis, commonly involving Gram-
negative organisms, can only be treated effectively by reliev-
ing the nasolacrimal duct obstruction.
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The postoperative infection rate in patients undergoing 
dacryocystorhinostomy is greatly reduced by a single dose of 
intraoperative cefuroxime intravenously (750 mg).

MICROBIAL KERATITIS

Suppurative bacterial keratitis presents clinically with acute 
pain, globe redness, lid swelling, watering and visual loss, 
accompanying a corneal stromal infiltrate or abscess with 
an overlying ulcer. Common causes are given in Box 53.3. 
It is usually central, but can be peripheral, particularly if 
traumatic. Because the cornea is only about 0.5 mm thick, 
such an ulcer may rapidly progress to perforation within 24 h 
of onset. In this case, in the aphakic or in the pseudophakic 
eye with a capsulotomy, there is access to the vitreous space 
and a secondary endophthalmitis may supervene. There is 
an urgent need to treat bacterial keratitis with high doses 
of effective antibiotic. Corneal transplantation may be 
required later to deal with corneal scarring or perforation.

In northern climates bacteria account for over 80% of 
cases, with 60% in the south, where fungal keratitis is more 
common. In tropical regions the risk of fungal infection is 
even higher,18 and mixed bacterial and fungal infections are 
common.

In the past, suppurative keratitis was due chiefly to trauma, 
or occurred in compromised eyes with existing corneal dis-
ease. In recent years, however, there has been a rapid increase 
in contact-lens-associated keratitis, most of which is bacterial. 
In general, the risk is much lower for wearers of hard lenses 
than soft-lens wearers and is greater with extended wear than 
daily wear. The risk has not been removed by the introduction 
of ‘daily disposable’ contact lenses or oxygen-permeable sili-
cone hydrogels.10

In previous and current multicenter case-controlled stud-
ies, the overall risk for ulcerative keratitis with extended-wear 
lenses was four times greater than that for daily wear.10 In 
addition, overnight wear of contact lenses increased the risk of 
keratitis to five times that occurring with daily wear alone.10,19 
Wearing soft contact lenses in corneal graft patients also 
increases the risk of microbial keratitis.

The incidence of contact-lens-associated microbial ker-
atitis has been estimated to be 1 in 500 for extended-wear 
patients and 1 in 2500 in daily-wear patients.10,19 The bac-
teria responsible for contact lens-associated keratitis include 
those usually associated with suppurative keratitis, but Gram-
negative bacteria are more common than Gram-positive, with 
Ps. aeruginosa the most frequent. Contamination of contact 
lens care solutions is an important potential source of kerati-
tis, with homemade solutions a major risk factor. The number 
of contact lens wearing patients infected with Acanthamoeba 
spp. has reduced considerably since the introduction of mul-
tipurpose solutions based on polyhexamethylene biguanide 
(PHMB).

 DIAgNOSIS

Diagnosis depends on smears and cultures from direct scrapes 
of the corneal ulcer (Fig. 53.3). The base and edge of the ulcer 
are most likely to yield organisms.

One drop of unpreserved amethocaine or benoxinate is 
instilled. The first scrape should be discarded. The second 
scrape should be taken for microscopy, using a platinum 
spatula, large-gauge needle or surgical blade. A fresh sterile 
instrument is used for each sample and the material gath-
ered is spread onto a clean glass slide and air dried. A third 
scrape should be cultured by plating out directly onto blood, 
chocolate and Sabouraud agars; then a fluid medium, prefer-
ably brain–heart infusion, should be inoculated with the same 
instrument. In addition, a mycobacterial culture medium 
should be inoculated if the keratitis is chronic, although the 
atypical Mycobacterium chelonae will grow on blood agar if 
incubated for 1 week at 37°C. With chronic ulcers, blood agar 
should be incubated for 1 week in 4% CO2 in order to culture 
Nocardia spp.

When keratitis due to Acanthamoeba spp. is suspected, an 
appropriate specimen should be taken (see p. 667–679).

Media should be inoculated directly at the slit lamp or oper-
ating microscope. If possible, duplicate specimens should be 
taken, to culture at different temperatures. Transport media 

Box 53.3 Bacteria causing bacterial keratitis

Gram-positive cocci

Staphylococcus aureus

Coagulase-negative	staphylococci	(in	the	compromised	eye)

Streptococcus pneumoniae

Streptococcus pyogenes

Viridans streptococci (in the compromised eye)

Anaerobic streptococci (rare)

Gram-negative coccobacilli

Moraxella spp.

Neisseria gonorrhoeae

Neisseria meningitidis

Gram-positive rods

Corynebacterium diphtheriae (rare)

Diphtheroids (rare)

Gram-negative rods

Pseudomonas aeruginosa (associated with contact lens wear)

Proteus spp.

Klebsiella pneumoniae

Escherichia coli

Serratia marcescens

Acinetobacter spp.

Morganella morganii

Other enteric bacteria

acid-fast bacteria

Mycobacterium chelonei

Nocardia asteroides
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should not be necessary. Culture of agar plates should always 
take place at 37°C for 1 week. The fluid media should be 
incubated at 30°C in 4% CO2 for at least 3 weeks. Anaerobic 
cultures should be considered when there is an unsatisfactory 
response to therapy.

Stains include Gram stain and acridine orange for com-
mon bacteria, modified Ziehl–Neelsen stain (decolorizing 
with 5% acetic acid only) for Nocardia and mycobacteria, 
full Ziehl–Neelsen stain for mycobacteria and periodic–acid 
Schiff (PAS) or methenamine silver (Grocott) stains for 
fungi and protozoal cysts. Selective stains include the use 
of labeled polyclonal or monoclonal antibodies. Acridine 
orange and Gram stains together will identify organisms 
in about 80% of cases. It is also possible to maximize the 
available material by decolorizing and restaining the same 
slide with a further intermediate stain and finally an end 
stain.

TREATMENT OF SUPPURATIVE 
KERATITIS

Treatment is initiated with a commercial preparation of levo-
floxacin 0.5%, ofloxacin 0.3% or ciprofloxacin 0.3%, or, 
alternatively, with combination drop therapy using fortified 
preparations prepared in the hospital pharmacy. A common 
empirical combination is gentamicin or tobramycin 1.5% 
(15 mg/mL) with cefazolin or 5% cefuroxime (50 mg/mL).

Trials have demonstrated that monotherapy with fluoroqui-
nolones is as effective as combination therapy in the treatment 
of bacterial keratitis,20–23 with greater toxicity in the combined 
group. Fortified preparations may have an advantage in the 
management of advanced disease. The growing recognition of 
bacterial resistance to the fluoroquinolones24,25 suggests that 
there should be caution in adopting monotherapy as a univer-
sal approach.

Drops are given every 15–30 min, day and night, and then 
hourly for the first 3 days, then 2-hourly by day and night, 
weaning according to response and cultural findings. It is 
unusual to modify therapy on the basis of the smear report 
alone, unless fungi are identified. An exception is the iden-
tification of Str. pneumoniae, when penicillin drops should be 
substituted. Successful eradication of bacterial infection is 
reported in about 90% of patients treated in this way.

Unpreserved levofloxacin 0.5% is now available in the 
UK, Germany and Nordic countries; other countries and the 
above have levofloxacin 0.5% preserved with benzalkonium 
chloride. Levofloxacin has the advantage of twice the activ-
ity of ofloxacin, half of which is inert, and is marketed at the 
higher concentration. Ofloxacin treatment causes less irrita-
tion than ciprofloxacin, which can leave microcrystalline cor-
neal deposits.

Moxifloxacin (0.5% unpreserved)26 and gatifloxacin (0.3% 
preserved) are available in some countries; moxifloxacin has 
the advantage of increased activity against streptococci but 
should be reserved for this purpose and not used for pro-
phylaxis. Fortified gentamicin drops cause an inferior, per-
ilimbal conjunctival necrosis which resolves on withdrawing 
therapy.

If monotherapy is used, a loading dose of one drop every 
minute for five doses can be initiated, and repeated hourly, 
to achieve high initial levels in the cornea. In the USA, a 
regimen of fortified drops every 15–30 min day and night is 
recommended on an outpatient basis for 3 days in the first 
instance. In the UK it is usual to admit patients to hospi-
tal. Systemic antibiotics have no place in the management 
of bacterial keratitis in the absence of limbal involvement or 
perforation.

Where frequent application is not possible, as in a child or 
a disturbed individual, subconjunctival injections of gentami-
cin 40 mg and cefazolin 100 mg can be delivered under gen-
eral anesthetic. In the absence of cardiac disease, inclusion of 
adrenaline (epinephrine) 0.3 mL (of 1:1000) in 1 mL of solu-
tion prolongs the tissue concentration of antibiotic from 6 to 
24 h. Other regimens are given in Box 53.4.

History (contact lens?/geographic predisposition/travel?)

Clinical Examination

Corneal scrapings × 3

Discard first scrape
Spread 2nd scrape on a clean glass slide for microscopy
Use 3rd scrape to inoculate agar culture plates

Smear examination

Light microscopy

• Gram stain
• Giemsa stain
• Acridine orange (UV light)
• Modified Z–Na (Nocardia)
• Full Z–Nb (Mycobacteria)
• Immunoperoxidase

using specific antibodies
• Lactophenol blue (fungi)
• Gomori methenamine

silver (fungi, protozoa, parasites)

• Blood sugar
• Chocolate agar
• Sabouraud’s agar
• Brain-heart infusion broth
• Thyoglycolate broth

Culture Microscopy

If no organism grown, and
no response to antibiotics,
perform 2 corneal biopsies
(1) for culture and PCR
(2) for electron microscopy

and histologyc

Corneal biopsy

aModified Ziehl-Neelsen stain: use hot carbol fuchsin, rinse with
weak (acetic) acid (5%) and no alcohol for Nocardia spp., M.leprae.

bFull Ziehl-Neelsen stain: use hot carbol fuchsin, rinse with
concentrated acid and  95% alcohol for 15 seconds for mycobacteria

cCollect sample in gluteraldehyde

Fig. 53.3 Flow chart for investigating microbial keratitis. PCR, 
pulsed chain reaction.



 MICroBIaL InfeCtIons of the eye  679

Antibiotics should be modified according to the results 
of cultures and clinical response. If there is a clear clini-
cal response, the same regimen should be continued. 
Susceptibility tests may be misleading because they assume 
lower tissue antibiotic levels than achievable in the cornea 
during topical therapy. Therapy is reduced by increasing the 
time interval between drops every 3–4 days and not by reduc-
ing their concentration. The decision to terminate therapy is 
based on the clinical response and the nature of the causative 
organism.

If there is no response, topical therapy should be stopped 
and the clinical condition reappraised after 24 or 48 h when 
the cornea is scraped again. A full search must be made for 
fastidious organisms.

If no organism is identified, a second-line broad-spectrum 
empirical antibiotic regimen should be started, to include 
antimicrobial action against resistant streptococci, Nocardia 
and mycobacteria. This may include drop therapy with top-
ical vancomycin 50 mg/mL (5%) plus amikacin 50 mg/mL 
(5%) and trimethoprim 0.1% (given as Polytrim), substitut-
ing erythromycin (0.5%) or rifampicin (2.5%) ointment at 

night. This is less likely to be necessary since the introduc-
tion of topical quinolone therapy, since quinolones are effec-
tive against Nocardia and mycobacteria, although not against 
resistant streptococci.

Special cases

Treatment of M. chelonae infection requires topical amikacin 
or a quinolone. This mycobacterium, which causes a chronic 
keratitis and may follow radial keratotomy, is resistant to the 
common antituberculosis drugs.

Nocardia spp. cause a refractory keratitis. Therapy usually 
demands surgery to debulk the infectious load plus antibi-
otics. Antibiotics alone often fail despite apparent full in-
vitro sensitivity. A combination of topical amikacin (always) 
plus erythromycin and/or vancomycin and/or trimethoprim 
has been used successfully. Isolates are resistant to penicil-
lin but may be sensitive to sulfonamides. The new genera-
tion of macrolides (azithromycin and clarithromycin) may 
prove useful.

 AcAnthAmoebA  INFECTION

Acanthamebae are free-living protozoa, found in fresh-water 
ponds, lakes, domestic water supplies, swimming pools and 
soil. Subclinical exposure occurs frequently and antibodies 
against Acanthamoeba are common. Acanthamoeba keratitis 
was first recognized between 1973 and 1975 and this was fol-
lowed in the 1980s by a virtual epidemic of cases, related to 
the expansion of contact lens use: in various series, 71–85% 
of patients have been contact lens wearers.27 In the UK, this 
infection has occurred in 1 in 6750 contact lens wearers but 
the figure has reduced since multipurpose solutions were 
introduced for lens storage and disinfection. In Asia it is asso-
ciated with rural, traumatic eye disease and presentation is 
often late.

Persons who present with an unusual keratitis after expo-
sure to hot tubs or natural springs may have Acanthamoeba 
keratitis. A high index of suspicion must be maintained for 
all contact-lens-related keratopathies presenting with epi-
thelial infiltrations, especially with a ‘snowstorm’ appear-
ance, multiple superficial abscesses or dendritiform ulcers. 
Keratoneuritis (corneal nerve infiltration) is diagnostic and 
Acanthamoeba cysts may be visible in vivo by confocal micros-
copy. Suppurative keratitis that is ‘culture-negative’ and 
resistant to standard therapy may be due to infection with 
Acanthamoeba spp.

Diagnosis

Early diagnosis, when the infection is confined to epithelium 
or anterior stroma, is important for successful outcome. Sheets 
of cells should be removed for both culture and microscopy. 
Identification of cysts in wet mounts may establish the diag-
nosis within 10 min of collection. The epithelial material is 

Box 53.4 suppurative bacterial keratitis: specific antibiotic 
regimens for topical or periocular therapy

Initial therapy

To treat unknown organism(s) (new case or no growth on presentation):

•	 levofloxacin	0.5%	or,	if	unavailable,	ofloxacin	0.3%

These therapies will treat the following organisms:

•	 Staphylococcus aureus

•	 Coagulase-negative	staphylococci

•	 Streptococcus spp.

•	 Pseudomonas aeruginosa

•	 Klebsiella spp.

•	 Proteus spp. and other Enterobacteriaceae

•	 Haemophilus influenzae

MrSa keratitis

Moxifloxacin	0.5%	or,	if	non-responsive,	vancomycin* 5%

Pseudomonas aeruginosa infection (culture-proven)

Levofloxacin 0.5% or a combination of piperacillin* (5%) + gentamicin* 

(1.5%) and/or ceftazidime* (5%)

Mycobacterial keratitis

Amikacin* 5% and/or levofloxacin or other quinolone

Nocardial keratitis

Amikacin* 5% and/or vancomycin* 5% and trimethoprim* 0.1% ± 

azithromycin*

See text.

Fungal keratitis (hyphae or yeasts seen on smear or fungus 
cultured)

Hyphal infection (Aspergillus spp., Fusarium spp.): natamycin* (5%) or 

amphotericin* B (0.15–0.3%).

Yeast infection (Candida spp.): clotrimazole* (or other imidazole*) at 1% in 

arachis oil eye drops or flucytosine* 1% drops.

*Needs to be prepared by local hospital pharmacy.
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placed in a conical tube containing 2 mL saline, agitated on 
a vibrator, centrifuged and the deposit inspected by wet-field 
microscopy at × 100.

If the disease has progressed to a stromal ring abscess, 
epithelial scrapes may not yield viable organisms. Cysts from 
the midst of the abscess may fail to excyst, and results may be 
delayed. Corneal biopsy allows sampling of the deep infiltrate 
for viable trophozoites. Both culture and electron microscopy 
are useful to demonstrate stromal amebae.

For culture, scrapes are inoculated onto non-nutrient 
agar, ideally made up in Page’s amebal saline. If non- nutrient 
agar without Page’s saline is used, then the plate should be 
pre-inoculated with a suspension of heat-killed Klebsiella 
pneumoniae or other Enterobacteriaceae as a nutrient source 
for the amebae. The plate is incubated at 32°C for 4 weeks. 
Amebae are usually visible by light microscopy after 1 week; 
after 2 weeks the whole plate is covered by the typical dou-
ble-walled, star-shaped cysts. Isolates should be sent to a 
reference laboratory for in-vitro drug sensitivity testing and 
genotyping.

treatment

Acanthamoeba spp. exist in two forms: the free-living tropho-
zoite is relatively responsive to therapy, whereas cysts may be 
highly resistant. Cysts form in response to adverse conditions 
and may remain viable for years. Acanthamebae do not invade 
the epithelial cells themselves but are found between them, 
where host defense depends on phagocytosis by macrophages. 
Drugs are therefore targeted to the stroma, to amebae internal-
ized within cysts, rather than to the epithelial cells. Thus the 
cationic antiseptics chlorhexidine5 and PHMB,6 which do not 
penetrate the epithelial cell, are highly effective in the treatment 
of Acanthamoeba keratitis and other forms of amebic keratitis.

Treatment should begin with either 0.02% (200 mg/L) chlo-
rhexidine in physiological saline5,6 or with PHMB (0.02%);6 
however, the latter is less available and not licensed for use 
as a drug. Both agents are highly effective against the tro-
phozoite and cystic forms of the organism. The  diamidines – 
 propamidine isethionate (Brolene) 0.1% or hexamidine 
isethionate (Desmodine) 0.1% – are usually used in combina-
tion with the above biguanide drugs.5 Propamidine has been 
used effectively in combination with neomycin but most cysts 
are resistant to neomycin, and propamidine is moderately 
toxic with intensive use.

Drops are given hourly day and night for the first 3 days, 
reducing to 2-hourly by day only. This requires admission to 
hospital. Adjunctive therapy includes oral flurbiprofen, for both 
non-steroidal anti-inflammatory and analgesic effects, and a 
topical mydriatic. Thereafter, combination therapy (chlorhexi-
dine or PHMB and a diamidine) should be given 3-hourly by 
day for 1 month and then 4-hourly by day for up to one further 
month. Chlorhexidine and PHMB should not be used together 
because of the increased toxic effect and lack of synergy. 
Eradication of the Acanthamoeba trophozoites and cysts should 
then be complete but considerable inflammation can persist. 

However, Lim et al6 have found that live cysts can persist with 
either chlorhexidine or PHMB therapy in approximately 7% of 
patients; outcomes were similar when treating with monother-
apy of either guanide when the majority of patients were satis-
factorily treated. Prolonged treatment for more than 2 months 
should not be used with either chlorhexidine or PHMB. PHMB 
is a much larger molecule than chlorhexidine and is less likely 
to be absorbed into the anterior chamber. If treatment fails, 
combination therapy with either chlorhexidine or PHMB and 
a diamidine should be given.

If infection is diagnosed early, cure is possible with com-
plete recovery of vision. Therapy can be limited to 1 month. 
One week after starting therapy, however, there may be a 
corneal reaction to the lysis of dead amebae, with localized 
stromal edema and anterior chamber activity, which lasts up 
to 3 weeks.5 Although this may be suppressed with steroids, 
their use is not encouraged. Steroid treatment, necessary in 
cases presenting late with considerable pain, ring abscess 
and episcleritis, prolongs treatment but can relieve intoler-
able pain. Steroids appear to have a role in controlling the 
late immunoinflammatory responses, when the amebae have 
been killed and antigens remain bound to the corneal stroma 
or sclera. Adjunctive immunosuppression has been advocated 
for Acanthamoeba scleritis. Steroids suppress the host mac-
rophage response needed for successful treatment so should 
be restricted as far as possible.

Rapid progressive (mature) cataract and iris atrophy were 
not seen in the original series of 12 patients treated with chlo-
rhexidine and propamidine in 1996.5 They have since been 
reported anecdotally with chlorhexidine treatment, with two 
cases published in 200428 and 6 cases out of 81 patients with 
laboratory-confirmed diagnosis published in 2008.29 All cases 
had been treated with prolonged therapy with chlorhexidine, 
the latter six for 6 months. Cataract may occur and progress 
during the management of Acanthamoeba keratitis in association 
with anterior segment inflammation, iris atrophy and second-
ary glaucoma. This is likely due to the toxic effect of chlorhex-
idine, in particular its absorption into the anterior chamber 
to damage the lens epithelium. This was an original concern 
when introducing chlorhexidine therapy for Acanthamoeba 
keratitis.5 Chlorhexidine is approximately 50 000 times more 
active against the membrane of the Acanthamoeba cell than the 
human cell but all epithelial cells are sensitive to it at high con-
centration. It is well known to delay wound healing at a concen-
tration of 0.5% as exemplified in a pig model.30 Chlorhexidine 
accumulates in tissues with an ever-increasing concentration, 
when absorption into the anterior chamber may occur with 
resulting damage to the epithelia of the lens and iris.

prevention

Contact-lens storage cases become contaminated with 
Acanthamoeba spp. from the domestic water supply and air-
borne dust.31 Prevention involves use of acanthamebicidal 
 disinfectants in storage and cleaning solutions, of which the 
best is hydrogen peroxide 3%; if PHMB is included as the 



disinfectant, the minimum concentration for an acanthame-
bicidal effect is 1 mg/L (0.0001%) but needs 5 mg/L for a 
full cysticidal effect. Chlorine is ineffective against cysts. 
Storage cases should never be washed in tap water, but with 
boiled water only, and should be stored dry. This is important 
because Enterobacteriaceae die quickly in dry conditions, and 
amebae cannot then multiply.

REFRACTIVE SURgERY-ASSOCIATED 
INFECTIOUS KERATITIS

A steadily increasing number of infections following laser in 
situ keratomileusis (LASIK) and photorefractive keratectomy 
(PRK) have been reported recently, leading to moderate to 
severe reductions in visual acuity in some eyes.32 The incidence 
is best provided by a study of 12 668 USA navy and army per-
sonnel with a total of 25 337 PRK procedures;33 infectious 
keratitis developed in 5 eyes (1 in 5067 procedures) within 
2–7 days due to Gram-positive bacteria (GPB). GPB (Staph. 
aureus, coagulase-negative staphylococci, Str. pneumoniae 
and viridans streptococci,33–35 MRSA,36,37Actinomyces spp.38), 
mycobacteria (M. chelonae39–43) and Nocardia44 are the com-
mon causative organisms. Gram-positive infections are more 
likely to present within 7 days of LASIK and to be associated 
with pain, discharge, epithelial defects and anterior chamber 
reactions. Mycobacterial infections are more likely to pres-
ent 10 or more days after LASIK surgery. Fungal infections 
are associated with redness and tearing on presentation and 
can cause severe reduction in visual acuity; isolates include 
Candida parapsilosis,45,46 Aspergillus fumigatus,47 Alternaria 
spp.,48 Aureobasidium pullulans,49 Exophiala dermatitidis50 and 
Exophiala jeanselmei.51 Acanthamoeba spp. have been reported 
recently following refractive surgery for the first time.52 An 
early flap lift and repositioning within 3 days of symptoms has 
been recommended for better visual outcome.32

 DIAgNOSIS AND TREATMENT

Early diagnosis, appropriate laboratory testing and aggressive 
antimicrobial therapy can result in good outcomes. Antibiotics 
are given as for suppurative keratitis above. Topical quinolo-
nes are suitable for most GPB except MRSA, when topical 
vancomycin should be used, and will treat some but not all 
mycobacteria, when amikacin should be used. Therapy for 
Nocardia spp. and Acanthamoeba spp. are given above.

 PROPHYLAxIS

Topical quinolones are well suited for this purpose, in partic-
ular levofloxacin 0.5%, which should be given at least twice 
in the 1 hour preoperatively and every 6 h postoperatively 
for 1 week to suppress contaminating conjunctival bacteria. 

The newer ‘fourth-generation’ quinolones – moxifloxacin 
and gatifloxacin – should be reserved for therapy only.

ENDOPHTHALMITIS

Endophthalmitis implies infection of the vitreous, retina and 
uveal coats of the eye. It is commonly exogenous and encoun-
tered as a complication of intraocular surgery or refractive 
surgery, or following suture removal after cataract or corneal 
graft surgery. Alternatively, it may be caused by penetrating 
eye injury. Organisms introduced into the anterior cham-
ber at the time of cataract surgery may give rise to an acute 
endophthalmitis. Less pathogenic organisms may induce 
chronic infection. Some cases of endophthalmitis result from 
contaminated irrigation fluids, which may lead to an epidemic 
of infections. The formation of thin-walled drainage blebs 
after glaucoma operations using mitomycin C may predispose 
to late infections. The risk of infection is reduced by applica-
tion of 5% povidone–iodine to the cornea and conjunctiva 
immediately before surgery.53

Less commonly, endogenous or metastatic endophthalmi-
tis may arise in association with septicemia. This may result 
from bacterial endocarditis, infusion of contaminated fluids, 
the presence of infected intravenous lines or in intravenous 
drug users using contaminated needles or syringes commonly 
associated with Candida albicans infection. In children, pneu-
monia due to Ps. aeruginosa may be the cause of a bilateral 
endophthalmitis which rapidly leads to blindness.

Patients can present with a fulminant endophthalmitis 
within 5 days of cataract surgery, often leading to permanent 
loss of vision. Alternatively, a subacute or chronic endophthal-
mitis may occur within 12 weeks of surgery, often presenting 
as a hypopyon uveitis. Risk factors include duration of sur-
gery, iris manipulation, torn posterior capsule with vitreous 
loss, lens fragments in the vitreous and type of intraocular 
lens, with silicone intraocular lenses being more commonly 
associated with infection.53

Causes of acute endophthalmitis include Str. pyogenes, 
Staph. aureus and Enterobacteriaceae and, with penetrating 
injury, Bacillus spp. and clostridia. Acute endophthalmitis 
occasionally follows squint surgery, when infection is usually 
due to Staph. aureus. Surgeons should use appropriate pro-
phylaxis against Staph. aureus in atopic or allergic patients. 
Causes of chronic endophthalmitis include coagulase-negative 
staphylococci, P. acnes and, occasionally, viridans streptococci. 
Polymicrobial endophthalmitis is also reported, particularly 
after injury.

 DIAgNOSIS AND TREATMENT

acute endophthalmitis

Endophthalmitis is potentially blinding from irreversible reti-
nal damage occurring within 24–48 h of onset. Early diagnosis 
and prompt treatment are essential. Bacterial endophthalmitis 
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is treated with a combination of intravitreal and systemic anti-
biotic therapy. Subconjunctival therapy currently has no place 
in treatment and reliance should not be placed on intravenous 
therapy alone.

The clinical diagnosis of endophthalmitis is based on the 
presence of pain, vision loss, lid swelling and redness of the 
eye, including chemosis. A hypopyon uveitis may be present 
and, most importantly, loss of the red reflex. The vitreous is 
often opaque.

Microbiological diagnosis requires a vitreous biopsy for 
smears and cultures. PCR is useful for diagnosis and may 
yield a higher positive rate than direct culture, especially for 
Gram-negative organisms.53–56 A simultaneous intravitreal 
injection of an antibiotic combination is given at the time of 
sampling and repeated at intervals (e.g. 48–72 h) depending 
on the expected intravitreal persistence of the selected drug 
and the clinical response (see Table 53.2, p. 671, for dosages); 
empirical combinations include vancomycin and ceftazidime 
or vancomycin and amikacin, with restricted use of intravit-
real gentamicin due to the macular infarction that it can cause. 
Unpreserved dexamethasone (400 μg) is given by intravitreal 
injection to reduce the vitreous inflammatory response and 
subsequent vitreous organization.57

Additional systemic therapy with the same antibiotic as 
used for intravitreal therapy will maintain effective intravit-
real levels for longer by reducing outward diffusion through 
the retina. High doses are required and there is a need to be 
aware of the risks of systemic toxicity.

Antibiotic therapy is modified after 24–48 h according to 
the clinical response and to the antibiotic sensitivity profile of 
the cultured organism.

Chronic endophthalmitis

A diagnosis of chronic endophthalmitis should be considered 
in patients presenting late, several days or weeks after surgery, 
with a ‘hypopyon uveitis’ that has failed to respond to rou-
tine topical antibiotic and steroid therapy. Symptoms are less 
marked than in acute endophthalmitis. Vision loss may be more 
evident than pain. Chronic endophthalmitis is usually caused 
by indolent organisms such as coagulase-negative staphylococci 
or P. acnes, capable of forming a biofilm on the lens implant 
and causing a granular or saccular endophthalmitis.12,57

Diagnosis may be established as late as 1 year after sur-
gery, by an aqueous or vitreous tap, followed by Gram stain 
and culture or PCR. Microbiological diagnosis may await 
explantation of the implant and histological examination of 
the implant and capsular bag.12

Initial treatment should commence with oral clarithromy-
cin 500 mg every 12 h for 1 week, followed by 250 mg every 
12 h for 3 weeks, as a ‘trial of therapy’.13,14 A good response, 
when it occurs, may be due to concentration of the drug 
within macrophages containing bacteria.12,13 If this treatment 
fails, then further intravitreal therapy should be given, with 
emphasis on drugs against Gram-positive organisms, such as 
vancomycin. Capsulectomy, vitrectomy and removal of the 

intraocular lens, with or without lens exchange, may be neces-
sary to eradicate the organism.

  PROPHYLAxIS AgAINST 
 POSTOPERATIVE INFECTION

Several approaches can reduce the risk of endophthalmitis 
following intraocular surgery:

•	 Meticulous	preoperative	preparation	with	occlusive	
drapes

•	 Irrigation	of	the	operative	field	with	povidone–iodine	(5%)
•	 Avoidance	of	contamination	of	the	intraocular	lens	during	

insertion
•	 Use	of	antimicrobials

Postoperative infection is the most common form of exoge-
nous bacterial endophthalmitis. Sources of organisms include 
the patients themselves (conjunctiva, cornea and nasolacri-
mal duct), surgeon (hands, gloves, nose, technique), contami-
nated instruments, implants, drugs, irrigations and infusions, 
and environmental sources. Phako machines, vitrectomy 
machines and viscoelastic materials may all be sources of 
infection. Metastatic endophthalmitis occurs after contami-
nated intravenous infusions and blood transfusions.

Eyelid and conjunctival sac commensals are responsible 
for 80% of postcataract surgery endophthalmitis. Since eye-
lid cultures vary from day to day, preoperative cultures are 
no longer performed, and reliance is placed on preoperative 
antiseptic preparation with povidone–iodine and an aseptic 
technique.53

 CATARACT SURgERY

The rate of endophthalmitis following modern cataract sur-
gery is 0.1–0.7%. While this rate is low, the risk of blindness 
presents a challenge to reduce infection.

Some bacteria (predominantly coagulase-negative staphy-
lococci or P. acnes) enter the chamber during cataract surgery. 
Re-entry of the anterior chamber increases this risk. DNA 
typing of postoperative staphylococcal cultures from lids 
and those causing endophthalmitis has shown similarity in 
85% of cases, suggesting that most patients become infected 
by their own bacterial flora. To combat this, some surgeons 
add an antibiotic, such as gentamicin 5 mg/L or vancomycin 
10 mg/L, to the irrigant fluid. While this is controversial, there 
is anecdotal evidence that this approach may reduce the inci-
dence of postoperative endophthalmitis.

Intracameral injection with 1 mg cefuroxime (0.1 mL of 
10 mg/mL) around the intraocular lens at the end of surgery 
has been associated with an incidence of endophthalmitis as 
low as 0.06%.58 This technique was evaluated in the ESCRS 
Endophthalmitis Study which compared  prophylaxis of pha-
koemulsification cataract surgery prospectively in 16 000 
patients with intracameral cefuroxime 1 mg versus  topical 



levofloxacin 0.5% in a ×5 pulsed dose, as described in the 
pharmacokinetic section, with the combination and with 
 neither.53 The overall rate of postcataract surgery endophthal-
mitis was reduced by five times, from 0.3% to 0.06%, in the 
groups given intracameral cefuroxime. In addition, seven 
patients developed severe streptococcal infection, with loss of 
vision in three, in the group of 8000 patients not  receiving 
cefuroxime. However, there was a trend, but not statistically 
significant, for use of topical levofloxacin drops as well as 
intracameral cefuroxime. Unfortunately, in the trial design, 
dosing with the levofloxacin drops was not continued from 
the pulsed dose regime given at the time of surgery (see Fig. 
53.2) until the following morning. This allowed drug levels to 
fall in the important first 12 h after contamination of the ante-
rior chamber had taken place at the time of the intraocular 
lens insertion. It is now recommended that dosing with topi-
cal levofloxacin should be continued on a 2-hourly basis from 
the time of surgery until the patient sleeps at night, recom-
mencing 6-hourly on waking for 1 week.

Newer generation fluoroquinolones (moxifloxacin, gat-
ifloxacin) have been promoted as a potential substitute for 
intracameral cefuroxime. Recent reports, however, describe 
steadily increasing resistance among endophthalmitis isolates 
to these fluoroquinolones. Over the period 1990–2004, in 111 
ocular endophthalmitis isolates of coagulase-negative staphy-
lococci (CNS), 67.6% being Staph. epidermidis, the percent-
age of strains sensitive to moxifloxacin declined significantly 
from 96.6% (1990–1994) to 65.4% (2000–2004) (p = 0.03), 
a 32.2% decline over a relatively short period of time.59

A significant increase in the prevalence of resistant isolates 
was also documented for moxifloxacin over this time period 
(p = 0.007), with the MIC90 for moxifloxacin increasing by a 
factor of 266. The concentrations required to inhibit or kill 
90% (the MIC90) rose from 0.12 μg/mL (for 93.2% of iso-
lates) during 1990–1994, to 4 μg/mL (for 100% of isolates) 
during 1995–1999, and to 32 μg/mL (for 100% of isolates) 
during 2000–2004.59 Overall, only 72.1% of 111 CNS isolates 
recovered from patients with clinical endophthalmitis were 
sensitive to moxifloxacin (sensitivity defined as susceptible to 
0.5 μg/mL or less).

In the ESCRS study, two of the five Staph. epidermidis iso-
lates tested showed reduced susceptibility to moxifloxacin.56 
This trend – together with reports describing postoperative 
endophthalmitis after peri- and postoperative use of moxiflox-
acin and gatifloxacin,60 the potentially unresolved question of 
safe dosage (especially for intracameral use of moxifloxacin)61 
and cautionary statements that moxifloxacin should not be 
injected directly into the eye62 – suggests that large scale ran-
domized trials are needed to validate either prophylaxis with 
topical moxifloxacin or gatifloxacin, or for intracameral injec-
tion of moxifloxacin.

Subconjunctival antibiotics (cefuroxime 125 mg or gen-
tamicin 20 mg) have been given at the end of surgery for 
many years. Cefuroxime provides good antibiotic prophy-
laxis against Staph. aureus, Str. pyogenes, coagulase-negative 
staphylococci and P. acnes. Gentamicin gives poor coverage 

against streptococci and P. acnes. The subconjunctival route of 
prophylaxis is not proven to be effective and has been given 
to many patients who suffer from postoperative infectious 
endophthalmitis.

Contact between the intraocular lens implant and conjunc-
tiva during insertion can be avoided using injectable foldable 
lenses. Careful wound closure is also important. It has been 
suggested that if just one suture was used to close the clear 
corneal incision made at the time of surgery, then there would 
be no need for prophylactic antibiotics but surgeons prefer to 
try to close the wound with an injection of saline into the open 
edges of the corneal wound to avoid astigmatism from scar-
ring around the suture. However, this wound is known to leak 
for several days postoperatively, during which time bacteria 
can egress back through the wound from the conjunctiva into 
the anterior chamber to cause infection.

Management of surgery in atopy

In the atope Staph. aureus colonizes the skin, including the lids 
and nasal mucosa, to a high degree.1,2 Care is needed when 
planning intraocular surgery, particularly in the presence of 
blepharitis. The following additional regimen is suggested:

•	 Whole-body	bathing,	including	shampooing	with	4%	
chlorhexidine soap, for 72 h before surgery

•	 Topical	antistaphylococcal	prophylaxis	with	fusidic	acid	
(Fucithalmic) for 24 h before surgery

•	 Intracameral	cefuroxime	1	mg	around	the	intraocular	lens	
if having cataract surgery

•	 Fusidic	acid	750	mg	every	8	h	postoperatively	(enteric-
coated capsules) or trimethoprim for 5 days.

  PREVENTION OF 
 ENDOPHTHALMITIS DUE TO AN 
INTRAOCULAR FOREIgN BODY

An intraocular foreign body represents a medical emergency, 
especially metal fragments arising from hammering farmyard 
equipment, soil-contaminated items and machinery. Seal 
and Kirkness63 found that 8% of patients with an intraocu-
lar foreign body developed endophthalmitis, and half became 
blind.

Bacillus spp. are the most common virulent pathogens 
carried by an intraocular foreign body, while Staph. aureus, 
Enterobacteriaceae, streptococci and, occasionally, Clostridium 
perfringens are equally likely to cause sight- threatening 
endophthalmitis. All patients undergoing removal of a foreign 
body require intravitreal antibiotic prophylaxis. Any delay, or 
dependence on intravenous antibiotics alone, will risk blind-
ness.64 Intravitreal dexamethasone may reduce early inflam-
matory signs but may not influence visual outcome.65

The regimen shown in Box 53.5 is suggested; cephalosporins 
are excluded because Bacillus spp. produce β-lactamases that 
inactivate them.
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ORBITAL CELLULITIS

Orbital cellulitis is an extraocular infection presenting with 
pain, proptosis and diplopia. A few cases follow penetrating 
injury or panophthalmitis, but most are secondary to sinus-
itis. The condition commonly affects children, spreading to 
the orbit across the thin orbital plate of the ethmoid bone. 
Delayed or inadequate treatment may lead to blindness or 
death. Retroseptal infection requires multidisciplinary man-
agement because of the risk of extension to the eye or cranial 
cavity. Loculated pus must be drained.

The lid swelling of preseptal cellulitis may resemble orbital 
cellulitis, but ocular movements are normal and globe inflam-
mation absent in preseptal disease. Diagnosis can be resolved 
by MRI. It is associated with sinusitis, ocular infection and 
infected wounds.

Parenteral therapy is directed against common causative 
organisms: H. influenzae, Staph. aureus, Str. pneumoniae and 
Str. pyogenes. H. influenzae is the prominent cause of orbital 
cellulitis in young children and in this age group amoxicillin–
clavulanic acid or cefuroxime are the drugs of choice. Due to 
the emergence of multiresistant strains of H. influenzae, cefo-
taxime should be given particularly when the clinical response 
is poor or resistant organisms are isolated from nasal swabs. 
In adults, therapy is directed against streptococci and Staph. 
aureus, with high-dose intravenous benzylpenicillin and flu-
cloxacillin, clindamycin or vancomycin.

INFECTIONS DUE TO METHICILLIN-
RESISTANT StAPhYLococcUS AUReUS

Methicillin-resistant Staph. aureus (MRSA) has become a 
prominent cause of antimicrobial-resistant infections, and this 
includes those involving the eye. MRSA causes the same spec-
trum of ophthalmic infections as methicillin-sensitive Staph. 
aureus (MSSA), and it is not clear that they are of greater 
virulence;66 however, they are frequently resistant to multiple 
antibiotics and so may be more difficult to treat.

MRSA conjunctivitis is particularly common in elderly 
patients in residential care and has been found increasingly 
in some community settings.67 Although originally primarily 

healthcare associated, recent years have witnessed an upsurge 
in community-acquired MRSA (CA-MRSA), which has been 
reflected in their isolation from infections such as keratitis37 
and endophthalmitis68 following photorefractive and cataract 
surgery. Although CA-MRSA frequently remains susceptible 
to the antibiotics favored in ophthalmological practice, such as 
chloramphenicol and quinolones, healthcare- associated strains 
are often resistant to the earlier quinolones. Experimental 
work has suggested that the newer quinolones with enhanced 
activity against Gram-positive bacteria, such as moxifloxa-
cin, may have superior activity in MRSA endophthalmitis.69 
However, serious endophthalmitis due to MRSA should be 
treated with vancomycin by the intravitreal route and kerati-
tis due to MRSA with vancomycin by the topical route. For 
less serious MRSA eye infections, such as conjunctivitis, other 
antimicrobials that can be administered include tetracyclines, 
linezolid and mupirocin which are active against most MRSA 
infections.

LYME DISEASE

Although ocular manifestations are rare in this tick-borne 
disease, the spirochete Borrelia burgdorferi invades the eye 
early and remains dormant, accounting for both early and 
late ocular manifestations. A follicular conjunctivitis occurs 
in approximately 10% of patients with early Lyme disease, 
and an interstitial keratitis within a few months of onset. 
Inflammatory events include orbital myositis, episcleritis, vit-
ritis, uveitis and retinal vasculitis. When serology is negative, a 
vitreous tap may be required for diagnosis. Neuro-ophthalmic 
manifestations include bilateral mydriasis, neuroretinitis, 
pigmen tary retinopathy, involvement of multiple cranial 
nerves, optic atrophy and disc edema. Seventh nerve paresis 
can lead to neuroparalytic keratitis. In endemic areas, Lyme 
disease may be responsible for approximately 25% of present-
ing Bell’s palsy.

Diagnosis is based on a history of exposure in an endemic 
area, positive serology and response to treatment. Antibodies 
may be measured by ELISA and Western blot. PCR has been 
used successfully for vitreous and cerebrospinal fluid. Serum 
reagin tests are non-reactive in Lyme borreliosis, but false-
positive specific tests for syphilis (e.g. fluorescent treponemal 
antibody) can occur. The spirochetes have been identified in 
the vitreous of a seronegative patient with vitritis and chor-
oiditis and cultured from an iris biopsy in a treated patient.

Therapy with doxycycline or amoxicillin is effective in the 
early stages but serious late complications require high doses 
of intravenous penicillin or ceftriaxone.

WHIPPLE’s DISEASE

Whipple’s disease is a rare systemic disorder with malaise, fever, 
migrating arthralgias, fatigue, abdominal discomfort, diar-
rhea and weight loss. Ocular signs include uveitis, vitritis and 

Box 53.5 prophylaxis against endophthalmitis following 
intraocular foreign body

essential prophylaxis

Intravitreal gentamicin 200 μg (or amikacin 400 mg) + vancomycin 1 mg 

(or clindamycin 1 mg)

adjunctive prophylaxis

Subconjunctival gentamicin 40 mg + clindamycin 34 mg

Levofloxacin 0.5% (or other quinolone) + clindamycin 20 mg/mL

Intravenous therapy (with same drugs as given intravitreally) – give 

adequate dosage for weight but assay to avoid systemic toxicity, 

especially to the kidney and eighth nerve



 retinal vasculitis. Small bowel biopsy shows diastase- resistant 
PAS-positive macrophages in the mucosal lamina propria. 
The cause is a Gram-positive actinomycete called Tropheryma 
whipplei. There may be a predisposing immunodeficiency.

Antibiotics that penetrate the blood–brain barrier mini-
mize central nervous system (CNS) complications. Relapse is 
common. Combination therapy is recommended – e.g. paren-
teral streptomycin and benzylpenicillin for 2 weeks followed 
by sulfamethoxazole (800 mg) and trimethoprim (160 mg) 
(co-trimoxazole) orally twice daily for 1 year.

toXoPLASmA RETINOCHOROIDITIS

The intracellular protozoan Toxoplasma gondii can enter the 
fetal retina during intrauterine life to cause retinochoroiditis 
in the second and third decades, when it is the most common 
cause of posterior uveitis. However, primary toxoplasmosis, 
which may be subclinical or cause a glandular fever-like syn-
drome with lymph node enlargement, can produce an acute 
primary retinochoroiditis. Evidence from Brazil, where the 
prevalence of ocular toxoplasmosis is high, suggests that the 
condition is most commonly acquired postnatally.70

Therapy is directed against the dividing organism and the 
inflammatory host response. Small peripheral retinal lesions 
may be allowed to run their course but lesions near the mac-
ula, optic disc or maculopapular nerve fiber bundle, or those 
associated with severe vitritis, should be treated. Treatment 
is complicated because tissue cysts, multiplying within reti-
nal cells, are impervious to drug penetration, so that recur-
rence can be expected. Toxoplasma infection is encountered in 
immunocompromised patients.

 TREATMENT

Pyrimethamine and sulfadiazine act synergistically to inter-
fere with folic acid synthesis. They should be commenced 
early in the course of the disease and continued for 4–6 weeks 
(Box 53.6). Pyrimethamine therapy should be avoided in early 
pregnancy and monitored to exclude bone marrow depres-
sion. Folinic acid supplements reduce this risk, but platelet 
and white cell counts should be performed weekly.

Clindamycin has also been shown effective in the treat-
ment of ocular toxoplasmosis but does carry the risk of 
pseudomembranous colitis.

OCULAR toXocARA (LARVA MIgRANS) 
INFECTION

Toxocara canis is a worm whose natural hosts are the cat and 
the dog. Humans are accidental hosts, infected by ingesting 
the ova from contaminated soil. The larval stage causes vis-
ceral and ocular larva migrans, but adult worms are not found. 
These larvae migrate and are deposited in the CNS, including 

the retina. Here they can present as a possible tumor, usually 
unilateral, for which eyes have been enucleated in the past.

Serological tests only confirm previous exposure and may 
be negative when a choroidal lesion is present. Fine-needle 
biopsy in a reference center with cytology for tumor cells and 
PCR for Toxocara antigen is the best approach.

If the retinal lesion is close to the macula, treatment is war-
ranted, with oral diethylcarbamazine 3 mg/kg for 3 weeks. 
There may be symptoms of allergic reaction to the dying lar-
vae, for which prednisolone is given. Alternative therapies 
include albendazole or a single dose of ivermectin.

OCULAR ONCHOCERCIASIS

Ocular onchocerciasis, or ‘river blindness’, results from infec-
tion with the filarial parasite Onchocerca volvulus. The disease 
is endemic in areas of Africa and Central and South America, 
where it is a major cause of blindness. The ocular manifesta-
tions include keratitis, anterior uveitis, glaucoma, choriore-
tinitis and optic neuritis.

For several decades diethylcarbamazine and sumarin have 
been used systemically and have a positive effect on keratitis 
and uveitis; they are, however, less beneficial in posterior seg-
ment disease. The use of diethylcarbamazine may be followed 
by a severe systemic reaction, which is largely prevented by 
the use of systemic corticosteroids.

Ivermectin (single 12 mg dose) represents an important 
advance in the mass therapy of onchocerciasis in endemic 
areas. It inhibits reproduction by adult female worms so that 
no new microfilariae are produced for several months. It also 
kills microfilariae in tissues, including skin and the eye, slowly 
eliminating them from the anterior chamber with minimal 
ocular inflammation and little systemic reaction. It has to be 
given yearly so that the eradication program is a continuous 
one. Ivermectin should not be given to children under 5 years, 
to pregnant women or to patients with other severe infections 
such as trypanosomiasis.

Box 53.6 treatment of Toxoplasma retinochoroiditis

regimen

Pyrimethaminea 100 mg immediately then 25 mg orally per day for  

4–6 weeks

and

Sulfadiazine 2 g immediately then 1 g orally every 6 h for 4–6 weeks

and

Folinic acid 3 mg orally or i.m. twice weekly.

alternative regimen

Clindamycinb 300 mg orally every 6 h for 4–6 weeks

and

Sulfadiazine 2 g immediately then 1 g orally every 6 h for 4–6 weeks.

aPyrimethamine may cause bone marrow depression; leukocyte and 

platelet counts should be monitored weekly.
bClindamycin may cause pseudomembranous colitis.
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Recently it has been recognized that onchocercal oocytes 
contain endosymbiotic organisms (Wolbachia spp.), which are 
passed on to the microfilaria and are essential to embryogen-
esis in the female worm. Wolbachia spp. are sensitive to tet-
racyclines, rifampicin, chloramphenicol and azithromycin. 
In a trial where doxycycline 200 mg/day for 4–6 weeks was 
combined with ivermectin, embryogenesis was disrupted for 
24 months (1 year longer than ivermectin alone), and micro-
filaria were absent from the skin after 18 months.71,72

Oral corticosteroid therapy is indicated in vision-threat-
ening disease, but should not be used without concurrent, 
specific antiprotozoal therapy or in immunocompromised 
patients.

OCULOMYCOSIS

Fungal infections of the eye are invariably sight- threatening 
and include keratomycosis, exogenous or endogenous 
endophthalmitis and orbital mycosis. Although oculomycosis 
is rare in the UK, it may account for one-third or more of 
infective corneal ulcers in some rural settings and in develop-
ing countries.18 The management of keratomycosis is summa-
rized in Figure 53.4.

The fungi responsible for keratomycosis, with the excep-
tion of Candida spp. (common in the UK and northern cli-
mates), are mainly filamentous. The species most frequently 

History

+ve –ve –ve +ve

Cultures

Corneal scrapings Corneal biopsy (if scrapings yield no result)

Severe keratitis

Severe
keratitis
(clinically
fungal)

Yeast cell
or pseudohypha

Hyphal fragment

Clotrimazole (1%)

or other imidazole

or Flucytosine (1%)

or Natamycin (5%)

Natamycin (5%)

or Amphotericin B
(0.15–0.3%)

or Econazole (1%)

Filamentous fungi
(Aspergillus,

Fusarium, etc.)
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(Candida, etc.)

Clotrimazole

or other Imidazole

or Flucytosine

or Natamycin

Natamycin (5%)

or Amphotericin B

or Econazole (1%)
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Non-severe
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Defer till
culture
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Proceed immediately Delay 12–24 hours
for drug washout

Non-severe keratitis

Slit-lamp examination/general examination
(presence of raised necrotic slough and
hyphate margins very suggestive)

Clinical
examinationa

Microbiological
evaluation

• Duration
• Predisposing factors (trauma, ocular and systemic illness)
• Prior therapy (antibacterials, corticosteroids,
traditional remedies)

aNon-severe keratitis: slow, moderate progression; <6 mm diameter; ulceration and suppuration involves superficial 2/3; perforation unlikely;
scleral suppuration absent.
Severe keratitis: rapid progression; >6 mm diameter ulceration; ulceration and suppuration involves deep 1/3; perforation present or imminent,
scleral suppuration present.

Smears

Fig. 53.4 Flow chart for investigating keratomycosis.
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encountered are Aspergillus, Fusarium and Curvularia, but 
prevalence varies geographically. Candida spp. are an impor-
tant cause of endogenous endophthalmitis in intravenous drug 
users and immunocompromised individuals.57 Penetration of 
drugs such as natamycin and amphotericin B in the treatment 
of a fungal ulcer is greatly enhanced by the absence of an epi-
thelial barrier.

Because of the toxicity of the most effective antifungal 
agents, the relatively narrow activity spectrum of some and 
the difficulties of clinical diagnosis, treatment is rarely insti-
tuted in the absence of direct evidence of fungal etiology, 
based at least on the results of smears. Filamentous fungi such 
as Fusarium spp. can be detected in the cornea in vivo by con-
focal microscopy, observing hyphal density and morphology, 
inflammatory and corneal cells,69 or by histology of corneal 
biopsies (Fig. 53.4).

Effective therapy requires mycological identification and, 
preferably, information about drug sensitivity. The number 
of drugs available for local ocular use is limited, not only by 
problems of local and systemic toxicity, but also by poor solu-
bility and ocular penetration. No commercial antifungal prep-
arations are available in the UK for local ocular use; eye drops 
are formulated from parenteral preparations.

Amphotericin B is active against a wide range of fungal 
organisms causing oculomycosis including Aspergillus spp., 
Fusarium spp. (most but not all isolates) and Candida spp. It 
may be given topically as drops, subconjunctivally or intrav-
itreally. Although it is toxic when used topically at high con-
centration, in part due to the presence of deoxycholate in 
the parenteral preparation, the 0.15% formulation is virtu-
ally non-toxic. Amphotericin B is given parenterally by slow 
intravenous infusion in the management of endophthalmitis, 
often in a background of more widespread systemic infec-
tion, in addition to intravitreal therapy. Renal and hemato-
logical status must be kept under surveillance and drug levels 
monitored.

Natamycin (pimaricin) is a tetraene antifungal agent which 
has been used in the topical treatment of a wide range of fila-
mentous fungi that cause keratitis such as Fusarium spp. (par-
ticularly F. solani) and, to a lesser extent, Aspergillus spp. A 5% 
suspension is available commercially in the USA. It has some 
topical toxicity.

Imidazoles have also been used effectively in the topical 
treatment of keratomycosis: clotrimazole, miconazole and 
econazole are effective against Candida spp. and Aspergillus 
spp. but not against the majority of Fusarium spp. Generally 
they have been considered less effective than amphotericin B 
in clinical use. They can be locally toxic. Ketoconazole is well 
absorbed after oral administration and is generally well tol-
erated, although there is a risk of hepatotoxicity. It has been 
used effectively in oculomycosis caused by Fusarium spp., 
combined with another antifungal agent to prevent the emer-
gence of resistance.

Topical fluconazole is effective in animal models and 
patients in the treatment of Candida keratitis and shows less 
protein binding than the imidazoles. Itraconazole also has 

an enhanced therapeutic index compared to the imidazoles. 
Candida endophthalmitis can be effectively treated with oral 
fluconazole combined with intravitreal amphotericin B, but 
vitrectomy and fluconazole alone have also been reported 
to be successful. Aqueous levels of fluconazole 2 h after oral 
treatment with 20 mg were 2.7–5.4 mg/L and vitreous levels 
were up to 1.7 mg/L. Corneal levels were low (0.031 mg/L).

5-Fluorocytosine is active only against Candida spp. It is 
well absorbed by the oral route and achieves high blood and 
tissue levels. It has been used effectively in the treatment of 
Candida endophthalmitis, in combination with systemic or 
intravitreal amphotericin to prevent the otherwise rapid emer-
gence of resistant strains. 5-Fluorocytosine has also been used 
topically (1% suspension) in the treatment of Candida albi-
cans keratomycosis.

Thomas, reviewing the results of treating 318 patients with 
culture-proven keratitis,73 found oral and/or topical ketocon-
azole and itraconazole useful in treating severe keratitis, espe-
cially that due to Aspergillus spp.

Fungal keratitis usually responds slowly to antifungal ther-
apy over a period of weeks. Signs of toxicity (conjunctival 
chemosis and injection, recurrent corneal erosions) should 
also be observed. Negative scrapings during treatment do 
not always indicate that the fungus has been eradicated, since 
it may become deep seated; hence therapy should be main-
tained for 6 weeks or more. Confocal microscopy has proven 
valuable for managing treatment, observing morphological 
changes versus drug application.74

Patients who respond most poorly to topical antifun-
gal therapy are those with deep corneal infections and those 
who have received corticosteroids prior to diagnosis. Fungal 
growth is aided by corticosteroids and argues against their use 
alone, or in combination with antifungal agents. Voriconazole, 
one of the more recent triazoles, has been found effective for 
treatment of refractory Aspergillus fumigatus keratitis75 as well 
as for a broad range of fungal pathogens.76 Like voriconazole, 
caspofungin, which similarly covers a wide range of yeasts 
and molds, has been used with success in the treatment of 
endophthalmitis due to Candida spp.77

Therapeutic surgery may be required for cases which 
respond poorly to medical therapy. However, therapy should 
be prolonged, to render the infecting fungus non-viable prior 
to surgery.

VIRAL INFECTIONS OF THE EYE

HERPES SIMPLEx EYE DISEASE

Herpes simplex keratitis (HSK) affects some 500 000 patients 
in the USA alone with about 50 000 episodes per annum and 
is the commonest cause of corneal opacification in the devel-
oped world. It is thus a major indication for corneal trans-
plantation78 with reported survival rates varying between 14% 
and 61%.
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Primary ocular herpes simplex viral (HSV) infection is a 
self-limiting disease, expressed as blepharitis, conjunctivitis 
or punctate keratitis. Zosteriform spread along the fifth cra-
nial nerve axons can then establish latency in the trigeminal 
ganglion; reactivation, with peripheral viral shedding, causes 
‘recurrent’ disease expressed as epithelial keratitis (dendritic 
and geographic), stromal keratitis (disciform and necrotiz-
ing), limbitis, keratouveitis (and secondary glaucoma) or, 
rarely, acute retinal necrosis.

Ocular disease may be caused by two types of HSV: type 1 
causes non-genital disease and has direct or indirect non-
 sexual transmission whereas type 2 is primarily sexually trans-
mitted. Thus neonatal disease is usually acquired during birth 
and is caused by HSV-2 which has shown drug resistance.

An epidemic increase in genital herpes has been observed, 
hence it is expected that increased neonatal ocular herpes is 
likely, including delayed acute retinal necrosis syndrome.79 
Oral–genital transmission has become more common, hence 
HSV-1 is more frequently caused by sexual transmission. In 
childhood, herpetic keratitis is more frequently bilateral than 
when disease develops in adulthood. Children are more likely 
to suffer recurrent disease and significant visual loss including 
amblyopia.80 Patients with severe atopic disease appear to be 
at greater risk of herpetic disease81 and atopy is also increas-
ingly common in children.

 HERPES ANTIVIRAL THERAPY

epithelial keratitis

Early clinical trials established that trifluorothymidine (F3T) 
was more effective than idoxuridine (IDU) or debridement of 
the infected corneal epithelium, and that debridement added 
no adjunctive benefit to F3T alone. These early drugs were 
incorporated into host DNA and caused toxicity. They have 
been superseded by more effective non-toxic agents such as 
aciclovir and the prodrug valaciclovir. Systematic review has 
confirmed these are equivalent to F3T and IDU but do not 
cause toxicity.82,83 Oral aciclovir (200 mg five times daily) and 
topical 3% aciclovir (five times daily) are equally effective;84 
however, oral therapy is more expensive and two random-
ized controlled trials have demonstrated that 3% aciclovir is 
equivalent to either 0.05% or 0.15% ganciclovir.85 Topical 
interferon may have additional benefit but as yet there is no 
evidence base for this.86 It is expected that therapy will achieve 
healing within a week of commencement.87

Aciclovir resistance has been documented with cross-
 resistance to ganciclovir and foscarnet.88

Disciform keratitis

This describes a circular focus of corneal edema and is con-
sidered to be an immunological response to a viral antigen, 
hence it requires topical steroid therapy (G Predsol 0.5% five 
times daily). Antivirals are required to prevent viral shedding 

and aciclovir combined with topical steroids has been shown 
to accelerate disease resolution. The HEDS project (Herpetic 
Eye Disease Study) addressed the need for steroids by dou-
ble-blind, placebo-controlled, randomized controlled trial 
and demonstrated that steroids resulted in resolution of disci-
form disease at a median 27 days compared with 72 days for 
the placebo group; topical and oral aciclovir were equivalent 
both for disease control and recurrence rates.89 Intraocular 
inflammation may be caused by stromal keratitis and is man-
ifest by iritis with aqueous cells, flare and keratic precipitates.

Stromal keratitis

Stromal inflammation may cause progressive stromal lysis 
and corneal perforation and may be associated with dendritic 
ulceration. There is randomized controlled trial evidence that 
antiviral prophylaxis is effective during steroid management 
of stromal keratitis but no evidence that oral aciclovir influ-
ences the development of stromal keratitis in patients treated 
for epithelial disease.90 In patients using long-term topical ste-
roids, those with steroid-dependent stromal keratitis or those 
with corneal transplants, there is evidence that aciclovir pro-
phylaxis is effective, but the duration of prophylaxis is not 
established.78,91

Necrotizing retinopathies

These may be caused by either HSV-1 or HSV-2, the latter 
being a relatively rare but serious infection, usually among 
neonates. Visual loss occurs due to retinal necrosis or ischemic 
optic neuropathy and treatment is with high-dose antiviral 
therapy (Box 53.7) and high-dose oral prednisolone (at least 
20 mg/day). Laser therapy or surgery may be  indicated for the 
management of retinal detachment.

  PROPHYLACTIC ANTIVIRAL 
THERAPY

The risk of recurrent HSK is 25% in the year following a first 
episode and 72% in 10 years,92 but this risk is reduced by pro-
phylactic oral aciclovir 400 mg every 12 h.93 It is especially 
effective for atopic patients.94

Box 53.7 systemic therapy for necrotizing herpetic retinopathy

Intravenous aciclovir 13 mg/kg per 

day in three divided doses for 

14 days, then

Oral aciclovir 800 mg five times a 

day

Oral famciclovir 500 mg every 8 h 

for 3 months

More effective in 

immunocompromised patients

Intravitreal ganciclovir 400 mg 

twice a week, combined with 

intravenous foscarnet 60 mg/kg 

three times a week

May delay progress in 

immunocompromised patients
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The risk of corneal transplant failure is determined in 
part by minimizing the risk of recurrent HSK; prophylactic 
aciclovir is effective in achieving this95 and remains effective 
beyond 12 months.96 Although valaciclovir is equally effec-
tive, the dosing may be more acceptable, thereby increasing 
compliance.97

HERPES ZOSTER VIRUS

Involvement of the first division of the fifth cranial nerve by 
varicella zoster virus (VZV) is associated with ocular features 
ranging from blepharitis, to persistent conjunctivitis, kera-
touveitis, glaucoma, papillitis, ocular nerve palsy and neural-
gic ocular pain. This is termed herpes zoster ophthalmicus 
(HZO).

Oral administration of aciclovir is now standard treatment 
for HZO at a dose of 600–800 mg five times daily, initiated 
within 72 h of the onset of skin lesions. It is well tolerated and 
reduces the incidence and severity of epithelial and stromal 
keratitis and uveitis. Treatment reduces pain in the acute 
phase, but not neurotrophic keratitis or postherpetic neural-
gia. The higher bioavailability of valaciclovir and famciclovir 
has allowed their use in more convenient dosing schedules at 
1 g every 8 h and 500 mg every 8 h for 7 days, respectively, 
with faster resolution of acute pain in herpes zoster infection. 
Placebo-treated patients in a trial of intravenous aciclovir ther-
apy suffered progression until topical aciclovir was started.

Intravenous aciclovir has replaced vidarabine as the treat-
ment of choice in the management of HZO in AIDS and other 
immunocompromised patients, and intravenous foscarnet has 
been used effectively for the treatment of those patients with 
aciclovir-resistant HZO.

Although the use of topical ocular steroids to suppress the 
inflammation does not have the dire consequences seen with 
HSV eye disease (e.g. induction of dendritic or geographic 
ulceration), outcome in those treated with aciclovir alone 
may be better than in those receiving steroids alone (aciclo-
vir 3% ointment vs betamethasone 0.1% ointment, five times 
daily). No recurrence occurred in the aciclovir-treated group, 
whereas the recurrence rate was 63% in the steroid-only 
group. Such recurrences were more difficult to suppress than 
the initial disease features. Corneal epithelial disease healed 
significantly more quickly in the aciclovir patients.

ADENOVIRUS KERATOCONJUNCTIVITIS

Adenovirus (ADV) infection causes epidemic forms of clini-
cal disease, including pharyngeal conjunctival fever (ADV-3, 
-4 and -7), follicular conjunctivitis (ADV-1–11 and ADV-19) 
and epidemic keratoconjunctivitis (EKC). EKC is a self-lim-
iting disorder characterized by a follicular conjunctivitis and 
a multifocal keratitis, with subepithelial features develop-
ing at 10–14 days after the onset of the disease. These infil-
trates can be confused with Acanthamoeba keratitis but with 

Acanthamoeba infection they occur within the first 7 days after 
onset. These infiltrates may persist for weeks or months, giving 
rise to disabling symptoms of glare and discomfort. Although 
subepithelial infiltrates may be suppressed by topical ste-
roids, they reappear on steroid withdrawal, with a return of 
symptoms. Therefore, in practice, steroids are used only for 
selected, highly symptomatic patients and are weaned slowly, 
over a period of months. It appears that topical ciclosporin 
(cyclosporin) can be used in a similar fashion. Nosocomial, 
hospital outbreaks of EKC may be reduced by establishing 
appropriate infection control policies.

No antiviral agents are available commercially for the treat-
ment of adenovirus infection.

OTHER VIRAL INFECTIONS

Most cases of measles are associated with conjunctivitis. 
Measles keratitis is a major cause of blindness in developing 
nations where secondary infection and vitamin A deficiency 
are compounding factors. Although there is no specific antivi-
ral agent available, topical antibiotics and systemic vitamin A 
supplements improve the prognosis.

ACQUIRED IMMUNE DEFICIENCY 
SYNDROME

Human immunodeficiency virus (HIV) has been identified in 
tear fluid, conjunctiva, corneal epithelium and retina, and can 
give rise to a retinal microangiopathy, but the principal ophthal-
mic manifestations of acquired immune deficiency syndrome 
(AIDS) relate to florid opportunistic infections and to conjunc-
tival and orbital involvement with Kaposi’s sarcoma and other 
neoplasms. Therapy is directed against the relevant organism 
and generally is more intense and prolonged than is required 
in immunocompetent individuals. Highly active antiretroviral 
therapy (HAART) in AIDS patients leads to a striking fall in 
HIV load and substantial improvements in immune functions, 
including increases in total CD4 and CD8 cell counts, in mem-
ory and naive T-cell subsets, and in antigen responses to certain 
opportunistic pathogens. HAART leads to improved survival 
and reduced progression of HIV disease, with complete or par-
tial resolution of infections or malignancies.

CYTOMEgALOVIRUS

Cytomegalovirus (CMV) is the most common of the ocular 
opportunists and produces a hemorrhagic, necrotizing retini-
tis. Because the onset of retinitis is often asymptomatic, it is 
recommended that in patients with AIDS with blood CD4+ 
counts below 50 cells/μL, ophthalmological examinations are 
carried out on a monthly basis. The onset or reactivation of 
CMV retinitis is heralded by elevated or rising blood CMV 
DNA levels.
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During the first 7 years after infection, fewer than 1% of 
HIV-infected persons present with CMV retinopathy as the 
initial manifestation of AIDS, but CMV retinitis is found 
in approximately 18% of terminal AIDS patients, bilateral 
in about 17%. The delay from presentation with HIV infec-
tion is shorter in bilateral cases. HSV, Epstein–Barr virus and 
Toxoplasma occasionally cause a clinically similar retinitis.

In a study of CMV retinitis in AIDS patients, 58% pre-
sented with unilateral disease and 15% of these developed 
contralateral infection, despite treatment with ganciclovir. 
The risk factors for progression or involvement of the fellow 
eye have been reviewed.98

The incidence of CMV disease and of CMV relapse has 
fallen significantly since the introduction of HAART,99,100 
including the frequency of CMV-related retinal detachment. 
However, subclinical infections may be awakened at the initia-
tion of HAART, and CMV retinitis may be activated when it is 
necessary to interrupt HAART for reasons of toxicity. At pres-
ent, with the use of nucleoside and non-nucleoside analogs and 
protease inhibitors, CMV retinitis does not frequently pose 
an immediate threat to vision, but it may do so with develop-
ment of retinal detachment, in association with peripapillary 
disease or by affecting the central retina. Retinal detachment, 
an important cause of blindness from CMV retinitis, can be 
treated successfully by vitrectomy, silicone oil and endolaser.

In patients with AIDS receiving HAART and treated addi-
tionally for CMV retinitis, it has been possible to withdraw anti-
CMV therapy without major risk of reactivation of the retinitis for 
at least 48 weeks after ceasing antiviral therapy.101 Reactivation, 
if it occurs, is more likely in those patients whose CD4+ counts 
fall below 50 cells/μL and in whom there are signs of virological 
failure. At the time when CMV retinitis has become inactive, 
patients receiving HAART are at risk of developing a visually 
symptomatic ‘immune recovery’ vitritis or uveitis and macular 
edema, thought to represent a T-cell-mediated reaction to latent 
CMV antigens. The vitritis responds to treatment with periocu-
lar steroids without reactivation of the retinitis.

CMV retinitis occurring in AIDS patients implies a high 
risk for the development of CMV encephalitis. Vice versa, in 
patients with AIDS without CMV retinitis, CNS symptoms 
are unlikely to be attributable to CMV infection.

 SYSTEMIC THERAPY

Progression of CMV retinitis may be delayed in the short 
term by intravenous ganciclovir or foscarnet.102 Repeated, 
local intravitreal therapy is more effective and particularly 
valuable when there are no signs of disseminated CMV dis-
ease. Ganciclovir, a virustatic drug similar in structure to aci-
clovir and foscarnet, improves or temporarily stabilizes the 
retinitis in the majority of patients receiving long-term main-
tenance therapy. Ganciclovir and foscarnet are equally effec-
tive in controlling CMV retinitis, but foscarnet is less well 
tolerated. Repeated therapy is indicated because of the high 
relapse rate. Ganciclovir is given by intravenous infusion over 

1 h in a dose of 5 mg/kg every 12 h. Valganciclovir, the oral 
prodrug of ganciclovir, has excellent oral bioavailability, giv-
ing high ganciclovir blood levels without the need for pro-
longed intravenous access.

Intravenous administration of ganciclovir results in intravitreal 
concentrations which are subtherapeutic (0.93 ± 0.39 mg/mL)  
for many CMV isolates, which explains the difficulty of long-
term complete suppression of CMV retinitis by this route.

Combined daily therapy with ganciclovir and foscarnet 
has been shown to be beneficial, with prolonged intervals 
between progression without increased toxicity. Such therapy 
may halt the progress of peripheral outer retinal necrosis in 
AIDS patients.

Improved results have been achieved with cidofovir treat-
ment with 5 mg/kg once weekly for 2 weeks, then 5 mg/kg every 
other week, which retarded the progression of retinitis in AIDS 
patients compared to delayed therapy. Toxicity to cidofovir may 
occur in the form of proteinuria (23%), neutropenia (15%) 
and uveitis, and may lead to discontinuation of the drug.

 INTRAOCULAR DELIVERY

Intravitreal injection of antiviral agents is effective in the 
treatment of CMV retinitis, and avoids the risk of systemic 
 toxicity. Intravitreal ganciclovir or foscarnet has been given 
on a weekly basis with little local ocular complication and 
no greater risk of retinal detachment. An intravitreal dose of 
 ganciclovir  (0.2–0.4 mg) is as effective as intravenous ther-
apy, and a dose of 2 mg in 0.05–0.1 mL probably provides 
adequate intravitreal levels (0.25–1.22 μg/L) for up to 7 days. 
Levels at 24 h have been recorded as 143.4 μg/L and at 72 h as 
23.4 μg/L. This higher dose (2 mg) has been used effectively 
to produce prolonged remission, with a low relapse rate (5% 
at 44 weeks).103 The intravitreal dose of foscarnet is 2.4 mg in 
0.1 mL. A lower dose of these agents has been given in patients 
whose eyes  contain silicone oil in relation to retinal surgery.

Intravitreal cidofovir, together with oral probenecid, has 
also been effective in halting progression of CMV retinitis. 
Fomivirsen is an antisense oligonucleotide newly approved 
for intravitreal use.

More recently, the development of intraocular controlled-
release devices has provided the opportunity to deliver 
drugs for prolonged periods with minimum local toxicity. 
Rhegmatogenous detachments can occur in CMV retinitis, with 
or without systemic treatment or ganciclovir implant therapy, 
but implants do not appear to increase the risk of detachment.104

TOxOPLASMA

Ocular toxoplasmosis in patients with AIDS is less com-
mon than CNS involvement. It may be the cause of presen-
tation, with blurred vision and floaters, or pronounced visual 
loss from macular, papillomacular bundle or optic nerve head 
involvement.
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The retinochoroiditis is unassociated with a pre-existing 
retinochoroidal scar, suggesting that the lesions are a mani-
festation of acquired rather than congenital disease. Lesions 
may be single or multifocal, in one or both eyes, or consist of 
massive areas of retinal necrosis. They may resemble those of 
CMV retinitis and may occur concurrently in the same eye. In 
comparison, toxoplasmic lesions tend to be thick and opaque, 
with smooth borders and a relative lack of hemorrhage.

Treatment of toxoplasmic ocular infection with pyrime-
thamine, clindamycin and sulfadiazine is effective in over 75% 
of patients. Once resolution is observed, maintenance therapy 
is continued, as relapses occur in the absence of treatment. 
Corticosteroid treatment is unnecessary and its use has been 
associated with the development of CMV retinitis.

PneUmocYStIS JIRoVecII

Pneumocystis jirovecii (formerly Pneumocystis carinii) can cause a 
choroidopathy as a result of systemic spread from primary lung 
infections. Multiple yellow placoid fundus lesions are seen.

cAnDIDA ALbIcAnS AND 
cRYPtococcUS neoFoRmAnS

These can also produce retinal lesions or endophthalmitis, 
particularly in AIDS patients who are intravenous drug users. 
A bilateral epithelial keratopathy caused by Encephalitozoon 
has been described in an HIV-positive patient with crypto-
coccal meningitis, which responded to itraconazole given for 
the meningitis.

HERPES ZOSTER OPHTHALMICUS

This occurs in a more severe and chronic form in AIDS and 
may require prolonged systemic penciclovir therapy.

MICROSPORIDIA

Microsporidial keratoconjunctivitis in a patient with AIDS 
has responded to treatment with dibromopropamidine isethi-
onate ointment.

OTHER INFECTIONS

VIbRIo SPECIES

In the coastal regions of the Gulf of Mexico, infections with 
Vibrio spp. are responsible for gastroenteritis, wound infections 
and septicemia. Penland et al105 reported Vibrio spp. as a cause 
of conjunctivitis, keratitis and endophthalmitis on the Texas 
Gulf Coast, often following eye trauma with  contaminated 

water containing shellfish or exposure to brackish sea water. 
Responsible organisms include V. vulnificus, V. albensis, V. flu-
vialis and V. parahaemolyticus. Jung et al reported a case of 
endogenous endophthalmitis from South Korea caused by V. 
vulnificus after ingestion of raw seafood.106
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Chapter

54 Urinary tract infections

S. ragnar Norrby

This chapter deals with cystitis, pyelonephritis, prostatitis and 
 urethritis caused by pathogens other than sexually transmit-
ted ones such as Neisseria gonorrhoeae, Chlamydia trachomatis, 
Trichomonas vaginalis and Ureaplasma urealyticum. Cystitis and 
pyelonephritis are characterized by significant bacteriuria, which 
was originally defined by Kass as 105 colony forming units (cfu) or 
more per mL in each of two voided urine samples or any bacterial 
count in urine obtained by catheterization or bladder puncture.1 
This concept has now been redefined (Table 54.1), based on stud-
ies showing that by lowering the bacterial counts and including 
pyuria, the diagnostic sensitivity can be increased without marked 
loss of specificity.2–4

Both cystitis and pyelonephritis can be classified as symptomatic 
or asymptomatic, complicated or uncomplicated, and sporadic or 
recurrent. This classification is meaningful because etiology, choice 
of antibiotics, treatment times and needs for follow-up differ con-
siderably between the various types of infection. The approximate 
 frequencies of the various types are outlined in Table 54.2.

Asymptomatic bacteriuria is common in girls and occurs in 1–7% 
of adult women, depending on age. All patients with long-term 
 urinary catheters have significant bacteriuria, which in most cases 
is asymptomatic. Many patients with cystitis who do not respond 
 bacteriologically to antibiotic treatment but have persistent bacte-
riuria are also asymptomatic.

Complicated cystitis or pyelonephritis is defined as infections 
in patients with anatomical or functional defects which facilitate 
establishment of bacteriuria and/or make elimination of bacteriuria 
difficult. Examples of such defects are congenital anomalies of the 
urethra, ureters or kidneys, foreign bodies (stones, catheters), residual 
bladder urine due to obstruction or neurological disease, tumors and 
obstructions of the urethra by strictures, prostate hyperplasia, pros-
tate cancer or prostatitis. Diseases that may aggravate the course of 
pyelonephritis (e.g. diabetes mellitus with nephropathy and malig-
nant hypertension) are sometimes considered complicating factors. 
However, these conditions do not increase the risk of establishment 
of bacteriuria. Significant bacteriuria in a man should always be con-
sidered a complicated urinary tract infection; the length of the male 
urethra prevents ascending infections and establishment of bacteriu-
ria in a healthy man.

Cystitis and pyelonephritis are often recurrent infections, both in 
patients with uncomplicated and complicated infections but more com-
monly in the latter. Recurrent urinary tract infections can be subclassi-
fied into relapse, when the same bacterial strain that caused the previous 
episode is isolated, or reinfection, when the causative pathogen is a new 
strain. There is no internationally accepted definition of a recurrent uri-
nary tract infection. In clinical trials it is often defined as more than one 
episode in 6 months or more than two episodes in 1 year. Consequently, 
sporadic infections occur less than twice per 6 months or less than three 
times per year. It should be noted that this classification does not include 
chronic infections; chronic pyelonephritis and chronic glomerulonephri-
tis are inflammatory diseases, albeit often aggravated by infections.

Urethritis is an inflammation of the urethra without concomitant 
significant bacteriuria. In patients with sexually transmitted diseases, 
urethritis is a well-defined concept (see Ch. 56). However, when such 
organisms are not identified and significant bacteriuria is not present, 
the ‘urethral syndrome’ becomes a microbiologically poorly defined 
disease, usually without identified etiology.

Prostatitis is an inflammation of the prostate gland, which often 
also involves the seminal vesicles. When prostatitis is caused by bacte-
rial pathogens it is subdivided into acute and chronic bacterial prosta-
titis, which may or may not be associated with significant bacteriuria.

type of infection Definition

Acute uncomplicated cystitis in women
 Infections caused by Gram-negative bacteria ≥103 cfu/mL
 Infections caused by staphylococci ≥102 cfu/mL

Acute uncomplicated pyelonephritis
 Infections caused by Gram-negative bacteria ≥104 cfu/mL
 Infections caused by staphylococci ≥103 cfu/mL

Complicated infections and infections in men ≥104 cfu/mL

Patients with asymptomatic bacteriuria ≥105 cfu/mL in two 
samples

table 54.1 Definitions of bacteriuria in midstream urine 
samples. Note that in all patients with symptomatic infections, 
pyuria must also be present4

From Rubin EH, Shapiro ED, Andriole VT, Davis RJ, Stamm WE. Evaluation of new anti-
infective drugs for the treatment of urinary tract infections. Clin Infect Dis. 1992; 
15(suppl 1): S216–S227.
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EPIDEMIOLOGY AND PATHOGENESIS

Urinary tract infections occur in all ages and are most 
 common in sexually active women. Below the age of 3 years, 
 symptomatic cystitis or pyelonephritis is somewhat more 
common in boys than in girls due the higher frequency of 
congenital defects of the male urethra. In very old people bac-
teriuria is more common in men than in women due to the 
high frequency of prostate disease.

Cystitis and pyelonephritis are infections resulting from 
the aerobic fecal flora.5 The pathogenesis of these infections 
should be considered from two aspects: host factors and viru-
lence factors of the infecting organisms.

HOST FACTORS

Host factors of importance for establishment of bacteriuria 
are the ones mentioned above defining a complicated cystitis 
or pyelonephritis. In addition, the short length of the female 
urethra explains the higher frequency of bacteriuria in adult 
women than in adult men. Also in women without urinary 
tract defects bacteria can ascend the urethra and reach the 
bladder. In postmenopausal women atrophy of the vaginal 
mucosa constitutes an important and usually treatable (with 
topical or systemic estrogen) complicating factor, which is 
surprisingly often overlooked.

Establishment of significant bacteriuria in a woman is facil-
itated by a high number of bacteria in the periurethral area. 
This is achieved during sexual intercourse, which often leads 
to bacteriuria if the bladder is not emptied post-coitus.

In men, especially those who are sexually active, the source 
of a bacteriuria may be prostatitis. Otherwise a prerequisite for 
bacteria to reach the bladder in sufficient amounts to estab-
lish bacteriuria is a turbulent urine flow, which may result 
from strictures or obstruction of the urethra.

Irrespective of age and gender, pyelonephritis almost invari-
ably results from bacteria ascending the ureters. This is facil-
itated by defects in the ureteral bladder sphincters causing 
ureteric reflux during micturition. Such defects may be con-
genital but are also common in pregnant women during the 

latter half of pregnancy due to the pressure of the uterus on 
the bladder. Pyelonephritis is also common in patients with 
ureteral stones or stones in the renal pelvis. Pyelonephritis 
and renal abscesses resulting from hematogenous dissemina-
tion of bacteria from other infectious foci is extremely rare but 
may be seen in patients with endocarditis.

VIRULENCE FACTORS

Virulence factors of the organisms causing cystitis and pyelo-
nephritis have been extensively studied. With the most 
common etiological agent, Escherichia coli, it has been demon-
strated that an important virulence factor is the ability of the 
bacterial cells to adhere to epithelial cells in the urinary tract 
mucosa.6 This is achieved by antigens located on the fimbriae 
of the bacteria, which adhere to glycosphingolipid receptors 
on the epithelial cells. As a result of adherence, transportation 
of bacteria in the urethra and the ureters is facilitated. Another 
consequence of adherence is that cytokines (e.g. interleukins 
1, 6 and 8) are released and that invasive infections are facili-
tated.6–8 Adherence is important in patients without compli-
cating factors but seems less important when such factors 
are present.9 Other defined bacterial virulence factors are the 
antigenic structures of Enterobacteriaceae, the O, H and K 
antigens and the polysaccharide capsules. Virulence factors 
in Gram-positive organisms of importance in urinary tract 
infections are less extensively studied. In some situations (e.g. 
after treatment of bacteriuria caused by Gram-negative bacte-
ria) the pathogenicity of Gram-positives in an asymptomatic 
patient should be questioned.10

ETIOLOGY

Bacteriuria is acquired by the fecal–genital route, often via 
periurethral colonization in women. With the exception of 
patients who have rectovesical fistulas or other abnormal com-
munications between the bladder and the intestines or vagina, 
anaerobic bacteria rarely cause bacteriuria. The most com-
mon organisms causing bacteriuria are listed in Table 54.3.

In women with sporadic uncomplicated cystitis or pyelone-
phritis, the etiology is quite predictable; about 85% of these 
patients will have infections caused by Esch. coli. The second 
most common organism is Staphylococcus saprophyticus, which 
accounts for about 10% of the infections. However, in north 
Europe Staph. saprophyticus has a seasonal pattern:11 it is nor-
mally not found between November and March and reaches 
a peak in July and August, when it causes up to 40% of all 
uncomplicated infections. The reason for this variation is 
unknown and it is not seen in the Southern Hemisphere.12

Esch. coli is also the most common etiology in recurrent 
and/or complicated cystitis and pyelonephritis but other 
Gram-negatives as well as enterococci become increasingly 
frequent. Of importance in these patients is the antibiotic treat-
ment given for the preceding episode, which is likely to have 

type of urinary tract infection approximate frequency (%)

Cystitis 90

Pyelonephritis 10

Uncomplicated infections 98

Complicated infections  2

Sporadic infections 75

Recurrent infections 25

table 54.2 Approximate frequencies of various types of 
symptomatic urinary tract infections in an unselected material  
of outpatients with significant bacteriuria
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selected resistant organisms. Organisms such as Enterobacter 
spp., Pseudomonas aeruginosa, Pseudomonas spp., Acinetobacter 
spp., Burkholderia spp. and Citrobacter spp. typically appear in 
patients who have received repeated antibiotic courses or who 
have acquired their bacteriuria in hospital.

Proteus spp., Morganella morganii and Providencia spp., 
which all grow in alkaline pH, are common findings in patients 
with kidney or bladder stones or tumors. Since Proteus spp. is 
also common in the preputial flora, it is often a contaminant 
in urine samples from young boys.

Fungal growth in the urine is in most cases due to Candida 
albicans or other Candida spp. The clinical importance of 
funguria is uncertain or doubtful in patients with bladder 
catheters. In patients without catheters growth of Candida 
may reflect a renal infection resulting from hematological 
dissemination of the organisms. In rare cases candiduria is 
also seen as a result of the formation of a mycelial ball in the 
bladder.

DIAGNOSIS

CLINICAL DIAGNOSIS

Patients with cystitis are afebrile and the dominating symp-
toms are dysuria, frequent micturition and/or suprapubic 
pain. Sometimes macroscopic hematuria is present, especially 
in infections caused by Staph. saprophyticus.11 With the excep-
tion of hematuria these symptoms are difficult or impossible 
to differentiate from those of urethritis unless the patient has 
a urethral discharge.

Pyelonephritis is a systemic infection; the patients develop 
fever and may have signs of septicemia, which occurs in up 
to 30% of patients with this infection.9 Other symptoms are 
chills and flank pain. Differential diagnoses are urinary stones, 
cholecystitis, appendicitis and basal pneumonia. The clinical 
symptoms of pyelonephritis are often masked by patients tak-
ing drugs with analgesic and/or antipyretic activity.

In children urinary tract infections often present with few 
clinical symptoms and fever may be the only symptom of 
pyelonephritis.

Acute prostatitis is characterized by symptoms similar to 
those of cystitis but the patient also has a distinct tenderness 
and enlargement of the prostate at rectal palpation. In chronic 
prostatitis the symptoms may be more diffuse and the pros-
tate is often normal at rectal examination.

RADIOLOGICAL DIAGNOSIS

Radiological examinations are rarely indicated in the acute phase 
of a urinary tract infection. An exception is when an obstruction 
of a ureter is suspected in a patient with signs of pyelonephritis. 
In children with pyelonephritis or with recurrent cystitis, radio-
logical examinations for identification of congenital anatomical 
defects and/or ureteral reflux should be performed after treat-
ment of the acute infection. For detection of vesicoureteral reflux 
in children, contrast-enhanced ultrasound is recommended as a 
better alternative to micturating cystourethrography.13

In adults who have recovered from pyelonephritis it is rec-
ommended that ultrasound or a radiological examination is 
performed to exclude renal scars from childhood episodes of 
pyelonephritis.14,15

LABORATORY DIAGNOSIS

The keystone in the diagnosis of cystitis and pyelonephritis is the 
demonstration of significant bacteriuria. The reference technique 
is the quantitative urine culture. The sample can be obtained as 
a clean-catch (midstream) urine or by bladder puncture or cath-
eterization. Bladder puncture is the preferred technique in small 
children, especially boys. After sampling, the urine must be kept 
chilled (but not frozen) until analyzed. If there is likely to be a 
delay in transportation to a laboratory, a dip-slide culture can 
be used. With this technique an agar-covered slide is dipped in 
urine and incubated overnight at room temperature or a small 
incubator. It provides results in terms of quantity of bacteria and 
differentiation of Gram-negative and Gram-positive organisms. 
The slide can then be sent to a microbiological laboratory for 
determination of species and antibiotic susceptibility.

In patients with infections caused by Gram-negative bacte-
ria other than Pseudomonas spp. bacteriuria can also be dem-
onstrated by the nitrite test, a rapid paper-strip test. Nitrite is 
formed by bacterial metabolism of nitrate and is not normally 
present in urine. A positive nitrite test has a very high spec-
ificity. The sensitivity, however, is low because the method 
requires bladder incubation and because Gram-positive 
 bacteria and Pseudomonas do not form nitrite.

Urine cultures should always be obtained in patients with 
complicated infections, recurrent infections or pyelonephritis. 
In patients with sporadic uncomplicated cystitis, etiological 
diagnosis should be optional, especially when the local antibi-
otic susceptibility pattern is known.

Bacterial species Dominating type of infection

Escherichia coli All types

Staphylococcus saprophyticus Uncomplicated cystitis and pyelonephritis 
in women during April to September

Klebsiella spp. Recurrent/complicated infections

Enterobacter spp. Recurrent/complicated infections

Enterococcus spp. Recurrent/complicated infections

Proteus spp. Tumors or stones

Morganella morganii Recurrent/complicated infections

Pseudomonas spp. Recurrent/complicated infections,  
bladder catheters

Other organisms Recurrent infections

table 54.3 etiology of cystitis and pyelonephritis
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A marker for significant bacteriuria is pyuria. Demonstration 
of pyuria is best achieved by microscopy of unspun urine using 
a Bürker counting chamber and defining pyuria as >10 × 106 
leukocytes per liter of urine. The second-best method is to use a 
 leukocyte esterase paper-strip test. Sediment microscopy has a low 
reliability because it is a technique that cannot be standardized.10 
Marked pyuria in a patient with negative bacteriological cultures 
should lead to a suspicion of renal tuberculosis (see Ch. 58).

There is no specific laboratory test for the differentia-
tion of cystitis from pyelonephritis. Patients with pyelone-
phritis  normally have increased serum concentrations of 
C-reactive protein and peripheral white blood cell counts may 
be increased. Erythrocyte sedimentation rate is not always 
increased when the patient is first seen but is likely to rise dur-
ing the following days. A regular finding in patients with acute 
pyelonephritis is that the concentration ability of the kidneys 
is reduced. This can be measured as urine osmolality after 12 h  
of no fluid intake or, more easily, by a subcutaneous (not 
nasal) challenge with antidiuretic hormone. However, this 
test cannot be used when the patient is febrile and it is there-
fore a confirmatory test, which can be done once the patient’s 
condition has improved.

Bacteria causing pyelonephritis form complexes with anti-
bodies. Therefore, detection of antibody-coated bacteria by 
immunofluorescence has been used as a method to differenti-
ate cystitis and pyelonephritis. However, this test has tended 
to show a high frequency of false-positive results if a reason-
able sensitivity is strived for, or too many false-negative results 
if the specificity of the test is high.

The etiological diagnosis of prostatitis is difficult. The most 
ambitious technique is to culture four samples:

•	 The	first	portion	of	a	voided	urine	sample
•	 A	midstream	urine	portion
•	 Prostate	secretion	obtained	by	rectal	massage	of	the	

prostate
•	 The	first	portion	of	new	voided	urine	sample.16,17

Patients with acute or chronic bacterial prostatitis should be 
culture positive with the same organism in all four of these 
samples.

ANTIBIOTIC TREATMENT

Antibiotic treatment of cystitis and pyelonephritis is normally 
empirical. Women with acute cystitis are rarely willing to wait 
24 h for treatment and patients with acute pyelonephritis 
should be treated as soon as possible to avoid damage to the 
kidneys and reduce the risk of serious systemic manifestations 
of the infections.

PHARMACOKINETIC REQUIREMENTS

All antibiotics used for treatment of urinary tract infections 
with significant bacteriuria should be excreted via the kid-
neys. This makes drugs such as chloramphenicol and the 

 tetracyclines less suitable because they are lipid soluble, with 
elimination mainly via liver metabolism resulting in low urine 
concentrations. In patients with pyelonephritis it is also impor-
tant that the antibiotic achieves serum concentrations suf-
ficiently high to eliminate bacteremia. With renally excreted 
antibiotics therapeutic concentrations are normally achieved 
in the renal parenchyma.

In patients with prostatitis special pharmacokinetic require-
ments apply. The prostate tissue is a difficult-to- penetrate 
compartment. Moreover, the pH of the prostatic and vesicular 
fluid varies and is often altered by infection. Hence, the drugs 
used must be active at a wide range of pH values. Finally, in 
chronic prostatitis calculi may be present, which reduce the 
efficacy of antibiotic treatment.

SAFETY CONSIDERATIONS

Uncomplicated cystitis is an infection that constitutes no threat 
to the patient if adequately treated. When such infections are 
treated it is a prerequisite that the antibiotics used have the 
highest possible degree of safety; serious or life-threatening 
adverse effects cannot be accepted even if they appear in very 
low frequencies. On the other hand, in patients with pyelone-
phritis the infection per se constitutes a considerable risk to 
the patient, which makes adverse effects to the treatment given 
more acceptable if a high degree of efficacy can be expected.

CHOICE OF ANTIBIOTICS

Of paramount importance in this respect is the local antibiotic 
resistance pattern: it is not possible to extrapolate suscepti-
bility data generated in one country to another. In the hos-
pital environment there may be marked differences between 
 hospitals in the same country in the frequency of resistance to 
commonly used antibiotics. The local microbiological labora-
tories must provide data from regular resistance surveillance 
studies performed on clinically relevant collections of bacterial 
strains. Results obtained in outpatients should be considered 
separately from hospital-generated data. Preferably, resistance 
surveillances should be prospective and denominator driven. 
If they are made (as is often the case) on routine samples sent 
to a diagnostic laboratory, they are likely to overestimate fre-
quencies of resistance because cultures are more often taken in 
patients with recurrent infections or treatment failures.

Due to high frequencies of antibiotic use, antibiotic resis-
tance in urinary isolates is becoming an increasing problem, 
especially since more and more isolates are multiresistant.18–21

DOCUMENTATION OF ANTIBIOTIC 
EFFICACY

Treatment of urinary tract infections with antibiotics aims at 
eliminating the symptoms and, most importantly in patients 
with cystitis or pyelonephritis, the bacteriuria. Systematic 
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evaluation of antibiotic efficacy is made in clinical trials. 
Table 54.4 lists minimal requirements on clinical trials of 
antibiotic treatment of cystitis and pyelonephritis. Most tri-
als initiated by pharmaceutical companies today fulfill these 
criteria. However, before the mid-1980s many clinical trials 
often included too few patients to allow any conclusions to 
be drawn.

TREATMENT OF CYSTITIS

Cystitis accounts for approximately 90% of all infections with 
significant bacteriuria. Typically, about 75% of women with 
cystitis have sporadic infections and 25% recurrent infections 
in an unselected sample. Complicated infections are seen in 
only about 2% of unselected patients. Most of the patients 
with cystitis are women aged 15–50 years.

In addition to antibiotic treatment, it is important to pro-
vide advice to the patient on how to prevent recurrences. 
Sexually active women should be told that emptying of the 
bladder after intercourse will reduce the risk of recurrences.

Although cystitis is a self-limiting benign infection in most 
patients, antibiotic treatment is recommended,22 the most 
important reason being to prevent ascending infections and 
pyelonephritis.

A large number of antibiotics are used for treatment of 
uncomplicated cystitis. A general rule is that oral β-lactam anti-
biotics (ampicillin, amoxicillin, carbapenems,  cephalosporins, 
amoxicillin–clavulanic acid and other β-lactam–β-lactamase 
inhibitor combinations and pivmecillinam) seem to be con-
siderably less efficacious in eradicating bacteriuria than 
trimethoprim–sulfonamide combinations, trimethoprim or 
fluoroquinolones (Table 54.5).10,23 This is not due to more 

frequent resistance to β-lactams than to other antibiotics in 
bacteria causing bacteriuria: a possible explanation is that 
β-lactam antibiotics are rapidly eliminated (i.e. the urine 
becomes free from antibacterial drug about 12 h after the 
last treatment dose). On the other hand, with trimethoprim, 
trimethoprim–sulfamethoxazole and fluoroquinolones, high 
concentrations of drug are maintained in the urine for 24 h or 
more after the end of treatment. Another possibility is that the 
latter drugs reduce the periurethral inoculum more effectively 
than β-lactams, thereby reducing the risk of recurrences.

There are no major differences in clinical efficacy between 
antibiotics used for the treatment of uncomplicated cystitis. 
Irrespective of whether the bacteriuria is eliminated or not, 
symptoms tend to disappear after 3 days. Thus, there is a 
poor correlation between clinical efficacy and bacteriological 
efficacy.

The treatment time in uncomplicated cystitis is a contro-
versial issue. Recommendations range from a large single dose 
to 7 days or more of treatment. A short treatment time offers 
better patient compliance, reduces costs and minimizes risks 
of adverse effects; however, all antibiotics tested in sufficiently 

Criterion requirements

Type of infection Only one – e.g. uncomplicated cystitis in women  
or complicated infections in either sex

Sample size 
 
 

For trials in cystitis at least 200 patients with  
confirmed bacteriuria per treatment group; smaller 
samples for complicated infections and  
pyelonephritis

Entry criteria Verified pyuria and/or positive nitrite test, typical 
symptoms, urine for culture

Control Well-documented regimen

Design Always prospective, controlled and randomized. 
Preferably double-blind

Endpoints 
 

Bacteriological efficacy, clinical efficacy and safety. 
Efficacy to be analyzed 5–9 days and 4–6 weeks  
after treatment

Analyses 
 
 
 

Both intention-to-treat analysis of outcome in all 
patients randomized and per-protocol analysis of 
patients fulfilling defined criteria (e.g. minimum  
treatment time, bacteriuria pretreatment and at  
least one follow-up visit)

table 54.4 Requirements of clinical trials of antibiotic 
treatment of urinary tract infections

table 54.5 bacteriological efficacy in a study comparing a 
β-lactam (ritipenem acoxil) with a fluoroquinolone (norfloxacin) 
for 5 days’ treatment of uncomplicated cystitis in women10

Follow-up and outcome

treatment

ritipenem acoxil Norfloxacin

5–9 days post-treatment
 No bacteriuria 51/122 (42%)a 77/114 (68%)
 Superinfection 22/122 (18%) 20/114 (18%)
 Persistence 41/122 (34%)a 12/114 (11%)
 Not assessable 8/122 (7%) 5/114 (4%)

3–4 weeks post-treatment   
 No bacteriuria 31/59 (53%) 52/82 (63%)
 Recurrence 17/59 (29%) 16/82 (20%)
 Reinfection 11/59 (19%) 8/82 (10%)
 Not assessable 0/59 6/82 (7%)

ap <0.001.

From The Swedish Urinary Tract Infection Study Group. Interpretation of the 
bacteriological outcome of antibiotic treatment for uncomplicated cystitis: impact 
of the definition of significant bacteriuria in a comparison of ritipenem axetil with 
norfloxacin. Clin Infect Dis. 1995;20:507–1503.

treatment time

rate of eradication of bacteriuria and treatment

trimethoprim–sulfonamide b-Lactam

Single-dose 267/300 (89%) 58/60 (66%)

3-day 139/147 (95%) 282/343 (82%)

>5-day 294/308 (96%) 370/423 (88%)

table 54.6 Comparative efficacy of trimethoprim–sulfonamide 
combinations and β-lactam antibiotics when used for different 
treatment times in patients with uncomplicated cystitis18

From Karlowsky JA, Hoban DJ, DeCorby MR, Laing NM, Zhanel GG. 
Fluoroquinoloneresistant isolates of Escherichia coli from outpatients are 
frequently multidrug resistant: results from the North American Urinary Tract 
Infection Collaborative Alliance–Quinolone Resistance Study. Antimicrob Agents 
Chemother. 2006;50:2251–2254.



large trials have been found to be less effective if used as a single 
dose than in a longer treatment time (Table 54.6).23 Differences 
exist between antibiotics. For trimethoprim–sulfamethoxazole 
and other combinations of trimethoprim and sulfonamides, 
high cure rates could be demonstrated after administration of 
a single dose. Treatment for 3 days improved the efficacy but 
no further benefits were achieved with longer treatment times. 
However, with prolonged treatment the frequencies of adverse 
events increased markedly in patients receiving trimethoprim-
sulfonamide combinations whereas the safety of β-lactam anti-
biotics was far less affected by the treatment time (Table 54.7). 
Fluoroquinolones also seem to be relatively effective if used for 
3 days or less and probably little is gained by increasing the 
treatment time to 5 days or more.

It is recommended that a short course (3 days or less) 
of trimethoprim–sulfamethoxazole, another trimethoprim– 
sulfonamide combination or trimethoprim alone is used as 
first-line treatment of sporadic uncomplicated cystitis when 
the local susceptibility pattern so allows. The documentation 
of efficacy is less comprehensive for trimethoprim because 
for many years trimethoprim–sulfamethoxazole was the gold 
standard in clinical trials. In pregnant women nitrofurantoin 
or a β-lactam antibiotic for 5–7 days should be used. β-Lactam 
antibiotics should otherwise generally be used restrictively 
due to their poor bacteriological efficacy.

Older, non-fluorinated quinolones should not be used for 
treatment of any type of urinary tract infection because they 
are considerably less active than the fluorinated quinolones 
and resistance emerges in high frequencies with these anti-
biotics. Moreover, resistance to older quinolones increases 
the risk of resistance to fluoroquinolones. Resistance to these 
antibiotics is chromosomal. With the non-fluorinated deriva-
tives a single mutation of one the bacterial genes coding for 
the DNA gyrase (topoisomerase I), which is the main tar-
get for quinolones, will result in resistance (see Ch. 3). Such 
mutations occur in a frequency of about 10−8. The new fluo-
roquinolones are  100–1000 times more active and require two 
consecutive mutations in species such as Esch. coli before the 
organisms become resistant, which is likely to occur at a fre-
quency of 10−16. If an old quinolone is used, the first  mutation 

is often initiated, and the risk for mutation to resistance against 
the fluoroquinolones (if they are used) then increases from 
10−16 to 10−8.

Patients with recurrent uncomplicated cystitis are more 
likely to have bacteriuria caused by organisms other than 
Esch. coli or Staph. saprophyticus. Pathogens that should be 
covered are enterococci and Klebsiella spp. The choice of anti-
biotics will depend on the treatment used for the preceding 
episode. Fluoroquinolones, if they have not been used in the 
same patient recently, are very likely to be effective. To pre-
serve the usefulness of the fluoroquinolones for treatment of 
these more serious infections and patients with pyelonephri-
tis, these antibiotics are not recommended as first-line drugs 
for treatment of uncomplicated sporadic cystitis.

In women with frequently recurring cystitis and in whom 
underlying complicating factors have been excluded, short-
term self-treatment has been proven to be effective.24,25

No follow-up procedures are warranted following treat-
ment of uncomplicated sporadic cystitis. The patient should 
be told to come back if she again experiences clinical symp-
toms. However, advice should always be given about ways to 
avoid recurrences – e.g. double- or triple-voiding, generous 
fluid intake and (as mentioned above) post-coital bladder 
emptying.

Antibiotics for treatment of uncomplicated sporadic cystitis 
can often be chosen without urine cultures, based on knowl-
edge of the local antibiotic susceptibility pattern. In patients 
with complicated infections (which are typically recurrent), 
and in patients with uncomplicated infections that recur, 
urine cultures should be performed routinely.

Antibiotics used for treatment of complicated and recur-
rent cystitis are the same as those used in sporadic uncom-
plicated infections. However, β-lactams tend to perform even 
less well than in sporadic cases and treatment must last 5 days 
or longer. In these patients the urine should be cultured after 
treatment to identify and eliminate any complicating factors.

TREATMENT OF PYELONEPHRITIS

Pyelonephritis may be a life-threatening infection. In adults, 
septicemia may lead to septic shock. In children, there is a 
marked risk for developing renal scars, which may lead to per-
manent renal damage if the patient develops recurrent urinary 
tract infections involving the affected kidney.14,15 Correct choice 
of empirical antibiotic treatment is therefore essential.22,23 The 
first therapeutic decision to be taken is whether or not the 
patient needs parenteral treatment. If an injectable antibiotic 
is needed, there are several alternatives for empirical treatment. 
In patients with community-acquired sporadic infections, a 
group 3 (second-generation) cephalosporin (e.g. cefuroxime), 
an aminoglycoside or, in some countries, trimethoprim– 
sulfamethoxazole is likely to be effective; ampicillin, amoxicillin 
and groups 1 and 2 (first-generation) cephalosporins (cepha-
lotin, cefazolin, cefadine and others), against which more than 
10% of Esch. coli strains are resistant, are not recommended. 
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From Karlowsky JA, Hoban DJ, DeCorby MR, Laing NM, Zhanel GG. 
Fluoroquinoloneresistant isolates of Escherichia coli from outpatients are 
frequently multidrug resistant: results from the North American Urinary Tract 
Infection Collaborative Alliance–Quinolone Resistance Study. Antimicrob Agents 
Chemother. 2006; 50:2251–2254.

treatment time

No. of patients with adverse events  
and treatment

trimethoprim–
sulfonamide

b-Lactam

Single-dose 30/404 (7%) 23/212 (11%)

3-day 13/195 (7%) 55/630 (9%)

>5-day 101/406 (25%) 126/934 (14%)

table 54.7 frequencies of adverse events reported after 
treatment of uncomplicated cystitis18
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In patients with hospital-acquired infections a group 4 or 
group 6 (third-generation) cephalosporin such as ceftazidime, 
cefotaxime or ceftriaxone, a carbapenem (imipenem or mero-
penem), an aminoglycoside or a fluoroquinolone (e.g. ciproflox-
acin or levofloxacin) are effective in most countries.

In the acute phase of pyelonephritis, renal function is always 
reduced. This, together with the fact that β-lactams, amino-
glycosides and quinolones all achieve high concentrations 
in urine, blood and renal tissues, allows the use of low doses 
(e.g. cefuroxime 750 mg every 8 h, 3 mg/kg per day of gen-
tamicin, netilmicin or tobramycin, and 200 mg every 12 h of  
intravenous ciprofloxacin). Some patients with pyelonephritis 
may be given oral antibiotics throughout the course of treat-
ment. Preferred antibiotics are the fluoroquinolones, which are 
more efficacious than oral β-lactam antibiotics.26 Because qui-
nolones are not recommended for pregnant women, and since 
the therapeutic efficacy of oral (but not parenteral) β-lactams 
must be questioned, oral treatment is not recommended ini-
tially in pregnant women with signs of pyelonephritis.

An insufficiently studied problem is what to use when a patient 
started on parenteral treatment is to be switched to an oral reg-
imen. Clinical trials of antibiotics have traditionally not been 
directed towards this problem and few studies have evaluated the 
normal clinical situation – i.e. that a patient is treated parenterally 
for 24–48 h and then continued on an oral antibiotic. At present 
the best choice for oral follow-up to an injectable antibiotic in a 
patient with pyelonephritis seems to be a fluoroquinolone.

The treatment time is traditionally 2 weeks in pyelonephritis. 
Longer periods seem not to increase the cure rates but are likely 
to result in higher frequencies of adverse reactions to the antibi-
otics used. One study comparing ciprofloxacin for 7 days with 
trimethoprim–sulfamethoxazole for 14 days showed equally 
good results in the two groups.27 Further studies are needed in 
this field. The efficacy of treatment for pyelonephritis should be 
followed up with urine cultures at least once after treatment.

ASYMPTOMATIC BACTERIURIA

Most patients with asymptomatic bacteriuria should not be 
treated. This is certainly true for patients with bladder catheters: 
in such cases treatment will only result in selection of increas-
ingly resistant bacterial strains and, if the patient should develop 
a systemic infection, it may be difficult to find an active antibiotic. 
Early studies indicated that asymptomatic bacteriuria in elderly 
people was correlated to an increased mortality; however, more 
recent investigations have not shown that bacteriuria per se is an 
independent risk factor for increased mortality.28–30 In one such 
study antimicrobial treatment of asymptomatic bacteriuria did 
not affect mortality. Exceptions to this rule are pregnant women 
and patients who are to undergo urogenital tract surgery: both 
these categories should be screened for bacteriuria and treated if 
positive. Antibiotics recommended are those used for treatment of 
uncomplicated cystitis. In other categories of patients (e.g. elderly 
people and those with diabetes mellitus), screening for bacteriu-
ria is not recommended because treatment of asymptomatic bac-
teriuria has not been proven to have beneficial effects.

PROPHYLAXIS AND LONG-TERM 
TREATMENT

Antibiotic prophylaxis of cystitis and pyelonephritis should 
be used very restrictively. Patients with frequent recurrences 
of these infections should be investigated in order to find and 
eradicate complicating factors leading to the recurrences. In 
some patients episodes of cystitis or pyelonephritis may require 
prolonged treatment to prevent recurrence before surgery is 
performed. An important group in which such prophylaxis is 
indicated is children with congenital anatomical defects. Several 
studies have indicated that reflux and pyelonephritis in young 
children are correlated with renal cortical damage and scarring.

In a small fraction of patients with recurrent cystitis or 
pyelonephritis, mainly girls and young women, no complicat-
ing factor can be identified. Such patients benefit from pro-
phylaxis and should be given nitrofurantoin or trimethoprim 
once daily at bedtime to ensure high bladder concentrations 
of drug during sleep. The treatment time is normally 6 months 
but several years of treatment may be required.

As mentioned above, cystitis in older women is often due 
to atrophic changes of the vaginal mucosa, increasing the peri-
urethral bacterial inoculum. Elderly women should therefore 
be examined for vaginal atrophy; if present, atrophy should 
be treated with estrogen to prevent recurrence. Intravaginal 
treatment with estriol seems to give the lowest frequencies of 
adverse reactions.31,32 In a randomized trial in older women, 
trimethoprim prophylaxis was only marginally better than 
cranberry juice for prevention of recurrences of urinary tract 
infections.33

TREATMENT OF PROSTATITIS

Antibiotic treatment of prostatitis differs from that of cystitis 
and pyelonephritis, both in choice of antibiotic and in treat-
ment time. In patients in whom gonorrhea and chlamydial 
infection have been excluded, identification of the etiology 
can be attempted using segmented urine culture (see above). 
However, in most cases this procedure is too cumbersome 
and treatment is started without etiological verification. Drugs 
frequently used and well documented are trimethoprim– 
sulfamethoxazole, tetracyclines (e.g. doxycycline) and  
fluoroquinolones. Treatment should last 3 weeks or longer.

TREATMENT OF FUNGURIA

When Candida sp. is isolated in the urine and considered clin-
ically relevant, treatment should be given. Amphotericin B 
is generally active against Candida and resistance has never 
been reported. However, the drug is difficult to adminis-
ter and has considerable nephrotoxicity. One alternative in 
selected patients is local instillation of amphotericin B.34 The 
azole derivatives (e.g. fluconazole and itraconazole) are liver 
metabolized and achieve low urine concentrations. Resistance 
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to these drugs may occur; Candida krusei and Candida glabrata 
are normally fluconazole resistant. An alternative choice for 
treatment of candiduria, if the isolated organisms are suscep-
tible, is 5-fluorocytosine (flucytosine) which is excreted by 
the kidneys and achieves high concentrations in renal tissue. 
However, caution should be taken not to use too high a dose 
of this drug, which may lead to adverse reactions. Optimally, 
serum concentrations of flucytosine should be kept between 
25 and 75 mg/L during the entire dose period.

 References

 1. Kass EH. Bacteriuria and diagnosis of infections of the urinary tract: with 
observations on the use of methenamine as a urinary antiseptic. Arch Intern 
Med. 1957;100:709–714.

 2. Stamm WE, Counts GW, Running KR, Fihn S, Turck M, Holmes KK. Diagnosis of 
coliform infection in acutely dysuric women. N Engl J Med. 1982;307:463–468.

 3. Stamm WE. Measurement of pyuria and its relation to bacteriuria. Am J Med. 
1983;75:53–58.

 4. Rubin EH, Shapiro ED, Andriole VT, Davis RJ, Stamm WE. Evaluation of new 
anti-infective drugs for the treatment of urinary tract infections. Clin Infect Dis. 
1992;15(suppl 1):S216–S227.

 5. Moreno E, Andreu A, Pigrau C, Kuskowski MA, Johnson JR, Prats G. 
Relationship between Escherichia coli strains causing acute cystitis in women 
and the fecal E. coli population of the host. Antimicrob Agents Chemother. 
2008;46:2529–2534.

 6. Svanborg-Edén C, Hanson L, Jodal U, Sohl-Åkelund A. Variable adherence to 
normal urinary tract epithelial cells of Escherichia coli strains associated with 
various forms of urinary tract infections. Lancet. 1976;1:490–492.

 7. Wullt B, Bergsten G, Samuelsson M, Gebretsadik N, Hull R, Svanborg C. The 
role of P. fimbriae for colonization and host response induction in the human 
urinary tract. J Infect Dis. 2001;183(suppl 1):S43–S46.

 8. Frendelis B, Godaly G, Hang L, Karpman D, Svanborg C. Interleukin-8 
receptor deficiency confers susceptibility to acute pyelonephritis. J Infect Dis. 
2001;183(suppl 1):S43–S46.

 9. Otto G, Sandberg T, Marklund BI, Ulleryd P, Svanborg C. Virulence factors 
and pap genotype in Escherichia coli isolates from women with acute 
pyelonephritis, with or without bacteremia. Clin Infect Dis. 1993;17:448–456.

 10. The Swedish Urinary Tract Infection Study Group. Interpretation of the 
bacteriological outcome of antibiotic treatment for uncomplicated cystitis: 
impact of the definition of significant bacteriuria in a comparison of ritipenem 
axetil with norfloxacin. Clin Infect Dis. 1995;20:507–1503.

 11. Hovelius B, Mårdh PA. Staphylococcus saprophyticus as a common cause of 
urinary tract infections. Rev Infect Dis. 1984;6:328–337.

 12. Schneider PF, Riley TV. Staphylococcus saprophyticus urinary tract infections: 
epidemiological data from Western Australia. Eur J Epidemiol. 1996;12:51–54.

 13. Westwood ME, Whiting PF, Cooper J, Watt JS, Kleijnen J. Further investigations 
of confirmed urinary tract infection (UTI) in children under five years: a 
systematic review. BMC Pediatr. 2005;5:1–10.

 14. Ditchfield MR, Decampo JF, Nolan TM, et al. Risk factors in the development 
of early renal cortical defects in children with urinary tract infections. Am J 
Roentgenol. 1994;162:1393–1397.

 15. Smellie JM, Poulton A, Prescod NP. Retrospective study of children with 
renal scarring associated with reflux and urinary infection. Br Med J. 
1994;308:1193–1196.

 16. Domingue Sr GR, Hellstrom WJ. Prostatitis. Clinical Microbiological Reviews. 
1998;11:604–613.

 17. Krieger JN, Jacobs R, Ross SO. Detecting urethral and prostatic inflammation 
in patients with chronic prostatitis. Urology. 2000;55:186–191.

 18. Karlowsky JA, Hoban DJ, DeCorby MR, Laing NM, Zhanel GG. Fluoroquinolone-
resistant isolates of Escherichia coli from outpatients are frequently multidrug 
resistant: results from the North American Urinary Tract Infection Collaborative 

Alliance–Quinolone Resistance Study. Antimicrob Agents Chemother. 
2006;50:2251–2254.

 19. Bean DC, Krahe D, Wareham DW. Antimicrobial resistance in community and 
nosocomial Escherichia coli urinary tract isolates, London 2005–2006. Ann Clin 
Microbiol Antimicrob. 2008;7:13.

 20. Colgan R, Johnson JR, Kuskowski M, Gupta K. Risk factors for trimethoprim–
sulfamethoxazole resistance in patients with acute uncomplicated cystitis. 
Antimicrob Agents Chemother. 2008;52:846–851.

 21. Oteio J, Campos J, Lazaro E, et al. Increased amoxicillin–clavulanic acid 
resistance in Escherichia coli. Emerg Infect Dis. 2008;14:1259–1262.

 22. Warren JW, Abrutyn E, Hebel JR, Johnson JR, Schaeffer AJ, Stamm WE. 
Guidelines for antimicrobial treatment of uncomplicated acute bacterial 
cytitis and acute pyelonephritis in women. Clin Infect Dis. 1999;29:745–758.

 23. Norrby SR. Short-term treatment of uncomplicated urinary tract infections in 
women. Rev Infect Dis. 1990;12:458–467.

 24. Wong ES, McKevitt M, Running K, Counts GW, Turck M. Management of 
recurrent urinary tract infections with patient-administered single-dose 
therapy. Ann Intern Med. 1985;102:301–307.

 25. Schaeffer AJ, Stuppy BA. Efficacy and safety of self-start therapy in women 
with recurrent urinary tract infections. Urology. 1999;161:207–211.

 26. Sandberg T, Englund K, Lincolm K, Nilsson LG. Randomized double-blind 
study of norfloxacin and cefadroxil in the treatment of acute pyelonephritis. 
Eur J Clin Microbiol Infect Dis. 1990;9:317–322.

 27. Talan DA, Stamm WE, Hooton TM, et al. Comparison of ciprofloxacin (7 days) 
and trimethoprim–sulfamethoxazole (14 days) for acute uncomplicated 
pyelonephritis in women. J Am Med Assoc. 2000;283:1583–1590.

 28. Abrutyn E, Mossey J, Berlin JA, Levison M, Pitsakis P, Kaye D. Does 
asymptomatic bacteriuria predict mortality and does antimicrobial 
treatment reduce mortality in elderly ambulatory women? Ann Intern Med. 
1994;120:827–833.

 29. Nicolle LE, Mayhew WJ, Bryan L. Prospective randomized comparison of 
therapy or no therapy for asymptomatic bacteriuria in institutionalized elderly 
women. Am J Med. 1987;83:27–33.

 30. Nicolle LE, Bjornson J, Harding GK, MacDonell JA. Bacteriuria in elderly 
institutionalized men. N Engl J Med. 1983;309:1420–1425.

 31. Raz R, Stamm WE. A controlled trial of intravaginal estriol in post-
menopausal women with recurrent urinary tract infections. N Engl J Med. 
1993;329:753–756.

 32. Raz R. Hormone replacement therapy or prophylaxis in postmenopausal 
women with recurrent urinary tract infection. J Infect Dis. 2001;183(suppl 1): 
S74–S76.

 33. McMurdo MET, Argo I, Phillips G, Daly F, Davey P. Cranberry or trimethoprim 
for prevention of recurrent urinary tract infections? A randomized controlled 
trial in older women. J Antimicrob Chemother. 2009;63:389–395.

 34. Fisher FJ. Candiduria: when and how to treat it. Current Infectious Disease 
Report. 2000;2:523–530.

 Further information

Butler CC, Hillier S, Roberts Z, Dunstan F, Howard A, Palmer S. Antibiotic-resistant 
infections in primary care are symptomatic for longer and increase workload: 
outcomes for patients with E. coli UTIs. Br J Gen Pract. 2006;56:686–692.

Cendron M. Antibiotic prophylaxis in the management of vesicoureteral reflux. 
Advances in Urology. 2008; 825475.

Huppert JS, Biro F, Lan D, et al. Urinary symptoms in adolescent females: STI or 
UTI? J Adoles Health. 2007;40:418–424.

Kwok W-Y, de Kwaadsteniet MCE, Harmsen M, van Suijlekom-Smit LWA, Schellevis FG, 
van der Wouden J. Incidence rates and management of urinary tract infections 
among children in Dutch general practice: results from a nation-wide 
registration study. BMC Pediatr. 2006;6:10.

Moorthy I, Easty M, McHugh K, Ridout D, Biassoni L, Gordon I. The presence of 
vesicoureteric reflux does not identify a population at risk of renal scarring 
following a first urinary tract infection. Arch Dis Child. 2005;90:733–736.

Welsh A., ed. Urinary tract infection in children. London: RCOG Press at the Royal 
College of Obstetricians and Gynaecologists; 2007.



Chapter

55
phillip hay and rüdiger pittrof

Infections in pregnancy

On a global scale, infection during or after pregnancy is an 
important public health problem and a leading cause of 
 pregnancy-related health loss. The prevention and appropri-
ate treatment of infection in pregnancy must have a high pri-
ority in any health service. Healthcare interventions during 
pregnancy, the puerperium and the lactational period differ 
from those occurring at other times as they may affect the 
health of both mother and fetus/baby.

Possible outcomes of pregnancy-related infections are 
shown in Table 55.1. The US Food and Drug Administration 
(FDA) categories for prescribing antimicrobials are shown in 
Table 55.2.

While treating infections in pregnancy can improve the 
health of mother and fetus/baby, it may result in congenital 
or neonatal health problems or litigation. In affluent countries 
approximately 1 in 400 babies is affected by a birth defect with 
a teratogenic etiology. If nutritional supplements are excluded, 
medication to treat infection constitutes the largest single group 
of prescribed drugs. As patients often assume that congenital 
malformations are secondary to a drug taken in pregnancy1 and 
attorneys offer ‘no-cost litigation’, litigation following antimi-
crobial treatment is a real risk of prescribing in pregnancy.

GENERAL PRINCIPLES OF DRUG USE IN 
PREGNANCY AND THE PUERPERIUM

As for any medical intervention, antimicrobial treatment in 
pregnancy aims to maximize expected benefits while mini-
mizing expected harms. The frequency of harmful outcomes 
of treatment or its omission is uncertain for most conditions 
and drugs. When estimating the risks of a treatment, teratol-
ogy studies in non-human primates offer the best predictors 
of human teratogenicity as they have a sensitivity and speci-
ficity of >90%.2

When treating infection in pregnancy and the puerperium 
the prescriber has to decide:

1. when to initiate treatment; when the diagnosis is 
 suspected, as in possible maternal pyelonephritis.

2. when the diagnosis is confirmed, for example maternal 
tuberculosis, or when the risk of congenital or neonatal 
problems is minimized as in maternal HIV infection after 
the first trimester of pregnancy.

3. which medication to use – whether scientific data is 
available regarding the safety of various treatments 
options in pregnancy. Unfortunately, little information 
is available to assess the frequency of maternal side 
effects.

4. how the physiological changes in normal and abnormal 
pregnancy (Table 55.3) affect the pharmacokinetics, dose 
regimen and side effects of the treatment chosen.

While there is little information as to how these changes affect 
the pharmacokinetics of antimicrobial medication, it is rea-
sonable to assume that, for a given dose and dose interval, 
serum  levels of antimicrobial agents will be 10–15% lower 
than in a similar non-pregnant patient.3

SPECIAL CONSIDERATIONS 
FOR ANTIMICROBIAL TREATMENT 
IN PREGNANCY OR DURING  
LACTATION

ANTIBACTERIALS

 AMINOGYCOSIDES

Aminoglycosides readily cross the placenta, and fetal blood 
concentrations reach 20–60% of maternal blood levels. 
Following the long-term use of streptomycin for the treat-
ment of maternal tuberculosis, eighth nerve damage has been 
reported in the neonate, but short-term use of aminoglyco-
sides at therapeutic dose is extremely unlikely to result in fetal 
ototoxicity.4 The physiological changes in pregnancy may 
make it very difficult to maintain therapeutic levels of amin-
oglycosides in mother (or fetus) and regular monitoring of 
serum is indicated.
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 CEPHALOSPORINS

The cephalosporins are the most commonly prescribed anti-
biotics in pregnancy. All cephalosporins cross the placenta 
and no adverse fetal effects have been reported in humans. 

However, testicular damage has been observed in male rats 
following intrauterine exposure to N-methylthiotetrazole 
cephalosporins. Many group 3 and group 4(second- and third-
generation) cephalosporins contain this side chain (see Ch. 13) 
and should be used with caution in pregnancy. Cefoxitin 
(a group 3 cephalosporin) does not contain the side chain.

  FDa pregnancy category

B C D

FDa definition 
 
 
 
 

Animal reproduction studies fail to  
demonstrate a risk to the fetus and 
adequate and well-controlled studies 
of pregnant women have not been 
conducted 

Safety in human pregnancy has not 
been determined, animal studies are 
either positive for fetal risk or have not 
been conducted, and the drug should 
not be used unless the potential benefit 
outweighs the potential risk to the fetus

Positive evidence of human fetal risk 
based on adverse reaction data from 
investigational or marketing experiences, 
but the potential benefits from the use 
of the drug in pregnant women may be 
acceptable despite its potential risks

antimicrobials 
 
 
 
 
 

Amoxicillin, ampicillin, azithromycin,  
carbenicillin, cefazolin, cefotaxime, 
cefoxitin, ceftriaxone, cefuroxime, 
cefalexin, cefalotin, clindamycin, 
cloxacillin, dicloxacillin, erythromycin, 
metronidazole, nafcillin, nitrofurantoin, 
sulfonamides, vancomycin

Aciclovir, amikacin, chloramphenicol, 
ciprofloxacin, clarithromycin, fluconazole, 
gentamicin, imipenem, trimethoprim 
 
 
 

Tetracyclines, tobramycin 
 
 
 
 
 

antiretroviral agents Shown in Table 55.4
Source: Perinatal HIV Guidelines Working Group. Public Health Service Task Force recommendations for use of antiretroviral drugs in pregnant HIV-infected 
women for maternal health and interventions to reduce perinatal HIV transmission in the United States. April 29, 2009; pp 1–90. Available at http://aidsinfo.nih.
gov/ContentFiles/PerinatalGL.pdf, table 2, pp 23–25.

Group a
FDA definition: Adequate and well-controlled studies of pregnant women fail to demonstrate a risk to the fetus during the first trimester of pregnancy (and 
there is no evidence of risk during later trimesters).
Antimicrobials: there are no antimicrobials in this group.

Group X
FDA definition: Studies in animals or reports of adverse reactions have indicated that the risk associated with the use of the drug for pregnant women clearly 
outweighs any possible benefit.
Antimicrobials: there are no antimicrobials in this group.

table 55.2 US Food and Drug Administration (FDA) categories for prescribing antimicrobials in pregnancy

Outcome example

Healthy mother and healthy fetus Common cold (most infections)

Mother without apparent health problems, congenital infection  
with abortion, stillbirth or long-term morbidity of the child

Untreated latent syphilis infection 

Maternal infection causing minimal maternal illness but resulting  
in congenital infection 

Cytomegalovirus infection causing mental retardation
Parvovirus infection causing non-immune hydrops fetalis, toxoplasmal  
congenital eye disease

Maternal infection causing (preterm) delivery of non-infected child Urinary tract infection with high maternal fever, malaria

Maternal infection causing (preterm) delivery of an infected child Chorioamnionitis secondary to ascending lower genital tract infection (group 
B streptococcus, bacterial vaginosis, toxoplasmosis, rubella)

Maternal death or long-term morbidity following inadequate  
treatment (this may also affect the health of the fetus/baby)

Postabortion or puerperal sepsis leading to maternal death or infertility 

Treatment of maternal illness causing fetal problems Treatment of maternal infection with aminoglycosides resulting in 8th cranial 
nerve damage of the fetus

Treatment of maternal illness causing neonatal problems Neonatal gray syndrome following maternal chloramphenicol treatment
Neonatal kernicterus following maternal long-acting sulfonamides

Litigation of the prescribing physician (not uncommon) Treatment of maternal illness and birth of a child with congenital abnormalities 
not related to the infection or treatment

table 55.1 Theoretically possible outcomes of pregnancy-related infections
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 CLINDAMYCIN

Cord blood levels of clindamycin are only 15–50% of those 
in maternal blood. Clindamycin has not been linked to con-
genital abnormalities. However, this is based on limited data 
and in a recent review by Nahum and colleagues5 clindamy-
cin, together with gentamicin and vancomycin, was classified 
as undetermined.

 CHLORAMPHENICOL

Chloramphenicol has not been associated with an increased 
risk of congenital malformation. However, when given in 
late pregnancy there is a theoretical risk of ‘gray baby syn-
drome’ (cyanosis, vascular collapse and death in premature 
neonates).

 MACROLIDES

The most commonly used macrolides are erythromycin, 
azithromycin and clarithromycin. Placental transfer of these 
antibiotics is low and no fetal problems have been reported.

While there is considerable evidence of the safety of azithro-
mycin in pregnancy it is still labeled as a category B drug by 
the manufacturer.

Clarithromycin is usually used for the treatment or pro-
phylaxis of Mycobacterium avium complex in HIV-positive 
patients. There are no large studies of this drug in pregnancy 
and its manufacturer rates it as category C.

Erythromycin has been used extensively in pregnancy but 
may be associated with an increased risk of cardiovascular 
malformations and pyloric stenosis.6

 METRONIDAzOLE

Metronidazole is the treatment of choice for trichomoniasis 
and anaerobic infections. It crosses the placenta readily and 

cord blood levels are similar to maternal blood levels. In mice 
and bacteria it is tumorigenic and mutagenic, but no such 
observations have been made in humans, and administra-
tion to over 1000 women during the first trimester of preg-
nancy did not result in an increased rate of malformations.7 
A possible association between vaginal treatment with met-
ronidazole during the first trimester of pregnancy and con-
genital hydrocephalus has been described.8 Metronidazole 
should be used during the first trimester only if the benefits 
outweigh the potential risks. Metronidazole concentrates in 
breast milk, causing it to taste bitter and may thus cause 
problems with breastfeeding.

 NITROFURANTOIN

Nitrofurantoin is commonly used for the treatment of uri-
nary tract infections in pregnancy. As it crosses the placenta, 
it could cause hemolysis in a fetus with glucose-6-phosphate 
dehydrogenase deficiency. With our current knowledge, ‘treat-
ment with nitrofurantoin during pregnancy does not present 
detectable teratogenic risk to the fetus’.9

 PENICILLINS

Although all penicillins cross the placenta rapidly and 
result in cord blood concentrations that may be higher than 
those observed in maternal blood, there is good evidence 
of their safety in pregnancy5 and no evidence that they are 
teratogenic.

 QUINOLONES

In a study of 549 pregnancies exposed to quinolones during 
the first trimester, no increased rate of malformations was 
observed.10 However, quinolones are not recommended in 
pregnancy as they can cause lesions of the cartilage leading to 
lameness and arthropathy in immature dogs.

physiological effects in pregnancy therapeutic implications

Increased blood volume (>40% at term) and total body water Possibly larger loading dose

Decreased serum albumin concentration Possible underestimation of free active drug

Increased hepatic metabolism, increased creatinine clearance Possible increased drug clearance and need for higher doses and/or shorter 
dose intervals

Decreased gastrointestinal motility Unpredictable absorption of oral medication. Possibly increased frequency of  
gastrointestinal side effects

Pathophysiological changes in pre-eclampsia (proteinuric hypertension 
in pregnancy). Compared with normal pregnancy: reduced intravascular  
volumes and total body water, serum albumin and creatinine clearance

Use high doses for drugs with a wide safety margin (such as penicillins) and/or 
monitor therapeutic levels of drugs with narrow safety margin (such as  
aminoglycosides) frequently

table 55.3 Implications of physiological changes in pregnancy
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  SULFONAMIDES AND 
TRIMETHOPRIM

Sulfonamides inhibit folate synthesis and may thus be asso-
ciated with an increased risk of congenital malformations. 
Sulfonamides cross the placenta readily and compete for 
fetal and neonatal bilirubin binding sites. In the neonate this 
could cause hyperbilirubinemia. An association between folic 
acid antagonist treatment in early pregnancy and neural tube 
defects has been reported.11

 TETRACYCLINES

Tetracyclines readily cross the placenta and when given in 
the second half of pregnancy are deposited in the long bones 
(no adverse effects) and deciduous teeth (causing yellow–
brown discoloration) of the fetus. The impact of pregnancy 
on the frequency or severity of adverse side effects of tetra-
cyclines in the mother is unknown but gastrointestinal prob-
lems appear to be more frequent. Except for the treatment 
of penicillin-allergic patients for whom desensitization is not 
available, tetracyclines are rarely indicated in pregnancy or 
during lactation.

  GLYCOPEPTIDE ANTIBIOTICS  
(vANCOMYCIN AND TEICOPLANIN)

There are insufficient data to comment on the safety of van-
comycin and teicoplanin in pregnancy. Vancomycin can be 
ototoxic and nephrotoxic and, as it crosses the placenta, simi-
lar effects could also occur in the fetus. Manufacturers advise 
use only if potential benefit outweighs risk, and monitoring of 
levels of vancomycin to minimize the risks of fetal toxicity.

 OTHER ANTIBIOTICS

There are insufficient data to comment on the safety of aztre-
onam, imipenem, linezolid or daptomycin in pregnancy. 
Fusidic acid is not known to be harmful.

 ANTITUBERCULOSIS DRUGS

There is good evidence that antituberculosis drugs do 
not increase the frequency of congenital malformations. 
Rifampicin (rifampin), ethambutol and isoniazid have no 
apparent adverse effects and, therefore, are considered safe 
throughout pregnancy. As pyridoxine requirements in preg-
nancy are likely to be increased, pregnant women taking iso-
niazid should also take 50 mg pyridoxine per day. Insufficient 

human data are available for pyrazinamide, which may best 
be avoided during the first trimester. Streptomycin and kana-
mycin are associated with eighth cranial nerve damage in the 
fetus.

ANTIFUNGALS

Nystatin, clotrimazole and miconazole are frequently used for 
the treatment of candidiasis. There are no reports of increases 
in malformations from their use and they can be regarded 
as safe to take in pregnancy. Butoconazole, terconazole and 
ketoconazole are unlikely to cause malformations, but have 
not been adequately investigated in large studies.

Fluconazole has been associated with multiple congenital 
abnormalities at doses of 400 mg/day or greater. The pub-
lished experience with the use of smaller doses, such as those 
prescribed for vaginal fungal infections, suggests that the risk for 
adverse outcomes is low, if it exists at all.12 In those instances 
in which continuous, high-dose fluconazole is the only thera-
peutic choice during the first trimester, the patient should be 
informed of the potential risk to her fetus.

The available human data suggest that itraconazole is 
unlikely to cause major anomalies in humans.

There are also serious risks of fetal malformations associ-
ated with the use of griseofulvin, ketoconazole, voriconazole 
and flucytosine. Caspofungin is classified as pregnancy cat-
egory C; it is not genotoxic or mutagenic, but is embryotoxic 
in rats and rabbits. No controlled studies have evaluated the 
safety of amphotericin B in pregnancy but case reports do not 
suggest teratogenicity.

SPECIFIC THERAPEUTIC PROBLEMS 
IN PREGNANCY

INTRODUCTION

During the 19th century maternal death from puerperal sepsis 
was a feared and common outcome of delivery. It is now rare 
in industrialized countries, but infections continue to present 
more subtle problems for pregnant women. The unique vul-
nerability of the developing fetus to infection and the role of 
subclinical infections in preterm birth (and possibly cerebral 
palsy) are being unraveled.

CHORIOAMNIONITIS AND  
INTRA-AMNIOTIC INFECTION

Premature delivery is a continuing and serious neonatal prob-
lem. Most neonatal deaths and morbidity (in the form of chronic 
lung disease and neurological impairment) occur in preterm 
births. Algorithms have been produced to enable obstetricians 
to estimate the risk of preterm birth for a  particular pregnancy. 
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A history of previous preterm birth is the greatest risk factor; 
this, and most of the other risk factors, are not easily modi-
fied during pregnancy. Few interventions have been shown to 
reduce the incidence of preterm birth, and the incidence has 
changed little in the last 40–50 years in Europe and the USA.13 
Currently the incidence of birth at less than 37 weeks’ gesta-
tion is 5–7% in Europe and 11% in North America. Most of 
the mortality and morbidity occurs in babies born before 34 
weeks’ gestation.

Histological chorioamnionitis and subsequent amniotic 
fluid infection are associated with preterm birth; this associa-
tion is strongest in very preterm birth (<29 weeks). Animal 
models have demonstrated putative mechanisms through 
which infection leads to the release of proinflammatory 
cytokines such as interleukin-6 and tumor necrosis factor-α.14 
These cytokines in turn stimulate production of arachidonic 
acid metabolites, including prostaglandins, leading to cervical 
ripening, uterine contractions and preterm birth. This pro-
cess is often subclinical, but in its most acute forms is associ-
ated with maternal fever, a raised C-reactive protein and an 
elevated erythrocyte sedimentation rate (ESR) in the mother. 
Recent studies have implicated elevated levels of proinflamma-
tory cytokines with adverse sequelae in the neonate, including 
the pathogenesis of fetal cerebral white matter damage and 
bronchopulmonary dysplasia, precursors of cerebral palsy 
and chronic lung disease, respectively. This has been reviewed 
in more detail elsewhere.15

Most chorioamnionitis is due to ascending spread of bac-
teria from the lower genital tract either during or before preg-
nancy. The organisms found most frequently in association 
with chorioamnionitis and amniotic fluid infection include 
mycoplasmas (Ureaplasma urealyticum and Mycoplasma hom-
inis), Bacteroides (Prevotella) species, Gardnerella vaginalis, 
peptostreptococci and group B streptococci.16 Most of these 
organisms are found in high concentrations in the vaginal 
fluid of women with bacterial vaginosis, but also make up part 
of the normal flora in healthy women.

Bacterial vaginosis (BV) is the most common cause of 
vaginal discharge in women of childbearing age. The princi-
pal symptom is an offensive, fishy-smelling vaginal discharge 
that is often more apparent during menstruation or following 
unprotected intercourse. BV may resolve and occur spontane-
ously. In some populations its prevalence is greater than 50%, 
although in the UK it occurs in only 10–15% of women. It is 
thought to represent a disturbance of the vaginal ecosystem in 
which the usually dominant lactobacilli are overwhelmed by 
an overgrowth of predominantly anaerobic organisms includ-
ing Gardnerella vaginalis, Bacteroides spp. Mycoplasma homi-
nis and Mobiluncus spp. There is an increase in the vaginal 
pH from a normal below 4.5 to up to 7.0. BV is not a sexu-
ally transmitted infection and there is no  benefit from treating 
male partners. Many observational studies have confirmed 
that women with BV have an increased risk of second trimes-
ter loss and preterm birth, with odds ratios between 1.4 and 
6.9;17 indeed, it may be the most important cause of  idiopathic 
preterm birth.

Several studies have evaluated the use of antibiotics to treat 
women in pregnancy with BV to prevent preterm birth. Some 
studies of selected women at high risk have shown a benefit 
from treatment with metronidazole, or with a combination of 
erythromycin and metronidazole. The largest study, however, 
used short courses of metronidazole orally and showed no 
benefit in unselected asymptomatic women, or the subgroup 
with a previous preterm delivery.18 Further studies are being 
performed, but at present no definitive conclusions can be 
reached on the value of such treatment. In 2007 a Cochrane 
review19 found that antibiotic therapy for bacterial vaginosis 
during pregnancy did not reduce the risk of delivery before 37 
weeks. However, treatment before 20 weeks’ gestation may 
reduce the risk of preterm birth less than 37 weeks. In women 
with a previous preterm birth it may decrease the risk of pre-
mature preterm rupture of membranes.

Current guidelines from the USA (Centers for Disease 
Control and Prevention guidelines) and the UK (British 
Association for Sexual health and HIV, Clinical Effectiveness 
Group) do not suggest screening for bacterial vaginosis in 
pregnancy. A Cochrane review in 2008, however, found that 
screening for lower genital tract infection (BV, Trichomonas 
vaginalis and candidiasis) resulted in a ‘lower incidence of pre-
term birth for low birth weight preterm infants with a weight 
equal to or below 2500 g and very low birth weight infants 
with a weight equal to or below 1500 g were significantly lower 
in the intervention group than in the control group’.20

Standard treatment in the UK for BV is metronidazole 
400 mg every 12 h for 5 days, resulting in resolution within 
a few days; however, relapse occurs in as many as 30% of 
women within 1 month. Alternative treatments include intra-
vaginal 0.75% metronidazole gel, 2% clindamycin cream and 
oral clindamycin 300 mg every 12 h for 5 days. Physicians 
have been wary of prescribing metronidazole during preg-
nancy because of reputed teratogenicity, but this has not been 
proven by human experience. If a woman requires treatment, 
it is sensible to discuss the potential risks and weigh them 
against the benefits. Both oral and intravaginal clindamy-
cin have been associated with pseudomembranous colitis, a 
potentially fatal condition. Women who develop diarrhea fol-
lowing such treatment, particularly with blood, should cease 
treatment and seek medical advice.

PRETERM LABOR AND PRETERM 
PREMATURE RUPTURE OF MEMBRANES

Many of the infections that trigger preterm premature  rupture 
of membranes and preterm birth are subclinical, without 
accompanying fever, maternal tachycardia, raised white cell 
count or raised ESR. A large multicenter UK-based study 
(ORACLE) of antibiotic treatment for women presenting 
in preterm labor has been completed recently. There was a 
reduction in adverse neonatal outcome for the use of erythro-
mycin, but not amoxicillin–clavulanic acid, compared with the 
 placebo group. There was an increase in neonatal  morbidity 
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with amoxicillin–clavulanic acid, with 2.3% of infants whose 
mothers received it developing necrotizing enterocolitis 
 (compared with 0.8% in the other groups).21

A Cochrane review (last updated in 2004)22 confirmed a 
statistically significant reduction in chorioamnionitis, num-
bers of babies born within 48 h and 7 days of randomiza-
tion, neonatal infection and abnormal cerebral ultrasound 
scan prior to discharge from hospital. Symptomatic intrauter-
ine infection should be managed by delivery and intrapartum 
antibiotics, as described for postpartum infection.

Antibiotics should not, however, be given in preterm 
labor in the absence of ruptured membranes or evidence of 
infection.23

ANTIBIOTIC PROPHYLAXIS AND 
CESAREAN SECTION

Randomized trials provide conflicting evidence as to the value 
of antibiotic prophylaxis on the prevention of postoperative 
febrile illness and wound infection following cesarean sec-
tion. While the most recent and largest study24 showed no sig-
nificant benefit, a Cochrane review found that prophylactic 
antibiotics ‘reduce the risk of endometritis by two-thirds to 
three-quarters and a decrease in wound infections justifies a 
policy of recommending prophylactic antibiotics to women 
undergoing elective or non-elective caesarean section’.25 In a 
‘litigation-friendly environment’ obstetricians are currently 
advised to follow local or national guidelines. If antibiotic 
prophylaxis is used, ampicillin or a group 1 (first-generation) 
cephalosporin is a reasonable choice.

URINARY TRACT INFECTION

Asymptomatic bacteriuria occurs in 5–10% of all pregnan-
cies. If it is left untreated, 20–30% of mothers will develop 
acute pyelonephritis.26 A Cochrane review compared antibi-
otic treatment with placebo or no treatment. It found that 
antibiotic treatment was effective in clearing asymptomatic 
bacteriuria (risk ratio (RR) 0.25, 95% confidence interval 
(CI) 0.14–0.48), reducing the incidence of pyelonephritis 
(RR 0.23, 95% CI 0.13–0.41) and the incidence of low birth 
weight babies (RR 0.66, 95% CI 0.49–0.89) but a difference 
in preterm delivery was not seen.27 Furthermore, screening 
for and treatment of asymptomatic bacteriuria in pregnancy 
has been shown to be cost-effective.28

It is uncertain whether single-dose therapy is as effective as 
longer conventional antibiotic treatment29 (see Ch. 54).

POSTPARTUM INFECTION

Following pregnancy the genital tract offers ideal culture con-
ditions for many bacteria. The presence of virulent bacteria 
(group A and B streptococci, aerobic Gram-negative rods, 

Neisseria gonorrhoeae, organisms associated with bacterial 
 vaginosis or Mycoplasma hominis) increases the risk of endo-
metritis,30 as do prolonged rupture of membranes and mul-
tiple vaginal examinations.

A Cochrane review of antibiotic regimens for endometritis 
after delivery concluded: ‘The combination of gentamicin and 
clindamycin is appropriate for the treatment of endometritis. 
Regimens with activity against penicillin-resistant anaerobic 
bacteria are better than those without. There is no evidence 
that any one regimen is associated with fewer side effects. 
Once uncomplicated endometritis has clinically improved 
with intravenous therapy, oral therapy is not needed.’31

SPECIFIC INFECTIONS

BACTERIAL INFECTIONS

 SYPHILIS

Syphilis is a sexually transmitted infection caused by the spi-
rochete Treponema pallidum. It can also be spread nosocomi-
ally through contact with infected secretions, occasionally 
through blood products, and transplacentally. Syphilis is com-
mon in many developing countries, where up to 10% of preg-
nant women may have positive serological tests. In Western 
Europe and the USA the incidence fell progressively over the 
course of the second half of the 20th century. An increase in 
incidence in the USA during the late 1980s was linked to sub-
stance abuse, particularly ‘crack’ cocaine, as was a small epi-
demic in Bristol in the UK in 1998. Such outbreaks, including 
the epidemic reported in Russia and Eastern Europe during 
the 1990s, reinforce the importance of continued vigilance 
and surveillance against this infection. Syphilis is described 
fully in Chapter 56, so only the aspects relevant to pregnancy 
are reviewed here.

Syphilis may infect the fetus at any time during gestation 
and can be transmitted during any stage of maternal disease; 
at least two-thirds of all babies born to untreated women with 
syphilis are infected.32 The spectrum of congenital syphi-
lis varies, from a severe fetal infection causing intrauterine 
death to a neonate with symptomatic disease (early congenital 
syphilis), late congenital syphilis presenting after more than 2 
years of age, or asymptomatic infection.

Penicillin is the treatment of choice for syphilis. Current UK 
guidelines recommend treating early syphilis (primary, second-
ary or early latent) with benzathine penicillin 2.4 million units 
intramuscularly as a single dose. This should be repeated after 
7 days in the third trimester of pregnancy when the levels of 
penicillin may be reduced. Procaine penicillin G 600 000 units 
intramuscularly daily for 10 days can also be used. Later stages 
of syphilis require three doses of benzathine penicillin at weekly 
intervals, or 21 days of procaine penicillin. Particularly dur-
ing early syphilis, a Jarisch–Herxheimer reaction may occur. 
This is mediated by the release of proinflammatory cytokines 
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in response to dying organisms, and presents as a worsening 
of symptoms with fever for 12–24 h after starting treatment. It 
does not represent an allergic reaction and may be associated 
with uterine contractions and preterm labor.

Women who are allergic to penicillin represent a prob-
lem. Ceftriaxone 500 mg/day intramuscularly for 10 days is 
now recommended as an alternative regimen. Tetracycline, 
a more established second-line treatment, is relatively con-
traindicated in pregnancy. Erythromycin is less reliable, and 
resistance has been reported. If erythromycin is to be used, it 
is best administered intravenously. Azithromycin 500 mg/day 
can be an option, but there are few data on its use in preg-
nancy. The neonate should receive treatment with penicillin. 
One further alternative if the risk of fetal infection is high, is to 
perform penicillin desensitization with assistance from a clin-
ical allergist. Current and recent sexual partners of women 
with syphilis must be screened, as well as older children in the 
family, if the date of acquisition is unknown.

Treatment in pregnancy should be instituted before 20 
weeks’ gestation to prevent the development of the stigmata 
of congenital syphilis.33 In one population studied in the USA, 
one-third of the cases of syphilis diagnosed in pregnant women 
were acquired during the course of the index pregnancy, sug-
gesting that rescreening may be an appropriate policy in some 
populations.34

The ideal treatment for syphilis in pregnancy is currently 
uncertain. A Cochrane review (last updated in 2009) found 
that none of the 29 studies included met the predetermined 
criteria but that none included comparisons between randomly 
allocated groups of pregnant women. The author concluded: 
‘While there is no doubt that penicillin is effective in the treat-
ment of syphilis in pregnancy and the prevention of congeni-
tal syphilis, uncertainty remains about what are the optimal 
treatment regimens.’35 Further studies are needed to evaluate 
the impact of HIV on the effectiveness of the currently recom-
mended treatment regimens.

Stoll comprehensively reviewed the management of an infant 
born to a mother with reactive serological tests for syphilis.36 In 
principle, if the mother has not received definitive treatment 
with penicillin, the infant should be treated with penicillin. The 
infant should be evaluated clinically, through serological tests 
and examination of the cerebrospinal fluid (CSF).

 GONORRHEA

Neisseria gonorrhoeae is a sexually transmissible agent causing 
cervicitis, urethritis, endometritis, salpingitis and perihepa-
titis in women. In men it causes urethritis and epididymitis. 
In both men and women it causes proctitis and pharyngitis. 
Gonorrhea is common worldwide, although the incidence has 
decreased in developed countries since the Second World War. 
Infection in both sexes may be asymptomatic (see Ch. 56). 
Like chlamydia, gonorrhea is most common in young, sexu-
ally active women, with the incidence declining over the age 
of 25. Its importance in obstetrics is due to a neonatal eye 

infection that, if untreated, can progress to blindness due to 
corneal scarring. The introduction of silver nitrate drops as 
prophylaxis produced a dramatic decline in the incidence of 
this complication.

The diagnosis is confirmed by culture. DNA detection-
based tests are available and might be used for screening, but 
do not currently provide information about antibiotic sensitiv-
ity. N. gonorrhoeae has demonstrated a great ability to acquire 
resistance to antibiotics. It readily exchanges plasmids with 
other bacterial species and plasmid-mediated resistance to 
penicillin and tetracycline appear rapidly under selection pres-
sure with such antibiotics. In many developing countries the 
price of antibiotics is prohibitive for most individuals, so that 
suboptimal doses are used; this encourages the development 
of resistant strains, which are then exported worldwide.

Chromosomal mutation has also produced moderate levels 
of penicillin resistance and is responsible for resistance to qui-
nolones. Quinolones are contraindicated in pregnancy because 
of potential damage to developing cartilage and therefore in a 
penicillin-allergic woman or a woman with penicillin- resistant 
infection a cephalosporin such as ceftriaxone 500 mg in a sin-
gle intramuscular dose, or cefixime 400 mg in a single oral dose, 
should be administered. Cephalosporin resistance has been 
reported in Japan and it is almost inevitable that further resistance 
will develop worldwide. A Cochrane review37 (last updated 2009) 
found that little difference between different treatment options 
(amoxicillin plus probenecid, spectinomycin, ceftriaxone, ceftri-
axone and cefixime) and, depending on resistance pattern, treat-
ment with any of these antibiotics would be appropriate.

Neonates may present with ophthalmia neonatorum due 
to gonorrhea a few days after birth. If N. gonorrhoeae is cul-
tured, topical and systemic treatment should be administered 
according to antibiotic sensitivities (see Ch. 53). In a similar 
way to Chlamydia trachomatis infection, gonorrhea is associ-
ated with chorioamnionitis and preterm birth.

Chlamydia trachomatis

Chlamydia trachomatis is important in pregnancy because it 
causes neonatal eye infection (ophthalmia neonatorum) and 
infant pneumonitis. Its role in miscarriage, chorioamnionitis and 
preterm birth is unclear, with some studies finding associations 
and others none. Nevertheless, chlamydia infections need to be 
treated at whatever stage of pregnancy they are diagnosed.

Estimates of the prevalence of genital C. trachomatis infection 
vary between 2% and 10% of women in the UK. The organ-
ism is detected much more commonly in young sexually active 
women, particularly those under the age of 25. The spectrum 
of disease varies from chronic asymptomatic infection to cer-
vicitis, endometritis, salpingitis (pelvic inflammatory disease) 
and intraperitoneal spread leading to perihepatitis (Fitz-Hugh–
Curtis syndrome). In men it causes non-gonococcal urethritis, 
which may present with urethral discharge and dysuria.

Approximately 15–25% of babies born to women 
with chlamydial infection develop ophthalmia neonato-
rum. The treatment of choice for C. trachomatis in the 
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 non-pregnant woman is tetracycline, usually doxycycline 
or azithromycin. Tetracycline should be avoided in the 
second and third trimesters of pregnancy because it binds 
to developing bones and deciduous teeth in the fetus, 
causing yellow–brown staining of the teeth. A Cochrane 
review (last updated in 2009) concluded that amoxicil-
lin is an acceptable therapy of genital chlamydial infec-
tions in pregnancy when compared with erythromycin 
and that clindamycin and azithromycin may be consid-
ered if erythromycin and amoxicillin are contraindicated 
or not tolerated.38

The treatments suggested in UK guidelines are erythromy-
cin 500 mg every 6 h for 7 days or erythromycin 500 mg every 
12 h for 14 days, or amoxicillin 500 mg every 8 h for 7 days 
or azithromycin 1 g as a single dose.39 Amoxicillin or azithro-
mycin is also recommended by the US Centers for Disease 
Control (CDC)40 and the draft World Health Organization 
(WHO) guidance for Europe.41

A test of cure should therefore be performed 3 weeks after 
completing treatment. It is essential that male partners are 
screened and treated before sexual intercourse is resumed. 
Neonates with ophthalmia neonatorum should be treated 
with tetracycline eye ointment. Because there is a risk of sub-
sequent chlamydial pneumonitis they should also be treated 
with a 2-week course of erythromycin syrup.

Chlamydophila abortus

This organism, formerly classified as a strain of Chlamydia 
psittaci, causes epidemic abortion in ewes. In humans it 
causes an atypical pneumonia. Exposure to lambing ewes 
and the products of conception can lead to infection of 
pregnant women, resulting in intrauterine infection and 
abortion. It occurs most commonly in veterinarians and 
farm workers. All pregnant women should be advised to 
avoid sheep during the lambing season. Treatment is as for 
C. trachomatis.

 LISTERIOSIS

Listeria monocytogenes is commonly found in the stool samples 
of pregnant women; however, invasive disease in pregnancy 
is very rare. Most maternal disease results in influenza-like 
symptoms and does not usually require treatment.

Vertical transmission can occur transplacentally or, more fre-
quently, during birth from cervicovaginal secretions. Intrauterine 
infection often leads to premature labor, fetal distress and 
meconium-stained amniotic fluid. Infection with L. monocyto-
genes responds to treatment with high-dose penicillin, ampicil-
lin or trimethoprim–sulfamethoxazole (not a first-choice drug 
in the first trimester or in late pregnancy). While most causes 
of chorioamnionitis call for the early termination of pregnancy 
(delivery), chorioamnionitis caused by L. monocytogenes can be 
treated medically.42

 GROUP B STREPTOCOCCI

Colonization of the vagina with group B streptococci (GBS) 
is very common in pregnancy.43 The importance of this is, 
however, uncertain and guidelines on the screening for GBS 
colonization are conflicting. While CDC 2002 guidance rec-
ommends universal screening,44 current UK guidance states 
that ‘routine screening (either bacteriological or risk based) 
for antenatal GBS carriage is not recommended’.45 Bergeron 
and colleagues46 used the polymerase chain reaction (PCR) in 
labor. In their hands the test had a sensitivity of 97% and a 
specificity of 100% and yielded results within 30–45 min.

While GBS do not usually cause morbidity in mothers, 
they are a common cause of neonatal infection. A Cochrane 
review (2009)47 concluded that intrapartum antibiotic treat-
ment reduces the rate of early onset GBS infection, but has 
no effect on other outcomes including overall morbidity and 
mortality.

vIRAL INFECTIONS

Specific therapeutic agents to treat viral infections systemi-
cally have not been available for more than a few years, with 
the exception of aciclovir for herpes simplex virus. Their role 
and safety in pregnancy is not fully established. The potential 
harm caused by intrauterine or congenital infections means 
that clinicians must consider the use of many such agents in 
pregnancy. Nevertheless, for many viral infections that can 
harm a fetus specific treatments are either not available (e.g. 
parvovirus and rubella) or have not been studied sufficiently 
in pregnancy (e.g. cytomegalovirus).

 CYTOMEGALOvIRUS

Cytomegalovirus (CMV) is a herpes virus with the ability 
to establish latency. In the UK approximately 40% of preg-
nant women are susceptible. The incidence of primary infec-
tion in pregnancy is unknown, but estimated to be about 1%. 
In healthy women reactivation of latent CMV infection is 
unusual, but may occur in pregnancy. The exposed fetus is less 
likely to have severe manifestations than in primary maternal 
infection: the principal features are microcephaly, blindness 
and deafness but some affected children have sensorineural 
hearing loss as the only sign of congenital CMV infection. 
A definitive diagnosis of congenital CMV infection can be 
made by isolating the virus in cell culture from throat swabs, 
urine, blood or CSF in the first 3 weeks of life. Serological 
diagnosis is made by the demonstration of a rising titer of IgG 
antibody or specific CMV IgM antibody.

Specific antiviral agents such as ganciclovir, valganciclovir, 
foscarnet and cidofovir are available for CMV; however, none 
should be used routinely. These agents are used in immuno-
suppressed individuals with AIDS or following  transplantation. 
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A trial of intravenous ganciclovir in infected infants has shown 
some benefit in reducing deafness, but no role for treatment in 
pregnancy has been established.

 HERPES SIMPLEX vIRUS

Herpes is important in pregnancy because a devastating neo-
natal infection can occur with involvement of skin, liver and 
central nervous system (CNS). Neonatal mortality may reach 
75%, but can be reduced to 40% if aciclovir is administered 
rapidly to the neonate. This syndrome is more common in the 
USA than the UK, with rates of 1 in 5000 and 1 in 33 000 live 
births, respectively. The vast majority of these cases are asso-
ciated with a primary herpes infection in the mother in the 
weeks before delivery. The baby has no protective antibody 
and is vulnerable to disseminated infection or localized herpes 
encephalitis. The incidence of neonatal herpes is remarkably 
low considering the high prevalence of both symptomatic and 
asymptomatic genital herpes in these populations. The risk of 
neonatal herpes is greatest if primary infection occurs shortly 
before delivery, when there is no maternal IgG to cross the 
placenta, providing partial protection to the neonate.

In adults herpes is initially a clinical diagnosis. Typical 
vesicles or ulcers are seen on the genital mucosa. In primary 
infection lesions may be widespread, and persist for up to 3 
weeks; secondary or recurrent episodes are usually localized 
and resolve in 3–7 days. In pregnancy recurrences may resem-
ble primary infections, making clinical staging more difficult. 
Type-specific serological tests are becoming available, which 
may help to clarify the diagnosis. If IgG antibody to the same 
type of virus as is isolated on culture is present in the serum, 
then it is not a primary infection.

In the non-pregnant woman primary herpes is treated 
with a 5-day course of aciclovir 200 mg five times a day. This 
prevents further lesions from developing and allows current 
ulcers to heal. Recurrent episodes do not usually require 
treatment, as use of antivirals has not been shown to usefully 
reduce the time to healing.

For aciclovir, extensive reproductive toxicology stud-
ies in animal models before drug approval did not show a 
teratogenic effect.48 Subsequent studies using a newer model 
showed head and tail abnormalities in rats at higher doses. It 
crosses the placenta. There was no evidence of teratogenic-
ity in the prospective Acyclovir in Pregnancy Registry.49 Less 
information is available for famciclovir and its active metab-
olite penciclovir, and valaciclovir, a prodrug for aciclovir. 
None is teratogenic in animal studies, and there is currently 
no excess of birth defects reported from their registries. The 
authors have used aciclovir to control symptoms in pregnant 
women with primary herpes following such discussions. Like 
any febrile illness, primary herpes may be associated with early 
miscarriage. Use of continuous aciclovir to suppress recurrent 
herpes throughout pregnancy is inadvisable.

Neonatal infection usually follows exposure to active lesions 
in the mother during delivery. When lesions are present the 

risk increases in proportion to the time between  rupture of the 
membranes and delivery. The risk of intrapartum mother-to-
child transmission can be reduced by cesarean section pro-
vided that the amniotic membranes are ruptured for less than 
4 h. Current USA guidelines50 recommend that ‘women with 
active recurrent genital herpes should be offered suppressive 
viral therapy at or beyond 36 weeks of gestation and that cesar-
ean delivery is indicated in women with active genital lesions or 
prodromal symptoms, such as vulval pain or burning at deliv-
ery, because these symptoms may indicate an impending out-
break’. Current UK guidelines do not recommend suppressive 
treatment and only advise cesarean section for symptomatic 
primary herpes infection.51 In the Netherlands cesarean sec-
tion for recurrent herpes was abandoned in 1987 and there 
was no subsequent increase in neonatal herpes.52

If primary herpes presents around the time of delivery, the 
pediatrician should be informed and genital swabs should be 
cultured from the mother and throat swabs from the baby 
within 24 h of birth. Intravenous aciclovir should be adminis-
tered to the neonate.

 HUMAN IMMUNODEFICIENCY vIRUS

The acquired human immunodeficiency virus (HIV) pandemic 
has been spreading around the world since before the origi-
nal descriptions of AIDS in 1981. Worldwide, approximately 
equal numbers of men and women are infected; most affected 
women are of childbearing age. In some cities in sub-Saharan 
Africa more than 30% of pregnant women are HIV infected. 
In London some hospitals have a prevalence of 1% of ante-
natal attendees. In the UK, nearly 1000 children are born to 
HIV-infected women annually. Since the vast majority of HIV-
infected children acquire the infection by perinatal transmis-
sion, the prevention of vertical transmission is of paramount 
importance in reducing the prevalence of pediatric HIV.

Vertical transmission

Mother-to-child (vertical) transmission of HIV may occur 
during pregnancy, during childbirth or through breastfeeding. 
In the absence of intervention, vertical transmission of HIV 
infection is reported in 15–20% of babies born to HIV-positive 
women in European/American populations and in 25–35% in 
Africa and Asia.53,54 Transmission is more likely if the mother 
has advanced HIV disease, as shown by a high viral load and a 
low CD4 count. Other risk factors include prolonged rupture 
of membranes and exposure to events that brings the fetus 
into contact with maternal blood such as vaginal/instrumen-
tal delivery, the use of fetal scalp electrodes and episiotomy.54 
Premature birth, low birth weight and breastfeeding are also 
established risk factors associated with increased risk of verti-
cal transmission.

The exact mechanisms for perinatal transmission of HIV 
and the gestational age of greatest risk have not yet been deter-
mined. Viral DNA has been detected in fetal tissues as early 
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as 12 weeks of gestation.55 At birth, the virus can be detected 
in 30–50% of infected children,56 suggesting that the remain-
ing 50–70% of infected infants without viral markers at birth 
may have been infected late in pregnancy, during delivery or 
after birth, mainly through breastfeeding. The additional risk 
of transmission through breastfeeding in infants of infected 
mothers, over and above transmission in utero or during 
birth, is estimated to be 16%.57

The duration of breastfeeding is important and correlates 
with the risk of transmission. Nevertheless, in developing coun-
tries, the negative nutritional impact on overall infant morbidity 
and mortality of not breastfeeding may outweigh the benefit of 
avoiding HIV transmission from breast milk.

Preventing vertical transmission

Three interventions have been shown to reduce the risk of ver-
tical transmission: elective cesarean section; bottle feeding; and 
antiretroviral treatment for the mother and neonate. In Europe 
and the USA the rate is currently below 2% in pregnancies in 
which the mother undertakes the recommended regimens to 

reduce the risk of transmission. A recent audit from the UK 
and Ireland reported an overall transmission rate of 1.2%, and 
it was 0.1% in women taking triple therapy with a viral load 
<50 copies/mL.58

Antiretroviral therapy

The aims of antiretroviral therapy in pregnancy are to prevent 
vertical transmission and maintain maternal health. Current 
UK guidelines for treatment of adults recommend starting 
combination antiretroviral therapy if there are clinical indica-
tions, or if the CD4 count is below 350 cells/mL (British HIV 
Association guidelines).

The safety of antiretrovirals in pregnancy has not been 
assessed adequately. The US FDA guidelines (Table 55.4), 
available at http://www.apregistry.com/forms/interim_report.
pdf, rate them all as category B or C, with the exception of 
efavirenz which is category D. Among nucleoside/tide analogs, 
didanosine, emtricitabine and tenofovir are category B. Four 
protease inhibitors are category B: atazanavir, nelfinavir, ritona-
vir and saquinavir. The non-nucleoside analog drugs  etravirine 

antiretroviral drug FDa pregnancy 
categorya

placental passage 
(newborn:mother  
drug ratio)

Long-term animal  
carcinogenicity studies

animal teratogen  
studies

Nucleoside and nucleotide analog reverse transcriptase inhibitors

Abacavir (Ziagen, ABC) 
 
 
 

C 
 
 
 

Yes (rats) 
 
 
 

Positive (malignant and  
non-malignant tumors of liver,  
thyroid in female rats, and  
preputial and clitoral gland  
of mice and rats)

Positive (rodent anasarca and  
skeletal malformations at 1000 mg/kg 
[35× human exposure based on AUC 
during organogenesis; not seen at  
8.5× human exposure in rabbits])

Didanosine (Videx, ddI) 
 

B 
 

Yes (human) (0.5) 
 

Negative (no tumors, lifetime  
rodent study at 0.7–3×  
maximum human exposure)

Negative (at 12× and 14.2× the 
human exposure in rabbits and rats, 
respectively)

Emtricitabine (Emtriva, FTC) 
 
 

B 
 
 

Yes (mice and rabbits)  
(0.4–0.5) 
 

Negative (no tumors, lifetime  
rodent study at 26–31× human  
exposure at the recommended  
dose)

Negative (at 60×, 60× and 120× the 
human exposure in rats, mice and  
rabbits, respectively) 

Lamivudine (Epivir, 3TC) 
 
 

C 
 
 

Yes (human) (∼1.0) 
 
 

Negative (no tumors, lifetime  
rodent study at 10–58× human  
exposure at the recommended  
dose)

Negative (at 35× the plasma levels of 
humans in both the rat and  
rabbit; however, embryolethality seen in 
rabbits with 1× human exposure)

Stavudine (Zerit, d4T) 
 
 
 
 

C 
 
 
 
 

Yes (rhesus monkey)  
(0.76) 
 
 
 

Positive (mice and rats, at very  
high-dose exposure, liver and  
bladder tumors [rats only] at  
250× and 732× the human  
exposure in mice and rats, 
respectively)

Negative (at 399× [rats] and 183×  
[rabbits] human exposure based 
on C

max
, although sternal bone  

ossification is decreased and rat  
neonatal mortality increased at 399× 
human exposure in rats)

Tenofovir DF (Viread) 
 

B 
 

Yes (human) (0.95–0.99) 
 

Positive (hepatic adenomas  
[female mice only] at 16×  
human exposure)

Negative (14× and 19× the human dose 
based on body surface area in rats and 
rabbits, respectively)

Zidovudine (Retrovir,  
AZT, ZDV) 
 
 
 
 

C 
 
 
 
 
 

Yes (human) (0.85) 
 
 
 
 
 

Positive (non-metastasizing  
vaginal epithelial tumors at 3× 
to 24× human exposure in  
mice and rats, respectively) 
 
 

Positive (increased fetal malformations 
associated with maternal toxicity at  
300× human exposure in rats. Increased 
fetal resorptions at 66–226× and  
12–87× human  exposure in rats and  
rabbits, respectively, with no developmental 
abnormalities)

table 55.4 FDA categories for antiretroviral agents in pregnancy

(Continued)
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antiretroviral drug FDa pregnancy 
categorya

placental passage 
(newborn:mother  
drug ratio)

Long-term animal  
carcinogenicity studies

animal teratogen  
studies

Non-nucleoside reverse transcriptase inhibitors

Efavirenz (Sustiva) 
 
 
 
 
 
 

D 
 
 
 
 
 
 

Yes (cynomolgus  
monkey,  
rat, rabbit) (∼1.0) 
 
 
 
 

Positive (hepatocellular  
adenomas and carcinomas  
and pulmonary alveolar/ 
bronchiolar adenomas in female 
but not male mice at 1.7×  
human exposure; no increases 
in tumors in rats at 0.2× human 
exposure)

Positive (anencephaly, anophthalmia, 
micro-ophthalmia, and cleft palate in 
cynomolgus monkeys at drug concen-
trations comparable to humans; no 
reproductive toxicities in pregnant  
rabbits at 0.5–1× human exposure) 
 

Etravirine (Intelence) 
 
 

B 
 
 

Unknown 
 
 

Carcinogenicity studies in  
rodents are ongoing. Not  
mutagenic or clastogenic in  
in-vitro and in-vivo assays

Negative (rats and rabbits at  
exposures comparable to  
humans) 

Nevirapine (Viramune) 
 
 

B 
 
 

Yes (human) (∼1.0) 
 
 

Positive (hepatocellular  
adenomas and carcinomas in  
mice and rats at systemic  
exposures lower than human)

Negative (rats and rabbits at 1–1.5× 
human exposure. However, decreased 
fetal body weight in rats at 1.5× human 
exposure)

protease inhibitors

Atazanavir (Reyataz) 
 

B 
 

Minimal/variable 
(human) 

Positive (benign hepatocellular 
adenomas in female mice at  
7.2× the human exposure)

Negative (2× and 1× the human  
exposure in rats and rabbits, 
respectively)

Darunavir (Prezista) 
 
 
 

C 
 
 
 

Unknown 
 
 
 

Positive (hepatic adenomas,  
carcinomas [male mice], thyroid 
neoplasms [rats only] at 0.1–0.3× 
and 0.7–1× human exposure in 
mice and rats, respectively)

Negative (at 0.5× and 0.05× human 
exposure in rats/mice and rabbits, 
respectively) 
 

Fosamprenavir (Lexiva) 
 
 
 
 
 
 
 
 

C 
 
 
 
 
 
 
 
 

Unknown 
 
 
 
 
 
 
 
 

Positive (hepatic adenomas 
and carcinomas [mice and rats];  
thyroid adenomas, interstitial  
cell hyperplasia, and uterine  
endometrial adenocarcinoma  
[rat only]; relative human  
exposures varied from 0.1–0.7× 
[mouse] to 0.3–1.4× [rat]  
depending on the human  
dosing regimen)

Negative (at 0.8× and 2× human  
exposure in rabbits and rats  
respectively; increased incidence 
of abortions in rabbits at 0.8× human 
exposure) 
 
 
 
 

Indinavir (Crixivan) 
 

C 
 

Minimal (human) 
 

Positive (thyroid adenomas  
in male rats at 1.3× human 
exposure)

Negative (however, extra ribs in rats at 
exposures below or slightly above those 
in humans)

Lopinavir–ritonavir  
(Kaletra) 
 
 
 
 

C 
 
 
 
 
 

Yes (human) (0.20 ±  
0.13) 
 
 
 
 

Positive (hepatic adenomas and 
carcinomas at 1.6–2.2× and 0.5× 
human exposure in mice and rats, 
respectively) 
 
 

Positive (no effects in rabbits and dogs 
[∼1× human exposure]; decreased fetal 
viability, body weight, delayed skeletal  
ossification and increase in skeletal  
variations in rats at maternally toxic 
doses [lopinavir 0.7×/ritonavir  
1.8× human exposure])

Nelfinavir (Viracept) 
 
 

B 
 
 

Minimal/variable 
(human) 
 

Positive (thyroid follicular  
adenomas and carcinomas  
in rats at 1–3× human exposure 
in rats)

Negative (in rats with comparable  
exposure to humans and rabbits  
at significantly lower exposure than 
humans)

Ritonavir (Norvir) 
 
 
 
 
 

B 
 
 
 
 
 

Minimal (human) 
 
 
 
 
 

Positive (liver adenomas and  
carcinomas in male mice at  
0.3× human exposure) 
 
 
 

Positive (early resorptions, decreased 
fetal body weight, ossification  
delays, and developmental variations  
in the rat at maternally toxic dose  
[∼0.3× human exposure];  
cryptorchidism in rats [0.22× human 
exposure])

table 55.4 FDA categories for antiretroviral agents in pregnancy—cont’d

(Continued)
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and nevirapine are category B. The newer agents that block 
viral entry – enfuvirtide and maraviroc – are category B, while 
raltegravir, an integrase inhibitor, is category C. A discussion 
of the choice of agents in a standard triple-therapy regimen is 
beyond the scope of this chapter, but is discussed fully in the 
FDA guidelines and updated by the perinatal HIV working 
group at http://www.hivatis.org. Efavirenz is associated with 
congenital abnormalities in Rhesus macaque monkeys and 
its use is not recommended, particularly in the first trimester. 
To date, when used in human pregnancy, no increased rate 
of birth defects has been reported, and the upper 95% confi-
dence interval for the rate of reported neonatal defects is now 
4.9% compared to a background rate of 2.7%.

Potential hazards for the mother and fetus include the usual 
side effects of triple therapy, such as increased insulin resis-
tance and diabetes mellitus, mitochondrial toxicity and lactic 
acidosis. Lactic acidosis is most common with stavudine and 
didanosine regimens, and a fatality in the third trimester has 
been reported. Tenofovir has been associated with osteope-
nia in animal studies, but it has not been reported in exposed 
children. In animals it resolves after exposure stops.

A further hazard is the risk of resistant virus emerging if 
monotherapy is used. If monotherapy is prescribed to women 
with low viral loads, CD4 counts >350 cells/mL and who are 
clinically well, the risk of developing zidovudine resistance 
mutations is low. A study from London reported no new resis-
tance developing in 80 women prescribed zidovudine mono-
therapy with low viral loads and high CD4 counts.59 Many 
antiretroviral drugs are potent inducers and inhibitors of cyto-
chrome P450 enzymes. This leads to many potential drug inter-
actions. Many should be taken with food to achieve adequate 
levels. A particular caution is to avoid co-administration of 

proton pump inhibitors with the protease inhibitor  atazanavir. 
Heartburn is common in pregnant women. If an antacid is 
needed it should be taken at least 2 h after atazanavir.

The role of single agent (mono-) therapy

The efficacy of zidovudine monotherapy in reducing vertical 
transmission was demonstrated in a landmark randomized, 
double-blind, placebo-controlled trial.60 Treatment was started 
at between 14 and 34 weeks of gestation, administered intrave-
nously during delivery, and the neonate received oral treatment 
for 6 weeks. The rate of vertical transmission was reduced by 
67% in women treated with zidovudine (25.5% placebo versus 
8.3% zidovudine). Apart from a mild self-limiting anemia, no 
adverse effects were observed after a 4-year follow-up.

Nevirapine is the only other single drug (other than zido-
vudine) that has been shown in a randomized controlled trial 
to significantly reduce vertical transmission. In the HIVNET 
012 trial,61 600 pregnant women were randomized to receive 
zidovudine during and at the onset of labor followed by 
1 week of neonatal treatment, or a single 200 mg dose of 
nevirapine at the onset of labor with a single dose admin-
istered to the neonate within 3 days of delivery. At 14–16 
weeks of age, 13.1% of the nevirapine-treated group were 
HIV infected, compared with 25.1% in the zidovudine group, 
a 47% reduction in transmission. Nevirapine monotherapy is 
relatively inexpensive, easy to administer and has immense 
potential for use in developing countries. There are concerns 
about the risk of resistance developing, as occurred in 23% of 
women in a small substudy. Current WHO guidance62 does 
not recommend monotherapy (zidovudine for 7 days) in any 
setting other than for infants of mothers on established triple 
antiretroviral therapy.

antiretroviral drug FDa pregnancy 
categorya

placental passage 
(newborn:mother  
drug ratio)

Long-term animal  
carcinogenicity studies

animal teratogen  
studies

Saquinavir (Invirase) 
 
 

B 
 
 

Minimal (human) 
 
 

Negative (at 0.29× and 
0.65× human exposure 
 [co-administration with ritonavir] 
in rats and mice, respectively)

Negative (at 0.29× and 0.21× human 
exposure [co-administration with  
ritonavir] in the rat and the rabbit, 
respectively)

Tipranavir (Aptivus) 
 
 

C 
 
 

Unknown 
 
 

In progress 
 
 

Negative (decreased ossification and 
pup weights in rats associated with fetal 
toxicity at dose exposure 0.8× human 
exposure)

entry inhibitors

Enfuvirtide (Fuzeon) B None based on very  
limited human data

Not conducted Negative 

Maraviroc (Selzentry) 
 

B 
 

Unknown 
 

Negative (transgenic mice;  
rats at 11× human exposure) 

Negative (no evidence of harm to fetus 
at 20× and 5× human exposure in rats 
and rabbits, respectively)

Integrase inhibitors

Raltegravir (Isentress) C Yes (rats [1.5–2.5],  
rabbits [0.02])

In progress Negative (however, supernumerary ribs 
at 3× human exposure in rats)

table 55.4 FDA categories for antiretroviral agents in pregnancy—cont’d

AUC, area under the curve; C
max

, maximum concentration.
aSee Table 55.2 for an explanation of pregnancy categories.
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Combination therapy

Triple therapy is recommended for pregnant women with 
advanced HIV disease, high viral load or low CD4 counts 
because the risk of mother-to-infant transmission corre-
lates with these parameters.61 Nevertheless, the marked 
reduction in viral load produced by triple therapy, and the 
resultant reduction in transmission, may be outweighed by 
potential and unquantified risks of these interventions on 
the neonate. For women with advanced HIV disease who 
are reluctant to expose their babies to combination therapy, 
zidovudine monotherapy plus an elective cesarean section is 
recommended.63

For women who present too late in pregnancy to allow 
formal virological/immunological assessment, the consensus 
guidelines recommend a zidovudine regimen with the possi-
ble addition of lamivudine and/or nevirapine. In women who 
conceive while on antiretroviral therapy treatment, it should 
be continued, although a change to (or the addition of) zido-
vudine should be considered while it remains the main agent 
of proven efficacy and safety in human pregnancy.

A randomized controlled trial comparing breastfeeding 
with formula feeding under study conditions with access to 
clean water showed no improvement of HIV-free survival for 
the formula group.57 Outside such study setting, formula or 
mixed feeding leads to higher overall mortality than exclu-
sive breastfeeding. Studies are underway exploring the reduc-
tion associated with continuing maternal triple therapy after 
delivery to allow breastfeeding, or continuing treatment for 
the baby if the mother does not require treatment herself. 
Initial studies report a transmission rate of approximately 2% 
through breastfeeding with antiretroviral treatment.

 HEPATITIS

In pregnancy the liver appears to be particularly vulnerable 
to infectious agents. Thus, hepatitis A, for which there is no 
specific antiviral agent, may cause fulminant, fatal infection 
in pregnancy, as may hepatitis E. Vaccination against hepatitis 
A and the use of human immunoglobulin may provide some 
protection if initiated in the incubation period. In non-preg-
nant adults ribavirin and interferon are used to treat hepati-
tis C, but their effects have not been studied in pregnancy. 
The risk of vertical transmission is low (<3%), but increases if 
there is a high level of maternal viremia.

hepatitis B

Hepatitis B is a more severe infection, which may be fol-
lowed by chronic carriage and disease ending in cirrhosis. 
Infection is transmitted sexually through blood or blood 
products or vertically to the fetus from an infected mother. 
The majority of acute infections are not clinically recog-
nized, as only 20% of individuals develop jaundice. The ear-
lier in life the infection occurs, the more likely the  person 

is to become a carrier: 80% of infants infected perinatally 
become carriers. Infection is particularly common in China 
and South-East Asia but prevalent in most tropical coun-
tries (see Ch. 48).

Pregnant women are screened for hepatitis B at booking. 
Treatment is available with interferon under the guidance 
of a liver specialist, and antiviral drugs with specific activity 
against hepatitis B are being introduced. However, the safety 
of interferon in pregnancy has not been adequately evalu-
ated.64 Vertical transmission can be reduced by vaccination 
of neonates born to mothers with hepatitis B. Hepatitis B 
immune globulin is also given at birth if the mother is antigen 
e positive. Many countries have a policy of universal vaccina-
tion of all infants.

PROTOzOAL AND FUNGAL INFECTIONS

 TOXOPLASMOSIS

Maternal infection with the intracellular protozoan parasite 
Toxoplasma gondii is usually asymptomatic and the risk to an 
immunocompetent mother is minimal. Transplacental fetal 
infection occurs in 20–50% of primary infections and may 
cause chorioretinitis, intracranial calcifications and hydro-
cephalus. Diagnosis of primary infection during pregnancy 
depends on serological screening for Toxoplasma-specific IgG 
in pregnant women followed by confirmatory testing and, ulti-
mately, amniocentesis or cordocentesis. Where the incidence 
of primary toxoplasmosis in pregnancy is low (e.g. in the USA 
and UK) screening is currently not recommend. Women 
who seroconvert during pregnancy should be treated with 
 spiramycin (a macrolide that does not cross the placenta) and, 
if fetal infection is confirmed, treatment should be changed to 
pyrimethamine and sulfadiazine plus folate supplements (after 
18 weeks’ gestation).65

Mothers should be informed that: (1) such treatment will 
not always prevent transmission but will reduce the risk of 
severe congenital malformations developing; and (2) mater-
nal side effects and congenital abnormalities may occur as a 
result of the treatment.

 TRICHOMONIASIS

Trichomonas vaginalis causes a severe vulvovaginitis in sus-
ceptible women. It is generally sexually transmitted, although 
infection may persist asymptomatically for many months in 
women and in some men. In men it causes urethritis but is fre-
quently asymptomatic. Male partners should be screened for 
sexually transmitted diseases and treated with metronidazole.

Transient infection may be transmitted to newborn female 
infants who have stratified squamous epithelium in the vagina, 
similar to that of an adult, due to the influence of high levels 
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of maternal estrogen in utero. These infants are susceptible 
to infection and may present with purulent vaginal discharge. 
As the influence of maternal estrogen wanes over the first few 
weeks of life, infection usually resolves spontaneously and 
specific treatment is rarely necessary.

The only established treatments for trichomoniasis are 
metronidazole and tinidazole. As discussed above, there is 
no evidence of teratogenicity from metronidazole use, and it 
should be used to treat symptomatic infection whatever the 
stage of pregnancy. Treatment of asymptomatic trichomo-
niasis with metronidazole did not prevent preterm birth and 
may cause harm.66 A Cochrane review67 ‘found no evidence to 
support the use of metronidazole in pregnant asymptomatic 
women with Trichomonas vaginalis. It is not clear why metron-
idazole should cause adverse pregnancy outcomes when it is 
effective in clearing the infection.’

 MALARIA

Malaria is prevalent throughout the tropics and is a major 
cause of mortality in both children and adults. Plasmodium 
falciparum causes the most severe type of malaria, which can 
present with hepatic and cerebral manifestations. It is trans-
mitted between human hosts by the female Anopheles mos-
quito. P. falciparum has been able to develop resistance to 
most antimalarials, creating a need for new agents. The other 
strains of malaria seldom cause fatal disease, but cause con-
siderable morbidity; they are virtually always chloroquine  
sensitive (see Ch. 62).

Pregnant and puerperal women are at increased risk of 
malaria infection. If they become infected with malaria, com-
plications – particularly hypoglycemia and lactic acidosis – are 
more frequent. Infection may also trigger a miscarriage or pre-
mature labor. In hyperendemic areas the disease may present 
as severe anemia, with a negative blood film.

In women at risk of malaria, regular or intermittent chemo-
prophylaxis reduces the risk of several maternal anemia, per-
inatal death and low birth weight.68 Even non-falciparum 
malaria has been associated with intrauterine growth retarda-
tion. Congenital malaria has been described.

The diagnosis should be suspected in anyone who has been 
to the tropics and presents with a febrile illness. A history of 
taking prophylaxis does not exclude the diagnosis, as no pro-
phylaxis is 100% effective. A blood film should be requested 
and stained for malaria parasites. Repeated blood films should 
be taken during episodes of fever if the initial test is negative. 
As well as anemia there may be thrombocytopenia and eleva-
tion of liver enzymes. Fever in the tropics or in people recently 
returned may be caused by many other infections, including 
typhoid, food poisoning organisms and viral infections such 
as dengue fever.

In affluent countries pregnant women with suspected 
malaria should be admitted to hospital and monitored closely 
as sudden deterioration requiring intensive care may occur. 

Confirmed or possible falciparum malaria is usually treated 
with quinine sulfate. The dose regimen and mode of adminis-
tration are not affected by pregnancy. Quinine does not cause 
abortion or preterm labor (unless massively overdosed), but 
can induce hypoglycemia and lactic acidosis. Malariae, vivax 
and ovale malaria should be treated with standard doses of 
chloroquine. Vivax and ovale malaria can develop persisting 
forms (hypnozoites). The best method of eradication ther-
apy in pregnancy is currently controversial and expert advice 
should be obtained. A treatment course of pyrimethamine–
sulfadoxine may be appropriate.

Individuals living in endemic areas acquire immunity to 
malaria, but lose it within a few months of moving away. 
Therefore, anyone traveling from a non-malarial country to an 
endemic area should take prophylaxis (see Ch. 62 for recom-
mendations). A randomized controlled trial in Kenya found 
that intermittent sulfadoxine–pyrimethamine (Fansidar) was 
safe and prevented severe anemia secondary to malaria in 
pregnancy.69

The choice of prophylactic agent should be made after 
consulting current recommendations giving details of resis-
tance patterns. Chloroquine is probably the least toxic pro-
phylactic agent for pregnant women. Those traveling to areas 
of chloroquine resistance must balance the risk of malaria 
against the potential toxicity of prophylactic agents. It is 
safest to avoid travel to such areas when pregnant, but if 
the mother cannot be persuaded to delay travel the poten-
tial risks and benefits of chemoprophylaxis (and/or standby 
treatment) must be discussed. The role of artemether/lume-
fantrine in pregnancy is currently uncertain but we expect 
that initial reports about its safety in pregnancy70 will be 
confirmed. The reader is strongly advised to consult the 
most recent local guidelines.

 vAGINAL CANDIDIASIS

Over three-quarters of women have at least one episode of 
vaginal candidiasis during their lifetime. The organism is 
carried in the gut, under the nails, in the vagina and on the 
skin. The yeast Candida albicans is implicated in more than 
80% of cases; Candida glabrata, Candida krusei and Candida 
tropicalis account for most of the rest (see Ch. 60). Candida 
is an opportunist, growing under favorable conditions. 
Symptomatic episodes are common in pregnancy; its growth 
is favored by the high levels of estrogen, increased  availability 
of sugars, and subtle alterations in immunity.

In general it is better to use a topical treatment rather 
than a systemic one. This minimizes the risk of systemic 
side effects and exposure of the fetus. Vaginal creams and 
 pessaries can be prescribed at a variety of doses and duration 
of treatment. For uncomplicated candidosis, a single dose 
treatment, such as clotrimazole 500 mg, is not adequate in 
pregnancy, and a longer course (e.g. 100 mg/day for 7 days) 
is recommended.
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Many infections are sexually transmitted (Table 56.1). Some, includ-
ing HIV, hepatitis B and C, are also transmitted by blood or blood 
products. Others, like human papillomavirus (HPV), herpes simplex 
virus (HSV) and molluscum contagiosum are also transmitted by 
close bodily contact.

In 2005, the World Health Organization (WHO) estimated there 
were 448 million cases of the four major curable sexually trans-
mitted infections (STIs), trichomoniasis, chlamydia, gonorrhea and 
syphilis, among people aged 15–49.1 Ninety percent of cases occur 
in developing countries. In recent years the viral STIs, in particular 
HIV, have become increasingly important. The joint United Nations 
program on HIV/AIDS estimated that at the end of 2007 there 
were 33 million people living with HIV/AIDS, most in developing 
countries.2

The rate of spread of STIs within a community depends on sev-
eral factors, including the size of the susceptible population, expo-
sure to an infected individual, efficiency of transmission and duration 
of infectiousness. Epidemiological patterns of individual infections 
depend on the interplay between these factors and the social,  
economic and political environment. One of the major reasons why 
STIs are more common in developing nations is that a large propor-
tion of these populations is aged 18–35, the age group considered to 
be at greatest risk for STI acquisition.

An example of the effect of social, economic and political changes 
on STIs is the epidemic growth of these infections in the former USSR. 
Profound social and economic changes, and a partial collapse of 
the health system, have been contributory. The epidemic has been 
fuelled by growth in the commercial sex industry, unsafe intravenous 
drug use and exchange of sex for drugs.

At an individual level, risk factors include early coitarche, multiple 
sexual partners, partners from high-risk groups, poor condom usage 
and drug use.

STIs have important health, social and economic consequences 
for the individual and the community. These include pelvic inflam-
matory disease (PID) leading to infertility and ectopic pregnancy; 
congenital, perinatal and postnatal infections; and a variety of geni-
tal tract cancers. In addition, STIs, in particular genital ulcer disease 
(GUD), increase the transmission of HIV.

CHLAMYDIA

These obligate intracellular bacteria have several species, two 
of which infect humans as their primary host – Chlamydia 
trachomatis and Chlamydophila (formerly Chlamydia)  
pneumoniae. C. trachomatis can be further divided into bio-
vars, distinct groups of biological variants, each producing 
a different disease spectrum. Serovariants or serovars of the 
trachoma biovar result in trachoma (serovars A–C) or STIs 
 (serovars D–K). Lymphogranuloma venereum comprises the 
 serovars L1, L2 and L3 and forms the second biovar in the 
C. trachomatis species.

EPIDEMIOLOGY

C. trachomatis has the highest prevalence of any bacterial STI 
in developed countries. In 2005, the WHO estimated that 
there were 102 million new cases of C. trachomatis infection in 
people aged 15–49 worldwide,1 second only to trichomoniasis 
as the leading cause of curable STIs. In both sexes, the preva-
lence of infection ranges from 3–5% in low-prevalence general 
medical settings to 15–20% in high-prevalence STI clinics.

Since 1998, diagnoses of uncomplicated chlamydia infec-
tions in genitourinary medicine (GUM) clinics in the UK 
have increased by 150% from 48 726 in 1998 to 121 986 in 
2007.3

In common with other STIs, risk factors include age below 
25, one or more sexual partner in the recent past, inconsistent 
condom use, oral contraceptive use, termination of pregnancy 
and non-white race.

Chlamydia may result in significant complications, includ-
ing PID, with resultant infertility and ectopic pregnancy, neo-
natal infection, epididymo-orchitis and reactive arthritis. In 
the UK the annual cost of chlamydia, including complica-
tions, is estimated to be at least £100 million and in the USA 
in 2007 the annual cost was estimated at US$624 million.4,5
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PATHOGENESIS

The developmental cycle of Chlamydiae is unique. The bac-
terium infects eukaryotic cells, depending on these cells for 
many of the nutrients required for its growth and replica-
tion. The infectious particle of chlamydia is a metabolically 
inactive elementary body which attaches to epithelial cells, 
induces phagocytosis and, avoiding lysosomal fusion, enters 
the reticulate system. Within the phagosome the elementary 
body undergoes morphological change to form the reticu-
late body, the metabolically active, replicating form of chla-
mydia. Over the next 48–72 h the reticulate body replicates, 
increasing in numbers, reorganizing into elementary bodies: 
a mature inclusion body may contain thousands of elemen-
tary bodies. When cell death is imminent, lysosomal fusion 

occurs, the cell ruptures and elementary bodies are released. 
The disease process is thought to result from a combination 
of direct  tissue damage secondary to chlamydial replication, 
local inflammatory responses and the body’s humoral and 
cell-mediated immune responses.

Immune responses to chlamydia control the acute infec-
tion. However, the infection evolves into a low-grade chronic 
infection which, unless treated, persists. One hypothesis 
regarding the pathogenesis postulates a delayed hypersensi-
tivity reaction to chlamydia heat shock protein (hsp 60) which 
shares extensive amino acid sequence with human hsp 60. 
Chlamydial hsp 60 shares some antigenic sites with mycobac-
teria and Escherichia coli. These infections could presensitize 
patients, resulting in a primed response to chlamydial infec-
tion and greater disease severity.

Disease Causative organism Complications

Bacterial

Gonorrhea Neisseria gonorrhoeae Pelvic inflammatory disease, bartholinitis and Bartholin’s abscess, systemic 
dissemination, epididymo-orchitis

Chlamydia Chlamydia trachomatis Pelvic inflammatory disease, bartholinitis and Bartholin’s abscess,  
epididymo-orchitis

Syphilis Treponema pallidum Central nervous system, cerebrovascular system and gummatous infection

Chancroid Haemophilus ducreyi Local genital destruction

Lymphogranuloma venereum Chlamydia trachomatis Local abscesses, fistulae, strictures and genital destruction, rarely  
meningoencephalitis, hepatitis, pneumonitis

Donovanosis (granuloma  
inguinale)

Klebsiella granulomatis Local genital destruction, genital lymphedema, squamous cell carcinoma, 
bone and liver dissemination

Viral

Genital warts Human papillomaviruses Genital tract tumor (mainly cervical cancer – with ‘high risk’ types)

Genital herpes Herpes simplex virus type 1 and 2 Acute systemic viremia with primary HSV-2, local recurrences

Molluscum contagiosum Molluscum contagiosum virus  

HIV Human immunodeficiency virus  
types 1 and 2

Severe immune suppression, opportunistic infections 

Hepatitis B Hepatitis B virus Fulminant hepatitis, chronic infection, cirrhosis, hepatocellular carcinoma

Hepatitis A Hepatitis A virus Fulminant hepatitis

Hepatitis C Hepatitis C virus Fulminant hepatitis, chronic infection, cirrhosis, hepatocellular carcinoma

Other infections and miscellaneous conditions

Candidiasis Candida albicans
Candida glabrata

  

Bacterial vaginosis Reduced lactobacilli, high- 
concentration anaerobic bacteria

Pelvic inflammatory disease, and chorioamnionitis, prematurity, premature 
rupture of membranes, low birthweight

Trichomoniasis Trichomonas vaginalis Premature rupture of membranes, low birthweight

Non-specific genital infections Mycoplasma genitalium, Ureaplasma  
urealyticum, Mycoplasma hominis

  

table 56.1 Sexually transmitted infections
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DIAGNOSIS

 CLINICAL

Most women with uncomplicated chlamydia are asymptom-
atic. Those who have symptoms present with vaginal dis-
charge, intermenstrual or postcoital bleeding and occasionally 
lower abdominal pain. On examination, mucopurulent cervi-
citis and/or contact bleeding may be noted. Men present with 
dysuria and urethral discharge. Rectal infection may result in 
proctitis. Pharyngeal infections are usually asymptomatic.

 INvESTIGATIONS

Diagnostic options include culture, antigen testing and nucleic 
acid amplification tests (NAATs). Although culture has the 
highest specificity, sensitivity is low. It requires endocervical 
or urethral swabs and is expensive. NAATs are cheap, have 
relatively easy specimen collection and transport conditions. 
However, sensitivities are variable and positive predictive value 
low (<5%) in low-prevalence populations. NAATs such as the 
polymerase chain reaction (PCR) and ligase chain reaction 
(LCR) are highly specific and sensitive but more expensive. 
PCR and LCR have gained popularity in male diagnosis due 
to non-invasive specimen collection (urine instead of urethral 
swab) and are comparable with other test methods.6 Urine 
may also be a suitable sample in women.7 Serology is available 
but of little diagnostic value in genital disease as it fails to dif-
ferentiate between previous and current infections.

MANAGEMENT5,8,9

Uncomplicated infection:

•	 Azithromycin	1	g	orally	(single	dose)
•	 Doxycycline	100	mg	orally	every	12	h	for	7	days.

Alternative regimens:

•	 Erythromycin	500	mg	orally	every	12	h	for	7	days	or	
every 12 h for 14 days

•	 Ofloxacin	200	mg	orally	every	12	h	for	7	days
•	 Amoxicillin	500	mg	orally	every	8	h	for	7	days	in	

pregnancy.

A meta-analysis of 12 randomized controlled trials (RCTs) 
demonstrated equal efficacy of azithromycin and doxycy-
cline.10 Azithromycin has a very long half-life, a large volume 
of distribution with excellent tissue and cellular penetration 
(see Ch. 22), and can be given as a single dose. It has fewer 
side effects than doxycycline, the most common being mild 
gastrointestinal disturbance. Doxycycline can also cause gas-
trointestinal disturbance, particularly esophagitis. Another 
common side effect is photosensitivity (see Ch. 30). When 
compliance is taken into account, though expensive, azithro-
mycin is more cost-effective than doxycycline.11

Alternative therapies have broadly comparable cure rates, 
but	use	 is	 limited	by	 side	effects	or	 cost.	Erythromycin	has	
been studied at 500 mg every 6 h or 500 mg every 12 h for 
7–14 days. Higher dose regimens are slightly more efficacious 
but less effective because of gastrointestinal intolerance, with 
up to 50% of patients not completing the course. Ofloxacin 
(a fluoroquinolone) is as effective as doxycycline, with a better 
side effect profile, but is considerably more expensive and does 
not share the advantage of single-dose therapy (with azithro-
mycin).12 Tetracyclines are as efficacious, but have more side 
effects than doxycycline and have to be taken every 6 h.

Rifalazil, a new rifamycin compound, has been found to be 
highly active against chlamydia in cell cultures. A recent RCT 
demonstrated a dose-dependent microbiological and clini-
cal cure rate comparable to azithromycin.13 Moxifloxacin also 
demonstrates activity against chlamydia in vitro. Both agents 
may be useful in chlamydia infections.14,15

To minimize transmission, abstinence for a week after 
treatment completion is recommended.

 PrEGNANCY AND brEASTfEEDING

Doxycycline and ofloxacin are contraindicated in pregnancy, 
but azithromycin appears to be safe.8,16,17 Amoxicillin has 
also been evaluated in pregnancy and provides microbiologi-
cal clearance despite some resistance detected in vitro. It has 
a better side effect profile than erythromycin, with a similar 
cure rate. However, it is not clear whether amoxicillin elimi-
nates the organism or temporarily suppresses replication.

While erythromycin remains effective, its use may be lim-
ited by gastrointestinal side effects.8	Erythromycin	estolate	is	
contraindicated in pregnancy because of possible drug-related 
hepatoxicity.

Due to concerns over efficacy of therapy in pregnancy, and 
possible sequelae in the neonate and mother in the event of 
persistent infection, a test of cure is advised 3 weeks following 
treatment.5 Data on neonatal outcomes are limited.

Amoxicillin and azithromycin may be used during breast-
feeding.	Erythromycin	 is	best	avoided	 in	the	early	postnatal	
period (risk of neonatal pyloric stenosis) but is safe for use 
thereafter.18

 rESISTANCE

There are case reports of clinically significant, multidrug-
resistant chlamydial infections, causing relapse or persistence. 
Resistance to azithromycin, doxycycline, ofloxacin, erythro-
mycin and josamycin has been documented in vitro.19,20 While 
this does not seem to be a widespread phenomenon, it high-
lights the need for increased surveillance to monitor treat-
ment failures, and in vitro resistance of isolates.

Resistance of C. trachomatis depends on its ability to 
proliferate within the host cell, in the presence of  varying 
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 concentrations of antibiotics. Consequently, resistance is 
usually not absolute and described as being ‘heterotypic’. 
This implies that all organisms may be capable of resistance. 
However, only a small proportion will show resistance at any 
given time. It is hypothesized that this heterotypic resistance 
may be a by-product of undefined alterations in the growth 
phase or life cycle in some bacteria, rendering them refractory 
to antimicrobial agents. An alternative theory is that resistance 
may be mediated through mechanisms that exclude drugs 
from chlamydial cells or inclusions (e.g. an efflux pump). 
Further research is required in this area.19

 SExuAL PArTNErS

All sexual contacts of the index case (within 4 weeks if symp-
tomatic or up to 6 months if asymptomatic) should be traced, 
screened and treated if necessary. Studies have demonstrated 
the advantages of partner-delivered therapy for contacts. To 
optimize partner notification, counseling and written infor-
mation may be helpful.

 SCrEENING

As many infections with chlamydia are asymptomatic and 
sequelae can be devastating, screening programs should be 
implemented. Screening criteria are normally age related  
(18–24 years) and can include behavioral and clinical mea-
sures. Where screening programs have been implemented, 
prevalence has decreased. They are epidemiologically effective 
and cost-effective in areas with prevalence as low as 3%.21,22

GONOrrHEA

Neisseria gonorrhoeae is an aerobic, Gram-negative diplococ-
cus of the genus Neisseria. In common with other members of 
this genus, its primary site of infection is mucous membranes. 
Gonococci and meningococci are the two major pathogenic 
species seen in humans. Gonococcal infections can lead to 
urethritis, cervicitis, proctitis or pharyngitis. Co-infection 
with chlamydia has been reported in 20–40% of people.

EPIDEMIOLOGY

In 2005 the WHO estimated that, worldwide, there were 88 
million cases of gonorrhea in adults aged 15–49, the major-
ity in the developing world.1 The incidence declined in most 
developed countries in the 1980s; however, the incidence 
increased in the late 1990s and early 2000s with a recent sta-
bilization of rates.

Gonorrhea is the second most common bacterial STI (after 
chlamydia) in the UK. In 2007, a total of 18 710 diagnoses 

were made in UK GUM clinics, a decrease of 1% from 18 
898 diagnoses in 2006, in line with the trend since 2002.15

Following a 75% decline in gonorrhea incidence in the 
USA, the rate now seems to have reached a plateau. In 2007, 
the rate was 118.9/100 000 population, with the highest rate 
in the South (156/100 000), only slightly higher than 2006 
when the rate was 119.7/100 000.23

Risk factors for gonorrhea are similar to most STIs. 
However, gonorrhea also shows a distinct ethnic minority 
bias	 in	 the	 USA	 and	 Europe,	 which	 is	 partly	 explained	 by	
accessibility to healthcare, poverty and socioeconomic status. 
However, differences still exist in studies attempting to con-
trol for these factors.24

Men have a 20% risk of acquiring urethral infection after 
one episode of vaginal intercourse with an infected partner. In 
women the risk of acquisition is higher (50–90%). Pharyngeal 
to urethral infection is increasingly recognized with the grow-
ing popularity of orogenital sex. Asymptomatic infection is 
reported in up to 35% of women and 1–3% of men.

PATHOGENESIS

N. gonorrhoeae has two main patterns of infection. Most bacte-
ria are limited to the mucosal surface, where they cause marked 
tissue damage. Some bacteria can resist the killing activity of 
antibodies and complement in human serum, causing dissemi-
nated infection with little or no mucosal damage. Within each 
infection pattern, there exists a spectrum of pathogenicity. The 
severity and pattern of the infection are determined by mol-
ecules expressed on the surface, including those responsible 
for adherence, metabolite transport and tissue toxicity, against 
which various antibodies are formed. Two surface molecules, 
pilus and opacity proteins, are responsible for adherence to 
cells. Both show antigenic variation, allowing them to attach 
to different niches and escape the host’s immune responses, 
and show phase variation, which alters the pathogenicity of 
the gonococci. Once adhered to the cell, gonococci must 
evade neutrophil phagocytosis to survive. Pili surface proteins 
increase resistance to phagocytosis and killing.25	 Even	 fol-
lowing phagocytosis, 2% of gonococci survive.26 Gonococci 
adhere to and invade mucus-secreting, non-ciliated cells. 
Inside this immune privileged site they multiply, divide, and 
then exit from the basal surface by exocytosis. Tissue damage 
caused by gonococci is thought to be secondary to extracellu-
lar products such as enzymes (phospholipase, peptidase), lipo-
oligosaccharides and peptidoglycans.

Gonococci have developed a number of mechanisms 
to avoid killing by serum antibodies and complement. For 
example, blocking antibodies against a surface molecule, 
reduction modifiable protein (RMP), appear to inhibit IgM 
complement-fixing antibodies from recognizing their target 
on lipo-oligosaccharides.27 Blocking antibodies to RMP are 
not only important in the development of serum resistance, 
but also appear to play a part in mucosal immunity, and 
therefore transmission. Women with antibodies against RMP 
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are more likely to acquire mucosal infection. Serum-resistant 
gonococci, however, lead to limited (if any) mucosal inflam-
mation, correlating with their inability to trigger chemotactic 
response to neutrophils. Serum-sensitive gonococci, which 
are limited to mucosal surfaces, are thought capable of trig-
gering a strong chemotactic response and marked mucosal 
inflammation.

DIAGNOSIS

 CLINICAL28

Symptomatic women commonly present with vaginal dis-
charge associated with cervical infection. Dysuria, but not 
frequency, is seen with urethral infection and is present in 
70–90% of infections. Less commonly, patients will present 
with intermenstrual bleeding or menorrhagia. Clinical find-
ings can include mucopurulent cervical discharge with con-
tact cervical bleeding and ectopy. Frequently, no signs are 
evident in uncomplicated infection.

In men, the most common presentation is urethral dis-
charge, which tends to be purulent, occurring up to 14 days 
after infection and often associated with meatal erythema. 
About	half	of	these	will	have	dysuria.	Epididymitis	occurs	in	
1% of infections. Asymptomatic infections are less common 
than with chlamydia. Rectal infection via direct inoculation 
occurs after receptive anal sex. In women it is often asymp-
tomatic, but up to 50% of men will have discharge or proc-
titis. Pharyngeal infection is asymptomatic in most cases and 
spontaneously resolves in about 12 weeks.

Disseminated infection is rare and presents as an arthritis–
dermatitis syndrome. The arthritis may be an acute, asym-
metric, destructive monoarthritis or a reactive arthropathy. 
Classically, the rash appears as distal, tender, necrotic pustules. 
Meningitis and endocarditis are infrequently described.

 INvESTIGATIONS

The gold standard investigation is culture on selective media 
containing antimicrobials to reduce contamination. This 
has a high sensitivity (80–95%) and specificity. In male ure-
thral swabs, the sensitivity of microscopy and Gram stain 
alone in symptomatic individuals is 90–95%, which is com-
parable with culture. However, sensitivity falls to 50–75% 
in asymptomatic infections and 50–70% in cervical infec-
tions.28 Microscopy and Gram stain, therefore, have a place 
in rapid diagnostic testing, but cannot supplant culture. 
NAATs are growing in popularity with sensitivity in the 
range of 87–98%, but with an organism that shows increas-
ing antibiotic resistance, culture and antimicrobial testing 
will always be the gold standard. Sensitivity and specificity 
of serological testing is very low, limiting its use in screening, 
case finding or diagnosis.

MANAGEMENT29–33

  uNCOMPLICATED INfECTIONS Of 
CErvIx, urETHrA AND rECTuM

Single-dose treatment with:

•	 cefixime	400	mg	orally
•	 ceftriaxone	125–250	mg	intramuscularly.
Alternative regimen: single-dose treatment with spectinomy-
cin 2 g intramuscularly or other cephalosporin regimens such 
as:

•	 ceftizoxime	500	mg	intramuscularly
•	 cefoxitin	2	g	intramuscularly	(with	concurrent	probenecid	

1 g orally)
•	 cefotaxime	500	mg	intramuscularly.

Possible oral alternatives: 

•	 Cefpodoxime	–	200	mg	(British	Association	for	Sexual	
Health and HIV [BASSH] recommendation) or 400 mg 
(US Centers for Disease Control and Prevention [CDC] 
recommendation)

•	 Cefuroxime	axetil	1	g.

Patients with positive microscopy or culture, or a recent part-
ner with confirmed gonorrhea, should receive treatment. The 
choice of antibiotics depends on local resistance patterns. 
The WHO and individual countries use sentinel surveil-
lance systems to monitor susceptibility and guide treatment 
recommendations.

Since the 1950s, antibiotic resistance has been documented 
to several antibiotics, particularly penicillin, tetracycline and 
quinolones. Resistance is acquired through multiple chromo-
somal mutations or single-step plasmid acquisition. The antibi-
otics chosen should eliminate infection in 95% of those treated. 
Quinolone resistance has been increasingly documented world-
wide,	with	highest	 levels	 in	South	East	Asia	 and	 the	Pacific.	
Quinolones are no longer recommended in these areas. In 
2006, the Gonococcal Isolate Surveillance Project (GISP) 
in the USA recorded 22.3% of isolates resistant to penicil-
lin, tetracycline or both, and also widespread fluoroquinolone 
resistance.30 Consequently, fluoroquinolones are no longer rec-
ommended for gonorrhea in the USA.29 Similarly in the UK, 
between 2006 and 2007, increased antimicrobial resistance 
to penicillin, tetracycline, ciprofloxacin and azithromycin was 
noted. None of these are currently recommended in the UK.

In the USA30 and the UK31 gonococci remain sensitive to 
ceftriaxone.

In the UK, few spectinomycin-resistant isolates have been 
noted since 1988; however, no isolate has demonstrated spec-
tinomycin resistance since 2005.31

One systematic review of studies published between 
1980 and 1993 looked at single-dose antimicrobial ther-
apy (excluding β-lactamase-sensitive penicillin and tetracy-
cline). A total of 21 antibiotics were considered, including 
cephalosporins, fluoroquinolones, azithromycin, rifampicin 
(rifampin) and spectinomycin. The best balance of efficacy 
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and safety for uncomplicated gonococcal infection included 
ceftriaxone (125 mg), cefixime (400 mg), ciprofloxacin (500 
mg) and ofloxacin (400 mg). However, the need to alter treat-
ment depending on sensitivity patterns implies that only cef-
triaxone and cefixime are currently recommended. The dose 
of ceftriaxone remains disputed. The Centers for Disease 
Control and Prevention (CDC) recommends 125 mg, but 
both Australian34 and British guidelines35 recommend 250 mg.

In general, all single-dose regimens recommended above 
have few side effects and are well tolerated. Disadvantages to 
using ceftriaxone and spectinomycin are that both have to be 
given intramuscularly. Many would prefer oral alternatives 
like cefixime. In a study regarding potential cost benefits of 
prescribing ceftriaxone versus cefixime, both were found to 
be equally cost-effective.36 Given the prevalence and diversity 
of gonococcal resistance it is important to monitor local resis-
tance patterns.

 PHArYNGEAL INfECTION

Ceftriaxone 125 mg or 250 mg intramuscularly can be used 
for pharyngeal infections. Cefixime may also be used.37 
Spectinomycin and ampicillin have poor efficacy.

  DISSEMINATED GONOCOCCAL 
INfECTION29

•	 Intravenous	or	intramuscular	ceftriaxone	1	g	per	day.

Alternative regimens:

•	 Intravenous	cefotaxime	1	g	every	8	h
•	 Intravenous	ceftizoxime	1	g	every	8	h
•	 Intramuscular	spectinomycin	2	g	every	12	h.

There have been no recent studies on the treatment of dissem-
inated gonococcal infection. The above regimens have been 
used in clinical practice with few reported adverse effects.

All patients should be hospitalized for initial treatment and 
examined for endocarditis and meningitis. Parenteral therapy 
should be continued for 24–48 h after signs of improvement 
are seen, followed by oral therapy (cefixime 400 mg every 12 h  
or cefpodoxime 400 mg orally every 12 h) to complete a full 
week’s course. If meningitis is present, ceftriaxone is contin-
ued parenterally for up to 2 weeks. If endocarditis is present, 
the drug should be taken for at least 4 weeks. Local expert 
opinion is advised when treating disseminated infection.

  PrEGNANCY AND 
brEASTfEEDING29,38

•	 Intramuscular	ceftriaxone	250	mg.
•	 Oral	cefixime	400	mg.
•	 Oral	amoxicillin	3	g	given	30	min	after	oral	probenecid	1	g.
•	 Intramuscular	spectinomycin	2	g.

A Cochrane review of studies amongst pregnant women with 
gonorrhea suggests both ceftriaxone and spectinomycin are 
effective in microbiological clearance, while amoxicillin with 
probenecid may be less effective. However, study numbers 
were too small to state this with confidence.38

Two RCTs have studied the treatment of gonorrhea in 
pregnancy; one compared ceftriaxone with cefixime, the 
other evaluated ceftriaxone, amoxicillin and spectinomycin. 
Microbiological cure ranged from 89% to 97%. In these two 
trials, all antibiotics were efficacious and no serious side effects 
were reported. Fluoroquinolones are not recommended in 
pregnancy because of reported arthropathy in animal studies.

Ceftriaxone, cefixime and amoxicillin are safe for use in 
lactation.18 It is unknown whether spectinomycin is secreted 
in breast milk and should be used with caution in nursing 
mothers.

 SExuAL PArTNErS

All sexual partners in the last 2–3 months should be evaluated 
and treated for gonococcal and chlamydial infection.

 furTHEr MANAGEMENT

All patients should be screened for other STIs, particu-
larly chlamydia, as some patients (20–40%) may have dual 
infection. At that co-infection level, the cost of routine dual 
therapy is less than testing for chlamydia. Therefore, chla-
mydia treatment should be routinely provided when treating 
gonorrhea.5,35

MYCOPLASMA GENITALIUM

Mycoplasma genitalium belongs to the family Myco-
plasmataceae, class Mollicutes. These bacteria are pheno-
typically distinct. They lack cell walls and have the smallest 
known genome amongst cellular organisms that can be 
cultured.

EPIDEMIOLOGY

M. genitalium is increasingly recognized as an important STI. 
In men with acute chlamydia-negative non-specific urethri-
tis (NGU), several studies have demonstrated that the preva-
lence of M. genitalium ranges from 18% to 46%.39 Infection of 
the rectum may occur in individuals practicing anal sex.

In women, M. genitalium can cause cervicitis and urethri-
tis.39 It has been detected in the endometrium of women with 
PID40 and has been isolated from fallopian tubes.41 PID asso-
ciated with M. genitalium is less likely to be symptomatic than 
gonococcal PID and appears clinically similar to chlamydial 
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PID.42 Further, because symptoms may be mild, women with 
M. genitalium PID may not seek treatment.42 Serological stud-
ies amongst women with tubal infertility indicate a possible 
relationship between past infection with M. genitalium and 
tubal damage.43 Further studies are needed to fully under-
stand the natural history of M. genitalium and its relationship 
with PID. It is noteworthy that most PID treatment regimens 
do not cover M. genitalium.44

PATHOGENESIS

M. genitalium can bind to human spermatozoa and poten-
tially be carried up into the female genital tract.45 The ability 
of M. genitalium to elicit pathological changes in the human 
host depends on a complex set of interactions between the 
organism and immune mechanisms. M. genitalium’s genome 
consists of at least seven proteins, two of which have been 
studied in detail: MgPa (aka MG191 and MG140) and 
P110. They are required for adherence to the host cell and 
are highly immunogenic. The organism has also developed 
‘gliding motility’ and the ability to express antigenic vari-
ants and other virulence-associated phenotypes, enhancing 
its ability to evade human defense mechanisms. Additionally, 
M. genitalium can survive within epithelial cells and attach to 
mucin, further contributing to its virulence.46

DIAGNOSIS

 CLINICAL

In men, the signs and symptoms are those of urethritis. In 
women, the clinical picture may be that of cervicitis, urethri-
tis or PID. The infection may remain asymptomatic in both 
sexes.

 INvESTIGATIONS

M. genitalium is difficult to culture, usually requiring complex 
media.47 More commonly NAATs, particularly PCR, are used 
to diagnose infections.48

Suitable specimens include urethral, vaginal and endo-
cervical swabs; urine samples; and rectal swabs, if infection 
at that site is suspected. For culture, a suitable transport 
medium is required. For NAATs, swabs may be transported 
in phosphate-buffered saline or ‘dry’.

 MANAGEMENT

As M. genitalium lacks a cell wall, it is resistant to the β-lactams 
and cephalosporins.

The following may be used in the treatment of 
M. genitalium:39,44,49 

•	 Azithromycin	1	g	orally	(single	dose)
•	 Moxifloxacin	400	mg	orally	every	12	h	for	7–10	days.

Treatment failures have occurred with the use of azithromy-
cin, with some strains showing resistance. This resistance is 
believed to have a genetic basis, with a mutation in the V region 
of the 23S rRNA. The basis for development of this mutation 
is induction of macrolide resistance by use of inappropriate 
dosages.50 Consequently, patients treated with azithromycin 
should have a test of cure and treatment failures managed 
with moxifloxacin.49

 PrEGNANCY AND brEASTfEEDING

Azithromycin is safe for use in pregnancy and while breast-
feeding. Quinolones are contraindicated in pregnancy and 
breastfeeding.

 SExuAL PArTNErS

Contact tracing and treatment of partners is recommended.

NON-SPECIfIC urETHrITIS

There are several infectious causes of urethritis other than 
gonorrhea, chlamydia and M. genitalium. These include 
Trichomonas vaginalis, HSV-2, Ureaplasma urealyticum and 
Mycoplasma hominis. Oral pathogens are also being increas-
ingly implicated in urethritis, including adenovirus, HSV-1 
and Streptococcus pneumoniae. However, once gonorrhea and 
chlamydia have been excluded, other organisms are seldom 
sought. Instead, the condition is usually managed empiri-
cally. Tetracyclines, erythromycin and azithromycin are all 
effective:51,52 

•	 Azithromycin	1	g	orally	(single	dose)
•	 Doxycycline	100	mg	every	12	h	for	7	days
•	 Erythromycin	500	mg	every	6	h	for	7–14	days
•	 Tetracycline	500	mg	every	6	h	for	7	days.

Moxifloxacin is active against Ureaplasma spp., Mycoplasma 
and Chlamydia, and is being evaluated as potential therapy.14

Urethritis caused by organisms such as T. vaginalis and 
HSV should be treated as detailed in subsequent sections.

PELvIC INfLAMMATOrY DISEASE

There are many causes of PID and it is beyond the scope 
of this chapter to review these in detail. However, PID is a 
major complication of two sexually transmitted organisms 
(Neisseria gonorrhoea and Chlamydia trachomatis), together 
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with  anaerobic organisms. M. genitalium is increasingly impli-
cated as a causative organism for PID.53

As a definitive diagnosis is dependent on laparoscopy, 
many individuals are treated presumptively. This may result 
in overdiagnosis of PID and underdiagnosis of other causes 
of pelvic pain.54 As microbiological confirmation is sel-
dom undertaken, treatment is directed at the most likely 
organism(s).

High cure rates (i.e. microbiological resolution and clear-
ance of symptoms) are achieved with most regimens (Box 
56.1). A meta-analysis showed that regimens with two or more 
antibiotics had a better than 90% success rate.55 However, 
damage to the fallopian tubes and subsequent infertility are 
long-term consequences, particularly where infection occurs 
more than once.

A recent RCT showed that the efficacy of azithromycin  
1 g orally weekly for 2 weeks was comparable to doxycy-
cline in treating mild PID56 and may be preferred in situa-
tions where compliance is questionable or there is evidence of  
M. genitalium infection.

Moxifloxacin is currently being evaluated for use in PID 
as it is active against organisms causing PID, including myco-
plasmas,14 and demonstrates uterine tissue concentrations 
sufficient to eradicate major pathogens. Other advantages are 
once-daily dosing and few side effects.

EPIDIDYMO-OrCHITIS

Epididymo-orchitis	is	a	complication	of	gonorrhea	and	chla-
mydia, particularly in men under 35 years, and treatment 
should be directed at these organisms, i.e.:

•	 ceftriaxone	250	mg	intramuscularly	(single	dose),	plus
•	 doxycycline	100	mg	every	12	h	for	10	days.29

In men over 35 years, treatment should be directed at urinary 
tract infections.

LYMPHOGrANuLOMA vENErEuM

EPIDEMIOLOGY

Lymphogranuloma venereum (LGV) is usually a disease 
of developing countries where it is often endemic. In devel-
oped countries, cases tend to occur in individuals with  
multiple sexual partners, low socioeconomic groups and urban 
areas. Traditionally, LGV occurred sporadically in developed 
countries, often secondary to sexual contact overseas. However, 
outbreaks have been described in several developed countries57 
amongst men who have sex with men (MSM), particularly in 
those with numerous casual partners. Where LGV is endemic, 
most patients are males in their twenties. The male-to-female 
ratio varies but can reach as high as 5:1 and may be due to a 
greater proportion of asymptomatic cases in women. However, 
late complications are reported more frequently in women.

PATHOGENESIS

LGV is a disease of the lymphatics. The organism induces a 
thrombolymphangitis and perilymphangitis in the drainage site 
of the primary infection. The endothelial cells lining the lym-
phatic vessels proliferate and central necrosis occurs. These 
areas coalesce to form abscesses from which fistulae or sinuses 
can develop. This acute inflammatory process lasts weeks to 
months, followed by fibrosis, resulting in further destruction of 
the lymphatics. Chronic edema develops secondary to lymphatic 
obstruction and the affected area often becomes indurated with 
breakdown of the overlying skin. In rectal involvement, a picture 
similar to Crohn’s disease develops with transmural inflamma-
tion, mucosal ulceration and inflammatory strictures.

DIAGNOSIS

 CLINICAL

LGV is divided into three stages:

•	 Stage	1	is	the	development	of	a	painless	non-scarring	
ulcer or papule, usually on the glans penis, vaginal wall or 
labia. It occurs 3–12 days after sexual contact and often 

Box 56.1 treatment for pelvic inflammatory disease

parenteral (inpatient) regimens

Regimen Aa

Cefoxitin 2 g i.v. every 6 or 12 h, or

Cefotetan 2 g i.v. every 12 h, plus

Doxycycline 100 mg i.v. or p.o. every 12 h

Regimen Ba

Clindamycin 900 mg intravenously every 8 h, plus

Gentamicin loading dose 2 mg/kg i.v. or i.m., followed by 1.5 mg/kg every  

 8 h maintenance dose. Single daily dosing may be substituted

Alternative regimena

Ampicillin–sulbactam 3 g i.v. every 6 h, plus

Doxycycline 100 mg orally or i.v. every 12 h

Outpatient treatment

Regimen A

Ceftriaxone 250 mg i.m. in a single dose, plus

Doxycycline 100 mg orally every 12 h for 14 days, with or without

Metronidazole 400–500 mg every 12 h for 14 days

Regimen B

Cefoxitin 2 g i.m. plus probenecid 1 g p.o. administered concurrently  

 in a single dose, plus

Doxycycline 100 mg p.o. every 12 h for 14 days, with or without

Metronidazole 400–500 mg p.o. every 12 h for 14 days

Regimen C

Other parental third-generation cephalosporin (e.g. ceftizoxime or  

 cefotaxime), plus

Doxycycline 100 mg p.o. every 12 h for 14 days, with or without

Metronidazole 400–500 mg p.o. every 12 h for 14 days

aOral therapy may be initiated 24 h after clinical improvement using doxycycline  
100 mg every 12 h or clindamycin 450 mg/day for 14 days.
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heals unnoticed. Lesions can occur in the urethra, cervix 
or rectum, leading to urethritis, cervicitis or proctitis, 
respectively. Lymphangitis develops in the field of 
drainage.

•	 Stage	2	manifests	as	tender	lymphadenopathy	in	the	
inguinal and/or femoral region. In two-thirds of cases this 
is unilateral. The area can feel matted, with ulceration 
and sinus formation. When inguinal and femoral regions 
are affected, the taut inguinal ligament forms a groove, 
which is said to be pathognomonic of LGV. This stage 
is often associated with fever. Meningoencephalitis, 
hepatitis, pneumonitis, erythema nodosum and erythema 
multiforme have been described. The time between the 
primary lesion and lymphadenopathy is 10–30 days, but 
may be up to 6 months.

•	 Not	all	cases	progress	to	stage	3,	where	widespread	
destruction of surrounding areas results in proctocolitis, 
abscess formation, fistulae and strictures. This is more 
common in females and MSM. Alternatively, a lesion 
(esthiomene) develops when the primary infection has 
involved the lymphatics of the scrotum, penis or vulva. 
Lymphangitis, lymphatic obstruction and fibrosis result 
in induration, enlargement and ulceration of affected 
parts. This destructive process is most commonly seen in 
women.

 INvESTIGATIONS

Investigations need to exclude other causes of GUD and 
other coexisting STIs. Various techniques can be used to 
assess lymph node aspirates or ulcer base exudates,  including 
culture,	 immunofluorescence,	 enzyme	 immunoassay	 (EIA)	
and PCR. Alternatively, serological testing including micro-
immunofluorescence, complement fixation or enzyme-linked 
immunosorbent	assay	(ELISA)	may	be	used.	Culture	 is	 the	
most specific method but its sensitivity is poor (50–85%). 
Culture and immunofluorescence are labor intensive and 
expensive.	EIA	is	relatively	easy	but	has	poor	sensitivity	and	
requires confirmation by another method. PCR, used in non-
LGV chlamydia, has not been used to any great extent in 
LGV. PCR has high sensitivity and specificity, but is expen-
sive. Of the serological tests, microimmunofluorescence is one 
of the most sensitive and specific. It can distinguish serotypes, 
 making it the  diagnostic test of choice if available.

MANAGEMENT

Studies regarding the treatment of LGV are few. Assessment 
of treatment outcome is difficult because spontane-
ous resolution can occur. Various guidelines suggest the 
following:5,58,59 

•	 first-line	therapy:	doxycycline	100	mg	orally	every	12	h	
for 21 days

•	 erythromycin	base	500	mg	orally	every	6	h	for	21	days.

Early	treatment	is	essential	to	limit	the	chronic	phase.	Resolution	
of symptoms should occur within a few days, although heal-
ing may take several weeks. Complications such as fistulae, 
sinuses or strictures may require surgery, always under antibi-
otic cover.

Treatment of MSM remains the same as that for hetero-
sexuals.

 PrEGNANCY AND brEASTfEEDING

Erythromycin	base	is	safe	for	use	in	pregnancy	and	lactation.	
Doxycycline is contraindicated in pregnancy.18

SYPHILIS

The causative organism of syphilis is Treponema pallidum, 
subspecies pallidum, a spirochetal organism belonging 
to the genus Treponema. The genus includes three other 
human pathogens, T. pallidum subspecies pertenue (the cause 
of yaws), T. pallidum subspecies endemicum (the causative 
organism of bejel) and Treponema carateum (the causative 
organism of pinta).

EPIDEMIOLOGY

The incidence of syphilis in the developed world fluctu-
ated dramatically during the 20th century. It was extremely 
common	throughout	Europe	 in	 the	early	part	of	 the	cen-
tury. Following the First World War, social stability, 
improvements in living standards and healthcare resulted 
in a decline in incidence. However, this was short lived. 
During, and immediately after, the Second World War the 
incidence increased. The introduction of penicillin and 
improvements in healthcare resulted in a dramatic decline 
in syphilis in the 15 years following the Second World War. 
During the 1960s and 1970s, there was an increase in many 
parts of the world, particularly in MSM. However, as a con-
sequence of the HIV epidemic, the 1980s saw widespread 
promotion of safer sex messages, leading to dramatic 
declines	in	syphilis,	particularly	in	Europe,	North	America	
and	Australia.	In	the	late	1990s,	Eastern	Europe	and	some	
inner cities in North America saw an increase in incidence 
secondary to poverty, unemployment, poor healthcare and 
social breakdown.

In the USA, between 1990 and 2000, the rate of primary 
and secondary syphilis declined by 90%. However, from 2001 
to 2007 the rates increased annually, predominantly among 
men (from 3/100 000 to 6.6/100 000).23

In	 sub-Saharan	 Africa	 and	 South	 and	 South	 East	 Asia,	
syphilis remains a major public health problem with an esti-
mated 6 million new diagnoses in both regions in 2005.1
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PATHOGENESIS

Treponemes enter the body via microabrasions caused by 
trauma during sexual intercourse and then migrate into the 
dermis where they attach to the surface of cells. They do not 
enter the cell, but penetrate the endothelial junctions and tis-
sue layers. There is localized infection at the site of invasion, 
usually resulting in a local lesion (chancre). The organism then 
disseminates throughout the body. Late complications are due 
to a chronic inflammatory reaction which continues over many 
years. Cardiovascular syphilis is characterized by lymphocytic 
and perivascular infiltrates, resulting in an obliterative endar-
teritis. The pathological changes of neurosyphilis again reflect 
a chronic inflammatory reaction with lymphocytes and plasma 
cells infiltrating the meninges and perivascular areas, result-
ing in degeneration of neural cells. T. pallidum has an immune 
evasiveness, which is its key to success as a pathogen. This 
may partly be due to sequestration in immune sanctuary sites 
masking the organism’s surface by host proteins, or paucity 
of outer membrane proteins acting as antigenic targets. Some 
immunogenic  proteins appear to be under the cell surface and 
associated with the periplasmic leaflet. Additionally, the pro-
teins are usually present in small numbers, further restricting 
their potential as immune targets.

DIAGNOSIS

 CLINICAL

The incubation varies from 9 to 90 days (average 21 days) and 
the clinical features can be divided into three stages:

•	 Primary	infection	(chancre)	occurs	at	the	site	of	local	
inoculation. Chancres are usually painless ulcers, 
accompanied by local lymphadenopathy, and heal within 
3–10 weeks.

•	 The	secondary	stage	corresponds	with	dissemination	
of the infection, characterized by skin and mucous 
membrane lesions and constitutional symptoms. In many 
individuals, latency is established without any signs or 
symptoms of early infection; they may go on to develop 
the late complications of infection.

•	 Late	complications	include	cardiovascular,	neurological	
or gummatous disease. Cardiovascular problems 
include aortitis, aortic incompetence and aortic 
aneurysms. The second major late complication is 
neurological syphilis involving the brain and/or spinal 
cord. Gummatous disease represents a hypersensitivity 
reaction characterized by nodules consisting of necrotic 
tissue surrounded by mononuclear cells and proliferating 
connective tissue. They can occur in any tissue or organ, 
but most commonly occur in skin or bone.

Infection is completely curable in the primary, secondary 
and early latent stages. However, cardiovascular and/or neu-
rological damage is irreversible, although progression can be 

prevented with treatment. The natural history of untreated 
syphilis is variable: around 10% develop cardiovascular dis-
ease, 10% neurological disease and 10% gummatous disease.

INvESTIGATIONS

Syphilis can be diagnosed through direct visualization of the 
organism or by serological testing. Direct visualization may be 
possible in primary and secondary syphilis. Specimens may 
be obtained from primary chancres or mucous membrane 
lesions. The organism can be viewed under dark-field micros-
copy of serous exudate placed on a saline-moistened slide. 
Treponemes can be seen as motile spirochetes, characteris-
tically said to display ‘corkscrew’ and ‘angular’ motion, with 
15–20 coils. Specimens may also be examined with fluores-
cent antibody stains, a method that can also be used on biopsy 
and autopsy specimens.

The mainstay of syphilis diagnosis is serology. There are two 
types of serological tests: non-treponemal and treponemal.

Non-specific antibodies directed towards anticardiolipin, 
cholesterol and lecithin form the basis for the non-treponemal 
tests. They can be detected in serum and are related to disease 
activity. However, these tests also become positive in response 
to other conditions, including acute viral and mycoplasmal 
infection, vaccination, pregnancy, and connective tissue dis-
orders. Two tests commonly used are the Venereal Disease 
Research Laboratory (VDRL) test and the rapid plasma 
regain (RPR) test.

Treponemal tests are specific. However, once positive they 
tend to remain so, and consequently detection of antibodies 
indicates past or present infection. Three tests are commonly 
used: fluorescent treponemal antibody absorption test (FTA), 
Treponema pallidum hemagglutination assay (TPHA)60 and a 
variation of TPHA, the Treponema pallidum particle agglutina-
tion assay (TPPA). Antibodies can be detected in serum and 
cerebrospinal fluid (CSF). In early infection no  antibodies 
are present and the first test to become positive is usually the 
FTA.

There has been an increase in availability of the treponemal 
EIA	for	the	detection	of	IgM	and	IgG	treponemal	antibodies.	
EIA	for	treponemal	IgM	antibodies	is	particularly	helpful	in	
the diagnosis of suspected early syphilis as they are almost 
invariably detectable 2 weeks after infection. IgG antibodies 
become detectable by the fourth or fifth week of infection.61

MANAGEMENT

Treatment aims to eliminate infection and prevent com-
plications and onward spread. Since its introduction in the 
late 1940s, penicillin has revolutionized the management 
of syphilis and remains the mainstay of treatment, although 
no RCTs have been conducted. Despite its widespread use, 
T. pallidum remains sensitive to penicillin. Treatment choices 
are predicated on convenience of dosage, CSF penetration, 
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concomitant HIV infection and allergy. Benzathine penicillin 
is convenient to use, but has poor CSF penetrance.62 Some 
experts prefer procaine penicillin, particularly when used with 
probenecid, which delays renal excretion and prolongs the 
half-life of penicillin and has good CSF penetration.63

  PrIMArY, SECONDArY Or EArLY 
LATENT SYPHILIS If THE CSf IS 
NEGATIvE5,61,64

Treatment is procaine penicillin 1.2 g (600 000 units) intra-
muscularly daily for 10 days with probenecid 500 mg every 
6 h. An alternative is single-dose benzathine penicillin G 1.8 g  
intramuscularly.

If the patient is allergic to penicillin the following regimens 
may be employed: 

•	 Doxycycline	100	mg	orally	every	12	h	for	21	days65

•	 Azithromycin	2	g	orally66 (single dose)
•	 Erythromycin	500	mg	orally	every	6	h	for	14	days
•	 Ceftriaxone	500	mg	intramuscularly	daily	for	10	days
•	 Amoxicillin	500	mg	orally	every	6	h	for	14	days	(with	

probenecid 500 mg every 6 h for 14 days).

Ceftriaxone should be used with caution in individuals with 
history of anaphylactic reaction to penicillin.

Patients treated with alternative regimens must be moni-
tored carefully for treatment failure. There are few reports of 
treatment failure with azithromycin.67 A Cochrane review com-
paring azithromycin with penicillin is currently underway.

In individuals whose compliance to alternative regimens 
is questionable or follow-up unlikely, desensitization and 
subsequent treatment with benzathine penicillin may be 
recommended.

  CArDIOvASCuLAr, GuMMATOuS 
Or NEurOSYPHILIS5,61,64

Choices include intramuscular procaine penicillin 1.2 g 
(600 000 units) daily and probenecid 500 mg every 6 h for 
17 days, intramuscular benzathine penicillin G 1.8 g weekly 
for 3 weeks or doxycycline 100 mg orally every 12 h for  
28 days.

  THE JArISCH–HErxHEIMEr 
rEACTION

An influenza-like reaction with headache, myalgia and fever 
sometimes occurs within 24 h of starting therapy, believed 
to be due to rapid reduction in treponemal load which can 
be managed with simple antipyretics. Occasionally this reac-
tion may cause severe complications in late syphilis, particu-
larly where the cerebral vasculature or the aorta is involved. 
Systemic steroids such as prednisolone 30 mg/day for 3 days, 
commencing the day before treatment, are useful.

  SYPHILIS IN HIv-POSITIvE 
PATIENTS5,61,64

Treatment of syphilis in HIV-positive individuals remains an 
area of dispute. Some experts believe all HIV-positive patients 
should be treated as for late syphilis. Others believe treatment 
remains the same as for HIV-negative patients.

 PrEGNANCY AND brEASTfEEDING

Procaine penicillin and benzathine penicillin are both suit-
able for treatment in pregnancy and while breastfeeding. 
Doxycycline	 is	 not	 recommended.	 Erythromycin	 500	 mg	
orally every 6 h for 21 days is suitable in patients allergic to 
penicillin. If erythromycin is used, the baby should be treated 
with procaine penicillin as erythromycin does not reliably 
ensure cure of an infected fetus.5 There is little or no evidence 
to recommend a change in antibiotic treatment schedule 
amongst pregnant women.64,68

 CONGENITAL SYPHILIS

Infants under 2 years should receive aqueous crystalline peni-
cillin 100 000–150 000 U/kg per day, administered intrave-
nously as 50 000 U/kg (30–60 mg) per dose, every 12 h for 
the first 7 days of life, and every 8 h thereafter for a total of 
10 days, as recommended by the CDC. The BASSH also rec-
ommends intravenous benzyl penicillin sodium 100 000–150 
000 U/kg per day as per the CDC regimen. Alternatively, pro-
caine penicillin G may be administered in a daily single dose 
of 50 000 U/kg intramuscularly for 10 days.5,69

CHANCrOID

Chancroid is an important cause of GUD in developing  
countries. The causative agent is Haemophilus ducreyi, a Gram-
negative anaerobic coccobacillus.

EPIDEMIOLOGY

In 1995, the WHO estimated the annual incidence of 
chancroid to be 7 million.70 The burden of this infection 
is  predominantly in some developing countries where it is 
endemic. Several studies in the late 1990s suggested the 
prevalence of chancroid had decreased. A larger propor-
tion of GUD is attributable to reactivation of HSV in HIV-
positive populations. Mixed infections with HSV, syphilis or 
both are also common (17.4% [13.1–21.5% at 95% confi-
dence intervals]).71
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In developed nations, incidence and prevalence are low, 
with occasional outbreaks described in Canada and the south-
ern states of the USA, often associated with exchange of sex 
for money or drugs and the use of crack cocaine or alcohol. 
Recently there has been a significant decline in prevalence in 
the USA, with only 23 reported cases in 2007.72

H. ducreyi is transmitted mainly through sexual contact, 
with lower socioeconomic groups at greatest risk. Infection is 
twice as common among uncircumcised men as in  circumcised 
men. Commercial sex workers (CSWs) with subclinical dis-
ease form a reservoir of infection, but there is no evidence for 
asymptomatic carriage. If untreated, the infection is thought 
to last about 45 days.

The presence of GUD, particularly chancroid, is an impor-
tant risk factor in transmission of HIV. The mechanism behind 
this is thought to be H. ducreyi recruiting CD4 cells and 
 macrophages to the genital surface, providing an increased 
target population of cells for HIV to infect.

PATHOGENESIS

H. ducreyi penetrates the epidermis through an abrasion or 
trauma. It incites a predominantly Th1 response, with recruit-
ment of CD4 and CD8 lymphocytes, macrophages and 
gra nulocytes to the infection site. The initial lesion is com-
monly intraepidermal and organisms can be found within 
polymorphs and the interstitium. More virulent strains of 
H. ducreyi can withstand phagocytosis and killing by neutro-
phils. In addition to cellular immune response, a humoral 
immune response is elicited, with antibodies targeted par-
ticularly against lipo-oligosaccharides. The role of these 
immune responses in the pathogenesis of chancroid is not 
fully understood.

DIAGNOSIS

 CLINICAL

Chancroid has an incubation period of 3–10 days. Men usu-
ally present with a genital ulcer or tender inguinal lymphade-
nopathy. Women present with dysuria, dyspareunia, vaginal 
discharge and pain or bleeding on defecation, depending on 
the infection site.73 The ulcer can be single or multiple. Women 
often have a number of discrete ulcers, whereas over half of 
affected men will only have a single ulcer. The ulcer classically 
has ragged, undermined edges, a necrotic base with purulent 
exudate and bleeds easily on contact. It is  non-indurated with 
little surrounding inflammation. Pain is characteristic, but 
less common in women. Ulcers occur at sites of trauma: in 
men, either on the internal or external surface of the prepuce, 
frenulum or coronal sulcus; in women, on the fourchette, 
labia, vestibule or clitoris. Ulcers may extend into the vagina 
and have been described on the cervix.

Associated painful inguinal lymphadenopathy occurs in 
about 50% of cases, being unilateral and extensive. Buboes 
form, become fluctuant and rupture, leading to extensive 
ulceration. Superinfection of these and primary ulcers by 
anaerobic organisms can lead to phagedenic ulceration and 
extensive tissue destruction. In men, phimosis may occur as a 
late complication, often requiring circumcision.

 INvESTIGATIONS

Currently the ‘gold standard’ for diagnosis is culture of swabs 
taken from the base of the ulcer. Pus aspirated from a bubo 
can also be cultured, but has a lower yield as the number of 
organisms is low. For optimum results, a selective culture 
medium is required, for example gonococcal agar base, sup-
plemented with fetal calf serum or charcoal. With these meth-
ods, sensitivities of at least 80% are reached. Gram staining 
samples may reveal Gram-negative coccobacilli with occa-
sional chains. However, this is only 50% sensitive when com-
pared with culture. PCR is the most sensitive method (>95%) 
but is only commercially available as a combined test for  
H. ducreyi, T. pallidum and HSV. Some laboratories have devel-
oped in-house PCR tests, but these are not Food and Drug 
Administration (FDA) approved.

Serology	is	available	in	the	form	of	an	ELISA,	although	it	
is unable to distinguish between new and old infection. Other 
causes of GUD should be considered and excluded.

MANAGEMENT5,74

•	 Azithromycin	1	g	orally	(single	dose)
•	 Erythromycin	500	mg	orally	every	6	h	for	7	days
•	 Ciprofloxacin	500	mg	orally	every	12	h	for	3	days
•	 Ciprofloxacin	500	mg	orally	(single	dose)
•	 Ceftriaxone	250	mg	intramuscularly	(single	dose)
•	 Spectinomycin	2	g	intramuscularly	(single	dose).

With the emergence of plasmid-mediated  antimicrobial resis-
tance, tetracyclines, penicillins, streptomycin, chloramphen-
icol and sulfonamides are no longer reliable. Trimethoprim 
also shows widespread resistance, although the mechanism 
behind this has not been characterized. Intermittent resis-
tance to ciprofloxacin and erythromycin has been described 
in several isolates worldwide, although in insufficient  numbers 
to limit their use. If H. ducreyi is not eradicated from the ulcer 
within 72 h of commencing therapy, clinical failure can be 
anticipated.

All regimens recommended above have been proven effec-
tive in RCTs.75,76 A small study demonstrated cure rates 
of 93.7% and 93.3% with ciprofloxacin and erythromy-
cin, respectively, but only 53.3% with co-trimoxazole.77 The 
advantage of azithromycin and ceftriaxone is they are single-
dose regimens. The option of using ciprofloxacin in a single 
dose has also been evaluated, with cure rates of 92%, com-
pared to erythromycin, with cure rates of 91%.78 Some studies 
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raised concern regarding single-dose regimens in HIV-positive 
patients. In one study 30% of patients administered ceftri-
axone failed treatment.79 Treatment failures have also been 
described with azithromycin.75 Single-dose regimens should 
be used cautiously, particularly in HIV-positive patients. The 
CDC recommends that single-dose regimens should only 
be used in HIV-positive individuals if follow-up is ensured.5 
Fluctuant buboes are managed by repeated aspiration of pus 
through adjacent healthy skin, a safe and effective procedure.

 PrEGNANCY AND brEASTfEEDING

Fluoroquinolones cannot be used in pregnancy and lactation, 
or in children. Azithromycin, erythromycin or ceftriaxone is 
the treatment of choice.

 fOLLOw-uP

Patients should be reassessed after treatment completion to 
ensure healing has occurred. Re-epithelialization will be evi-
dent by day 7, although complete healing depends on initial 
ulcer size. Failure to respond may be due to antibiotic resis-
tance or the presence of a co-infection. Sensitivity testing and 
exclusion of syphilis and HSV are warranted.

 CONTACT TrACING

Contact tracing is necessary for any sexual contact in the 
10 days prior to symptom onset. Contacts should be exam-
ined and treated if necessary. Active tracing and treating con-
tacts and condom promotion programs make eradication of 
H. ducreyi achievable, a goal with high priority due to the 
enhanced HIV transmission.

DONOvANOSIS (GrANuLOMA 
INGuINALE)

Donovanosis is a form of GUD seen predominantly in tropical 
countries and caused by the Gram-negative bacillus Klebsiella 
granulomatis (formally classified as Calymmatobacterium 
granulomatis).80

EPIDEMIOLOGY

Recently, donovanosis has been seen in small endemic 
foci in only a few geographical areas; in particular, Papua 
New	 Guinea	 (PNG),	 southern	 Africa,	 North	 East	 Brazil,	
French Guyana and remote Australian aboriginal commu-
nities. Outbreaks have also been identified in parts of South 

Africa.81 However, the numbers of cases in PNG82 and in 
Australia have decreased dramatically following successful 
elimination programs.83 Most cases occur via sexual trans-
mission, with men outnumbering women by up to 6:1,84 
and are associated with poor personal hygiene.85 Vertical 
transmission has been reported, as has primary infection, in 
children. There appears to be a genetic component to dono-
vanosis, with individuals with HLA-B57 being more sus-
ceptible and those with HLA-A23 having some resistance 
to infection.86

PATHOGENESIS

Organisms gain entry via trauma or abrasions. A small firm 
nodule containing ‘Donovan bodies’ occurs at the site of inoc-
ulation and is considered classic for the disease. ‘Donovan 
bodies’ consist of large mononuclear cells in which intracyto-
plasmic inclusion bodies contain the bacteria. These inclusion 
bodies rupture, releasing infective organisms.

DIAGNOSIS

 CLINICAL

At the site of primary inoculation, a small, non-tender papule 
or subcutaneous nodule forms; this either ulcerates or becomes 
a hypertrophic growth. The ulcer can become necrotic and 
destructive, leading to the formation of extensive scar tissue. 
The primary ulcer, in contrast to chancroid, is painless and 
can be single or multiple; however, like chancroid, it bleeds 
easily on contact and often has a distinctive odor. Genitals are 
affected	in	90%	of	cases.	Extragenital	ulcers	are	found	in	6%	
of cases, usually associated with primary disease. Sites include 
the oropharynx, neck and chest. Inguinal lesions occur in 10% 
of cases secondary to spread of infection from lymph nodes 
to overlying skin.

Some cases may resolve, but others develop into a chronic 
form leading to extensive tissue destruction. Other complica-
tions include hemorrhage, genital elephantiasis secondary to 
lymphoedema, squamous cell carcinoma and, rarely, dissemi-
nation to bone and liver. Disseminated disease is seen more 
frequently in pregnancy.

 INvESTIGATIONS

Suitable samples include swabs or scrapings from the base of 
ulcers or tissue biopsy. These are stained with Giemsa or Gram 
stain and studied under a direct microscope. Donovan bodies 
(Gram-negative with bipolar staining) are found within histio-
cytes and are characteristic of infection (seen in 60–80% of sus-
pected cases). K. granulomatis has been cultured but culture is 
not yet used in routine practice; neither is PCR nor serology.87
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MANAGEMENT

All patients with proven or clinically suspected donovanosis 
from endemic areas should be treated, with therapy continu-
ing until the ulcer has healed.

The following regimens have been evaluated in prospective 
studies:5,84,87–91 

•	 Azithromycin	orally	1	g	weekly	or	500	mg	daily
•	 Erythromycin	orally	500	mg	every	6	h
•	 Doxycycline	orally	100	mg	every	12	h
•	 Trimethoprim–sulfamethoxazole	orally	160/800	mg	every	

12 h
•	 Norfloxacin	orally	400	mg	every	12	h
•	 Gentamicin	(intramuscular	or	intravenous)	1	mg/kg	every	8	h
•	 Ceftriaxone	(intramuscular	or	intravenous)	1	g	daily.

Australian antibiotic guidelines recommend azithromycin. 
As lengthy therapy is often required, this may be one of the 
most cost-effective regimens. Like chancroid, there is some 
evidence that patients with HIV may not respond to first-line 
therapy and may require longer courses of antibiotics.81

Sexual contacts of the index case should be assessed and 
treated in order to reduce transmission of donovanosis, as 
well as HIV, in endemic areas.

 PrEGNANCY AND brEASTfEEDING

Azithromycin, erythromycin and ceftiaxone are safe for use in 
pregnancy and while breastfeeding. Doxycline and ciprofloxa-
cin and contraindicated. Pregnancy is a relative contraindica-
tion to the use of sulfonomides.

bACTErIAL vAGINOSIS

Bacterial vaginosis (BV) is a syndrome characterized by alteration 
in normal bacterial flora found in the vagina, from a predomi-
nance of lactobacilli, to high concentrations of anaerobic bac-
teria (Gardnerella vaginalis, Prevotella spp., Mycoplasma hominis, 
Mobiluncus spp.). It presents with an offensive vaginal discharge 
and is believed to be associated with PID, and an increased risk 
of preterm labor and chorioamnionitis in pregnant women.

EPIDEMIOLOGY

The infection is common in most countries, with highest reported 
rates in women in rural parts of sub-Saharan Africa (over 50%), 
followed by CSWs and women attending STI clinics (24–
37%).92,93 Higher prevalence appears to be related to ethnicity, 
being sexually active and having symptoms.94 A recent UK study 
indicated a prevalence of BV amongst asymptomatic pregnant 
women of 3.54%95 and a study in Burkina Faso indicated a prev-
alence of 6.4% amongst women attending antenatal clinics.96 BV 
appears to double women’s risk of HIV acquisition.97

PATHOGENESIS

The pathogenesis of BV is unclear. Inoculation studies in 
human and animal models, together with epidemiologi-
cal data, suggest that sexual intercourse may introduce a 
set of bacteria that in some women set in motion a chain of 
events leading to alteration in bacterial flora and subsequent 
BV. Lack of inflammation in vaginal epithelial cells suggests 
that BV is due to a change in bacterial flora and composi-
tion of vaginal fluid rather than a true infection. Practices 
like ‘douching’ of the vagina are associated with BV and may 
play a role in pathogenesis.98 Another factor thought to influ-
ence the host’s susceptibility to infection is the predominant 
strain of lactobacillus present. Some strains produce hydro-
gen peroxide, which may inhibit growth of anaerobic rods, 
Gardnerella, Mobiluncus and Mycoplasma. These lactobacilli 
are found more frequently colonizing the vagina of normal 
women than those with BV and women with these strains are 
less likely to develop BV.

DIAGNOSIS

 CLINICAL

BV is asymptomatic in many women. The characteristic 
symptom is a malodorous thin, white, homogeneous vaginal 
discharge, coating the walls of the vagina.

BV is associated with chorioamnionitis, preterm labor, low 
birthweight, premature rupture of membranes,99 postpartum 
PID (following cesarean and vaginal delivery), post-abortion 
PID and PID following gynecological surgery. It is not clear 
if treating women with asymptomatic BV reduces their risk of 
developing PID.

 INvESTIGATIONS

The diagnosis of BV is based on the presence of symptoms 
and signs. Cultures for specific bacteria are of limited use as 
these form part of normal vaginal flora. Diagnostic criteria 
consist of three of the following four signs:

1. Characteristic, white adherent vaginal discharge
2. Vaginal pH <4.5
3. Fishy odor (from release of amines) when vaginal fluid is 

mixed with 10% potassium hydroxide
4. Presence of clue cells.100

Clue cells are vaginal squamous cells covered with bacteria 
giving them a stippled appearance. They can be visualized by 
placing a drop of vaginal fluid and normal saline on a slide 
and viewed microscopically. Gram staining vaginal fluid will 
also reveal clue cells, in addition to large numbers of Gram-
negative or Gram-variable coccobacilli.

Commercially available diagnostic kits have not been vali-
dated for diagnosis.
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MANAGEMENT

BV	 can	 remit	 spontaneously.	 Even	 with	 treatment,	 it	 may	
recur in up to one-third of women. Consequently, women 
with BV who are symptomatic, undergoing surgical proce-
dures or are pregnant should be treated to reduce anaerobic 
flora.101,102

 rECOMMENDED rEGIMENS

•	 Metronidazole	400–500	mg	orally	every	12	h	for	7	days
•	 Metronidazole	2	g	orally	(single	dose)
•	 Metronidazole	gel	(0.75%)	intravaginally	daily	for	5	days
•	 Clindamycin	cream	(2%)	intravaginally	daily	for	7	days
•	 Clindamycin	300	mg	orally	every	12	h	for	7	days
•	 Tinidazole	2	g	orally	(single	dose).

Metronidazole and clindamycin (oral and intravaginal prepa-
rations) have been evaluated in several RCTs and appear to 
have similar efficacy with cure rates at 1 month of 71–89%. 
A systematic review of oral and intravaginal preparations in 
non-pregnant women showed that at 4 weeks post therapy, 
cumulative cure rates were 78% for oral metronidazole, 82% 
for intravaginal clindamycin and 71% for intravaginal met-
ronidazole.103 One RCT comparing oral metronidazole with 
clindamycin showed no difference in short-term cure rates 
(94–96% at 7–10 days).104 Comparison of metronidazole  
2 g statim with 500 mg every 12 h for 7 days suggests that the 
single dose may be less effective.105 Both metronidazole and 
clindamycin (intravaginal applications) have demonstrated 
similar efficacy in restoring lactobacilli at 21–30 days after 
initiation of therapy.106

Clindamycin has few side effects but has been associated 
with pseudomembranous colitis and vaginal candidiasis. Up 
to two-thirds of women treated with oral metronidazole will 
experience side effects, mainly gastrointestinal. Intravaginal 
metronidazole preparations are equally effective, have fewer 
side effects, but may be more expensive.107

The UK guidelines recommend tinidazole 2 g (single 
dose). An RCT found tinidazole 2 g per day for 2 days or 1 g 
per day for 5 days to be significantly more effective than pla-
cebo,96 though more expensive than metronidazole.101

Although the recurrence rate among women treated for BV 
is high, there is no evidence from several placebo-controlled 
trials to support treatment of male sexual partners.

  TrEATMENT Of bv IN PrEGNANCY 
AND brEASTfEEDING

Several RCTs regarding treatment of BV in pregnant women 
with a history of preterm labor indicate that this group 
should receive oral metronidazole or clindamycin early in the 
second trimester as both drugs are efficacious and safe.108–110 

Evidence	does	not	support	the	use	of	intravaginal	clindamy-
cin to prevent preterm labor in women with BV. In fact, its 
use in the latter half of pregnancy has been associated with 
low birthweight and neonatal infections.111

There is a suggestion that treating BV in the first 20 weeks 
of pregnancy may have a beneficial effect on preterm labor.112 
However, there are insufficient data to support treatment of 
all asymptomatic pregnant women.

Metronidazole enters breast milk and high doses should be 
avoided. Small amounts of clindamycin enter breast milk. It is 
prudent therefore to use intravaginal treatment during lactation.

 TEST Of CurE

Only pregnant women with BV require test of cure. They 
should be retested after 1 month to assess requirement for 
further treatment.

 PrOPHYLACTIC THErAPY

Data on the use of prophylactic treatment before gynecologi-
cal procedures and insertion of intrauterine contraceptive 
devices are limited. Currently there is insufficient evidence to 
support its use.

 ALTErNATIvE MEDICATIONS

Various alternative treatments are currently available, includ-
ing acidifiers, yoghurt and lactobacillus preparations but data 
supporting their use are limited.

GENITAL HErPES

EPIDEMIOLOGY

Genital herpes is caused by infection with one of the two her-
pes simplex viruses (HSV): HSV-1 or HSV-2. Most genital 
infections are caused by HSV-2 as a consequence of direct 
genital-to-genital spread. In some countries, particularly in 
the developed world, HSV-1 accounts for a considerable pro-
portion of cases.113 HSV-1 is spread to the genitals during 
orogenital sex. Individuals infected genitally with HSV-1 or 
HSV-2 may remain asymptomatic,114 although most shed the 
virus sporadically and can infect their sexual partners.115

Several seroepidemiological studies have been conducted. 
These showed that among pregnant women, HSV-2 seroprev-
alence ranged from 7% to 50%,116 in STI clinics from 15% to 
75%116,117 and among CSWs from 74% to 96%.

The presence of HSV-2 antibodies is related to age at 
coitarche, number of lifetime sexual partners, increasing age, 
ethnic origin, socioeconomic status, gender (women more 
commonly infected than men) and previous STIs.118,119
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PATHOGENESIS

HSV enters the body via the skin or mucous membranes of 
the genital tract. The virus is then taken up by sensory nerve 
cells and transported retrogradely to sensory or autonomic 
ganglia. The virus remains in the sensory neurons, where it 
may reactivate, and then be taken via anterograde transport 
to the cutaneous surface, where viral replication occurs. This 
results in either asymptomatic viral excretion or clinical recur-
rence of the disease.120 The nature of the latent virus and cause 
of recurrences remain to be fully elucidated.

DIAGNOSIS

 CLINICAL

Most individuals exposed to HSV remain asymptomatic.121 
Amongst individuals who do develop symptoms, the first epi-
sode is usually more severe than recurrences. Individuals may 
present with symptoms suggestive of viremia with headache, 
fever and myalgia.122 Local symptoms include genital pain, 
dysuria and sometimes vaginal or rectal discharge. The first 
sign of infection is erythema followed by vesicles, which soon 
rupture to superficial ulcers that eventually heal. The lesions 
are often excruciatingly painful and the entire illness may last 
2–4 weeks. The lesions may occur anywhere on the genitalia 
and draining lymph glands are often painfully enlarged.122

Recurrences are usually shorter, often consisting of a single 
lesion or small group of lesions on the external  genitalia, usu-
ally healing within 7–10 days.122 Many individuals with recur-
rent herpes have prodromal or warning symptoms consisting 
of neuralgia-type pain. Frequency of recurrences is variable: 
HSV-2 infections tend to recur more often than HSV-1 and 
lesions recur more often in the first year of infection. Some 
individuals may have 12 or more recurrences per year.123

 INvESTIGATIONS

HSV may be grown in cell culture from specimens such as vesi-
cle fluid or material from the base of ulcers. Additional methods 
of identification include direct immunofluorescence, cytology 
(where typical cytological changes can be seen) and PCR. The 
use of PCR for the diagnosis of HSV has many advantages, 
including increased sensitivity, less dependency on collection 
and transport conditions, as well as stage of the outbreak. It can 
also be potentially quicker than viral culture.124,125

Serological tests can be divided into group-specific and 
type-specific. Group-specific serological tests will indicate 
whether the individual has previously been exposed to either 
of the two HSV viruses, whereas type-specific serology will 
differentiate	between	the	two	viruses.	A	number	of	EIA	tests	
are currently available for type-specific serology. However, 

the most reliable technology is Western blot.126 IgG anti-
bodies take approximately 6–8 weeks to develop and con-
sequently are of little use in primary infection. However, as 
many individuals are asymptomatic, type-specific serological 
tests should be used cautiously.

MANAGEMENT

Several nucleoside analogs are available for the management of 
genital herpes. These include aciclovir, valaciclovir (prodrug of 
aciclovir) and famciclovir (prodrug of penciclovir, converted to 
the active agent in the liver). Both aciclovir and penciclovir have 
similar modes of action127,128 (see Ch. 2). However, pharmacoki-
netic differences exist between these agents (see Ch. 37).

 fIrST-EPISODE GENITAL HErPES

All three nucleoside analogs have been evaluated for treatment 
of first-episode genital herpes. Numerous RCTs of intrave-
nous, oral and topical aciclovir have demonstrated consider-
able efficacy in reducing constitutional symptoms, preventing 
new lesion formation and reducing the duration of lesions by 
many days.129–131 Intravenous and oral therapy appear to be 
better than topical. Oral valaciclovir and famciclovir have sim-
ilar efficacy to aciclovir.

Recommended regimens are:

•	 aciclovir	200	mg	five	times	daily	for	5–10	days
•	 aciclovir	400	mg	every	12	h	for	5–10	days
•	 valaciclovir	500	mg	every	12	h	for	5–10	days
•	 famciclovir	250	mg	every	8	h	for	5–10	days.

Note: Although the 400 mg dose of aciclovir can be admin-
istered every 8 h, rather than every 12, this has not been the 
subject of any randomized controlled trial.

Treatment should be initiated as early as possible, resulting 
in a significant reduction in the duration of lesions,  symptoms 
and viral shedding. None of the drugs has any effect on the 
likelihood of frequency of subsequent recurrences. The effi-
cacy of all three agents appears to be similar, although the 
superior bioavailability of valaciclovir and famciclovir allows 
for less-frequent dosing schedules.

 rECurrENT GENITAL HErPES

There are two approaches to managing recurrent genital her-
pes. Drugs can be used intermittently to treat each episode 
(intermittent therapy) or continuously over a period of time 
to prevent episodes from occurring (suppressive therapy).

Intermittent therapy

Intermittent therapy reduces the duration of each episode 
and may be useful for individuals with severe but infrequent 
recurrences. It may also be beneficial during the prodrome 
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when it may abort episodes. All three available drugs have 
been evaluated in RCTs and have demonstrated similar 
efficacy.132–135

Doses for intermittent treatment

•	 Aciclovir	200	mg	five	times	daily	for	5	days.
•	 Valaciclovir	500	mg	every	12	h	for	5	days.
•	 Famciclovir	125	mg	every	12	h	for	5	days.

Recently, the trend is to use shorter regimens (1–3 days) 
for intermittent therapy.136–138 The efficacy of these regi-
mens appears similar to that of the 5-day regimens with 
the advantage of fewer days of treatment without increased 
toxicity.

Suppressive therapy

Suppressive therapy is particularly useful for individuals 
having frequent recurrences. Most individuals on suppres-
sive therapy will have no recurrences. All three drugs have 
similar efficacy,139–141 although the superior bioavailabil-
ity of valaciclovir and famciclovir allows for less-frequent 
dosing schedules. Many patients treated with suppressive 
therapy will also have an improvement in psychosexual 
morbidity.134

Doses for suppressive therapy

•	 Aciclovir	200	mg	every	6	h	or	400	mg	every	12	h.
•	 Valaciclovir	500	mg	once	daily	for	individuals	with	10	

or fewer recurrences per year; 500 mg every 12 h for 
individuals with more than 10 recurrences per year.141

•	 Famciclovir	250	mg	every	12	h.

Treatment should continue for a year and then stopped to 
see if recurrences are occurring with similar frequency and to 
determine the need for further therapy. Suppressive therapy 
does not appear to affect the natural history of recurrences. 
Individuals on treatment should be advised that viral shed-
ding may still occur, and consistent condom use will reduce 
the risk of transmission.

 PrEGNANCY

None of the drugs has been formally evaluated during preg-
nancy. However, the inadvertent use of aciclovir during preg-
nancy did not demonstrate any adverse events.142,143

primary herpes in pregnancy

Women acquiring primary herpes during pregnancy should 
be treated with aciclovir or valaciclovir as described above. If 
the mother has primary herpes, the risk of mother-to-child 
transmission is 30–50%.144 The risk increases significantly if 
the outbreak occurs in the third trimester.145 Neonatal herpes 
is a devastating infection (see Ch. 55).

Cesarean birth before membrane rupture significantly 
reduces the risk of intrapartum transmission to the infant.5,146

recurrent herpes during pregnancy

The risk of transmission from mother to child with recurrent 
genital herpes is very low (<1%).145 However, women with 
recurrent genital herpes are often extremely anxious about the 
risk and may request antiviral therapy or even elective cesarean 
section. Suppressive therapy in the last month of pregnancy 
decreases the risk of recurrences during that period147,148 and 
may be more cost-effective when compared to cesarean deliv-
ery.149 If lesions or prodromal symptoms occur at the onset of 
labor, cesarean section is recommend to minimize the risk of 
viral exposure to the infant, even if suppressive therapy has 
been used.5

GENITAL wArTS

EPIDEMIOLOGY

Over 40 human papillomavirus (HPV) infections can involve 
the genital tract. These may be divided into those with low 
oncogenic transforming potential and those with high trans-
forming potential. Types with low transforming potential 
are associated with condylomata acuminata (genital warts), 
whereas those with high transforming potential are associated 
with subsequent development of cervical cancer and other 
genital tract tumors. All HPV types found in the genital tract 
are transmitted by sexual intercourse.150

The true prevalence of these infections is unknown, as a large 
number of individuals are asymptomatic with no reliable sero-
logical tests available currently. However, the incidence of genital 
warts	has	increased	in	Europe,	North	America	and	Australia.151 
Using PCR-based methods, HPV infection has been detected in 
1.5–44.3% of women with normal Papanicolaou (Pap) smears 
and 3.5–46.4% of men.152 These data are difficult to interpret 
as many of the studies were small, detection techniques varied 
and the population groups were different. Finally, recent studies 
suggest that genital warts and HPV infection may be more com-
mon in HIV-positive populations.153,154

PATHOGENESIS

HPV infects the stratified squamous epithelium of the genital 
tract. The infection does not result in cell lysis; rather, infected 
cells are shed from the surface of the skin or mucous mem-
branes. This means that no viral proteins are released, and con-
sequently immune response is limited. It takes approximately 
6 months after infection for natural immunity to develop.155 
T-cell function appears to be critical in modifying the effects 
of HPV and allows for persistence or spontaneous regression. 
Individuals with depressed cellular immunity often have per-
sistent and proliferative lesions.156

In benign lesions, HPV remains extrachromosomal. 
However, in cervical and other genital tract tumors, viral 
DNA is incorporated into the host chromosome.155
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DIAGNOSIS

 CLINICAL

Most individuals infected with genital tract HPV remain 
asymptomatic. Some will develop genital warts which, in 
women, can occur on the vulva, vagina or cervix; in men, 
they occur on the penis, scrotal skin and occasionally within 
the urethra. In both sexes, perianal and anal warts can occur. 
Internal warts in women tend to be asymptomatic. HPV 
infections associated with cervical intraepithelial neoplasia are 
usually asymptomatic.

 INvESTIGATIONS

No routine diagnostic tests are available for detecting HPV. 
While DNA amplification tests have been used in research 
and epidemiological studies, their use in routine clinical man-
agement is yet to be fully evaluated.

MANAGEMENT

There are no agents that specifically eradicate HPV or limit 
its replication. Treatments are directed at obliterating geni-
tal warts or removing dysplastic lesions. Several ablative tech-
niques can be used, including cryotherapy, electrocautery, 
laser therapy or surgical removal.

Choice of treatment depends on the site and number of 
warts, availability of individual methods, operator expertise, 
cost and side effects. Success rates for all these treatments 
appear to be similar, with initial removal of warts achievable 
in most cases, although relapse is common.

Several chemical treatments are also used, including the anti-
mitotic drug podophyllin and its purified counterpart, podo-
phyllotoxin. The advantage of podophyllotoxin is that it does 
not contain any of the toxic ligands present in  podophyllin, its 
consistency and strength can be guaranteed, and it is suitable 
for self-application on external warts. Podophyllin should be 
applied once or twice weekly for 3–6 weeks. Podophyllotoxin 
is applied every 12 h for 3 days, repeated in 7-day cycles. 
Complete clearance occurs in 50–90% of cases.157,158 Relapses 
occur in up to 38% of cases.159,160 Neither drug is recom-
mended during pregnancy nor for treatment of lesions on the 
cervix.

Use of imiquimod, an immune-modulating agent that acts by 
inducing interferon-α and -γ and recruitment of CD4+ T lym-
phocytes, results in ‘immune-induced’ regression of warts and 
HPV DNA.161,162 The 5% cream should be applied three times 
a week163 for up to 16 weeks. Clearance occurs in 56–62% of 
cases.161,164 An RCT suggested that use of imiquimod for 4 weeks 
may be just as effective in lesion clearance as the 8- to 16-week 
regimen, as well as being more cost-effective.165 Imiquimod 
sometimes causes local irritation161,164 and recurrences do occur. 

There is limited evidence to suggest recurrences may be less in 
individuals treated with imiquimod than with other treatment 
modalities.164 A meta-analysis of RCTs comparing curative 
effects of 5% imiquimod and 0.5% podophyllotoxin on genital 
warts demonstrated a similar curative effect.166

Finally, trichloracetic acid (TCA) or bichloracetic acid 
in 80–90% solutions may be used. It is recommended these 
solutions be applied to warts weekly for up to 6 weeks. These 
methods carry a risk of local irritation due to low viscosity 
of the solutions and are best applied by trained healthcare 
workers.152

MOLLuSCuM CONTAGIOSuM

Molluscum contagiosum is an infectious skin condition 
characterized by umblicated papules of up to 5–10 mm. The 
infective agent is a pox virus, but little is known about its 
life cycle and pathogenesis due to its inability to grow in 
tissue culture. Infection is mainly found in two population 
groups: children and young adults. Transmission of the virus 
is via skin-to-skin contact, which is reflected in the distri-
bution of lesions in these two groups: most lesions in chil-
dren are on the trunk and upper limbs and in adults on the 
buttocks, thighs and perineal area. The exception to this is 
HIV-positive adults where lesions are widespread, larger and 
often affect the face. Adults with atypical lesions should be 
offered HIV testing.

Diagnosis of molluscum contagiosum is clinical. Lesions 
may resolve spontaneously over a period of months and treat-
ment can leave residual scarring. The decision to treat must 
therefore be discussed carefully with the patients. Options 
include extrusion or chemical ablation of the central core of 
the papule; topical creams including podophyllotoxin, TCA, 
acidified nitrite, an imiquimod analog; or physical ablation 
with cryotherapy.167,168

vIrAL HEPATITIS

Hepatitis A and B (and occasionally C) can be acquired sexu-
ally. These infections are discussed in Chapter 48.

TRICHOMONAS VAGINALIS

This flagellated protozoan is found in the genitourinary 
tract of both sexes. It is transmitted primarily by sexual 
intercourse and in women is often found in association 
with other STIs. HIV is thought to have a two- to four-fold 
increased transmission rate in the presence of trichomo-
niasis.169 Also, vaginal trichomoniasis has a demonstrated 
association with HIV seroconversion.170 Finally, trichomo-
niasis has several adverse pregnancy outcomes including 
premature rupture of membranes and/or delivery and low 
birthweight.171,172
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EPIDEMIOLOGY

In 2005, the WHO estimated the worldwide incidence of 
trichomoniasis in adults at 248.5 million.1 The infection is 
very common in CSWs (up to 60% prevalence) and in indi-
viduals with multiple sex partners, poor personal hygiene, 
previous STIs and from low socioeconomic groups.

The incubation period is from 5 to 28 days. Transmission 
from men to women is greater than from women to men: 
67–100% and 14–60%, respectively.173

PATHOGENESIS

Infection with T. vaginalis elicits a cellular and humoral 
immune response. An initial event is the influx of poly-
morphonuclear leukocytes. There is evidence that mole-
cules of the organism act as a chemoattractant for these 
cells.174 Leukocytes can then kill these organisms and the 
fragments are phagocytosed by macrophages. A second line 
of attack is complement mediated: C3 binds to the organ-
ism, activating the alternative complement pathway leading 
to its death.175 Multiple environmental factors are thought 
to influence susceptibility of T. vaginalis to complement-
mediated lysis. Iron has been shown to induce resistance 
to lysis, probably by induction of cysteine protease, which 
degrades C3.176 Antibodies (IgA, IgG, IgM) against a num-
ber of different  surface molecules are found both locally 
and in serum. The level of protection in resolving the initial 
infection and protecting against future reinfection has not 
been defined.

DIAGNOSIS

 CLINICAL

The main site of infection in women is the vaginal epithe-
lium. The urethra is often involved. Paraurethral glands may 
also be infected but endocervical infection is rare. In men, the 
urethra is the most common site infected, although the organ-
ism has also been isolated from external genitalia, epididymal 
aspirates and the prostate. Between 20% and 50% of infected 
women are asymptomatic. Symptoms include vaginal dis-
charge, which can be malodorous, and vulval itch. Abdominal 
pain is described but may be secondary to co-infection with 
other organisms. On examination, patients may have vulval 
and vaginal erythema, with a small percentage having ery-
thematous cervicitis, sometimes described as a ‘strawberry’ 
appearance; 5–15% of women will have no signs of infec-
tion.175,177 Men often present on contact tracing and, like 
women, up to half will have no symptoms. Symptoms include 
dysuria and/or urethral discharge. Some men may have bal-
anitis. Spontaneous resolution and prolonged asymptomatic 
infections often occur in men.

 INvESTIGATIONS

Direct microscopy of a ‘wet’ preparation (saline and vaginal dis-
charge) in 50–70% of cases in women and 30% in men will dem-
onstrate characteristic jerky movements caused by the beating 
of the organism’s anterior flagella, and an increased number of 
polymorphonuclear leukocytes. Microscopy must be  performed 
within 10–20 minutes of collection or the organisms will lose 
viability. Culture remains the ‘gold standard’ and can diagnose 
up to 95% of cases in women and 60–80% in men.178,179

PCR tests have been developed to detect T. vaginalis; 
 however, their commercial availability is limited.

MaNaGeMeNt5,180

•	 Metronidazole	2	g	orally	(single	dose).
•	 Metronidazole	400	mg	(or	500	mg)	orally	every	12	h	for	

5–7 days.
•	 Tinidazole	2	g	orally	(single	dose).

Metronidazole or its related compounds remain the main-
stay of treatment with a 95% cure rate if both partners are 
treated.181 Reasons for failure include reinfection, non-com-
pliance and co-infections. Some organisms are capable of 
living under aerobic conditions, but there are currently no 
effective treatments for these organisms. Prolonged courses, 
higher doses and parenteral administration have all been tried 
with some reports of success.

In individuals reporting hypersensitivity to nitroimida-
zoles, desensitization with antihistamines and/or steroids may 
be employed prior to treatment.182,183

Treating asymptomatic trichomoniasis during pregnancy 
does not appear to reduce the incidence of preterm labor. 
However, women with symptoms should always be treated.184 
Metronidazole is safe in pregnancy and during lactation.

CANDIDIASIS

Up to 89% of genital tract candidal infections are caused by 
Candida albicans. The remainder are caused by non-albicans 
species, the most common being Candida glabrata.185

EPIDEMIOLOGY

Over 70% of women will have one or more episodes of 
 vulvovaginal candidiasis in their lifetime, half of whom will 
have a recurrence.186 However, frequent recurrences are 
uncommon. Factors predisposing women to infection include 
pregnancy, diabetes mellitus, the oral contraceptive pill, intra-
uterine contraceptive devices, steroids and HIV infection.187,188 
Candidiasis is not usually sexually transmitted and is uncom-
mon in circumcised men.
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PATHOGENESIS

C. albicans is a common bowel commensal, gaining access to 
the vagina via the perianal area. Whether it is ever a vaginal 
commensal is disputed.189 How and why the organism causes 
inflammation is unclear, although there are a number of rec-
ognized predisposing factors. A possible mechanism relates to 
the production of proteases and phospholipases by Candida 
organisms.190

DIAGNOSIS

 CLINICAL

In women, candida causes a vulvovaginitis, characterized 
by vulval pruritus and a white curdy vaginal discharge. On 
examination there may be vulval and/or vaginal erythema. 
Discharge is white and often adheres to the vaginal walls.190 
However, many women present with atypical features and lab-
oratory confirmation is important, particularly if other STIs 
are possible. Infected males usually present with an acute 
balanoposthitis.

 INvESTIGATIONS

A ‘wet mount’ microscopic examination of vaginal fluid may 
reveal yeast cells and mycelia.190 On Gram staining, the cells 
and mycelia stain Gram-positive. Candida species can readily 
be cultured on Sabouraud’s medium. Newer diagnostic meth-
ods are being developed for rapid diagnosis of vaginitis by 
Trichomonas vaginalis, Candida spp. and Gardnerella vaginalis. 
They are based on the principle of visual aggregation of latex 
particles bound to specific antibodies to surface antigens.191

MANAGEMENT

Topical agents with activity against Candida include imida-
zole agents and nystatin. They are available in the form of 
creams or pessaries for intravaginal and vulval use. Imidazole 
agents commonly used are miconazole, clotrimazole or econ-
azole. Several dosing options are available with apparently 
similar efficacy (over 80%) and a low relapse rate. Nystatin is 
used less as it is less effective and messy. Recommended topi-
cal agents for vulvovaginal candidiasis are listed below:

•	 Clotrimazole	vaginal	tablet	500	mg	(single	dose)
•	 Clotrimazole	pessaries	or	200	mg/day	for	3	days
•	 Clotrimazole	pessaries	100	mg/day	for	6	days
•	 Clotrimazole	cream	5	g	(single	dose)
•	 Miconazole	pessaries	200	mg/day	for	3	days
•	 Miconazole	pessaries	100	mg/day	for	7	days
•	 Miconazole	pessaries	100	mg/day	for	14	days

•	 Miconazole	vaginal	ovule	1200	mg	(single	dose)
•	 Econazole	pessaries	150	mg/day	for	3	days
•	 Fenticonazole	pessary	600	mg	(single	dose).

The oral azole agents (ketoconazole, fluconazole and itracon-
azole; doses below) have efficacy similar to topical agents192–195 
and are preferred by many women. Also, single-dose oral 
 fluconazole has been shown to be cost-effective:

•	 Fluconazole* 150 mg (single dose)
•	 Itraconazole* 200 mg every 12 h for 1 day.

  rECurrENT vuLvOvAGINAL 
CANDIDIASIS

Recurrent candidiasis is defined as four or more episodes of 
symptomatic vulvovaginal candidiasis with positive micros-
copy and/or culture, documented on two such occasions with 
partial resolution of symptoms in between episodes.196,197 
While RCT evidence is lacking, the following regimens may 
be used to manage the condition.

recommended treatment196,198,199

•	 Fluconazole	150	mg	orally	every	72	h	(3	doses)	followed	by	
a maintenance dose of 150 mg weekly for 6 months

•	 Clotrimazole	500	mg	pessary	twice	weekly	for	2	
weeks ± clotrimazole 1% vaginal cream every 12 h or 
clotrimazole 200 mg nocturnally for 6–12 nights followed 
by a maintenance regimen of clotrimazole 500 mg 
pessary weekly.

Alternative regimens:

•	 Clotrimazole	pessary	500	mg	weekly
•	 Fluconazole* 50 mg orally daily
•	 Itraconazole* – suppression: 100 mg orally daily; 

maintenance: 100–200 mg orally weekly
•	 Ketoconazole* 100 mg orally daily.

 CANDIDAL bALANITIS

Topical use of azoles is usually successful.

  TrEATMENT Of NON-ALbICANS 
CANdIdA SPECIES

Most are usually susceptible to available azoles. Candida  krusei 
may demonstrate an intrinsic resistance to fluconazole.200

Although there are no RCTs, it is generally believed that 
longer courses of azoles may be needed.

*Avoid in pregnancy/risk of pregnancy/breastfeeding.
*Avoid in pregnancy/risk of pregnancy/breastfeeding.
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57 Leprosy

Diana Lockwood, Sharon Marlowe and Saba Lambert

Leprosy is one of the oldest recorded diseases. In 1988 the World 
Health Organization (WHO) proposed to eliminate leprosy (i.e. <1 
case per 10 000 population) by the year 2000; however, in 2007, 258 
133 new cases were reported globally by the WHO.

In 1873 the Norwegian Armauer Hansen showed that leprosy was 
caused by Mycobacterium leprae, which invades the skin and nerves, 
causing a chronic granulomatous disease with peripheral neuropa-
thy and skin lesions.

Outside endemic areas, doctors often fail to diagnose leprosy, 
with unfortunate consequences for the patients: for example, in the 
UK, 40% of new cases have severe neuropathy at diagnosis. Early rec-
ognition of leprosy is important because the infection is curable and 
prompt treatment can reduce nerve damage and associated stigma.

EPIDEMIOLOGY

Leprosy remains a public health problem in 24 countries, 
mainly in the tropics. The top seven endemic countries are 
India, Brazil, Indonesia, Democratic Republic of Congo, 
Madagascar, Bangladesh and Nepal: 54% of the detected 
cases worldwide are found in India1 (Fig. 57.1).

M. leprae is transmitted via the nasal discharge of untreated 
lepromatous patients and enters another human subject 
through the nasal mucosa, with subsequent hematogenous 
spread to the skin and peripheral nerves. Some literature sug-
gests transmission via broken skin2,3 or blood-borne, or by 
way of soil as the mycobacteria are known to survive in the 
environment for up to 46 days.4 Leprosy is a uniquely human 
disease with no animal reservoir except the nine-banded 
armadillo; although this animal is frequently infected or sero-
positive for M. leprae, there have been few reports of transmis-
sion from this animal to humans.

In England and Wales, where leprosy is a notifiable dis-
ease, a total of 1358 cases have been registered since 1951.5 
There are still 128 individuals who are on treatment or under 
surveillance. Since 1993 approximately nine new cases per 
year have been diagnosed. Half of the new cases in the UK 

are found in immigrants from the Indian subcontinent and 
there are a few cases in Caucasians who have lived in leprosy-
endemic areas for prolonged periods (8–42 years).6 Patients 
originating from Brazil have also been seen recently at the 
Hospital for Tropical Diseases. The epidemiological pattern 
of leprosy in the UK is influenced by both migration patterns 
and levels of leprosy in migrants’ home countries. As leprosy 
has a long incubation period (2–10 years), patients can pres-
ent long after leaving endemic areas.

PATHOGENESIS

Leprosy manifests in a spectrum of disease forms, ranging 
from the tuberculoid to the lepromatous (Fig. 57.2).7 The 
varied clinical manifestations of leprosy are determined by 
the host’s response to the leprosy bacillus: tuberculoid (TT) 
patients have a uniform clinical, histological and immu-
nological response manifesting as limited clinical disease, 
granuloma formation and active cell-mediated immunity; lep-
romatous (LL) patients have multiple clinical signs, a high 
bacterial load and low cell-mediated immunity. Between these 
two extremes there is a range of variations in host response; 
these comprise borderline cases (BT, BB, BL)8 (Table 57.1). 
Immunologically, borderline cases are unstable and polar 
tuberculoid and lepromatous cases are stable.

CLINICAL FEATURES AND SPECTRUM 
OF DISEASE

Patients present with skin or nerve lesions, or a combination 
of both. Leprosy affects only the peripheral nerves – never 
the central nervous system. A patient may present with a 
macular hypopigmented skin lesion, weakness or pain in the 
hand due to nerve involvement, facial palsy, acute foot drop 
or a painless burn or ulcer in an anesthetic hand or foot. 



table 57.1 Characteristic features of different types of leprosy

 tt Bt BB BL LL

Skin lesions Single, well-defined, 
 hypopigmented, 
 erythematous macule

Few, asymmetric,  
well-demarcated 
macules

Few asymmetric, less 
well-demarcated and 
shiny

Many symmetric shiny 
 macules and plaques

Many symmetric 
 erythematous, shiny macules, 
papules and nodules

Sensory impairment in 
lesions

Marked Marked Moderate Slight neuropathy Late ‘glove and stocking’

Peripheral nerve 
involvement

Single peripheral  
nerve trunk

Several and  
asymmetric

Multiple Multiple and symmetric Multiple, late, symmetric

TT, tuberculoid; BT, borderline tuberculoid; BB, mid-borderline; BL, borderline lepromatous; LL, lepromatous.

Fig. 57.1 Global leprosy prevalence, beginning of 2007.1 Adapted from WHO. Leprosy – global situation. Wkly epidemiol rec. 2008; 
83(33): 293–300 and 2008;83(50):459.

The boundaries and names shown and the description used
on this map do not imply the expression of any opinion
whatsoever on the part of the World Health Organization
concerning the legal status of any country, territory, city or area
or of its authorities, or concerning the elimination of its frontiers
or boundaries. Dotted lines on maps represent approximate border
lines for which there may not yet be full agreement.
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Fig. 57.2 Leprosy – a spectrum of disease.
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Patients may also present with painful eyes as a first indica-
tion of lepromatous leprosy. The diagnosis of leprosy should 
be considered in anyone from an endemic area who presents 
with typical skin lesions, neuropathic ulcers or a peripheral 
neuropathy.

DIAGNOSIS

BACTERIOLOGICAL AND HISTOLOGICAL 
EXAMINATION

In a suspected case, slit skin smears are taken to look for 
acid-fast bacilli. M. leprae on the smears are counted and 
the bacterial index calculated on a logarithmic scale. A neg-
ative result does not exclude leprosy, as tuberculoid lesions 
may contain no detectable bacteria. M. leprae cannot be 
cultivated on artificial media, but can be grown with dif-
ficulty in nude mice and the nine-banded armadillo with a 
14-day doubling time and at low temperatures (30–33°C). 
Sequencing of the M.  leprae genome revealed that it has 
lost approximately one-third of the genes possessed by 
M. tuberculosis.9

Histopathological evaluation is essential for accurate clas-
sification of leprosy lesions and is the best diagnostic test in 
a well-resourced setting, both for confirming and for exclud-
ing the diagnosis of leprosy. The presence of granulomata 
and lymphocytic infiltration of dermal nerves in anesthetic 
skin lesions confirms the diagnosis. A nerve biopsy may be 
required in cases with no visible skin lesions.

SEROLOGICAL TESTS AND 
POLYMERASE CHAIN REACTION

Recent advances have been made in serological diagnostic 
tests. Antibodies to the M. leprae-specific antiphenolic glyco-
lipid 1 (PGL-1) are present in 90% of patients with untreated 
lepromatous disease, but in only 40–50% of patients with 
paucibacillary disease and 1–5% of healthy controls.10 An easy 
to use immunohistochromatographic assay, the ML Flow test, 
based on PGL-1 detection, is being assessed by a Brazilian 
team.11 Polymerase chain reaction (PCR) for detection of 
M. leprae encoding specific genes or repeat sequences is poten-
tially highly sensitive and specific, since it detects M.  leprae 
DNA in 95% of multibacillary and 55% of paucibacillary 
patients. Currently PCR is not used in clinical practice.10

TREATMENT

The management of leprosy consists of treating the M. leprae 
infection with antibiotic chemotherapy, management of the 
immune-mediated reactions, prevention of nerve damage and 
education.

CHEMOTHERAPY

 TREATMENT OF INFECTION

Multidrug therapy (MDT) with a combination of dapsone, 
rifampicin (rifampin) and clofazimine is the current treat-
ment for infection with M. leprae. Following the resistance 
to dapsone-only regimens, the WHO introduced MDT in 
1982. MDT is very successful, with a high cure rate, few side 
effects and low relapse rates (relapse is defined as the reap-
pearance of signs of activity and/or appearance of new lesions 
and/or bacteriological positivity during or after surveillance). 
Relapse rates as low as 0.1% per annum have been recorded.12 
In a review of the outcome of MDT of more than 67 000 
Indian patients from 1983 to 1992, Lobo showed that only 
0.3% of all paucibacillary and multibacillary cases relapsed 
and that 2.7% of all patients were recorded as treatment fail-
ures.13 Lobo also found that 92.2% of patients completed sat-
isfactory treatment, were declared cured and released from 
treatment.

The benefits of MDT include the prevention of drug resis-
tance and better patient compliance due to a fixed duration 
of therapy. Another advantage is that field workers review 
patients and supervise the taking of their monthly medication 
(Table 57.2). The WHO reduced the recommended treatment 
period for multibacillary disease from 24 to 12 months, but 
many advocate 24 months for patients with a BI (the logarith-
mic scale used to assess response to MDT in skin smears) of 
>4 at diagnosis.14 One option would be to treat such patients 
until their skin smears are negative or to keep them under 
regular review. MDT is safe in pregnancy and in breastfeed-
ing mothers.15,16 Children should receive reduced doses of the 
drugs.

Dapsone

Dapsone is bacteristatic and effective against a wide range 
of bacteria and protozoa.17 In 1947, Cochrane used 1.25 g 
of subcutaneous dapsone twice weekly to successfully treat 
leprosy patients.18,19 This effectiveness was confirmed in 

table 57.2 Multidrug regimens for treatment of M. leprae 
infection

regimen Drug Dosage Frequency Duration

Paucibacillary Dapsone 100 mg Daily 
 (self-administered)

6 months

Rifampicin 600 mg Monthly  
(supervised)

Multibacillary Dapsone 100 mg Daily 
 (self-administered)

Clofazimine 50 mg Daily 
 (self-administered)

1 year

Clofazimine 300 mg Monthly  
(supervised)

Rifampicin 600 mg Monthly  
(supervised)
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Malaysia with a reduced subcutaneous dose of 200–400 mg. 
At the same time, research in Calcutta,20 Nigeria21,22 and the 
French West Indies reported good results with an oral prepa-
ration.23 By 1951, the standard treatment for leprosy was oral 
dapsone, 100 mg/day, and was used widely as monotherapy in 
the 1950s and 1960s. However, in the late 1960s two impor-
tant problems developed: primary and secondary dapsone 
resistance:

•	 Primary	resistance	refers	to	resistance	in	patients	who	
have never been exposed to dapsone.

•	 Secondary	resistance	refers	to	relapse	in	patients	who	
have previously been treated with dapsone.

Dapsone acts as other sulfonamides, by competing with para-
aminobenzoic acid for the enzyme dihydropteroate synthetase 
and therefore inhibiting the synthesis of dihydrofolic acid (see 
Ch. 2). A dose of 100 mg of dapsone is weakly bactericidal 
against M. leprae and after a few weeks of starting dapsone 
therapy active lesions start to improve.

Side effects are rare with dapsone and include mild hemol-
ysis and dapsone allergy, occurring within the first few months 
of treatment. Dapsone allergy usually starts 3–6 weeks after 
starting the drug, with fever, pruritus and a dermatitic rash. 
Unless dapsone is stopped immediately, the syndrome may 
progress to exfoliative dermatitis; hepatitis, albuminuria, psy-
chosis and death have also been recorded.21 Treatment is to 
stop dapsone and treat with corticosteroids for several weeks. 
The incidence of dapsone allergy is estimated at one per sev-
eral hundred patients. Although dapsone-induced peripheral 
neuropathy has been reported in some diseases, there have 
been few reports of it occurring in leprosy.

Clofazimine

Clofazimine was first used for the treatment of leprosy as 
monotherapy in the early 1960s and continued until the 
mid 1970s. To date there has been only one reported case of 
resistance.24

Clofazimine is bacteristatic and slowly bactericidal against 
M. leprae, similar to dapsone.25 Clofazimine is active against 
other mycobacteria, this effect being more pronounced in 
vitro than in vivo, but the mechanism of its action against 
M. leprae is unknown. The speed of response is similar to 
that of dapsone but slower than that of rifampicin. At doses 
greater than 1 mg/kg per day, clofazimine exhibits increasing 
anti-inflammatory activity.26

The main problems encountered with clofazimine are 
increased skin pigmentation and dryness, which occur as the 
drug becomes clinically effective. This ichthyosis is reversible 
and slowly resolves on stopping the drug. Pigmentation can also 
be seen in the cornea and conjunctival and macular areas of 
the eyes. Clofazimine is lipophilic and is therefore deposited in 
fatty tissue and cells of the reticuloendothelial system. Autopsies 
carried out on patients who had been on clofazimine therapy 
revealed large quantities of the drug in mesenteric lymph nodes, 
adrenal glands, subcutaneous fat, liver, spleen, small intestine 
and skin but not in the central nervous system.27

rifampicin (rifampin)

Rifampicin is used mainly for the treatment of tuberculosis 
and leprosy, although it also inhibits the growth of other bac-
teria28 (see Ch. 27).

Rifampicin is bactericidal and the most effective anti- leprosy 
drug, rendering the patient non-infectious within days of com-
mencing therapy.29 Resistance has been shown to be due to 
tightly clustered mutations in a short region of the rpob gene.30

Few serious side effects have been related to rifampicin, 
which may be due to its monthly dosing regimen, and no 
cases of resistance have been recorded in leprosy patients. The 
most common reported side effect is hepatotoxicity, which 
has (rarely) resulted in death. Early symptoms are anorexia, 
vomiting and jaundice associated with a two- or three-fold 
increase in hepatic transaminases. The elevated transaminases 
may be transient and return to normal despite continuing 
therapy.

A ‘flu-like’ syndrome has been reported with intermittent 
rifampicin therapy and consists of chills, fever, headache, myal-
gia and arthralgia. This syndrome has a reported incidence of 
0.3% in the WHO/MDT report of complications. Rifampicin 
also produces a red–brown discoloration of urine, feces, saliva, 
sputum, sweat and tears; patients should be informed that this 
is inconsequential and will last only 24–48 h.

Other regimens instead of MDt

Following the success of MDT there has been research into 
the use of other drugs that are more potent than, and as 
effective as, MDT, but which require a shorter duration of 
therapy. Other antibiotics currently available as second-line 
therapy to MDT are minocycline, ofloxacin, clarithromycin 
and moxifloxacin.

Minocycline

Minocycline has strong bactericidal activity against M. leprae 
due to its lipophilic properties, which allow it to penetrate 
the outer capsule and cell wall of the organism.31 Data from a 
clinical trial carried out in Mali in 1992 showed that 100 mg 
minocycline daily caused marked clinical improvement by 
1 month. After 2 months of treatment there was a significant 
decrease in bacterial index, indicating that minocycline was 
very effective at killing M. leprae bacilli.32

The main side effect observed in minocycline-treated lep-
rosy patients is hyperpigmentation, presenting as a patchy 
blue–black color at the site of skin lesions, especially on the 
legs and feet.33 Dizziness is a specific side effect of minocy-
cline and other mild adverse effects include gastrointestinal 
symptoms of nausea, abdominal pain or diarrhea, and head-
ache34 (see Ch. 30).

Ofloxacin

Ofloxacin is a fluoroquinolone derivative with strong bacteri-
cidal activity against M. leprae.35 A clinical trial in Côte d’Ivoire, 
studying the efficacy of a daily dose of 400 mg of ofloxacin,36 
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showed definite clinical improvement after 22 doses, 99.9% 
of initially viable organisms being dead at day 22.

Clarithromycin

Clarithromycin is a macrolide with potent bactericidal activity 
against M. leprae, both in mice and in lepromatous patients. 
A study in Mali showed that 500 mg of daily clarithromycin 
was as effective as 100 mg of daily minocycline. Of the 12 
patients treated with clarithromycin alone, 5 (42%) showed 
definite clinical improvement and 6 (50%) showed marked 
clinical improvement after 1 month of treatment. This treat-
ment also resulted in significant reductions in bacterial index 
after 3 months.32 Mouse studies have reported additive effects 
of clarithromycin and minocycline, but this has not been con-
firmed in human trials.37

Moxifloxacin

Moxifloxacin, another quinolone, was recently tested in the 
Philippines. Eight multibacillary leprosy patients were given 
a single 400 mg dose of moxifloxacin, which resulted in sig-
nificant killing of M. leprae, ranging from 82% to 99%, mean 
91%. No viable bacilli were detected with an additional 
3 weeks of daily therapy.38

Single-dose therapy

A single-dose MDT is now available for single-lesion pauc-
ibacillary patients: rifampicin 600 mg, ofloxacin 400 mg and 
minocycline 100 mg (ROM). A large, multicentered, random-
ized controlled, double-blind trial carried out in India to test 
single-dose ROM versus 6 months of paucibacillary MDT 
in single-lesion cases demonstrated that 51.8% of patients 
treated with ROM showed marked clinical improvement 
compared with 57.3% of those on WHO/MDT for patients 
with paucibacillary disease. Although this result showed that 
the WHO regimen was statistically better than single-dose 
ROM for single-lesion cases, ROM may still be appropriate 
for field situations.39 ROM given as a single monthly dose for 
24 months was shown in a small Philippines study to be as 
effective as MDT in the treatment of multibacillary leprosy.40

Other drug regimens

In the mouse model, the combination of minocycline and 
ofloxacin has been found to be almost as bactericidal as 
rifampicin, and the combination of rifapentine, moxifloxa-
cin and minocycline significantly more bactericidal than the 
ROM regimen.41

Urgent research is needed targeting patients with rifam-
picin-resistant leprosy. One proposed regimen was an initial 
6-month intensive phase (moxifloxacin 400 mg, clofazimine 
50 mg, clarithromycin 500 mg and minocycline 100 mg – 
daily for 6 months), followed by an additional 18-month 
 continuation phase (moxifloxacin 400 mg, clarithromycin 
1000 mg and minocycline 200 mg – once monthly for an 
additional 18 months).42

 TREATMENT OF NERvE DAMAGE

Nerve damage refers to peripheral sensory or motor neuropa-
thy. Patients may present with nerve damage or develop nerve 
function impairment during or after MDT.

A large field study in Ethiopia looked prospectively at 
650 patients treated with WHO/MDT and followed them 
up for 11 years (1988–1999). In this study 55% of patients 
had some nerve function impairment at diagnosis and 12% 
developed new impairment after starting MDT; 33% had 
no initial impairment and never developed neuropathy. 
Patients with no initial nerve impairment who later devel-
oped nerve damage and were treated with corticosteroids 
within 6 months of symptoms (defined as acute neuropathy) 
had full recovery in 88% of nerves. Corticosteroids were also 
successful in treating 51% of patients who had chronic or 
recurrent nerve damage. Chronic neuropathy was defined 
as nerve function impairment occurring within 3 months of 
stopping corticosteroids and recurrent neuropathy as new 
nerve impairment occurring at least 3 months after stopping 
corticosteroids.43

Current treatment for patients presenting with new nerve 
damage of ≤6 months’ duration is corticosteroids in addi-
tion to MDT. Oral prednisolone is started at 40 mg/day and 
reduced over 4–6 months depending on clinical response.

The Bangladesh Acute Nerve Damage Study (BANDS) 
showed that there was a delay in patients presenting for treat-
ment, and this could be as long as 12 months after initial 
symptoms started. The prevalence of nerve function impair-
ment was seven times greater in multibacillary than pauc-
ibacillary patients and twice as high in men as in women. Of 
the patients presenting with nerve damage, almost 12% had a 
sensory neuropathy and just over 7% had a motor neuropathy. 
The nerve most commonly affected was the posterior tibial 
nerve (sensory neuropathy), followed by the ulnar nerve.44

The TRIPOD trials (Trials in the Prevention of Disability 
in Leprosy) showed that the use of low-dose prophylactic 
prednisolone during the first 4 months of MDT for leprosy 
reduces the incidence of new reactions and nerve function 
impairment in the short term, but the effect is not sustained 
at 1 year.45 A recent Cochrane review concluded that evidence 
from randomized controlled trials does not show a signifi-
cant long-term effect for either long-standing nerve function 
impairment or mild sensory impairment. However, the evi-
dence was very thin and better studies are needed. A 5-month 
corticosteroid regimen was significantly more beneficial than 
a 3-month corticosteroid regimen.46

 TREATMENT OF REACTIONS

Leprosy is complicated by immunological phenomena called 
reactions: reversal reactions (type 1 reactions); ENL reactions 
(erythema nodosum leprosum, or type 2 reactions). The clini-
cal features of these reactions are listed in Table 57.3.
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These sudden episodes of acute inflammation occur in 
approximately 30% of leprosy patients. This is due to immune 
reactions against antigenic components liberated from the 
bacilli. Patients can present in reaction before MDT, and a 
significant proportion of patients develop reactions within the 
first 6 months of treatment. There is also an increase in the 
incidence of reactions in postpartum patients. However, reac-
tions can also occur after successful MDT and are probably 
due to persistence of M. leprae antigens.

Patients may suffer from recurrent reactions or repeated 
reactions after treatment, resulting in increased suffering and 
disability.

treatment of reversal reactions

Reversal reactions are characterized by edema, inflamma-
tion and an increase in lymphocytic infiltration in skin and/
or nerves of borderline patients. Reversal reactions are due 
to delayed hypersensitivity at sites of localization of M. leprae 
antigens. They are characterized by CD4 cell activation and 
production of tissue-damaging T-cell and macrophage cytok-
ines. Mild reactions can be treated with aspirin (600–1200 mg 
every 4 h). Moderate and severe reactions are treated with 
prednisolone.

Prednisolone

Oral prednisolone has proved to be an effective treatment for 
severe reactions. Steroid treatment should be started within the 
first 6 months of an episode of reaction or nerve function impair-
ment to be effective.47–49 Starting doses may be as high as 60 mg 
and tapered over several months to prevent further nerve dam-
age; a starting dose of 40 mg is usually sufficient to suppress 
inflammation in the skin or nerves. The response to treatment 
can be seen by a decrease in skin inflammation over a few days. 
In a study looking at motor nerve conduction velocity, Naafs 
et al confirmed that there is a good response to several months of 
steroid therapy with remyelinization and nerve regeneration.50

Prednisolone has many effects on cytokines, but it down-
regulates proinflammatory cytokines, mainly by inhibition 
of nuclear factor kappa B (NF-κB)-induced transcription 

of cytokine mRNA. Little et al assessed the in-vivo effects of 
prednisolone in reversal reaction (RR) patients: they found 
that 1 month of prednisolone treatment reduced cellularity, 
cytokine production (interferon-γ, interleukin-12) and induc-
ible nitric oxide synthetase in skin lesions of RR patients.51

Prednisolone is the drug of choice for severe reversal reac-
tions, although about 30% of patients do not respond to therapy 
or need a protracted course of corticosteroids. Other estab-
lished immunosuppressant drugs might have a role in treating 
reactions. A pilot study in Nepal showed equivalent outcomes 
whether treated with an azathioprine– prednisolone combina-
tion or prednisolone alone.52 Ciclosporin (cyclosporine) also 
showed a similar result and further trials are ongoing.53

treatment of eNL

ENL presents as a systemic illness: a patient with ENL may be 
very sick with high temperatures, painful subcutaneous nod-
ules, peripheral edema and inflammation of the nerves, eyes, 
joints, muscles, bones and testes. In ENL, antigen–antibody 
complexes are deposited in the tissues with the activation of 
complement and migration of neutrophils into lesions.

For mild cases aspirin may be used, but many cases require 
treatment with prednisolone and an increased dose of clo-
fazimine (up to 300 mg) or thalidomide. Thalidomide is the 
treatment of choice for severe ENL but its availability and 
teratogenicity limit its use.

Thalidomide

Thalidomide was first synthesized in 1954 and marketed as a 
hypnotic in 1956. It is now being used for its anti-inflamma-
tory properties in ENL54 and other diseases.55 Thalidomide 
has two main actions: a potent depressant effect on the central 
nervous system and an immunomodulatory effect in inflam-
matory disease. Sampaio et al showed that it selectively inhib-
its transcription of the inflammatory cytokine tumor necrosis 
factor-alpha (TNF-α)56 by accelerating the degradation of 
mRNA encoding the protein.57 Thalidomide also enhances 
cell-mediated immunity by directly stimulating cytotoxic 
T cells and increasing the production of interleukin-10.58

Thalidomide has been used for treatment of ENL since the 
early 1960s. In 1965, Sheskin59 reported that six patients with 
ENL responded well to thalidomide, and this was confirmed 
with other studies.60 It has also been shown that the raised 
serum TNF-α levels in ENL are lowered by thalidomide.61 
Thalidomide shortens the ENL reaction. It acts rapidly, with 
improvement occurring after 8 h, although it may take up to 
48 h before the patient becomes afebrile. The dose used is 
400 mg/day in 2–4 divided doses, with a gradual reduction to 
50 mg/day. Thalidomide is the most effective drug for ENL 
but must be strongly discouraged in women of childbearing 
age unless using double contraception; it is absolutely con-
traindicated in pregnancy. All patients should be given specific 
advice (Box 57.1) before commencing thalidomide therapy. 
If thalidomide is either not available or contraindicated, pred-
nisolone is used to treat ENL.

table 57.3 Clinical features of leprosy reactions

 reversal reactions eNL reactions

Immune response T-cell mediated Immune complex 
deposition

Type of leprosy 
affected

BT, BB and BL BL and LL

Clinical features Skin lesions: Skin lesions:
erythema, swelling, 
tenderness

transient crops of small, 
painful red nodules,  lasting 
2–3 days

Peripheral nerve lesions: Other signs:
pain/tenderness, 
increased weakness, 
increased sensory loss

fever, malaise, lymph node 
enlargement, arthritis, iritis, 
orchitis, neuritis

BB, mid-borderline; BL, borderline lepromatous; BT, borderline tuberculoid; ENL, 
erythema nodosum leprosum; LL, lepromatous.
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There have been no reports of thalidomide causing accel-
erated nerve damage in leprosy. However, when used in other 
conditions such as Behçet’s disease, thalidomide is known 
to cause an axonal sensory neuropathy and there is evi-
dence to suggest more widespread effects of the nervous 
system.62–65 Other side effects that occur with thalidomide 
include a widespread rash developing 6–12 days after start-
ing the drug, drowsiness, constipation, xerostomia, increased 
appetite, nausea and loss of libido.66 It can also rarely result 
in menstrual abnormalities, increased urinary secretion of 
corticosteroids, myxedema and a euthyroid state in previous 
thyrotoxicosis.67

CHEMOPROPHYLAXIS AND 
IMMUNOTHERAPY

In the 1960s and 1970s chemoprophylaxis with dapsone and 
acedapsone was investigated. However, as dapsone showed 
varying protection to contacts of leprosy patients and there 
were anxieties about dapsone resistance, this regimen was cur-
tailed. In the 1980s–1990s rifampicin, used either alone or in 
combination with other drugs, was found to have chemopro-
phylactic efficacy.68 An intervention study in highly endemic 
Micronesia using a single dose of ROM as chemoprophylaxis 
showed an apparent reduced leprosy incidence in the first 
3 years in the blanket group. Whether this is due to a delayed 
development of leprosy or a complete clearance of infection 
needs to be determined.69 A recent study in Bangladesh70 ran-
domized 28 092 close contacts of newly diagnosed leprosy 
patients to a single dose of rifampicin or placebo with a fol-
low up of 4 years. The overall reduction in incidence of lep-
rosy using a single dose of rifampicin in the first 2 years was 
57% (close to that achieved with longer dapsone treatment). 
However, the difference was no longer significant in the third 
and fourth years. Further studies are needed to raise the effi-
cacy of rifampicin.

A meta-analysis of 14 trials showed that chemoprophylaxis 
gives approximately 60% protection against leprosy. Leprosy 
chemoprophylaxis may be an effective way of reducing inci-
dence and is more cost-effective if it is given only to household 
contacts.71 Current UK practice is for all childhood contacts 
of newly diagnosed patients to be given rifampicin prophy-
laxis (1 mg/kg). At present chemo- and immunoprophylaxis 
are not cost-effective measures for wide usage because there 
is no means of identifying all persons who are at high risk 
of developing leprosy and the prophylactic measures are not 
close to 100% efficacy.

To date no specific vaccine has been developed to prevent 
infection by M. leprae, although there is good evidence that 
bacille Calmette–Guérin (BCG) has protective efficacy. Large 
field trials in Uganda, Burma, Papua New Guinea and India 
have all demonstrated a protective efficacy varying from 20% 
to 80% with BCG vaccines. Adding M. leprae antigen to BCG 
does not increase the efficacy of the vaccine.72

ONGOING MANAGEMENT AND 
PREvENTION OF COMPLICATIONS

Education concerning factual information such as mode of 
transmission, treatment and complications is essential for all 
patients and health providers. Education is also important in 
equipping patients with knowledge on how to adapt their life-
style to prevent the development of complications (e.g. com-
fortable footwear and cessation of smoking in order to care for 
the anesthetic limb).

LEPROSY AND HIv

There were concerns that an interaction between HIV and 
M. leprae infection would result in an increased incidence of 
leprosy cases. However, studies in Uganda, Mali, Ethiopia 
and South India have not shown an increased prevalence of 
leprosy cases associated with HIV infection.73–75

An association has been found between HIV infection 
and complications of leprosy. In a case-controlled study in 
Uganda, Kawuma et al73 found that HIV seropositivity was 
a significant risk factor for developing reactions and neuritis; 
an unusual finding because reversal reactions are associated 
with an increase in CD4 cells. Similarly, Sampaio et al found 
that HIV-infected patients with low CD4 counts had normal 
granuloma formation with numerous CD4 cells.76

Treatment of a leprosy patient with concurrent HIV infec-
tion does not differ from that of a seronegative leprosy patient 
and reactions should be managed with corticosteroids or tha-
lidomide as appropriate.

Since the introduction of highly active antiretroviral therapy 
(HAART) in the management of HIV, leprosy is being increas-
ingly reported as part of the immune reconstitution inflam-
matory syndrome (IRIS).77 It is possible that the immune 
response to M. leprae in an HIV-infected person is suppressed 
before starting HAART and that leprosy manifests as IRIS with 
the sudden reversal of this suppression and the rise in CD4 
count.78 Further studies are needed to understand the clinical 
and pathological features in HIV and leprosy co-infection.

CONCLUSION

MDT has been a success story in both the treatment of  
M. leprae infection and the mobilization of many  people 
involved in treatment, surveillance and leprosy control 

Box 57.1 Advice for female patients before commencing 
thalidomide therapy

•	 Do	not	share	tablets	with	anyone	else

•	 Use	double	contraception	whilst	on	therapy

•	 Seek	medical	advice	at	the	first	sign	of	amenorrhea

•	 An	abortion	should	be	considered	if	pregnancy	is	confirmed
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 programs. In 1982 MDT was implemented in endemic 
areas and since then more than 90% of registered cases have 
received treatment, 14 million patients have been cured and 
global prevalence has declined.

The current treatment for leprosy reactions is still not opti-
mal, with a significant number of patients not responding to 
prednisolone and some ENL patients requiring chronic tha-
lidomide therapy. Researchers are still looking for different 
immunosuppressant drugs with efficacy in the treatment of 
reactions (e.g. azathioprine and ciclosporin A).

The stigma associated with the diagnosis of leprosy is still 
a very real problem and the management of someone with the 
disease should include discussion of their psychosocial status 
and education for the patient and their family.
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Chapter

58 Tuberculosis and other 
mycobacterial infections

L. peter Ormerod

Tuberculosis (TB) has been increasing significantly on a worldwide 
basis over the last decade, to such an extent that the World Health 
Organization (WHO) proclaimed it a global emergency in 1995. The 
WHO 2007 estimates are that there are 9.27 million new clinical cases 
at a rate of 139/100 000 per annum, 1.3 million deaths each year, 
and two billion persons infected in the world as judged by a positive 
tuberculin skin test.1 This increase has been seen both in the devel-
oping world and in developed countries, reversing the historical con-
tinuous decline seen since the Second World War. The reasons for the 
increase are different in the developing and developed worlds.

In developed countries, particularly in Europe, the increases are 
due to an increasing proportion of the cases of TB occurring in ethnic 
minority groups who have come from countries of high prevalence 
and who consequently have very high TB rates. The rates in the native 
population continue generally to decline. In England and Wales, inci-
dence increased nearly 70% between 1987 and 2008, but only 21% of 
cases are now in the White ethnic population, with over 73% of cases 
being foreign born.2 Rates in ethnic minority groups are 25–40 times 
higher than in the White ethnic group.2 Similar trends have been seen 
in most European countries, with the increase being due to immi-
grants and refugees/asylum seekers from high-prevalence countries. 
In the USA the increase seen between 1985 and 1990, which was partly 
due to HIV co-infection, but also due to social factors and the disman-
tling of TB programs, has been significantly reversed but (as in Europe) 
an increasing proportion of cases are now in the foreign born.3

In developing countries the increase is largely due to the lack of 
funding, marked population increases and the associated economic 
and social deprivation. To this is now added the effect of HIV co- 
infection. Although first described in the USA,4 its largest impact so 
far has been in sub-Saharan Africa where TB rates doubled between 
1985 and 1991 in some countries (e.g. Malawi and Zambia5), and have 
continued to rise almost exponentially since. This dual epidemic, 
which has hit largely younger, economically active adults (and chil-
dren), has further fuelled deprivation, social pressures and economic 
collapse. Although currently only 12% of TB worldwide is HIV asso-
ciated,1 this proportion is expected to rise over the next 5–10 years 
as dual infection increasingly occurs in South Asia, which, because 
of the much larger populations of these countries, will have a much 
greater numerical effect.1

In this chapter the principles underlying the development of 
short-course treatment will be set out, together with recommenda-
tions based on those principles for individual patients and sites of 
disease. The complexities of treatment of HIV-infected patients with 
particular relation to highly active antiretroviral treatment (HAART) 
are also discussed. Such treatments, as well as prophylactic therapy 
in both HIV-negative and HIV-positive individuals, need to be within 
the context of a monitored TB control program. Multidrug-resistant 
(MDR) and extensively drug-resistant (XDR) TB are challenging TB 
control, particularly in resource-poor settings, and their management 
will be discussed. Trials, including quinolones, are ongoing to see if 
6-month short-course chemotherapy can be reduced to 4 months. 
New drugs are also in development and will be briefly summarized. 
Finally, treatment of the opportunist mycobacteria that cause human 
disease is also considered.

SCIENTIFIC BASIS OF SHORT-COURSE 
CHEMOTHERAPY

Each of the main antituberculosis drugs varies in its capacity 
to kill bacteria, to sterilize lesions and to prevent the emer-
gence of drug resistance. Killing capacity is measured by early 
bactericidal activity,6 sterilizing ability by a low relapse rate 
after cessation of treatment and a low culture-positive rate 
at 2 months of treatment.7 The efficiency of a drug in pre-
venting the emergence of drug resistance is more difficult to 
assess and is largely derived from the interpretation of clini-
cal studies.7

Isoniazid (H) is the most potent bactericidal drug and 
kills more than 90% of bacilli within 7 days, acting on meta-
bolically active bacilli. It is also quite effective at preventing 
the emergence of drug resistance. Rifampicin (rifampin; R) 
is another effective bactericidal drug, with a potent steril-
izing effect and a good ability to prevent the emergence of 
drug resistance. In addition to acting on rapidly dividing 
bacilli it kills so-called ‘persisters’, which remain inactive 
for long periods but have intermittent periods of metabo-
lism, with only a short drug exposure. This gives it its potent 
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sterilizing efficiency. Although bactericidal, pyrazinamide 
(Z) is used mainly for its sterilizing ability; it is particularly 
effective at killing intracellular mycobacteria sequestered 
inside macrophages in an acid environment.6 Streptomycin 
(S) and ethambutol (E) are less potent drugs, with etham-
butol probably being bactericidal only at a high concentra-
tion. They are less effective at preventing the emergence of 
resistance to rifampicin and isoniazid.

The efficacy of regimens based on rifampicin, isoniazid and 
pyrazinamide has been extensively studied by many controlled 
trials of different durations and dosing schedules. With this 
type of regimen it is possible to convert over 90% of  sputum 
smear-positive patients to culture-negative at 2 months, to 
cure greater than 95%, and to have a relapse rate of less than 
5%. The studies from which various aspects of treatment can 
be deduced, and on which later chemotherapy recommenda-
tions are based, are set out in Table 58.1.8–19

A duration of 6 months seems to be the shortest period for 
a regimen based on isoniazid and rifampicin that will give an 
acceptably low relapse rate. If the duration is reduced below 
6 months higher relapse rates and lower cure rates are found, 
which are not acceptable for developed countries. Studies 
in Singapore and Hong Kong comparing 2, 4 and 6 months 
of pyrazinamide with rifampicin and isoniazid for 6 months 
showed that pyrazinamide is needed only for the initial 2 months. 
Conversely,  however, if pyrazinamide is not used or cannot be 

tolerated, then a 9-month regimen of rifampicin and isoniazid is 
required, supplemented by ethambutol for the initial 2 months.

The trials described in Table 58.1 covered a spectrum of 
dosing schedules from daily treatment throughout, a daily 
initial phase followed by a twice or thrice weekly continua-
tion phase, or twice or thrice weekly dosing throughout. All 
of these schedules gave relapse rates of less than 5% during 
periods of follow-up between 6 and 30 months after cessation 
of treatment. The dosing schedule used therefore depends on 
a balance of cost, side effects and tolerance, drug availability 
and organizational aspects.

When rifampicin was omitted from the regimen in the con-
tinuation phase because of cost constraints, a 6-month total 
duration gave higher relapse rates and inadequate sterilization. 
Before the HIV epidemic regimens with an extended continua-
tion phase of isoniazid for 6 months with either ethambutol or 
thiacetazone (Th) had been tested. A regimen of 2SHRZ/6HTh 
had been shown to be very effective when combined with 
admission to hospital for the initial 2 months.20,21 This is no 
longer viable as a ‘cheaper’ regimen because of the rate of drug 
reactions to thiacetazone in HIV-positive patients (see later) and 
the costs of initial hospital care. If rifampicin is not used in the 
continuation phase then there is a significantly increased failure 
rate if the organism is found to have initial isoniazid resistance.

Regimens of various durations of between 2 and 4 months 
have been studied in sputum smear-negative  tuberculosis. 

 regimen No. of patients Bacteriological 
relapse (%)

reference

Daily throughout

United Kingdom 2SHRZ/4HR 125 1 8
 2EHRZ/4HR 132 2 8

Hong Kong 2EHRZ/4EHRZ 163 1 9–11

US Trial 21 2HRZ/4HR 273 4 12

Singapore 2SHRZ/4HRZ  78 1 13–14
 2SHRZ/4HR  80 2 13–14

Daily initial phase and intermittent continuation phase

Poland 2HRZ/4HR(3) 116 4 15
 2SHRZ/4HR(2)  56 2 15

Singapore 2SHRZ/4HR(3)  97 1 16–17
1SHRZ/5HR(3)  94 1 16–17

 2HRZ/4HR(3) 109 1 16–17

Intermittent throughout

Hong Kong 6SHRZE(3) 152 1 9–11
6SHRZ(3) 151 1 9–11
6HRZE(3) 160 2 9–11
2SHRZ(3)/2SHR(3)/3HR(3) 149 3 18
4SHRZ(3)/2HR(3) 133 6 18
4SHRZ(3)/2HRZ(3) 142 1 18

 4HRZ(3)/4HRZ(3) 135 4 18

USA 0.5SHRZ/1.5SHRZ(2)/4HR(2) 125 2 19

table 58.1 Six-month short course regimen trials for the treatment of pulmonary tuberculosis

E, ethambutol; H, isoniazid; R, rifampicin; S, streptomycin; Z, pyrazinamide. The number in front of the letters represents the duration of treatment in months. The number in 
brackets after the letters represents the number of doses per week.
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For those with positive initial cultures, relapse rates of 32% with  
2 months’ treatment,22 7–13% with 3 months’ treatment,22,23 
and 4% with 4 months’ treatment have been reported.22,23 The 
results of the 4-month regimen varied with the initial sensi-
tivities of those with a positive culture. For initially sensitive 
organisms, the relapse rate was 2%, but rose to 8% for those 
with initial resistance to isoniazid and/or streptomycin.23

RECOMMENDED REGIMENS

The recommendations made by various expert bodies are 
founded on the substantial body of evidence for pulmonary 
tuberculosis, and take into account the likelihood of drug resis-
tance in the target population. The recommendations of the 
National Institute for Health and Clinical Excellence are set 
out in Table 58.2.24 Where there are variations between these 
recommendations and those of the European Respiratory 
Society,25 the American Thoracic Society26 and the World 
Health Organization,27 these are also shown in Table 58.2.

In the UK, a 6-month regimen comprising isoniazid, 
rifampicin, pyrazinamide and ethambutol for 2 initial 
months, followed by rifampicin and isoniazid for a further 
4 months, is recommended for adult respiratory tuberculosis, 

 including isolated pleural effusion and mediastinal lymph-
adenopathy, irrespective of the bacteriological status of the 
sputum.24 A 6-month regimen is therefore recommended for 
sputum smear-negative disease. Where a positive culture for 
M. tuberculosis has been obtained but susceptibility results 
are  outstanding at 2 months, the initial four-drug phase 
should be continued until full susceptibility is known, but 
the total duration of treatment does not need to be extended. 
Ethambutol is included to cover the possibility of initial iso-
niazid resistance because of its increasing prevalence.2

If a patient cannot tolerate pyrazinamide, then the treat-
ment required to give a suitably high cure rate is 9 months of 
rifampicin and isoniazid supplemented by 2 months of  initial 
ethambutol.28 Routine daily pyridoxine is not required but 
should be given to people at higher risk of peripheral neuropa-
thy: those with diabetes mellitus, chronic renal failure,  alcohol 
dependency, malnourishment and the HIV positive.24

NON-PULMONARY TUBERCULOSIS

Non-respiratory tuberculosis has been subject to fewer con-
trolled clinical trials than respiratory tuberculosis, but there 
are sites where evidence-based advice can be obtained.

type of tuberculosis american thoracic Society european respiratory  
Society

National Institute for health 
and Clinical excellence

Adult    

New smear positive pulmonary  ) 2RHZ(E/S)/4HR 2RHZ(E)/4HR 2RHZ(E)/4HR
or              ) or or or
New extensive smear-negative 
pulmonary          )

0.5RHZ(S/E)/1.5RHZ(E)(2)/4HR(2)  
(DOT)  
or

2RHZ(E)/4HR(3) 2RHZS(3)/4HR(3) DOT 

Extensive non-respiratory     ) 2RHZ(E/S)(3)/4RHZ(E/S)(3) DOT   

Non-extensive smear-negative  
pulmonary

2RHZ/4HR As above As above 

Adult meningitis Presumed as extensive  
non-respiratory but not specified

Presumed as extensive  
non-respiratory but not specified

2RHZ(E/S)/10HR 

Children    

Pulmonary/lymph node As adult As adult As adult

Central nervous system 2RHZ(S)/10HR As adult 2RHZ(E)/10HR

Miliary As above As adult 2RHZ(E)/4HR

Bone/joint As above As adult 2RHZ(E)/4HR

Drug resistance    

Isoniazid 2RZE/4RZE or 2RE/10RE Not specified 2RZES/7RE DOT or 2RZE/10RE

MDR-TB Individualized Individualized Individualized

Other resistances Not specified Not specified See Table 3

table 58.2 Recommended regimens for treatment of tuberculosis

DOT, directly observed therapy; E, ethambutol; H, isoniazid; R, rifampicin; S, streptomycin; Z, pyrazinamide. The number in front of the letters represents duration in months. 
The number in parentheses after the letters represents the number of doses per week. The 2009 WHO guidelines recommend the use of 2RHZE/6HE should stop, and a weak 
recommendation to consider 4RHE as the continuation phase in areas with proven or suspected isoniazed resistance rates of over 5%.
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 LYMPH-NODE TUBERCULOSIS

The third British Thoracic Society lymph node trial showed 
that a 6-month regimen was just as effective as a 9-month 
regimen.29,30 From this trial,29,30 and from earlier lymph node 
studies,31,32 the course of lymph node disease is variable. 
In 10–15% of cases nodes may enlarge, abscesses may form, 
and new nodes may develop, both during and after treatment. 
These are usually without any bacteriological evidence of 
relapse or recurrence, and in the absence of a positive culture 
should not in themselves be taken as failure of treatment31 or 
relapse.32 The 6-month regimen recommended for respiratory 
tuberculosis is therefore also recommended for lymph node 
disease.24

 BONE/jOINT TUBERCULOSIS

Approximately half of all cases are in spinal sites. This form 
of tuberculosis has been the subject of a number of controlled 
clinical trials, with 6 months of therapy being shown to give 
good results.33–36 These studies also showed that chemother-
apy can be fully ambulant in nearly all cases of tuberculo-
sis of the thoracic and lumbar spine, with surgery reserved 
for the few patients with evidence of spinal cord compres-
sion or instability.33–36 The 6-month regimen recommended 
for respiratory tuberculosis is therefore advised for bone and 
joint tuberculosis.24

 PERICARDIUM

A 6-month regimen of rifampicin and isoniazid supplemented 
by 3 months initial pyrazinamide and streptomycin has been 
shown to be highly effective.37,38 The continuation of strepto-
mycin and pyrazinamide after 2 months is not likely to con-
fer additional benefit, so the 6-month regimen preferred for 
respiratory disease is recommended.24 Trials have shown that 
corticosteroids confer additional benefit in this form of tuber-
culosis (see later).37,38

 CENTRAL NERvOUS SYSTEM

There is lack of evidence from controlled trials but man-
agement in centers treating large numbers suggests that 
rifampicin and isoniazid for 12 months, supplemented 
by pyrazinamide and a fourth drug for at least the first 
2 months, will give good results.39 Isoniazid, pyrazinamide 
and prothionamide/ethionamide penetrate the cerebrospinal 
fluid well, but rifampicin penetrates less well.40 Ethambutol 
and streptomycin penetrate the cerebrospinal fluid in ade-
quate concentrations only when there is active meningeal 
inflammation early in the treatment. Although the risk of 

ethambutol ocular toxicity at the recommended dosage of 
15 mg/kg is low,41 ethambutol should be used with caution 
in unconscious patients (Stage III) as visual acuity cannot be 
tested. Intrathecal  administration of streptomycin is unnec-
essary. The fourth drug in the initial phase of treatment 
can be ethambutol,40 streptomycin40 or ethion(prothion)
amide.42 In the UK a 12-month regimen of rifampicin and 
isoniazid, supplemented by 2 months  initial pyrazinamide 
and ethambutol, is recommended for both meningitis and 
 tuberculoma,24 prolonged to 18 months if pyrazinamide is 
not given or cannot be tolerated. Additional corticosteroids 
are of benefit (see later).

 OTHER SITES

There are few clinical trial data for other sites. In the UK, by 
extrapolation from respiratory disease and the more common 
non-respiratory data, the 6-month regimen recommended for 
respiratory disease is advised;24 it is also advised for tuberculo-
sis in multiple sites, or for miliary (classic or cryptic)  disease.43 
Because of the high rates of blood-borne spread to the menin-
ges in miliary tuberculosis, lumbar puncture is recommended 
in such cases so that the correct duration of therapy can be 
determined.24

  CORTICOSTEROIDS AS AN ADjUNCT 
TO THERAPY

Clinical trial data support a beneficial effect of  corticosteroids 
in addition to the recommended antituberculosis chemother-
apy for pericarditis,37,38 for TB meningitis40,44 and for endo-
bronchial disease in children.45 There are clinical, but no 
clinical trial, data of possible benefit in pleural effusions,46 in 
tuberculosis affecting the ureter,47 in patients with extensive 
pulmonary disease48 and in suppression of hypersensitivity 
reactions to antituberculosis drugs.48

TREATMENT IN PREGNANCY

Pregnancy in patients taking rifampicin is not an indica-
tion for termination. Standard treatment should be given to 
pregnant women, the risk to both mother and fetus being 
greater if suboptimal treatment is given.49 None of the first-
line drugs has been shown to be teratogenic in humans, but 
the reserve drugs (see later) ethionamide and prothionamide 
may be and are best avoided. Streptomycin and other amin-
oglycosides are potentially ototoxic to the fetus and should 
be avoided in pregnancy. Women may breastfeed normally 
whilst taking antituberculosis drugs. Patients on rifampicin-
containing regimens should be told of the reduced effec-
tiveness of oral contraceptives and be given contraceptive 
advice.
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TREATMENT IN CHILDREN

Recommended dosages of isoniazid vary substantially. 
The British Thoracic Society,50 the International Union 
against Tuberculosis and Lung Diseases,51 and the WHO27 
 recommend 5 mg/kg up to a maximum dose of 300 mg/day. 
Other organizations such as the American Thoracic Society26 
and the American Academy of Pediatrics52 recommend 
10 mg/kg up to a maximum of 300 mg. Pharmacokinetic 
studies53 show that 5 mg/kg gives serum levels 60–100 times 
the minimum inhibitory concentration and satisfactory clin-
ical  outcome is achieved.54 Dosages should generally be 
rounded up to easily given volumes of syrup or appropriate 
strengths of tablet.

The 6-month regimen advised for adults should be used 
for children with respiratory tuberculosis including hilar 
lymphadenopathy.24 Ethambutol should also be included for 
the first 2 months. A recent literature review concluded that 
use of a 15 mg/kg dosage of ethambutol, in children aged 
5 years or older, required no more precautions to be taken 
than for adults.55 The same review also concluded that etham-
butol could be used in younger children without undue fear 
of side effects.55

No controlled trials examining the treatment of extra-
pulmonary tuberculosis in children have been reported. 
Recommendations are therefore made by extrapolation from 
adult trials. Treatment of tuberculous lymphadenopathy, 
pericarditis, bowel disease, bone and joint disease and other 
end-organ disease using the 6-month regimen advised for 
adults is recommended.24 For disseminated and congenital 
 tuberculosis, treatment should also last 6 months unless there 
is evidence of any central nervous system involvement, when a 
12-month regimen is advised.24 Meningitis should be treated 
with 12 months of isoniazid and rifampicin supplemented 
by 2 months initial pyrazinamide plus either ethambutol or 
streptomycin.24,26,40,51

DRUG-RESISTANT TUBERCULOSIS

MOLECULAR BASIS

Advances in molecular genetics over the last 15 years have 
demonstrated the mechanisms of resistance to specific anti-
tuberculosis drugs, and in general these come about because 
of mutation at a small number of sites in the chromosome. 
Isoniazid resistance has been linked to mutations in either the 
inhA gene which codes for an enzyme involved in mycolic 
acid synthesis in the cell wall56 or the catalase peroxidase gene 
(katG).57 For streptomycin, resistance is due to changes in 
ribosomal S12 protein (rpsL) and 16S ribosomal RNA;58 for 
fluoroquinolones the mutation is in the DNA gyrase A gene 
(gyrA);59 rifampicin resistance is due to point mutations in 
the rpoB gene in the RNA polymerase B subunit60 and has 
allowed the development of a  molecular probe to detect this 

resistance, which is a key component of MDR-TB (see below). 
Pyrazinamide resistance is due to mutations in the pncA 
gene.61 Ethambutol resistance is due to mutations in the embB 
region, specifically codon 306.62

EPIDEMIOLOGY

Drug resistance is an increasing problem in developed coun-
tries because an increasing proportion of cases come from 
people originally infected in underdeveloped countries. For 
underdeveloped countries themselves problems are increas-
ing because of economic and population pressures on TB 
control services, variable drug availability, inadequate pro-
grams and the difficulties of service delivery.63 The incidence 
of drug resistance has to be differentiated into primary resis-
tance (that found in previously untreated patients) and sec-
ondary or acquired resistance (that found in those with a 
history of treatment). Resistance to first-line antituberculosis 
drugs is found in all countries, with higher rates in under-
developed countries, in parts of countries where there is eco-
nomic collapse, or in certain populations (e.g. the Russian 
prison population63). Resistance rates to isoniazid of >5% 
are now common in most underdeveloped countries, and the 
drug resistance rates of minority ethnic groups in developed 
countries often follows that of their country of origin. Drug 
resistance data in the UK are monitored by Mycobnet, a sec-
tion of the Public Health Laboratory Service Communicable 
Disease Surveillance Centre, which has monitored trends 
prospectively since 1993. The current levels of isoniazid 
resistance are 6% (HPA 2009) overall.2 Risk factors for drug 
resistance include prior treatment, HIV infection and foreign 
birth. In the UK, the national treatment guidelines24 have 
been designed with these factors in mind.

Combined resistance to rifampicin and isoniazid, with or 
without additional drug resistances (so-called MDR-TB), is 
a particular concern and is found worldwide. Certain coun-
tries (such as the Baltic republics, Russia, the Dominican 
Republic and Côte d’Ivoire) are ‘hotspots’ with an inci-
dence greater than 5%.63 MDR-TB occurred infrequently 
in England and Wales between 1982 and 1991, being found 
in only 0.6% of isolates.64 It rose to nearly 2% in the early 
1990s but fell to 1.3% in 2005,63 representing approxi-
mately 50 cases, two-thirds of which occurred in Greater 
London. In England and Wales the risk factors for MDR-TB 
are those for drug resistance in general, but are even more 
pronounced:65

•	 Previous	treatment	12.63	(OR	8.20–19.45)
•	 HIV	infection	3.52	(OR	2.48–5.01)
•	 Age	younger	than	65	years	2.53	(OR	1.74–4.83)
•	 Foreign	born	2.46	(OR	1.86–3.24)
•	 Male	sex	1.38	(OR	1.16–1.65).
Clinical suspicion of acquired resistance should also be raised 
by failure of clinical response to treatment or by prolonged 
sputum smear or culture positivity, particularly at 3 months 
or later, while on treatment.
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Now added to problems of drug resistance is the recog-
nition of XDR-TB, brought to prominence by the Tugela 
Ferry outbreak,66 which is now described in more than 45 
countries.67 Initially defined as high-level resistance to three 
or more of the six classes of reserve drugs,68 in addition to 
rifampicin and isoniazid, this definition has been revised to 
resistance to  quinolones and one injectable other than strep-
tomycin (kanamycin, amikacin or capreomycin).69

Because of the rates of drug resistance, every effort should 
be made to obtain bacteriological confirmation of the diag-
nosis. In addition to proving the diagnosis, drug susceptibility 
information comes only from positive culture. Three sputum 
samples, obtained on separate mornings, should be sent for 
pulmonary cases. In patients unable to produce sputum, fib-
reoptic bronchoscopy and washings from the appropriate 
lung segment(s) has a good yield.70 Pus obtained from neck 
glands and other sites, and fluid from serous sites (pleura, 
peritoneum and pericardium) should also be sent for culture. 
Surgeons performing biopsies on lesions in which tuberculo-
sis is suspected should be reminded that half of the sample 
should be sent for TB culture without preservative such as 
formalin.24

A risk assessment, using the factors above, should be 
made for the likelihood of drug resistance in all cases. 
If concerns are raised as to the possibility of MDR-TB or 
XDR-TB, rapid molecular tests for rifampicin resistance 
are available on either sputum microscopy-positive or cul-
ture-positive material. These can be performed rapidly and 
are >95% accurate. If a test reports rifampicin resistance 
in a patient with M. tuberculosis, the patient should be man-
aged as if he or she has M(X)DR-TB, pending the results 
of full susceptibility tests, as ‘isolated’ rifampicin  resistance 
accounts for less than 10% of rifampicin resistance, and 
rifampicin resistance for MDR-TB in more than 90%. 
Separate isolation criteria are also advised for suspected or 
proven MDR-TB.71,72

TREATMENT OF DRUG-RESISTANT 
TUBERCULOSIS

Various short-course chemotherapy studies have allowed 
assessment of the efficacy of ‘standard’ chemotherapy in 
patients with prior initial drug resistance.73 In these trials, 
patients with initial isoniazid and/or streptomycin resistance 
had a failure rate of 17% when given a 6-month regimen of 
rifampicin and isoniazid; the failure rate was 12% in those 
treated in the 2-month initial phase. As the number of drugs 
given in the regimen and the duration of rifampicin treat-
ment increased, the failure rate fell, reaching only 2% of those 
receiving 4–5 drugs, including rifampicin throughout, in a 
6-month regimen. The key exception was that of rifampicin 
resistance, where the outcome was much poorer.73

Such a policy is appropriate in underdeveloped countries 
where routine drug susceptibility data are not  available, but in 
developed countries it is thought preferable to modify treat-
ment on the basis of the drug resistance data.24 The recom-
mendations are set out below and summarized in Table 58.3.

 SINGLE DRUG RESISTANCE

Streptomycin

Some of the drug resistance encountered, particularly in ethnic 
minority groups, is to streptomycin alone. Streptomycin is now 
seldom used, and the efficacy of the regimen recommended for 
both pulmonary and non-pulmonary disease is not affected.

Isoniazid

If isoniazid resistance is known about before treatment, a regi-
men of rifampicin, pyrazinamide, ethambutol and streptomy-
cin for 2 months, followed by rifampicin and ethambutol for 

resistance Non-MDr-tB regimen Comment

Streptomycin 2RHZ(E)/4RH Standard treatment unaffected

Isoniazid 2RZSE/7RE if known pretreatment
2RZE/7-10RE

Fully supervised (DOT) 

Pyrazinamide 
 

Usually M. bovis
If had 2RHZE: stop ZE then 7RH
If had 2RHZ: then 2RHE/7HR

  
 

Ethambutol 2RHE/7HR Standard treatment unaffected

Rifampicin Uncommon: see text. Manage as MDR-TB until full  
susceptibilities known; if true: 2HZE/16HE

  

Streptomycin/isoniazid As for isoniazid resistance during treatment Fully supervised (DOT)

Other combination Individual regimen needed See text

table 58.3 Management of drug resistance in tuberculosis

E, ethambutol; H, isoniazid; R, rifampicin; S, streptomycin; Z, pyrazinamide. The number in front of the letters represents the duration of treatment in months.
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7 months, has given good results when fully supervised.74 For 
the usual scenario of isoniazid resistance being reported after 
treatment has started, isoniazid should be stopped and etham-
butol and rifampicin given for 12 months, supplemented by 
2 months initial pyrazinamide.24

pyrazinamide

See Mycobacterium bovis infection later (p. 758).

ethambutol

This is uncommon; the standard regimen minus ethambutol 
(2RHZ/4HR) should be used.

rifampicin

Isolated rifampicin resistance accounts for less than 10% 
of rifampicin resistance, 90% or more being due to M(X)
DR-TB. Rifampicin resistance should be managed as for 
M(X)DR-TB until full first- and second-line susceptibilities 
are available. If true isolated rifampicin resistance is shown, a 
regimen of 18 months of ethambutol and isoniazid, supple-
mented by 2 months initial pyrazinamide, is recommended.24

 COMBINED NON-MDR RESISTANCE

Streptomycin and isoniazid

This is the most common dual resistance. Management 
should be as for isoniazid resistance found after treatment 
commencement but fully supervised throughout.24

Other combinations

These are uncommon. An individualized regimen is required 
and should be discussed with an experienced clinician.

 MDR-TB AND XDR-TB

Where MDR-TB is suspected, using the risk criteria set out 
earlier, molecular methods are available for rapid detection of 
rifampicin resistance using genetic probes on culture mate-
rial75 and increasingly on direct microscopy-positive samples.76 
Treatment is complex, time-consuming, demanding on both 
the physician and the patient, must be individually planned77,78 
and is likely to need the inclusion of reserve drugs (Table 58.4). 
There are also additional infection control measures required 
to prevent nosocomial outbreaks.71,72 Such treatment should 
be carried out only in the following circumstances:
•	 The	physician	has	substantial	experience	in	managing	

complex resistant cases
•	 Only	in	a	hospital	with	appropriate	isolation	facilities
•	 In	close	liaison	with	the	appropriate	mycobacteriology	

service.

For this to happen, the patient may need to be transferred to 
an appropriate unit. All treatment, both as an inpatient and as 
an outpatient, must be closely monitored because of increased 
toxicity, and must be directly observed throughout to prevent 
the emergence of further drug resistance. Consideration may 
also need to be given to resection of pulmonary lesions under 
drug cover.79 Criteria for removal from isolation have been 
set out.71,72

The principles of treating such patients are to start treat-
ment with five or more drugs to which the organism is (or is 
likely to be) susceptible, including one injectable if possible, 
and to continue these until cultures become negative. Drug 
treatment should then be continued with at least three drugs 
to which the organism is susceptible on in-vitro testing for 
a further minimum of 9 months. This may extend up to or 
beyond 24 months depending on the drug susceptibility pro-
file, which drugs are available, and the patient’s HIV status.78

MYCOBACTERIUM BOVIS

Infection with M. bovis cannot be differentiated clinically 
from M. tuberculosis infection, and can only be diagnosed on 
culture. In the UK, only some 40 cases per year are diag-
nosed, now accounting for less than 1% of bacteriologically 
confirmed M. tuberculosis complex cases.2 Of 210 isolates 
reported, 200 were in patients of White ethnic origin, of whom 
over three-quarters were aged over 50 years, suggesting reacti-
vation of disease acquired earlier in life.80 Commercial molec-
ular DNA- or RNA-based tests cannot differentiate between 
M. bovis and M. tuberculosis, emphasizing the role of culture. 
Non-commercial molecular methods exist for the identifica-
tion of M. bovis, such as identification of mutations of the 
pncA gene.81

The main difference between M. bovis and M.  tuberculosis 
is the presence of pyrazinamide resistance in the former. This 
influences recommended drug regimens because the inclu-
sion of pyrazinamide is required for an effective 6-month 
regimen and is nullified by the presence of pyrazinamide 
resistance. If a four-drug initial phase has been given, then a 
7-month continuation phase of rifampicin and isoniazid can 
be used (see Table 58.3).24 Once the diagnosis has been made, 

Injectable tablet

Streptomycin Ciprofloxacin, ofloxacin, levofloxacin, 
gatifloxacin, moxifloxacin

Amikacin Ethionamide or prothionamide

Kanamycin Clarithromycin or azithromycin

Capreomycin, linezolid,  
meropenem/co-amoxiclav

Cycloserine, rifabutin, thiacetazone, 
PAS sodium, clofazimine

table 58.4 Reserve drugs that may be needed for multidrug-
resistant tuberculosis

PAS, p-aminosalicylic acid.
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the pyrazinamide should be stopped, 9 months of rifampicin 
and isoniazid given, supplemented by 2 months initial etham-
butol (see Table 58.3).24 If against national guidance a per-
son has had only a three-drug initial regimen (2RHZ), then 
2RHE/7HR will need to be given from that point.

Contact tracing of human contacts of human M. bovis dis-
ease should follow the recommendations given for human 
contacts of M. tuberculosis.24 Where studies of human contacts 
of cattle with M. bovis disease have been undertaken, little 
 evidence of transmission (as judged by tuberculin testing and 
no evidence of disease) has been found.82 Recent advice on 
contact tracing of human contacts of cattle, largely based on 
first principles, has been published.24

BCG

Bacille Calmette-Guérin (BCG) is an attenuated strain of 
M. bovis and is therefore pyrazinamide resistant. There are 
differences between the UK24,72 and the USA26 in its use, with 
the USA putting a much lower emphasis on its use and effi-
cacy. In the UK, BCG was advocated in unvaccinated  children 
aged 10–13 years and in anyone thought to be at higher risk72 
such as:

•	 previously	unvaccinated	tuberculin-negative	household	
contacts of pulmonary disease

•	 tuberculin-negative	unvaccinated	new	immigrants	from	
high-prevalence countries

•	 neonates	of	African–Asian	ethnic	origin
•	 tuberculin-negative	previously	unvaccinated	healthcare	

workers.

The UK unselective BCG vaccination program for those aged 
10–13 years stopped in 2005 following review by the Joint 
Committee on Vaccination and Immunisation and later sup-
ported by NICE,24 whose economic appraisals showed it to 
be grossly uneconomic, either as a vaccination, even with a 
15-year protective efficacy, or as a safety net vaccination system 
for those high-risk individuals who had missed prior BCG.24

The complications of BCG vaccination are local abscess 
and ulceration at the vaccination site and local lymph node 
disease. Complications are almost always due to faulty vacci-
nation technique, with subcutaneous rather than intradermal 
administration. These may resolve spontaneously but over a 
prolonged period.

Antibiotic therapy with isoniazid,83 rifampicin and iso-
niazid, and macrolides84 have all been advocated. Surgical 
removal of regional nodes is rarely required. Disseminated 
BCG infection after vaccination is rare, but occurs in people 
with immune deficiency and has been reported in HIV infec-
tion. Prospective studies, however, have so far failed to show 
increased complications overall in asymptomatic neonates, 
and at the moment the WHO still recommends vaccination in 
developing countries for all neonates unless they have clinical 
evidence of AIDS.

Instillation of BCG into the bladder has been found to be 
very effective in the management of transitional cell  carcinoma. 

Complications can occur, with mycobacterial  dissemination, 
and focal forms of disease localized to both the urinary tract 
and other sites.85 These complications require treatment as for 
M. bovis because of the pyrazinamide resistance (see Table 58.3).

DELIvERY OF THERAPY

Adherence is the major determinant of outcome in treating 
tuberculosis,86 both the compliance of the patient in taking 
medication as prescribed and the compliance of the physi-
cian in prescribing the correct regimen and monitoring it. 
Respiratory physicians are more likely to prescribe the stan-
dard chemotherapy than other clinicians, and drug reactions 
are more common with non-standard regimens.87,88 In the UK 
it is advised that only physicians with full training and exper-
tise in managing tuberculosis, and who have direct working 
access to TB nurses or health visitors, should manage respira-
tory tuberculosis.24 It is further recommended that they also 
manage the drug treatment of non-respiratory tuberculosis, 
and manage children jointly with a general pediatrician, unless 
they are a specialist infectious disease pediatrician trained in 
tuberculosis.24

Tuberculosis cases should be managed by a team as part 
of a district policy that covers all aspects of management, 
including notification of disease to the proper authorities, 
 chemotherapy, compliance and contact tracing.89 A minimum 
of one full-time TB nurse or health visitor plus full clerical 
support is recommended for every 50 notifications per annum 
per district,50 with a higher ratio of staff if there are significant 
numbers of ‘hard to reach’ individuals.

ADHERENCE MOTORING

Monitoring patient adherence with medication is a vital part 
of management, and is carried out by TB nurses or health vis-
itors, together with checking on the accuracy and continuity 
of prescribing. An assessment of the likelihood of adherence 
should be made for all patients at the onset of treatment.24 
For patients not on directly observed therapy (DOT; see 
below) tablet checks and urine tests for rifampicin should 
be carried out at least monthly throughout chemotherapy. 
If  non-compliance is detected in patients being allowed self-
administered therapy, they should be switched to supervised 
(DOT) therapy, and an assessment made of the possibility 
of acquired drug resistance. This may require repeat cultures 
and susceptibility tests, and consideration of molecular tests 
for rifampicin resistance.

COMBINATION TABLETS

Combination tablets are extremely useful in patients tak-
ing daily therapy and prevent the deliberate or accidental 
consumption of a single drug, which in active disease can 
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very easily lead to acquired drug resistance. They have the 
 further advantage that compliance can be checked by using 
the orange/pink coloration of urine of the rifampicin com-
ponent, which can be inspected for either visually or in the 
laboratory. Rifater (Hoechst Marion Roussel), for use in 
the initial phase of treatment, contains rifampicin, isoniazid 
and pyrazinamide, and Rifinah (Hoechst Marion Roussel) 
combine rifampicin and isoniazid for use in the continua-
tion phase. In some studies of combined preparations, the 
dosages of isoniazid, rifampicin and pyrazinamide90,91 have 
varied slightly from those in Rifater currently available in 
the UK (isoniazid 50 mg, rifampicin 120 mg, pyrazinamide 
300 mg). The bioavailability of the drugs in combination 
tablets is similar to that of the same doses given individu-
ally,90 and gives satisfactory clinical results.91 The slight vari-
ations in dosage are therefore not thought to be important 
in combined preparations of proven bioavailability. Because 
of the similarity in name (rifampicin, Rifinah, Rimactazid, 
Rifadin, Rimifon and Rifater), care must be taken in writ-
ing and dispensing prescriptions. Care is also needed with 
computer-generated prescribing, because if the system does 
not recognize the name it may default to rifampicin alone, 
leading to monotherapy.

For the above reasons, for patients on daily therapy in the 
UK, combination tablets are recommended to aid compliance 
and to prevent monotherapy.24

PRETREATMENT SCREENING

Liver function should be checked before treatment of clini-
cal cases: modest elevations of the hepatic  transaminases 
(ALT/AST) are not uncommon in the pretreatment 
liver function tests of people with TB. Detailed advice 
on the monitoring of liver function and hepatotoxicity is 
available.92

Renal function should be checked before treatment with 
either streptomycin or ethambutol. If possible these drugs 
should be avoided in renal failure, but if their use is required 
serum concentrations should be monitored and substantial 
dosage reductions made unless dialysis is used.24 Because of 
its rare, but possible, toxic effects on the optic nerve, visual 
acuity should be tested using a Snellen chart before etham-
butol is given.93 Patients should have reasonable visual acuity 
and ideally be able to report symptoms, although the use of 
ethambutol in children appears to be safe.55 A patient should 
be told to stop the drug immediately if symptoms occur and 
report to the physician, and this should be documented. In 
those with language difficulties or in small children this advice 
should be given to carers and family members. With increas-
ing evidence to support the use of third-generation quinolones 
(moxifloxacin and gatifloxacin) in TB from data from trials in 
Africa (see later), some clinicians are substituting moxifloxa-
cin for ethambutol, where either renal or visual impairment 
makes the use of ethambutol as the fourth drug in the initial 
phase  problematic. Such use, however, has not yet reached 
national/international guidance.24–27

DIRECTLY OBSERvED THERAPY

Concerns about patient adherence, its effects on relapse and 
the development of drug resistance, has lead to the WHO 
advocating directly observed therapy (DOT) in the form 
of short-course chemotherapy or DOTS. With this method 
of treatment, the ingestion of every dose is monitored by a 
 nursing or lay observer. DOT can be given daily but an inter-
mittent regimen, with appropriate dosage adjustments, is 
often more convenient as doses can be scheduled to avoid 
weekends. A regimen of rifampicin, isoniazid, pyrazinamide 
and either ethambutol or streptomycin thrice weekly for 
2 months,  followed by thrice-weekly rifampicin and isoniazid 
for a  further 4 months, is advised in the UK.24,50

The strategy of universal DOT, although strongly advocated 
by the WHO93 and bodies such as the International Union 
against Tuberculosis and Lung Diseases,94 has not been tested 
by randomized controlled studies. Cohort studies against his-
torical control groups receiving self- administered therapy in 
different countries have shown DOT to improve outcomes (e.g. 
cure rates).95–97 Decision analyses have also suggested that both 
selective and universal DOT strategies are more cost-effective 
than conventional self-administered therapy.98–100 However, 
when DOT was compared in a controlled way directly with self-
administration it actually performed less well overall, although 
subgroups had differing results.101 Critics of universal DOT, 
which they call ‘supervised pill swallowing’, say that the success 
of DOT programs is derived from the substantial financial and 
technical investment in tuberculosis programs that DOT repre-
sents and not the DOT element itself.102 Even in the USA there 
have been dissenting analyses of DOT effectiveness.103

Authors who admitted initial prejudice in favor of DOT 
conceded that treatment completion rates of over 90% could 
be obtained with a much lower proportion of DOT than 
that proposed by the advocates of universal DOT.103 The 
US Centers for Disease Control and Prevention (CDC) rec-
ommend that DOT treatment should be considered for all 
patients, but that if more than 90% of the patients in an area 
are completing self-administered therapy, selective DOT in 
unreliable patients is an alternative.104

In the UK, where tuberculosis is (or should be) treated 
by experienced physicians working in direct conjunction 
with tuberculosis nurses or health visitors24 and as part of a 
district plan,72,90 DOT is recommended for selective use in 
people with an adverse adherence assessment. This includes 
patients who are homeless, alcohol or other drug abusers, 
vagrants, seriously mentally ill, patients with multiple drug 
resistances and those with any history of non-compliance 
with  antituberculosis medication, either previously or shown 
 during  treatment monitoring.24,72

NOTIFICATION AND CONTACT TRACING

All cases of tuberculosis, whether respiratory or non-
 respiratory, should be notified to the proper authorities. The 
purpose of notification is two-fold:
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1. It allows proper epidemiological data to be collected and 
outbreaks detected, so that treatment services can be 
planned and monitored.

2. Contact tracing procedures are activated by notification, 
and so it is essential that all cases, including active cases 
diagnosed after death, are notified.

Failure to notify could lead to failure to screen  appropriate 
close contacts, which could result in contacts  requiring treat-
ment for active disease, or those eligible for BCG  vaccination 
or chemoprophylaxis being denied the  appropriate inter-
vention. Detailed guidance, recently updated, is available 
in the UK.24 The emphasis on aspects of contact tracing in 
the UK, where BCG vaccination is more widely advised,24 
is different from that in the USA, where there is greater 
emphasis on chemoprophylaxis (see below) and less on BCG 
vaccination.26

TUBERCULOSIS IN HIv-POSITIvE 
PATIENTS

The incidence of tuberculosis in HIV-positive individuals is 
much higher than in those who are HIV negative,24 and the 
mortality rate in such patients is also higher.1 The classic type 
of tuberculosis with upper zone pulmonary disease tends to 
occur less commonly in patients as the CD4 lymphocyte count 
declines. In this context patients are more likely to have non-
cavitatory disease, or mediastinal lymphadenopathy, dissemi-
nated disease, to be sputum smear-microscopy negative or even 
have a normal chest X-ray.105,106 A high index of suspicion for TB 
needs to be maintained in symptomatic HIV-positive individu-
als, especially in those born in high TB prevalence settings.

Although small studies have suggested that standard 
2RHZE/4RH regimens, particularly if adequately super-
vised, are equally effective in HIV-positive and HIV-negative 
patients,107 there have been no controlled trials of adequate 
power in HIV-positive patients to show differences of efficacy 
between regimens. As HIV-positive individuals have the same 
drug resistance rates as the population that they come from, 
the four-drug initial phase should always be used, unless there 
are risk factors for MDR-TB (see above). If cultures remain 
positive at 3 months in HIV-positive patients, compliance and 
drug absorption should be assessed in detail.

In patients with dual infection there is no doubt that the 
priority is to treat the tuberculosis, especially in sputum 
smear-positive cases where there is also a public health ele-
ment. TB treatment is also important in reversing the poten-
tially deleterious effects of tuberculosis on the progress of the 
HIV infection suggested by in-vitro and in-vivo studies.108 
The treatment of TB in HIV-positive patients is becoming 
more complex because of:

•	 increased	drug	reactions	to	both	TB	drugs	and	highly	
active antiretroviral drugs in such patients

•	 a	move	to	earlier	treatment	of	HIV-positive	individuals	with	
HAART, at higher CD4 counts for the initiation of treatment, 
and an increasing number of drug treatment options109

•	 drug–drug	interactions	with	TB	drugs,	HAART	and	
other drugs, e.g. conazoles, particularly due to rifampicin 
interactions.110

These will be discussed briefly here and in Table 58.5; 
 however, the complexities, with particular emphasis on drug 
 interactions, are set out fully in reference 110:

1. Reactions to antituberculosis drugs are more common 
in HIV-positive individuals, in whom severe adverse 
reactions can occur to any drug. This has been the case 
particularly with thiacetazone, causing Stevens–Johnson 
syndrome in 10%, with a 10% mortality, leading to its 
withdrawal from routine use in Africa.111,112

2. The range of anti-HIV drugs is widening all the time. 
These now include:
a. nucleoside reverse transcriptase inhibitors (NRTIs): 

abacavir, enteric-coated didanosine, emtricitabine, 
lamivudine, stavudine, tenofovir, zidovudine

b. non-nucleoside reverse transcriptase inhibitors 
(NNRTIs): efavirenz, nevirapine, etravirine, TMC-278

c. protease inhibitors (PIs), including boosted 
combinations with low-dose ritonavir: amprenavir, 
atazanavir, atazanavir–ritonavir, darunavir–ritonavir, 
fosamprenavir, fosamprenavir–ritonavir, indinavir, 
lopinavir–ritonavir, nelfinavir, ritonavir, saquinavir, 
saquinavir–ritonavir, tipranavir–ritonavir

d. integrase inhibitors and entry inhibitors: elvitegravir, 
raltegravir, maraviroc, enfuvirtide (T-20).

3. Important drug interactions occur. Ketoconazole can 
inhibit rifampicin absorption if given at the same time, 
which could lead to TB treatment failure.113 Rifampicin 
and isoniazid interact with the azole antifungal drugs, 
reducing serum concentrations of flu- and itraconazoles 
to suboptimal levels.113–115 The most important area, 
however, is the interaction with rifampicin, the current 
key sterilizing drug in TB regimens, which is a potent 
inducer of the CYP3A P450 enzyme through which 
the PIs, NNRTIs and some other anti-HIV drugs are 
metabolized (Table 58.5). As a general rule, rifampicin 
can be used with all NRTIs and with efavirenz (with an 
increased dose of efavirenz), but not with other NNRTIs. 
Rifampicin cannot be used with PIs (single or boosted) 
or with integrase inhibitors, but can be used with T20 
inhibitors and with maraviroc (doubled dose of maravi-
roc). Rifabutin in reduced dosage can be used with most 
PIs (except saquinavir).

The data to support rifabutin-containing regimens, as 
opposed to rifampicin-containing regimens, for TB are weak. 
If at all possible a 6-month rifampicin-based regimen should 
be used.110 Treatment supervised for 5 days per week with con-
ventional dosages, including at least 56 doses of pyrazinamide 
and 182 doses of rifampicin–isoniazid, is thought to be ade-
quate.110 Prolongation of the rifampicin–isoniazid continua-
tion phase to 9 months is needed in HIV-positive individuals 
if there is pyrazinamide intolerance, and should be consid-
ered for those still culture-positive for M. tuberculosis after 2 
months’ treatment.110 If rifamycins cannot be tolerated for  
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some reason, HIV-related TB can be treated with a non-
 rifamycin-containing regimen; however, this strategy has an 
inferior efficacy with high relapse rates116,117 and should only 
be contemplated in patients with serious toxicity to rifamy-
cins, and where desensitization or reintroduction has failed, 
or in those with rifamycin-resistant isolates.
Because of the complexities of managing such dually infected 
patients, detailed liaison between the TB and HIV services is 
needed, and drug levels of both antituberculosis and antiret-
roviral drugs may need monitoring. A detailed view on the 
complexities, with particular emphasis on drug interactions, is 
found in reference 110 (see also Ch. 6).

NEW TRIALS AND NEW DRUGS 
IN DEvELOPMENT

A 6-month regimen of rifampicin and isoniazid, supplemented 
by an initial 2 months of pyrazinamide and ethambutol, 
remains the ‘gold standard’ treatment.24–27 It does, however, 
have unacceptably high relapse rates, at least by developed 
country standards, if the regimen is shortened in duration,118 
certainly for smear- and culture-positive disease. Moxifloxacin 
is highly active against M. tuberculosis, with activity equivalent 
to that of isoniazid119 and early bactericidal activity exceed-
ing that of isoniazid between days 2 and 7 of therapy.120 These 
data and data on the murine model, showing that substitution 
of moxifloxacin for isoniazid, dramatically increasing steriliz-
ing activity and allowing a 4-month regimen,121 have led to the 

potential role of it and other third-generation quinolones in 
shortening treatment duration coming under extensive inves-
tigation. Three phase IIb studies have now reported. The IIb 
study reported in 2006 only showed equivalence to etham-
butol in the sterilizing ability of the regimen over 2 months122 
using the usual 2-month culture conversion method. A more 
recent analysis of the phase II Oflotub study data,123 how-
ever, showed that the two newer fluoroquinolones, moxi-
floxacin and gatifloxacin, may have the ability to potentially 
shorten the duration of therapy to 4 months. This study also 
showed that serial sputum colony counts and the time to cul-
ture conversion have the potential to be quantitative predic-
tive ‘endpoints’ in phase II trials of the newer antituberculosis 
medications (see below).123 The most recent to report124 from 
Brazil also showed superiority in culture conversion rates for 
the moxifloxacin-containing regimen.

Two phase III studies are underway to test the regi-
men shortening potential of moxifloxacin and gatifloxacin. 
These are actively recruiting in Africa and are soon to be 
expanded to other sites. The Oflotub study by the WHO125 
is comparing standard 6-month short course chemotherapy 
(2RHZE/4RH) with a 4-month regimen of rifampicin, iso-
niazid and gatifloxacin, supplemented with 2 months initial 
pyrazinamide (2RHZGati/2RHGati). This study of 1836 
patients should have completed treatment by summer 2009, 
and report the 1-year outcome in mid-2010. The REMOX 
study126 is comparing standard treatment (2RHZE/4RH) 
with a 6-month regimen substituting moxifloxacin for etham-
butol (2RHZMoxi/4RH), and a further 4-month regimen 

antiretroviral drug/class rifampicin rifabutin Clarithromycin

Nucleoside reverse transcriptase inhibitors (NrtIs)

 No interaction No interaction No interaction

 Dose as normal Dose as normal Dose as normal

Non-nucleoside reverse transcriptase inhibitors (NNrtIs)

Efavirenz Rifampicin standard dose Rifabutin 450 mg No interaction
  Efavirenz 800 mg if >50 kg, 

 600 mg if ≤50 kg
Efavirenz standard Dose as normal 

Nevirapine Do not use Few data, do not use Dose as normal

Etravirine Do not use Few data, do not use  

TMC-278 Do not use Double dose TMC-278  

protease inhibitors (pIs), including boosted

  Do not use Some but not all can be used with 
reduced rifabutin dose (see ref. 111)

Dose as normal 

Integrase inhibitors and entry inhibitors

Elvitegravir/raltegravir Do not use No data  

Maraviroc Double maraviroc dose No data  

Enfuvirtide Dose both as normal Dose both as normal  

table 58.5 drug interactions between TB and antiretroviral drugs
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of  rifampicin, isoniazid and moxifloxacin, supplemented by 
2 months initial pyrazinamide (2RHZMoxi/2HRMoxi). This 
is actively recruiting in multiple sites in Africa, with further 
sites being added.

Other novel agents are under development, some of which 
will shortly come to phase II and possibly phase III studies. 
These include the following:

•	 PA-824	(TB	Alliance/Chiron)	is	a	nitroimidazopyran	
that inhibits the synthesis of proteins and cell-wall lipids. 
This drug has a narrow spectrum of activity, no cross-
resistance with current antituberculosis drugs and a 
unique mechanism of action. It has bactericidal activity 
against both replicating and static organisms,127 and 
has good sterilizing activity.128 It is currently in phase II 
testing.129

•	 OPC-67683	(Otsuka)	is	a	further	nitroimino-oxazole	
that has advanced to phase II testing. Cross-resistance 
with PA-824 is anticipated, but it may be up to 20 times 
more potent.130 Preliminary data from the murine model 
suggest that substituting OPC-67683 for isoniazid in the 
standard treatment regimen resulted in greater activity 
and more rapid culture conversion.130

•	 TMC207	(Tibotec)	is	a	diarylquinoline	(previously	
R207910) that selectively inhibits mycobacterial F1F0 
ATP synthetase. This is a new class of drug, without 
cross-resistance with other classes of antituberculosis 
drugs. TMC207 has time-dependent bactericidal activity 
in vivo and in vitro, and substitution for any of the 
three main first-line drugs increases potency. It has a 
particularly impressive synergy with pyrazinamide.131 
Although well absorbed orally, one potential drawback is 
that it has a drug–drug interaction with rifampicin which 
reduces the bioavailability of TMC207 by 50%.132

•	 Diamine	SQ109	(Sequella)	is	a	novel	1,2-ethylenediamine	
ethambutol analog that acts on cell-wall inhibition by a yet 
to be understood mechanism. In vitro it has activity against 
rifampicin- and isoniazid-resistant isolates, demonstrates 
synergy with isoniazid and rifampicin, and has a high 
sterilizing activity in the mouse model, with drug levels in 
the lungs and spleen exceeding the minimum inhibitory 
concentration.133 It is currently in phase I testing.

•	 Pyrrole	LL-3858	Sudoterb	(Lupin)	is	a	substituted	
pyrrole; early data suggest activity against both susceptible 
and MDR strains.134 In the mouse model, used as a single 
drug it is bactericidal, and in combination significantly 
enhances the sterilizing ability of the standard RHZ 
regimen.134 Less information is available than for some 
other drugs due to commercial considerations, but this 
drug is also in phase I testing.

These, and the other drugs which may follow them,129 will 
need a series of controlled clinical trials, such as were done 
a generation ago by the British Medical Research Council118 
to establish the best regimens, durations and combina-
tions. Their use will have to be strictly limited to such tri-
als to prevent indiscriminate or uncontrolled use which could 
lead to an even worse version of XDR-TB emerging, until 

their utility and roles are established. The more recent data 
from the Oflotub study may give us additional ‘endpoints’ to 
monitor.123

TREATMENT OF LATENT TB 
INFECTION, FORMERLY KNOWN 
AS CHEMOPROPHYLAXIS

PRINCIPLES

A proportion of people with tuberculosis infection, as judged 
by a positive tuberculin skin reaction or now confirmed by an 
interferon-γ release assay (IGRA), are thought to have a small 
number of dormant bacilli, perhaps in the order of 103 or 104. 
The administration of one or two drugs for a shorter period of 
time than for disease – chemoprophylaxis or preventive ther-
apy – is likely to kill these organisms and hence reduce the 
chance of progression to disease. It is therefore very  important 
to differentiate between disease and infection:

•	 In	tuberculosis	infection,	the	tuberculin	skin	test	(and	
IGRA test if available) is positive, the chest radiography 
is normal, and the patient is asymptomatic and has no 
clinical findings.

•	 In	tuberculosis	disease,	the	skin	test	is	usually	positive	
and there are clinical signs and symptoms or radiographic 
changes present. (Note: neither commercially available 
IGRA test is currently licensed for use in diagnosis.)

This matter is further complicated in HIV-positive individu-
als, where anergy to tuberculin does not necessarily mean 
tuberculosis infection has not occurred, and it becomes 
 difficult to differentiate between disease and infection. Most 
latent TB infection (LTBI) treatment is secondary (i.e. after 
infection, as judged by a positive tuberculin test or IGRA, 
has occurred). Occasionally it may be given before evidence 
of infection, to prevent infection occurring (e.g. in the neo-
nate of a sputum smear-positive mother); this is primary 
chemoprophylaxis.

REGIMENS

Although multiple drug regimens are required for the treat-
ment of disease in order to prevent the emergence of drug 
resistance, it is not illogical to use a one- or two-drug regimen 
for prophylaxis. Individuals who are receiving chemoprophy-
laxis are thought to have a low organism burden, in the order 
of 103 to 104. The chance of spontaneous resistance develop-
ing to a single drug is in the order of 10–5 to 10–7. The chance 
of drug resistance developing is therefore very low, particu-
larly if a two-drug regimen is used. For instance, when mass 
isoniazid chemoprophylaxis was given to Inuit communities 
there was no increase in isoniazid-resistant disease.135

Many randomized placebo-controlled trials of isoniazid 
chemoprophylaxis have been conducted.136 Alaskan  studies 
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showed that the maximal effect was achieved by durations up 
to 12 months and that there was no additional benefit from 
more extended treatment.137 Where the rate of new infec-
tion was low, protection lasted for more than 15 years.138 
A multicenter study by the International Union against 
Tuberculosis and Lung Disease (IUATLD)139 showed that 
for small radiographic lesions (<2 cm) 6 months of treat-
ment with isoniazid was just as effective as 12 months, 
and for larger lesions (>2 cm) 6 months of isoniazid pro-
vided considerable protection. A later meta-analysis of  
77 000 persons, in 11 different placebo-controlled studies 
(including reference 139), however, clearly shows no addi-
tional  protective efficacy with isoniazid durations of over 6 
months, only increased toxicity.140

As with chemotherapy for disease, compliance with 
therapy is important, particularly because individuals 
on chemoprophylaxis are clinically well and so have less 
incentive to complete medication: the Alaskan studies also 
showed that to obtain the full benefit from chemoprophy-
laxis, more than 60% of treatment must be taken.137 There 
is also concern about increased isoniazid hepatotoxicity for 
durations over 6 months. In the later US Public Health 
Service studies the probable isoniazid hepatitis rate was 
approximately 1%.136 There was, however, a clear relation-
ship with age: no cases under 30 years, rising to 2.3% in 
patients over 50 years. The hepatitis rate was lower in the 
IUATLD trial139 at 0.27% for 6H and 0.52% for 12H, but 
was still higher than the rate of 0.1% in the placebo-treated 
group.139

These concerns have led to a search for alterna-
tive and shorter regimens. Rifampicin has been shown 
to have a greater sterilizing effect in animal studies,141 
either alone or with pyrazinamide, than has isoniazid. A 
placebo- controlled prophylaxis study from Hong Kong 
in patients with  silicosis suggested that rifampicin alone 
for 3 months had  similar efficacy to rifampicin and iso-
niazid for 3 months or isoniazid alone for 6 months.142 In 
UK studies the use of rifampicin and isoniazid combined 
for 3 months showed a significant decrease in childhood 
tuberculosis.143,144 Using these data, and others from exper-
imental studies, the American Thoracic Society/CDC rec-
ommended a regimen of rifampicin and pyrazinamide for 2 
months (2RZ) rather than isoniazid alone for 6 months.145 
The predictable toxicity of the 2RZ regimen72 led to severe 
hepatotoxic reactions and fatalities146 and the withdrawal of 
this recommendation.147

In the USA either rifampicin for 4 months (4R) or  isoniazid 
for 9 months (9H) is now recommended,146 despite the meta-
analysis on isoniazid preventive therapy showing no additional 
benefit of regimens longer than 6 months, only increased 
 toxicity,140 and there being no controlled trial data to support 
4R. In the UK, either 6H or 3RH is recommended,24 both 
having ‘A’ category data or SIGN 1+148 evidence to support 
their use. There is also evidence to support 6R for contacts of 
isoniazid-resistant disease149,150 and is recommended for this 
category in the UK.24,72

 IN HIv-NEGATIvE PERSONS

In the UK, where there is greater emphasis on BCG, and where 
prior BCG vaccination modifies the tuberculin response, the 
following groups are recommended for consideration of treat-
ment for LTBI, based on either incidence of active TB in per-
sons with a positive tuberculin test or from selected clinical 
conditions (Box 58.1)24 and for certain conditions with a high 
relative risk of tuberculosis (Box 58.2).

Treatment of LTBI should be offered in the following 
settings:
•	 Neonates	of	mothers	with	sputum-smear	positive	TB	as	a	

primary measure until shown to be tuberculin negative at 
age 6–8 weeks.

•	 Children	aged	between	4	weeks	and	2	years	of	age	in	
contact with sputum smear-positive TB, either as a 
primary measure (no prior BCG) or if inappropriately 
tuberculin positive (prior BCG).

•	 TB	contacts	aged	up	to	35	years	with	an	inappropriately	
positive Mantoux test confirmed by a positive IGRA test.

•	 New	entrants	aged	under	16	years	from	countries	with	a	
TB prevalence of 40/100 000 per annum or greater with a 
positive Mantoux test confirmed by a positive IGRA test.

•	 New	entrants	aged	16–35	years	from	sub-Saharan	Africa,	
or countries with a TB rate of 500/100 000 per annum 
or greater, with a positive Mantoux test confirmed by a 
positive IGRA test.

Persons for whom chemoprophylaxis is recommended, but 
who do not receive it or decline to take it, should have radio-
graphic follow-up at 3 and 12 months.67

tB cases/10 000 person years

HIV infection 35–162

Intravenous drug use 10–76

Silicosis 68

Recent latent TB infection 1.6–12.9

Chest X-ray changes consistent 

with prior TB

2.0–13.6

Box 58.1 Consideration for treatment of lTBI in selected  
clinical conditions

relative risk
Solid organ transplant (renal) 37

Solid organ transplant (heart) 20–74

Jejunoileal bypass 27–63

Silicosis 30

Chronic renal failure/hemodialysis 10–25.3

Gastrectomy 2.5

Diabetes mellitus 2–41

Anti-tumor necrosis factor-α treatment 4–8

Contact smear-positive TB 5–10

Box 58.2 Consideration for treatment of lTBI in conditions 
with a high relative risk of tuberculosis
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In the USA, preventive therapy with a positive tuberculin 
reaction26 (>5 mm in persons with HIV infection, close contact 
of infectious disease and with fibrotic X-ray lesions; >10 mm  
in other at-risk persons, including infants and children 
younger than 4 years; and >15 mm in low-risk populations) is 
recommended for the following groups:
1. Close contacts of persons with newly diagnosed 

 infectious tuberculosis.
2. Recent tuberculin skin test converters (defined as a  

10 mm or greater increase within a 2-year period for 
those <35 years of age, and 15 mm or greater increase 
for those >35 years).

3. Persons with medical conditions that have been reported 
to increase the risk of tuberculosis:
a. diabetes mellitus
b. prolonged therapy with adrenocorticosteroids
c. immunosuppressive therapy
d. some hematological and reticuloendothelial diseases
e. intravenous drug users known to be HIV negative
f. end-stage renal disease
g. clinical situations associated with substantial rapid 

weight loss or chronic undernutrition.
4. People under 35 years with a tuberculin test >10 mm, 

even in the absence of the above risk categories, if:
a. foreign born from high-prevalence countries
b. from medically under-served low-income populations, 

including high-risk racial or ethnic minority 
populations

c. resident of a long-term care facility.
In	 the	 USA,	 the	 use	 of	 an	 IGRA	 test	 (QuantiFERON-TB	
Gold) is now recommended as a one-step test for screening 
for LTBI, rather than tuberculin testing.151

 IN HIv-POSITIvE PERSONS

The identification of individuals at high risk of develop-
ing tuberculosis in HIV infection is complicated by loss of 
response to tuberculin, and to some extent IGRA tests, and 
also the atypical radiological changes. Such therapy was rec-
ommended by the WHO and IUATLD.152 When this policy 
has been examined in developing countries, short-term ben-
efits have been shown but there are also logistical difficulties 
in implementing such a policy.153,154 A more recent study in 
the USA did not support isoniazid prophylaxis in high-risk 
patients with anergy unless they had been exposed to active 
tuberculosis.155

For the above reasons, and because of concerns about the 
higher rates of drug resistance in HIV-infected persons in the 
UK, chemoprophylaxis in HIV-positive individuals is recom-
mended only in contacts of sputum smear-positive pulmo-
nary disease24,110 and to be considered in others with HIV. 
Isoniazid treatment111 is no longer recommended for people 
treated for TB disease after completion of chemotherapy.42,110 
In the USA26 LTBI treatment for a tuberculin test of 5 mm (or 
a positive IGRA test) is advised in HIV-positive  individuals as 

it is thought that such patients have a high annual rate of dis-
ease.156 It may also be considered for HIV-infected persons 
who are tuberculin negative but belong to groups in which the 
prevalence of tuberculosis infection is high.

  FOR MULTIDRUG-RESISTANT 
TUBERCULOSIS

There are no data on what preventive regimen is feasible in 
persons in contact with MDR-TB. Any LTBI regimen should 
include two (and ideally three) drugs to which the organism is 
known to be susceptible, although the resistance pattern can 
be so extensive that no preventive regimen is available. If the 
drug susceptibility pattern is not known then ofloxacin or cip-
rofloxacin with pyrazinamide might be effective.157 The CDC 
suggest this combination, or ethambutol and pyrazinamide.158

The view in the UK is that, since only a minority of peo-
ple infected with tuberculosis develop clinical disease, and 
because there are no data on which to base advice, long-term 
regular follow-up of individual cases is currently advised.24

OPPORTUNIST (NON-TUBERCULOUS) 
MYCOBACTERIA

Isolates of opportunist mycobacteria – also called atypical 
mycobacteria, mycobacteria other than tuberculosis (MOTT), 
non-tuberculous mycobacteria (NTM) or environmental 
mycobacteria – are increasing. Although this may be related to 
an increasing incidence, there has been a very significant rise 
in the isolation of rapidly growing mycobacteria (RGM), e.g. 
M. chelonae, M. gordonae and M. abscessus, with the increasing 
use of liquid culture, with its greater sensitivity, but many of 
these isolates appear to be commensal, rather than associated 
with clinical disease. NTM are ubiquitous in the environment 
and the significance of an isolate can be established only by 
considering the specimen type from which the organism was 
isolated, the number of isolates, the degree of growth and the 
species of Mycobacterium. In general, in non-sterile sites, mul-
tiple isolates are required to establish disease, whereas one 
positive culture from a sterile site, particularly if supported by 
histopathology, is usually sufficient.159,160

The management of opportunistic organisms was reviewed 
by the Joint Tuberculosis Committee of the British Thoracic 
Society (BTS) in 1999, and guidelines on their  management 
produced,159 although these are much less based on con-
trolled trials than is the case for tuberculosis. The 5-year 
 follow-up results of controlled trials in M. avium intracellulare 
(MAC), M. malmoense and M. xenopi with both quinolone- 
and  macrolide-containing regimens have also recently been 
 published.161 Guidelines from the USA are much more recently 
updated.160 These, and the earlier BTS advice, modified by ref-
erence 161, are summarized in Table 58.6, but for detailed 
 recommendations the original references should be consulted.
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Generally, in HIV-negative people, these opportunistic 
organisms cause disease in two main settings:

•	 In	children,	usually	under	the	age	of	5	years,	isolated	
lymphadenopathy, usually cervical, occurs and should be 
managed by surgical excision.159,160,162

•	 In	HIV-negative	patients	with	underlying	structural	
lung disease, often chronic obstructive pulmonary 

disease, infection with M. kansasii, M. avium complex, 
M. malmoense or M. xenopi can all simulate conventional 
tuberculosis or bronchiectasis with nodularity. Unlike the 
management of tuberculosis where the drug susceptibility 
data must be scrupulously followed, the susceptibility to 
individual drugs in vitro does not correspond to clinical 
response and should largely be ignored, being of major 

Organism Situation UK advice USa advice

HIV-negative

Any Cervical nodes in children Excision Excision

M. kansasii Adult pulmonary disease 9RE; 15–24RE if recurrent HR + E 15 mg/kg until culture negative  
for 1 year

M. avium intracellulare  
(MAC) 

Adult pulmonary disease 
 

24RHCipro/Clari or 24RHE 
 

Clari/R/E 25 mg/kg three times weekly or daily 
Clari/R/E 15 mg/kg ± other until culture  
negative for 12 months (see text)

M. malmoense Adult pulmonary disease 24RHCipro/Clari or 24RHE Not covered

M. xenopi Adult pulmonary disease 24RHCipro/Clari or 24RHE Not covered

M. kansasii 
 

Non-pulmonary disease 
 

9RE initially; add macrolide or  
streptomycin/prothionamide  
depending on response

As for pulmonary disease 
 

MAC Non-pulmonary disease 24REClari Excision/debridement + drugs as for adult  
pulmonary disease

M. malmoense Non-pulmonary disease 24REClari RHE ± Clari, quinolones
Duration unspecified

M. xenopi Non-pulmonary disease 24REClari HEClariR or rifabutin ± initial streptomycin

Rapid growing organisms

M. abscessus and other rapid 
growers 
 
 
 

Disease 
 
 
 
 

Pulmonary: resect if possible under drug 
cover. Use REClari; consider other drugs
Non-pulmonary: wound debridement;  
Cipro/Clari, plus aminoglycoside or  
imipenem 

Pulmonary: resect if possible under multidrug 
cover including Clari
Non-pulmonary: surgical debridement;  
Clari-based treatment for 4–6 months Clari/
amikacin + initial cefoxitin 

M. fortuitum Disease As M. abscessus Complex; see ref. 160

M. chelonae/gordonae Disease As M. abscessus Complex; see ref. 160

M. marinum Skin Co-trimoxazole; tetracycline; R/E  
until resolved

Clari/ethambutol until resolved, then 2 months. 
Add rifampicin if deep structures involved

HIV-positive    

MAC 
 

Treatment 
 

HAART +
24R(Rifabutin)EClari 

Clari/Azithro + E ± rifabutin until resolution of 
symptoms and reconstitution of cell-mediated 
immunity

MAC 
 
 

Prophylaxis 
 
 

1st Azithro 1200 mg/week
2nd Clari 500 mg every 12 h
3rd Azithro 1200 mg/week + rifabutin 
300 mg/day

Azithro 1200 mg/week or Clari 1000 mg/day 
if CD4 below 50/mL. Rifabutin 300 mg/day  
effective but less well tolerated 

M. kansasii Treatment HAART + 24R(Rifabutin)EClari Not covered

M. malmoense Treatment HAART + 24R(Rifabutin)EClari Not covered

M. xenopi Treatment HAART + 24E(Rifabutin)EClari Not covered

table 58.6 Treatment of opportunist mycobacteria159–161

Azithro, azithromycin; Cipro, ciprofloxacin; Clari, clarithromycin; E, ethambutol; H, isoniazid; HAART, highly active antiretroviral therapy; R, rifampicin. The number in front of the 
letters represents the duration in months.
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utility only in M. kansasii disease, and for macrolide 
susceptibility. Laboratory studies also show that there is 
synergy between drugs, with rifampicin and ethambutol 
in particular, which are bactericidal in combination, 
although the organism has been reported as in-vitro 
resistant to them singly.163 Clinical trials on pulmonary 
M. kansasii have shown that 9 months of treatment with 
rifampicin and ethambutol is adequate for most people, 
but that longer treatment may be needed in some cases.164

For the other mycobacteria which cause pulmonary infection, 
treatment with rifampicin and ethambutol, sometimes with 
isoniazid as well, gives cure rates of approximately 80%.165 
Unfortunately, results using either clarithromycin or cipro-
floxacin, with rifampicin and ethambutol replacing isoniazid, 
have not shown much improvement.161 Treatment of extra-
pulmonary disease other than M. marinum disease in adults 
is more complex and detailed recommendations should be 
followed.159,160

In HIV-positive patients, restoring immune function with 
combinations of antiretroviral treatment is as important as, if 
not more so than, antimycobacterial treatment.160 There are 
important interactions between macrolides, rifamycins and 
protease inhibitors and/or antiretroviral drugs (see Table 58.5) 
which may limit treatment. In those who require treatment 
for pulmonary or disseminated disease, rifampicin, ethambu-
tol and clarithromycin on an indefinite basis are advised.159,160 
For prophylaxis against M. avium complex, the first-choice 
recommendation is azithromycin 1200 mg weekly, with 
clarithromycin 500 mg every 12 h as second, and azithromy-
cin 1200 mg once weekly plus rifabutin 300 mg once daily as 
third choice.160
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The most prevalent superficial mycoses are caused by different 
groups of pathogenic fungi, the dermatophytes or ringworm fungi, 
Candida and Malassezia species. These infections are very common, 
usually infecting otherwise healthy individuals, although the clini-
cal pattern of infection and response to treatment will be affected if 
the patient is immunosuppressed. Dermatophyte infections include 
clinical disease states such as tinea capitis (scalp), cruris (groin), cor-
poris (body) and pedis (feet). They are caused by filamentous fungi 
of the genera Trichophyton, Microsporum and Epidermophyton spp. 
Malassezia species are commensal yeasts on normal skin, but under 
certain conditions can cause human disease such as pityriasis versi-
color. Candida species are the main cause of mucocutaneous infec-
tions, including oral and vaginal candidiasis (or thrush) as well as skin 
disease, particularly in the region of body folds. In addition there are 
other less common superficial fungal pathogens.

DERMATOPHYTOSIS

TINEA CAPITIS

Tinea capitis presents with a range of clinical features from 
alopecia (or hair loss) with little inflammation to the forma-
tion of a kerion, which is a pustular and inflammatory mass 
containing hair shafts and fungi. Tinea capitis is mainly a 
disease of childhood.1 This is an infection that is difficult to 
diagnose on clinical grounds alone and it is important to con-
firm the diagnosis using mycological sampling. The mycologi-
cal causes of tinea capitis vary geographically but it is useful 
to know whether the infection can be spread from child to 
child (anthropophilic) or whether it originates from an animal 
source (zoophilic) such as a cat or dog. Common organisms 
include Trichophyton tonsurans (anthropophilic), T. violaceum 
(anthropophilic) and Microsporum canis (zoophilic). In the 
UK, T. tonsurans is now more common than M. canis but in 
other countries in Europe the latter dominates. Whatever the 
cause, it is important to treat other infected individuals; in 
the case of anthropophilic infections this includes other fam-
ily members and with zoophilic infections domestic pets such 

as cats may be infected. In other parts of the world, T. viola-
ceum and T. soudanense are more common. Identification of 
the cause is important as there are differences in response 
rates between Trichophyton and Microsporum species that may 
determine the medication used.2

Generally no topical therapy is effective long term for tinea 
capitis. For instance, ketoconazole shampoo may be effec-
tive clinically for T. tonsurans infection during the active treat-
ment phase but there is a very high relapse rate.3 The main 
alternatives are all oral therapies (Table 59.1). Griseofulvin 
 (500–1000 mg/day with food) is given for 8 weeks or lon-
ger but has the disadvantage of being more protracted and 
having a higher relapse rate in some infections.4 Griseofulvin 
in suspension form, for use in children, is also not available 
in all countries. Oral terbinafine 250 mg/day for 4 weeks 
(unless M. canis when double doses are needed)5 or itracon-
azole 100 mg/day are appropriate but must be continued for 
4 weeks, depending on severity6 (Table 59.1 – see modified 
child dose regimen for terbinafine). Pediatric formulations of 
these drugs are also not universally available.

In children with tinea capitis caused by M. canis, a 6-week 
course of either itraconazole 100 mg or griseofulvin 500 mg/
day exhibited equivalent efficacy of 88%, but itraconazole was 
better tolerated.7 A longer course may be necessary in people 
with severe disease. Higher doses of itraconazole (200 mg/
day or 3 mg/kg solution) may be advantageous, especially as 
only 40% of patients with T. tonsurans infection responded 
to 4 weeks of itraconazole 100 mg/day.8 Corticosteroids, 
even in cases of kerion, are not recommended. An alternative 
approach is once-weekly fluconazole 6–8 mg/kg.9

TINEA CRURIS

Tinea cruris is more common in men than in women, pro-
ducing a red, scaly rash with a prominent margin cover-
ing the groin, scrotum and thighs. It is caused by various 
dermatophytes, mainly Epidermophyton floccosum and T. 
rubrum. Topical imidazoles such as clotrimazole, miconazole 
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or  sulconazole twice daily for at least 2 weeks are usually effec-
tive (Table 59.1). Oral itraconazole (200 mg/day)10 or terbinafine  
(250 mg/day) for 7 days11 are highly effective and may be preferred. 
An alternative topical therapy is terbinafine 1% cream applied 
once daily for 1 week which is effective in >90% of cases.12

TINEA CORPORIS

Tinea corporis (ringworm) tends to affect exposed areas of the 
extremities and may be treated systemically, as for tinea cru-
ris, or with azole or terbinafine creams (Table 59.1). Topical 
therapy is usually used for infections of limited extent.

TINEA PEDIS

Tinea pedis (athlete’s foot) affects about 16% of the population 
and is often recurrent. Terbinafine cream 1% twice daily for 
1 week compares well with 1% clotrimazole cream twice daily 
for 4 weeks (97% vs 84% response)13 (Table 59.1). However, 
topical azole creams (e.g. bifonazole, miconazole) or powders 
are effective. A single application of terbinafine, a film-forming 
solution, applied to the soles is also curative in many cases.14 
Moccasin-type tinea pedis affecting the soles is invariably 
due to T. rubrum: 2–4 weeks’ therapy with either  terbinafine 
250 mg/day or itraconazole 200 mg/day are the best options.

SEBORRHEIC DERMATITIS, PITYRIASIS 
VERSICOLOR AND MALASSEZIA 
FOLLICULITIS

There is a range of superficial diseases related to superficial 
infection with, or sensitization by, Malassezia species. These 
are seborrheic dermatitis (dandruff is a form of the latter 

confined to the scalp), cradle cap, pityriasis versicolor and 
Malassezia folliculitis.

Pityriasis versicolor is a superficial skin infection of the 
upper trunk, mainly caused by M. globosa, which results in 
patchy hypo- or hyperpigmented scaly macules on the trunk. 
It can be treated with azole creams or ketoconazole shampoo 
applied daily for up to 7 days. Topical terbinafine cream is also 
effective. Topical treatments are often difficult to apply as the 
area affected is often extensive; oral itraconazole 200 mg/day 
for 7 days is 85% effective.15 Malassezia folliculitis is less com-
mon, but causes itchy pustular lesions on the upper chest or 
back and is best treated with oral itraconazole.

Seborrheic dermatitis is characterized by excess scaling of 
the scalp, face and anterior chest associated with inflamma-
tion; dandruff or scaling of the scalp may be a manifestation 
of seborrheic dermatitis. Cradle cap in infants is thought to 
be a similar process. The mechanism by which Malassezia 
contributes to these conditions is not understood, but they 
are common problems: some authors have stated a life-
time incidence of seborrheic dermatitis of 10% for the nor-
mal population with an incidence of 50% in  HIV-infected 
patients. Seborrheic dermatitis frequently accompanies 
symptomatic HIV infection and may be one of the first signs 
of infection.

Seborrheic dermatitis is a chronic disease that relapses 
 rapidly after treatment. It may also be difficult to effect 
improve ment despite antifungal therapy and  anti-inflammatory 
agents. Topical corticosteroids have largely been supplanted 
by the use of topical azole creams with or without a steroid 
component. Lithium succinate 8% ointment is also effective. 
Patients with very inflammatory lesions benefit from com-
bined hydrocortisone 1% and azole antifungal preparations. 
Oral itraconazole 200 mg/day is also effective.16 By contrast, 
fluconazole is not very effective, especially in those with AIDS. 
Maintenance antifungal therapy is not recommended for seb-
orrheic dermatitis, unless it is very severe.

Condition agent Daily dose Duration

Tinea capitis Griseofulvin 10 mg/kg 2–3 months
Itraconazole 100 mg 2–6 weeks

 Terbinafine 250 mga 2–4 weeks

Tinea cruris Clotrimazole Topical twice daily 2–3 weeks
Miconazole Topical twice daily 2–3 weeks
Sulconazole Topical twice daily 2–3 weeks
Itraconazole 200 mg 1 week

 Terbinafine 250 mg 1 week

Tinea corporis Itraconazole 200 mg 1 week
Terbinafine 250 mg 1 week

 Terbinafine, 1% cream Topical twice daily 1 week

Tinea pedis Terbinafine, 1% cream Topical twice daily 1 week
Terbinafine film-forming solution One application

 Clotrimazole, 1% cream Topical twice daily 1 week

Moccasin-type tinea pedis Itraconazole 200 mg 2 weeks
Terbinafine 250 mg 2 weeks

table 59.1 Treatment of tinea infections

aModified terbinafine dose in children <20 kg, 62.5 mg/day; 20–40 kg, 125 mg/day; >40 kg, 250 mg/day.



 funGAl nAil diSEASE (PARonyCHiA And onyCHomyCoSiS)  773

FUNGAL NAIL DISEASE (PARONYCHIA 
AND ONYCHOMYCOSIS)

Fungi may affect the nail fold (paronychia) or the nail itself 
(onychomycosis). Paronychia is usually associated with 
Candida albicans and occasionally other Candida species. 
Confirmation by culture is desirable because many cases of 
paronychia are due to bacteria, especially Staphylococcus aureus, 
and irritant dermatitis also contributes to nail fold inflamma-
tion. Onychomycosis is caused by a variety of fungi: the most 
common is T. rubrum, which causes about 80% of cases in the 
UK; less common dermatophyte causes include T. interdigi-
tale, Epidermophyton floccosum, T. erinacei, T. soudanense, T. ton-
surans, T. violaceum and M. canis. Non-dermatophyte molds 
that occasionally cause onychomycosis, usually of the  toenails, 
include Fusarium spp., Aspergillus spp., Acremonium spp., 
Scytalidium dimidiatum, S. hyalinum, Scopulariopsis brevicaulis 
and Onychocola canadensis. Scytalidium species can also infect 
the toe web spaces, soles and fingernails, mimicking dermato-
phytosis. Rarely true onychomycosis is caused by C. albicans.

CANDIDA PARONYCHIA

Candida paronychia, when mild and localized, will usu-
ally respond to imidazole lotions, applied topically for up 
to 12 weeks. In addition, patients should carefully dry their 
hands after washing, which is often the primary reason for the 
development of paronychia. Sometimes where irritant derma-
titis is present a topical steroid cream is useful. For patients 
with extensive Candida paronychia or an immunodeficiency 
state, including chronic mucocutaneous candidosis, itracon-
azole 200 mg/day for 3–6 weeks is usually adequate, although 
some patients require longer therapy. Patients who also have 
onychomycosis require longer therapy. Fluconazole is also 
active against Candida spp., doses of 200 mg/day being effec-
tive depending on the severity of disease and the immune sta-
tus of the patient.17

ONYCHOMYCOSIS

The treatment of onychomycosis depends on the species of 
infecting fungus, whether and how many fingernails or toe-
nails are involved, the clinical pattern of nail involvement, 
and the age and immune status of the patient.18

  DISTAL SUBUNGUAL AND SUPERFI-
CIAL ONYCHOMYCOSIS

In distal fingernail disease affecting less than 30% of the nail 
plate in non-immunocompromised patients, topical therapy 
can be used. Options include 28% tioconazole and amo-
rolfine nail paint applied once or twice weekly.19 Alternative 

strategies include bifonazole 1% combined with urea paste 
40%, which softens the nail plate for subsequent ablation and 
has a reported response rate of up to 70%.20

However, the overall cure rate of topical therapy is only about 
40% and many months of treatment are required. Failure is 
more likely if more than 30% of the nail is involved. Removal of 
the nail after application of 40% urea ointment alone21 or surgi-
cal ablation is an alternative option for these patients.

  ExTENSIVE DISTAL OR  PROxIMAL 
SUBUNGUAL, ENDONYx 
AND TOTALLY DYSTROPHIC 
ONYCHOMYCOSIS

For patients with proximal nail involvement or extensive 
 distal nail disease, which may also include the skin around 
the nails, systemic therapy is appropriate. Both itraconazole 
200 mg/day or 400 mg/day for 1 week per month and terbin-
afine 250 mg/day yield a response in excess of 75% for finger-
nail involvement with dermatophytes but terbinafine is more 
effective than intermittent itraconazole for toenail disease.22 
Treatment is usually given for 3 months for fingernails23 and 
6–12 months for toenails. Relapse may occur after discontinu-
ation of therapy – 22% in one study.24 Studies with itracon-
azole have shown lower efficacy rates than terbinafine, which 
is also more cost-effective,25 but this depends on the infect-
ing fungus. Despite these measures many nail infections are 
 difficult to treat and other measures such as retreating with 
terbinafine26 or using a combined treatment with itraconazole 
or terbinafine and amorolfine nail lacquer27 may be success-
ful. The presence of longitudinal streaks in the nail plate is 
often associated with relapse and removal of these areas using 
40% urea ointment may be useful.

In patients with non-dermatophyte onychomycosis of the 
toenails, itraconazole or terbinafine may be appropriate for 
those caused by Aspergillus spp. However, these are less effec-
tive therapies for Fusarium or Acremonium onychomycosis 
and the data supporting use in Scopulariopsis and Scytalidium 
infections are limited. Response rates in toenails are <80% 
and disease-free nails 1 year after therapy are seen in only 
35–50% of cases.28 Nail plate ablation after urea treatment 
may be the preferred option.

In leukemic patients with onychomycosis it is important to 
ascertain whether Fusarium is the cause. Removal of the nail 
may prevent disseminated Fusarium infection, which carries a 
high mortality.29

Onychomycosis, including rapidly developing onychomy-
cosis, caused by dermatophytes is common in people with 
AIDS. Although the normal treatment regimens for nail infec-
tion can be used, often it is necessary to double the dose and 
prolong treatment times.

Onychomycosis in children is usually due to dermatophyte 
infection. In very small children fluconazole syrup 2–3 mg/day 
may be preferable. In older children itraconazole or  itraconazole 
are effective, although responses are often poorer than in adults.
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MUCOSAL CANDIDOSIS

Mucosal fungal infections are extremely common. The vast 
majority are caused by C. albicans but occasionally by other 
yeasts, especially C. glabrata, and rarely by filamentous molds 
such as Aspergillus spp.

OROPHARYNGEAL CANDIDOSIS

Before the AIDS epidemic, oropharyngeal candidosis (OPC) 
was largely seen in patients at the extremes of age, those 
receiving inhaled steroids or antibiotic therapy, following 
oral cavity radiotherapy, after cytotoxic chemotherapy and in 
denture wearers. Chronic oral candidosis occurs in patients 
with chronic mucocutaneous candidosis (CMC). C. albicans 
is the primary pathogen and rarely C. glabrata and C. kru-
sei (Table 59.2). The most common pattern of OPC is the 
pseudomembranous form, but an erythematous type is also 
found. Occasionally, denture-related candidosis or angular 
cheilitis is the primary manifestation. In untreated AIDS, the 
pseudomembranous or erythematous forms predominate.

Topical agents such as nystatin or amphotericin B oral 
suspension (1 mL every 6 h for 2–3 weeks) are effective in 
non-immunocompromised patients. Clotrimazole troches 
(available in the USA) are also effective. Miconazole oral gel 
in a dose of 10 mL every 6 h is particularly useful for denture-
related candidosis or in infants.

In immunocompromised patients, fluconazole 100 mg/day 
is more effective than topical therapy and is the agent of first 
choice, with response rates in excess of 90%. Ketoconazole 
and itraconazole are also effective at doses of 200–400 mg/day  
but are less well absorbed in conditions of hypochlorhydria 
that complicate AIDS and bone marrow transplantation. 
Improved serum of levels of both itraconazole and ketocon-
azole are achieved by acid drinks such as orange juice or cola 
and food. Itraconazole oral solution overcomes this problem.

VULVOVAGINAL CANDIDOSIS

Vulvovaginal candidosis is common. By the age of 24 years, 
60% of 76 women had suffered at least one episode of 
 vulvovaginal candidosis.30 Among these women, 36% had at 
least one episode a year and 3% had it ‘almost all the time’. 
Certain conditions increase the incidence and possibly the 
severity of vulvovaginal candidosis. These include pregnancy, 
antibiotic use, diabetes mellitus and cystic fibrosis.30 HIV-
seropositive women are no more likely to develop vaginal can-
didiasis than controls,31 but in these patients there is often 
a worse response to initial treatment and a shorter time to 
relapse. Over 90% of cases are caused by C. albicans, about 
5% by C. glabrata and other species such as C. tropicalis can 
be isolated from the remainder.

Treatment may be local or systemic (Table 59.3). Topical 
treatment regimens with azoles yield response rates of 80–90%. 
Many different formulations are available, which vary primar-
ily in cost. Women without predisposing factors, such as preg-
nancy, will usually prefer single-dose or 3-day treatments. 
Responses are slower in those with predisposing factors and  
5- to 14-day treatment regimens are generally preferable if 
topical therapy is preferred. Nystatin, one to two pessaries 
inserted high into the vaginal vault nightly for 14 nights, has a 
lower response rate (80%) than the azoles and stains clothing, 
but is useful for azole-resistant organisms such as C. glabrata.

Oral therapy is preferred by many women; fluconazole as 
a single dose of 150 mg or itraconazole two 200 mg doses 8 h 
apart are effective in over 90% of patients. Itraconazole may 
be preferable for C. glabrata infections.

In pregnancy, local therapy with a clotrimazole 500 mg 
vaginal tablet is often effective and does not expose the fetus 
to an antifungal.32 This is desirable in the first trimester, 
although there is no evidence that azoles are teratogenic in 
humans at the doses usually used.33,34 However 4 days’ ther-
apy is more effective than single-dose therapy and 7 days’ 
therapy even better.35 Later in pregnancy, systemic therapy 
with fluconazole or itraconazole are accepted alternatives.36 
Treatment of vaginal candidiasis in pregnancy appears to 
reduce preterm birth.37

Suppressive treatment may be indicated for frequent recur-
rent infections. Continuous therapy for 3–6 months suppresses 
symptoms and reduces the subsequent frequency of relapse, and 
once monthly intermittent therapy with  itraconazole 400 mg 
was partially successful.38 If symptoms recur, local treatment 

Species antifungal agents

Candida krusei Fluconazole, ketoconazole

Candida glabrataa Fluconazole, ketoconazole, 
itraconazole

Candida parapsilosis Echinocandins

Candida lusitaniaea Amphotericin B

Malassezia spp. Amphotericin B

Trichosporon spp. Amphotericin B

Aspergillus spp. Ketoconazole, fluconazole

Mucorales Azoles, flucytosine, echinocandins

Scedosporium apiospermum 
(Pseudallescheria boydii)

Amphotericin B 

Scedosporium prolificans Amphotericin B, azoles, flucytosine

Paecilomyces spp. Amphotericin B

Fusarium spp. Azoles, flucytosine

Penicillium spp. Ketoconazole

table 59.2 intrinsically resistant fungi

aA substantial proportion or majority of isolates.
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with single-dose clotrimazole 500 mg fortnightly or inter-
mittent single-dose oral treatment with fluconazole 150 mg  
may be helpful. There is no evidence to date of antifungal 
resistance resulting from such a regimen, although C. glabrata 
infections are more common in women who have received 
repeated courses of azole therapy.

OTOMYCOSIS (OTITIS ExTERNA)

Otomycosis is a relatively common problem in non-immu-
nocompromised patients and is commoner in hot humid 
climates. The causative fungi include Aspergillus niger and 
C. albicans. The latter may form a blackish mat in the ear canal 
but many infections do not have characteristic features.

The vast majority of cases of otomycosis respond to a com-
bination of cleaning of the ear canal and topical antifungal 
therapy. Clotrimazole solution or cream, applied at least twice 
daily for a minimum of a week, is probably the best primary 
therapy. Alternatives include cresyl acetate solution or  topical 

ketoconazole, econazole or amphotericin B. Care should be 
taken in the application of any of these compounds if the 
tympanic membrane is perforated, as hearing loss has been 
reported.

Occasionally, invasive otomycosis of the bone, in particular 
of the mastoid, occurs usually in immunosuppressed patients. 
It is usually caused by Aspergillus fumigatus, but occasionally 
by other organisms. Many, but not all, patients are immu-
nocompromised. These patients require systemic antifungal 
therapy according to the nature of the organism; surgical deb-
ridement is also often necessary.
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60 Systemic fungal infections

paula S. Seal and peter G. pappas

The treatment of fungal disease has evolved significantly with the 
recent introduction of several new antifungal agents. The number 
of immunocompromised patients, including solid organ and stem 
cell transplant recipients and others on chronic immunomodulat-
ing therapy, continues to increase as has the population at risk of 
invasive fungal infection. New clinical trial data and treatment guide-
line recommendations have become available while emerging fun-
gal pathogens pose a challenge with regard to the most appropriate 
antifungal regimens. In this chapter, we discuss the approach to 
treatment of the more common systemic mycoses.

INVASIVE CANDIDIASIS

CANDIDEMIA

Candidemia is the fourth most common cause of nosoco-
mial bloodstream infections in the USA, with an attributable 
mortality ranging between 15% and 49% in adults.1–3 Recent 
epidemiological studies have demonstrated the increase of 
 non-albicans Candida spp. as a cause of invasive  candidiasis.4 
Factors associated with mortality in invasive candidiasis include 
higher APACHE II scores, non-parapsilosis isolates, persistently 
 positive blood cultures and significant  underlying illness.

All patients with candidemia require systemic antifungal 
therapy. Specific recommendations are detailed in Table 60.1. 
The selection of an antifungal agent should be based on the 
Candida species, presumed susceptibility, a history of prior 
therapy including recent azole exposure, and a clinical suspi-
cion of deep organ involvement, such as central nervous sys-
tem, endocardial or hepatic/splenic involvement.5,6 All patients 
with candidemia require a dilated fundoscopic examination to 
evaluate for endophthalmitis. Removal of central venous cath-
eters is strongly recommended in non-neutropenic patients 
and may decrease the duration of candidemia.7

The standard therapy for many patients with candidemia 
without prior azole exposure is fluconazole (6 mg/kg per 

day).8–11 In the first multicenter randomized trial  comparing 
amphotericin B deoxycholate (AmB-d) with fluconazole as 
treatment for candidemia in non-neutropenic patients, no 
difference in outcome to therapy was found.8 Based on these 
data and other studies, the recommended duration of therapy 
is 14 days after documented clearance of Candida bloodstream 
infection together with resolution of signs and symptoms of 
infection.8–15 Recent data suggest that echinocandins are an 
effective first-line therapy for candidemia; most experts agree 
that patients who are moderately to severely ill should be 
treated initially with an echinocandin. Echinocandins are also 
the agents of choice for patients with prior azole exposure, 
allergy or intolerance to other antifungals, and those at high 
risk of infection with C. glabrata or C. krusei.15 Current rec-
ommended therapy is at least 3–5 days of echinocandin ther-
apy followed by fluconazole as stepdown therapy when the 
patient is clinically stable and candidemia has cleared. Among 
the more common species, C. parapsilosis has decreased 
 susceptibility to the echinocandins, and initial treatment with 
fluconazole is recommended.4

Amphotericin B (AmB) is also effective for candidemia, but 
its role as initial therapy is restricted to resource-limited envi-
ronments, echinocandin or azole intolerance, documented 
resistance to current therapy, or suspicion of a non-Candida 
yeast (e.g. Cryptococcus, Histoplasma, Trichosporon).

The role for the expanded spectrum triazoles (e.g. voricon-
azole and posaconazole) is very limited. They lack any clear 
advantage over conventional therapy with fluconazole, echi-
nocandins or AmB. Currently, their role is limited to treatment 
of fluconazole-resistant Candida spp. which are susceptible to 
one of these agents (e.g. C. krusei).

Breakpoints for Candida spp. exist for susceptibility testing 
to fluconazole, itraconazole, voriconazole, flucytosine (5FC) 
and the echinocandins.16,17 General susceptibility patterns of 
Candida species are detailed in Table 60.2. When there is con-
cern about azole resistance, susceptibility testing should be 
performed. All C. glabrata isolates should ideally be tested for 
azole susceptibility.
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CANDIDA ENDOCARDITIS

Candida primarily causes prosthetic valve endocarditis, 
although native valve endocarditis may complicate can-
didemia, often as a consequence of illicit intravenous drug 
use. Mortality rates for Candida endocarditis are as high as 
30%.18 Both valvular replacement and antifungal therapy are 

required for the management of Candida endocarditis given 
the risk of embolism, difficulty in sterilizing blood cultures, 
and high mortality rate with medical therapy alone.19

Most of the data pertaining to treatment of Candida endo-
carditis are retrospective. Historically, the most common treat-
ment is AmB-d (0.7–1.0 mg/kg per day), with or without 
flucytosine (25 mg/kg every 6 h), followed by stepdown therapy 
with an azole, usually fluconazole (6–12 mg/kg per day). Lipid 

Condition primary therapy alternative therapy Comments

Candidemia
 Non-neutropenic 
 
 
 
 
 

Fluconazole 800 mg (12 mg/kg) 
loading dose then 400 mg  
(6 mg/kg) per day; or an 
echinocandin 
 
 

LFAmB 3–5 mg/kg per day; or  
voriconazole 4 mg/kg every 12 h for 2 doses, 
then 3 mg/kg per day 
 
 
 

Duration of therapy is 14 days from negative 
blood culture and resolution of clinical signs 
and symptoms
An echinocandin is favored for patients 
with moderate to severe disease and among 
patients with risk factors for non-albicans 
Candida spp.

 Neutropenic 
 
 

LFAmB 3–5 mg/kg per day; or 
an echinocandin 
 

Voriconazole 4 mg/kg every 12 h for  
2 doses, then 3 mg/kg per day; or fluconazole 
800 mg (12 mg/kg) loading dose, then  
400 mg (6 mg/kg) per day

Duration of therapy is 14 days from 
negative blood culture, resolution of clinical 
signs and symptoms, and recovery from 
neutropenia

Endocarditis 
 
 
 
 
 

LFAmB 3–6 mg/kg or AmB-d  
0.6–1.0 mg/kg per day, ± 5FC 
100 mg/kg per day; or an 
 echinocandin 
 
 

Fluconazole 400–800 mg (6–12 mg/kg) per 
day for stepdown therapy in stable patients,  
negative blood cultures and susceptible 
organisms 
 
 

Surgical intervention is recommended
Duration of induction therapy is 6 weeks, 
followed by lifelong suppressive therapy
For echinocandins, higher than standard  
dosing is recommended: caspofungin  
50–150 mg/day; micafungin 100–150 mg/day; 
anidulafungin 100–200 mg/day

Meningitis 
 
 

LFAmB 3–6 mg/kg per day  
± 5FC 100 mg/kg per day 
 

Fluconazole 400–800 mg (6–12 mg/kg)  
per day 
 

Duration of therapy is 4–6 weeks pending  
clinical improvement and resolution of 
CSF abnormalities; stepdown therapy with 
fluconazole 400–800 mg (6–12 mg/kg) per day

Chronic  
disseminated 
 
 

LFAmB 3–6 mg/kg or  
fluconazole 400–800 mg  
(6–12 mg/kg) per day 
 

An echinocandin 
 
 
 

Stepdown fluconazole is appropriate following 
1–2 weeks’ induction with LFAmB or an 
echinocandin
Antifungal therapy is indicated until 
radiographic resolution of lesions

Osteomyelitis 
 
 
 

LFAmB 3–6 mg/kg or AmB-d  
0.6–1.0 mg/kg per day; or 
 fluconazole 6–12 mg/kg  
per day 

An echinocandin 
 
 
 

Duration of parenteral therapy is 3–6 weeks, 
followed by stepdown therapy with oral 
fluconazole for 6–12 months
Surgical intervention may be indicated in 
selected cases

Endophthalmitis 
 
 
 

AmB-d 0.7–1.0 mg/kg plus  
5FC 100 mg/kg per day; and/
or intravitreal AmB-d 5 μg plus 
5FC; or fluconazole 400–800 mg 
(6–12 mg/kg) per day

LFAmB 3–6 mg/kg; or voriconazole  
6 mg/kg every 12 h for 2 doses, then  
3–4 mg/kg every 12 h 
 

Duration of parenteral therapy is at least 4–6 
weeks
Vitrectomy may be necessary for sight 
preservation 

Esophagitis 
 
 
 
 
 
 

Fluconazole 200–400 mg  
(3–6 mg/kg) per day; or AmB-d  
0.3–0.7 mg/kg per day; or an  
echinocandin (see comments) 
 
 
 

Itraconazole solution 200 mg/day; or  
posaconazole 400 mg every 12 h; or  
voriconazole 200 mg every 12 h 
 
 
 
 

Duration of therapy is 14–21 days
Oral agents are preferred; intravenous agents 
are indicated in the setting of intolerance to 
oral agents
For the echinocandins, the following dosing 
is recommended: caspofungin 50 mg/day; 
micafungin 150 mg/day; anidulafungin  
200 mg/day

table 60.1 treatment of invasive candidiasis

AmB, amphotericin B; AmB-d: amphotericin B deoxycholate; CSF, cerebrospinal fluid; 5FC, flucytosine; LFAmB, lipid formulation of amphotericin B.
Voriconazole standard dosing: loading dose of 400 mg every 12 h (6 mg/kg every 12 h) for 1 day, followed by a maintenance dose of 200 mg every 12 h (4 mg/kg every 12 h).
Posaconazole standard dosing: 200 mg every 6 h until stabilization of disease followed by maintenance dose of 400 mg bid.
Itraconazole standard dosing: loading dose of 200 mg every 8 h for 3 days followed by maintenance dose of 200 mg every 12 h.
Echinocandin loading dose: Caspofungin 70 mg loading dose, Anidulafungin 200 mg loading dose, Micafungin no loading dose.
Echinocandin standard dosing: Caspofungin 50 mg/day; Micafungin 100 mg/day; Anidulafungin 100 mg/day.
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formulation of amphotericin B (LFAmB) (3–6 mg/kg per day) 
is less nephrotoxic and generally preferred to AmB-d.20,21

Echinocandins at dosages higher than those used to treat 
candidemia have been used successfully to treat endocardi-
tis. The suggested dose range for caspofungin is 50–150 mg/
day, for micafungin 100–150 mg/day and for anidulafungin  
100–200 mg/day. Successful treatment in the absence of 
vascular surgery with AmB-d–caspofungin induction or 
caspofungin–fluconazole induction, followed by suppres-
sive therapy with either caspofungin or fluconazole, has been 
demonstrated in several cases.21–26

Prosthetic valve endocarditis requires chronic suppres-
sive therapy with an azole due to the high risk of relapse. 
Lifelong suppressive therapy with fluconazole 400–800 mg/
day is also recommended in patients who are not surgical 
candidates.24,26

CANDIDA MENINGITIS

Central nervous system (CNS) Candida infections are usually 
complications of candidemia or neurosurgical procedures in 
adults.27–29 C. albicans is the most common cause of Candida 
meningitis. Disseminated candidiasis may be associated with 
cerebral microabscesses in close proximity to the vasculature 
and is a particularly common complication in neonates.30

In suspected CNS candidiasis in adults, the preferred first-
line therapy is LFAmB. For neonates, AmB-d (1 mg/kg per 
day) is still generally used due to its proven efficacy and good 
tolerance. Echinocandins have poor CNS penetration and 
cannot be recommended.

In the absence of prospective trial data, current treatment 
regimens, based on retrospective data, support combination 
therapy with LFAmB (3–6 mg/kg per day) and flucytosine 
(25 mg/kg every 6 h). Combination therapy is also supported 
by in-vitro synergism and cerebrospinal fluid (CSF) penetra-
tion by flucytosine.30 Liposomal AmB is less nephrotoxic and 
has greater CNS penetration, and may offer a therapeutic 
advantage in adults, but this is unproven. Upon evidence of 
significant clinical improvement after initial treatment with 
AmB, fluconazole (6–12 mg/kg per day) stepdown therapy 

is recommended.9,11–13, 15 For fluconazole-resistant isolates 
such as C. krusei, C. guilliermondii or C. glabrata, voriconazole 
(3 mg/kg every 12 h) is an acceptable alternative, provided 
susceptibility is confirmed.7 Duration of antifungal therapy is 
poorly defined, but most experts suggest at least 4–6 weeks. 
Significant improvement in the CSF findings and related 
symptoms should be demonstrated before considering step-
down therapy to an azole.2–4, 31 In patients with infected ven-
tricular shunts, shunt removal is critical to clear infection. 
Instillation of AmB directly into the shunt has limited efficacy 
and is generally discouraged.

HEPATOSPLENIC (CHRONIC 
DISSEMINATED) CANDIDIASIS

Hepatosplenic candidiasis, also known as chronic disseminated 
candidiasis, is a distinctive clinical entity appearing  during 
recovery from neutropenia. It is manifested by abdominal pain, 
hepatomegaly, with or without splenomegaly, and elevated 
alkaline phosphatase. Involvement of liver, spleen and kidneys 
is common. Biopsy is required for diagnosis which demon-
strates granulomata surrounding yeasts and hyphae; cultures 
of biopsy material are usually negative. Historically, hepatos-
plenic candidiasis has been treated with AmB-d, LFAmB and 
fluconazole.32–36 More recently, data have emerged support-
ing the use of echinocandins and voriconazole.30,37,38 Duration 
of therapy is guided by improvement/resolution of lesions on 
radiographic imaging. Two weeks of parenteral therapy with 
LFAmB (3–5 mg/kg per day) or an echinocandin, followed 
by an oral azole (fluconazole 6 mg/kg per day) is a typical 
approach to therapy. Months of systemic antifungal therapy 
are usually required to achieve cure. Evidence of radiographic 
resolution is important to avoid relapse.

CANDIDA OSTEOMYELITIS

Up to 60% of Candida osteomyelitis cases are a consequence of 
candidemia, with intravenous drug use as the most important 
predisposing factor.39 Candida osteomyelitis can occur as late as 

Species Fluconazole Itraconazole Voriconazole posaconazole 5FC amB echinocandins

C. albicans S S S S S S S

C. tropicalis S S S S S S S

C. parapsilosis S S S S S S S to Ra

C. glabrata S-DD to R S-DD to R S-DD to R S-DD to R S S to I S

C. krusei R S-DD to R S S I to R S to I S

C. lusitaniae S S S S S S to R S

table 60.2 general susceptibility patterns of Candida species

I, intermediate susceptibility; R, resistant; S, susceptible; S-DD, susceptible dose-dependent.
aC. parapsilosis isolates resistant to echinocandins are uncommon.
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14 months after the initial episode of candidemia.40 Treatment 
recommendations for osteoarticular Candida infections are 
based on small series and case reports. Initial antifungal therapy 
with an AmB formulation or an echinocandin for 2–3 weeks, 
 followed by surgical debridement and subsequent oral stepdown 
therapy to an azole is ideal. Success has also been documented 
with medical therapy with AmB for at least 6 weeks. Regardless 
of the initial regimen chosen, suppressive therapy with flucon-
azole (6 mg/kg per day) for 6–12 months should follow.41

OCULAR CANDIDIASIS

Up to 10% of patients with untreated candidemia develop 
ocular Candida infection, manifested as either chorioretinitis 
or endophthalmitis. The diagnosis is usually based on clinical 
findings, but can be confirmed by a positive culture or Gram 
stain from a vitreous aspirate. In most cases, ophthalmologi-
cal consideration of partial vitrectomy and intravitreal AmB-d  
(5 μg) is recommended.30 Conventional therapy is intravenous 
AmB in combination with flucytosine and/or intravitreal AmB-d. 
Systemic AmB has poor ocular penetration, combination ther-
apy is usually recommended.42–44 Fluconazole (6–12 mg/kg per 
day) has excellent intravitreal penetration, and can be used as 
initial treatment in selected cases and for salvage therapy.43,45 
In cases of fluconazole or AmB-d treatment failure, limited 
data support the use of treatment with LFAmB (3–6 mg/kg 
per day) or voriconazole.46,47 Voriconazole has excellent vitreal 
penetration at dosages of 3–4 mg every 12 h; it may also be 
given topically.48 Echinocandins have poor ocular penetration 
and are generally not recommended for Candida endophthal-
mitis. Duration of therapy is usually 4–6 weeks of systemic 
therapy until clinical infection has resolved.30

CANDIDA ESOPHAGITIS

Esophageal candidasis (EC) usually coexists with oropharyn-
geal disease, although in 30% of cases there are no oral lesions 
visible. It is an AIDS-defining illness and is common among 
patients receiving myeloablative chemotherapy. Rare reports 
of esophageal candidasis in immunocompetent individuals 
and after omeprazole therapy suggest that hypochlorhydria 
favors development of disease.

The majority of cases of oropharyngeal candidiasis are due 
to C. albicans; however, cases of C. glabrata and C. krusei are 
reported.49–51 All cases of suspected or proven EC should be 
treated with systemic antifungals. In patients with suspected 
esophageal disease, empirical therapy with fluconazole 
200–400 mg/day is a reasonable initial approach. Itraconazole 
solution (200 mg/day), posaconazole suspension (400 mg 
every 12 h) or voriconazole (200 mg every 12 h) can be used 
to treat fluconazole-refractory disease. Duration of therapy is 
14–21 days. Intolerance to oral therapy or inability to swallow 
warrants treatment with intravenous fluconazole (400 mg/
day), AmB-d (0.3–0.7 mg/kg per day) or an echinocandin.

ASPERGILLOSIS

Aspergillus species are important invasive fungal pathogens, 
causing considerable morbidity and mortality in immuno-
compromised hosts. They also cause chronic, saprophytic and 
allergic conditions in immunocompetent patients. Aspergillus 
species grow well on standard media; identification to species 
level is usually recommended. Pathology specimens reveal 
the characteristic angular dichotomously branching septate 
hyphae by direct microscopy or culture.52 Diagnosis is based 
on a combination of culture, histopathology, radiographical 
imaging and serological studies. The use of serum enzyme 
immunoassay for galactomannan has remarkably enhanced 
the early diagnosis of invasive aspergillosis; its use in CSF 
and bronchoalveolar lavage (BAL) fluid remains investiga-
tional, as does the use of serial galactomannan for therapeutic 
monitoring.53,54

INVASIVE ASPERGILLOSIS

Invasive aspergillosis typically affects patients who are signifi-
cantly immunocompromised. Untreated mortality approaches 
100%.55 Those at risk of invasive aspergillosis include patients 
with advanced HIV infection, prolonged neutropenia, allo-
geneic hematopoietic stem cell transplantation (HSCT) and 
inherited immunodeficiency.52 Outcome depends in part on 
the potential for immune recovery, stage of disease when treat-
ment is initiated and the rate of disease progression. Prompt 
initiation of antifungal therapy is important in highly immu-
nocompromised patients. Thus, empirical therapy is appropri-
ate for suspected disease in these patients. In contrast, in less 
immunocompromised patients, disease progression is often 
slower, allowing the diagnosis to be confirmed before treat-
ment is given. Specific recommendations regarding therapy 
are detailed in Table 60.3.

In the USA, voriconazole and AmB-d are the only com-
pounds licensed for the primary treatment of invasive asper-
gillosis, while LFAmB, itraconazole (200 mg tablets every 
12 h) and caspofungin (50 mg/day) are approved for salvage 
therapy. Primary therapy with parenteral or oral voriconazole 
(4 mg/kg every 12 h) is recommended for the treatment of 
most forms of invasive aspergillosis. In the largest prospective, 
randomized trial for invasive pulmonary aspergillosis, vori-
conazole was superior to AmB-d (1.0–1.5 mg/kg per day) and 
other licensed antifungal therapy with significantly improved 
survival (53% vs 32%) and successful response at 12 weeks 
and at the end of the study period.56 Parenteral voriconazole 
is recommended for seriously ill patients and those unable 
to tolerate oral medications. In the event of drug intolerance 
or disease progression, LFAmB is an acceptable alternative, 
and is preferable to AmB-d.57–60 Optimal dosing of LFAmB 
for invasive aspergillosis is unclear. Many experts prescribe an 
initial dose of 5–6 mg/kg per day, although a recent random-
ized trial comparing two initial doses of LFAmB (3 mg/kg 
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per day vs 10 mg/kg per day) showed similar efficacy (50% vs 
46% success, respectively).61

Primary combination therapy remains investigational but 
may be useful in the context of salvage therapy. For salvage 
therapy, a change in therapeutic class is recommended using 
LFAmB or an echinocandin. Azole use as combination ther-
apy should take into account prior therapy, host factors and 
pharmacokinetic considerations. Optional agents include 
LFAmB, posaconazole (200 mg every 6 h, followed by 400 mg 
every 12 h with stable disease), itraconazole (200 mg tablets 
every 12 h) and caspofungin (50 mg/day).52 In one salvage 
study, caspofungin therapy was 40% successful, with less 
than 5% of patients experiencing drug-related nephrotox-
icity or hepatotoxicity.62 Oral itraconazole has had similar 
results (39%), but is a less attractive alternative and is rarely 
used in this setting.63,64 Posaconazole is approved as salvage 
therapy in Europe for patients refractory to AmB or itra-
conazole. In an open-labeled salvage trial, 42% of posacon-
azole recipients vs 26% of control patients were successfully 
treated.65

The management of breakthrough invasive aspergillo-
sis during azole prophylaxis or suppressive therapy has not 
been defined by clinical trial data, but changing drug class 
from the azoles is suggested. Medical management should 
always include reversal of the underlying condition, when 
feasible. Surgical resection of lesions contiguous with the 
great vessels or pericardium, those associated with hemop-
tysis, or lesions eroding into the pleural space or ribs is 
recommended.52

Resistance to itraconazole and the expanded-spectrum 
azoles is infrequent among Aspergillus spp. With the exception 
of A. terreus, few Aspergillus isolates demonstrate in-vitro resis-
tance in to AmB. Based on clinical experience and in-vitro 
data, primary treatment of A. terreus infection should involve 
the use of an expanded spectrum triazole.66

Persistent neutropenia is often associated with a fatal out-
come in invasive aspergillosis. In these patients granulocyte-
colony stimulating factor or granulocyte macrophage-colony 
stimulating factor may be used to reverse immunosuppres-
sion, although the benefit is unproven. Case reports also sug-
gest a potential role for the use of interferon-γ as adjunctive 
therapy for invasive aspergillosis in immunocompromised 
non-neutropenic patients, particularly those with chronic 
granulomatous disease.

Treatment of invasive aspergillosis should continue while 
the patient is immunocompromised and until there has been 
resolution of disease. In the neutropenic patient, treatment 
should continue until the neutrophil count recovers and there 
has been radiographic disease regression. In solid organ trans-
plant recipients, therapy should be continued until there is a 
complete or near-complete clinical response.

CHRONIC NECROTIZING 
ASPERGILLOSIS

Chronic necrotizing pulmonary aspergillosis (CNPA) is a com-
plex condition sharing features of invasive aspergillosis and 
pulmonary aspergillomata. CNPA is more common among 
patients with underlying lung disease or low-grade immu-
nosuppression. It usually is not life threatening with appro-
priate treatment. All patients with CNPA have radiological 
evidence of one or more cavitary lesions in the lung,  usually 
in the upper lobe. The cavities may contain  aspergillomata. 
Serology is often positive for Aspergillus galactomannan and 
 inflammatory markers are elevated. CNPA requires systemic 
antifungal therapy.67,68

Itraconazole (200 mg capsules every 12 h) and voricon-
azole (4 mg/kg intravenously every 12 h, or 200 mg orally 
every 12 h) appear to be the agents of choice for CNPA.69,70

Condition primary therapy alternative therapy Comments

Invasive aspergillosis Voriconazolea LFAmB 5–6 mg/kg per day Duration of therapy not defined
or caspofungin 70 mg loading dose,  
50 mg/day maintenance dose

Recommend treatment until resolution of 
symptoms and radiographic changes

or posaconazoleb Initial monotherapy with voriconazole is 
preferred

  
 

  
 

or itraconazolec 
 

Alternative therapy with combination therapy 
or change in class is recommended in setting 
of treatment failure

Chronic necrotizing 
pulmonary aspergillosis 
 

Voriconazolea LFAmB 5–6 mg/kg/day Oral azole therapy is preferred
or itraconazolec or caspofungin 70 mg loading dose,  

50 mg/day maintenance dose
Chronic azole suppressive therapy is required 
for months

 or posaconazoleb  

Aspergilloma 
 

Antifungal therapy is of  
minimal benefit. Surgical 
evaluation is recommended

Itraconazolec

or voriconazolea 
Oral ketoconazole and parenteral AmB are 
ineffective 

table 60.3 treatment for aspergillosis

aVoriconazole standard dosing: loading dose of 400 mg every 12 h (6 mg/kg every 12 h) for 1 day, followed by a maintenance dose of 200 mg every 12 h (4 mg/kg every 12 h).
bPosaconazole standard dosing: 200 mg every 6 h until stabilization of disease followed by maintenance dose of 400 mg bid.
cItraconazole standard dosing: loading dose of 200 mg every 8 h for 3 days followed by maintenance dose of 200 mg every 12 h.
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Other options include intracavitary AmB and voricon-
azole.71,72 Oral therapy of CNPA is generally preferred. 
Chronic suppressive therapy with an azole is essential to pre-
vent relapse.

Surgery should be avoided if possible, as complications are 
common, including fungal empyema and significant intra- or 
postoperative bleeding. Embolization of involved vasculature 
may be preferable to surgery for hemoptysis.

ASPERGILLOMA

The vast majority of pulmonary fungus balls are due to 
Aspergillus spp., with rare cases due to Scedosporium apio-
spermum or the zygomycetes. A pulmonary aspergilloma 
is composed of Aspergillus hyphae, fibrin and mucus, con-
solidated within a pre-existing pulmonary cavity or ectatic 
bronchus.73 Radiographically these can appear solid or as 
water density within a cavity but clearly demarcated from 
the wall of the cavity. Adjacent pleural thickening is com-
mon. Aspergillomata most commonly occur in patients 
with underlying lung disease such as cavitary tuberculosis 
or histoplasmosis, sarcoidosis, emphysema or fibrotic lung 
disease.

Approximately 10% of aspergillomata resolve spon-
taneously. Medical therapy is of limited benefit for the 
treatment of aspergillomata. Itraconazole (200 mg every 
12 h) is of marginal symptomatic and little radiological 
benefit.74

Hemoptysis is the main indication for surgical interven-
tion.75 In non-surgical candidate patients with recurrent 
hemoptysis, bronchial artery embolization may be used as 
a temporizing measure until medical therapy or surgical 
resection can occur. Endobronchial or intracavitary instilla-
tion of the aspergilloma with AmB has been used with some 
success.52 There are few published data for voriconazole, 
but many experts agree that this is a reasonable option for 
many patients with acute or intermittent hemoptysis due to 
aspergillomata.

MUCORMYCOSIS (ZYGOMYCOSIS)

Most human causes of zygomycosis belong to the genera 
Rhizopus, Mucor, Rhizomucor, Cumminghamella and Absidia. 
These organisms are found in soil and dust and infection is 
usually acquired by inhalation of the spores. Zygomycetes 
have a predilection to cause invasive sinusitis, cutaneous, 
pulmonary or disseminated infection in immunocompro-
mised hosts such as diabetics and allogeneic stem cell trans-
plant recipients. The clinical diagnosis can be difficult to 
distinguish from invasive aspergillosis. In a recent review of 
929 cases of zygomycosis, rhinocerebral zygomycosis was 
more closely associated with diabetes, whereas pulmonary 

infection was more closely associated with malignancy.76 
Diagnosis is suggested histologically based on the presence of 
non-septate, broad-based hyphal structures with 90° branch-
ing.77 Routinely obtained cultures of infected tissue are often 
negative.78

The drug of choice for zygomycosis is AmB. AmB-d (1.0–
1.5 mg/kg per day) has been the cornerstone of  therapy for 
decades. LFAmB is efficacious in doses of 5–10 mg/kg per 
day. Posaconazole, a newer triazole administered as an oral 
suspension, is an alternative drug for zygomycosis, but is not 
approved for primary therapy.79,80 Posaconazole (400 mg  
every 12 h) has demonstrated success as salvage therapy 
after failure of AmB, with treatment success rates of 60% 
at 12 weeks of therapy.80,81 Combination antifungal therapy 
with LFAmB and posaconazole or caspofungin has proven 
effective in several reports.82 A recent  retrospective analysis 
of rhino–orbital–cerebral mucormycosis in non-neutropenic 
patients demonstrated greater success with combination 
therapy of AmB plus caspofungin (50 mg/day) versus AmB 
monotherapy.83 Antifungal therapy versus combination 
antifungal therapy plus surgical intervention has led to sur-
vival rates of 61–69% versus 70%, respectively.76

Deferasirox, a non-desferrioxamine iron-chelating agent 
with in-vitro activity against many zygomycetes, is being 
examined as a potential adjunctive agent in combination with 
more traditional antifungal agents. Prompt correction of the 
underlying disorder is necessary for optimal management of 
zygomycosis, i.e. control of hyperglycemia, neutropenia or 
modulation of immunosuppressive therapy.

ENDEMIC MYCOSES AND 
CRYPTOCOCCUS

CRYPTOCOCCOSIS

Human cryptococcal infections due to C. neoformans and 
C. gattii have increased in prevalence in immunocompro-
mised hosts, with mortality rates of 10–25% in non-HIV 
patients.84 C. neoformans is found ubiquitously in the soil 
and is frequently associated with birds, particularly pigeons 
and chickens. C. gattii is often associated with river red gum 
and forest red gum trees. Inhalation is the principal portal 
of entry. Although the organism is widely distributed, infec-
tion is uncommon in normal hosts. Immunosuppressed 
patients are at greatest risk of complicated infections. 
Diagnosis is made on the basis of culture, or microscopi-
cally by India-ink preparation. Histopathological findings 
demonstrate budding yeasts staining positive for capsular 
material (mucicarmine stain). Measurement of crypto-
coccal antigen (CrAg) in serum and CSF has become a 
standard for non-culture-based diagnosis among the deep 
mycoses, and its presence is considered indicative of inva-
sive disease.
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CRYPTOCOCCAL PNEUMONIA

The presentation of pulmonary cryptococcosis is dependent 
on the host’s immune status, and ranges from asymptomatic 
infection to life-threatening acute respiratory distress syn-
drome (ARDS).85 All immunocompromised and/or symptom-
atic patients with pulmonary disease require systemic therapy. 
However, the optimal antifungal therapy and its duration 
have yet to be clearly delineated. Recommendations regard-
ing therapy are detailed in Table 60.4.

Asymptomatic immunocompetent patients with culture-
proven disease, or those with mild-to-moderate pulmonary 
disease, should be treated with fluconazole (400 mg/day) for 
3–6 months.86–88 In a retrospective analysis of non-CNS cryp-
tococcal disease in HIV-negative patients, fluconazole was 
found to have similar efficacy compared to AmB-d (0.5–1.0 
mg/kg per day). Itraconazole (200 mg every 12 h) for 6–12 
months is an acceptable alternative.89 AmB can be used with 
progressive pulmonary involvement or azole intolerance.85 
Immunocompromised patients with moderate-to-severe pul-
monary disease should undergo a 2-week course of induction 
with AmB (0.5–1.0 mg/kg per day) or LFAmB (3–6 mg/kg 
per day) plus flucytosine (25 mg/kg every 6 h) followed by 
consolidation with oral fluconazole (400–800 mg/day) for a 
minimum of 10 weeks. Between 6 and 12 months of suppres-
sive therapy with fluconazole (200 mg/day) is recommended. 
Alternative therapy with AmB-d plus flucytosine in combi-
nation for a minimum of 6–10 weeks is less efficacous.85,87 
Lumbar puncture should be considered in all patients with 

cryptococcal pulmonary disease, regardless of symptoms or 
underlying disease. Only asymptomatic, non-immunocom-
promised patients with negative or low-titer serum CrAg can 
be safely excluded from undergoing lumbar puncture.

CNS CRYPTOCOCCAL DISEASE  
IN NON-HIV PATIENTS

Meningitis is the most common manifestation of cryptococcal 
CNS disease. CNS cryptococcomas are much less common 
and are more frequently associated with C. gattii infections.

Recommended therapy for immunocompetent patients is 
combination therapy for at least 4 weeks of AmB-d (0.7–1.0 
mg/kg per day) plus flucytosine (25 mg/kg every 6 h).86,90 An 
alternative regimen based on supporting data in HIV-infected 
patients is induction with AmB-d (0.7–1.0 mg/kg per day) 
plus flucytosine (25 mg/kg every 6 h) for 2 weeks, followed by 
consolidation with oral fluconazole (400–800 mg/day) for at 
least 10 weeks. The addition of flucytosine and fluconazole to 
consolidation therapy are each independently associated with 
CSF sterilization.88,91,92 Monitoring of CSF pressure and ster-
ilization of CSF after 2 weeks is recommended.

Current treatment guidelines for normal and non-HIV 
immunosuppressed patients are extrapolated from the experi-
ences of CNS cryptococcosis in HIV patients. Recommended 
treatment is induction with combination AmB-d (0.7–1.0  
mg/kg per day) plus flucytosine (25 mg/kg every 6 h) for  
2 weeks, followed by consolidation with oral fluconazole 

Condition primary therapy alternative therapy Comments

Pneumonia
 Non-immunocompromised 
 

Fluconazole 400 mg (6 mg/kg)  
per day 

Itraconazole 400 mg/day; or  
LFAmB 3–6 mg/kg or AmB-d  
0.5–1.0 mg/kg per day

Duration of therapy is 6 months.  
LFAmB is indicated for moderate to 
severe disease or azole intolerance

 Immunocompromised 
 
 
 
 

LFAmB 3–6 mg/kg or AmB  
0.5–1.0 mg/kg per day, ± 5FC  
100 mg/kg induction; fluconazole  
400–800 mg/day consolidation 
 

± 5FC 100 mg/kg for 6 weeks 
 
 
 
 

Duration of parenteral therapy is 
2 weeks. Consolidation with oral 
fluconazole 400 mg/day for 10 
weeks is recommended, followed by 
suppressive fluconazole 200 mg/day 
for 6–12 months

Meningoencephalitis,  
non-immunocompromised 
 
 

LFAmB 3–6 mg/kg or
AmB-d 0.7–1.0 mg/kg per day,  
± 5FC 100 mg/kg per day for  
4–6 weeks 

LFAmB 3–6 mg/kg or AmB  
0.7–1.0 mg/kg per day, ± 5FC  
100 mg/kg per day for 2 weeks, 
then fluconazole 400 mg/day for 
8 weeks

All patients should receive  
suppressive fluconazole  
200–400 mg/day for 6 months 
following induction/consolidation 

Transplant recipient 
 
 

LFAmB 3–6 mg/kg plus 5FC  
100 mg/kg per day for 2 weeks, then 
fluconazole 400– 800 mg/day for 
8 weeks

LFAmB 3–6 mg/kg per day for  
4–6 weeks, then fluconazole  
400–800 mg/day for 8 weeks 

Chronic suppressive therapy with 
fluconazole 200 mg/day for 6–12 
months is recommended 

HIV-positive 
 
 
 

LFAmB 3–6 mg/kg or AmB  
0.7–1.0 mg/kg ± 5FC 100 mg/kg  
per day for 2 weeks, then 
fluconazole 400 mg/day for  
8 weeks

LFAmB 3–6 mg/kg per day for  
4–6 weeks, then fluconazole  
400 mg/day for 8 weeks; itraconazole 
200 mg every 12 h is an alternative 
oral azole

Maintenance therapy with fluconazole 
200 mg/day is recommended in AIDS 
patients; itraconazole 400 mg/day is an 
alternative suppressive regimen 

table 60.4 treatment of cryptococcosis

AmB, amphotericin B; AmB-d, amphotericin B deoxycholate; 5FC, flucytosine; LFAmB, lipid formulation amphotericin B.
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(400–800 mg/day) for a minimum of 10 weeks; suppression 
with fluconazole (200 mg/day) for 6–12 months is recom-
mended.85,88,91,92  This regimen is preferred to the combination 
regimen of AmB-d/flucytosine for 6 weeks.86,91 Rarely, salvage 
therapy involves intrathecal and/or intraventricular adminis-
tration of AmB. AmB-d can be replaced with LFAmB, 3–6 
mg/kg per day, during induction.93 Itraconazole (200 mg every 
12 h) may be substituted for fluconazole if necessary, but may 
be associated with a higher relapse rate than fluconazole.91

Aggressive management of increased intracranial pressure 
is critical to a successful outcome in most patients with CNS 
cryptococcosis. Frequent lumbar punctures, sometimes daily, 
may be required for days or weeks until the opening pressure 
is consistently less than 250 mm/H2O. The decision to place 
a drainage device (lumbar drain, ventriculostomy, ventricu-
loperitoneal shunt) is based on clinical considerations and 
patient preference.

CRYPTOCOCCOSIS IN HIV-INFECTED 
PATIENTS

All HIV-positive patients with suspected cryptococcal infec-
tion warrant evaluation with a serum CrAg and fungal blood 
cultures. Those with a CD4 count <200 cells/mm3 and concur-
rent pneumonia also warrant sputum culture. Cryptococcal 
pneumonia should be treated regardless of symptoms to pre-
vent dissemination of cryptococcal disease.85

Evaluation for cryptococcal meningitis in HIV-infected 
patients includes brain imaging and CSF CrAg titers, as well as 
CSF fungal culture with documentation of the opening pres-
sure. In cryptococcal meningitis cases, 99% of serum CrAg 
will be positive.85,91,92 Randomized trial data demonstrate 
faster CSF sterilization and decreased mortality rates with 
combination therapy of AmB-d (0.7–1.0 mg/kg per day) or 
LFAmB (3–6 mg/kg per day) plus flucytosine (100–150 mg/kg  
divided into four doses daily) compared to monotherapy with 
AmB.91,94 Induction for a 2-week minimum is followed by 
consolidation with oral fluconazole (400 mg/day).89,91,92,94,95 
Other treatment options include fluconazole (400–800 mg/
day) and flucytosine (100–150 mg/kg divided into four doses 
daily) for 6 weeks.96 If salvage therapy is required, intrathecal 
or intraventricular AmB may be used.

Upon treatment for cryptococcal meningitis, patients 
with AIDS require maintenance therapy with antiretrovi-
ral therapy (ARV) and fluconazole (200 mg/day) to prevent 
relapse. Fluconazole is recommended for maintenance ther-
apy of AIDS-associated cryptococcal meningitis as it is supe-
rior to AmB-d in this setting (relapse rates of 2% vs 17%, 
respectively).97

Fluconazole also demonstrated superiority to itracon-
azole for maintenance therapy (relapse rates of 4% and 24%, 
respectively).98 Itraconazole (200 mg every 12 h) may be 
used as an alternative to fluconazole therapy when  necessary 
in the treatment of both pulmonary and CNS cryptococ-
cal infection. Chronic suppressive antifungal therapy can be 

 discontinued once there is clinical control of disease, CSF 
cultures are negative, and the CD4 count is consistently 
>150 cells/mm3.

HISTOPLASMOSIS

Histoplasmosis due to Histoplasma capsulatum occurs in most 
regions of the world, but is most common in Midwestern and 
South Central USA. It is also highly endemic in parts of Central 
and South America. The organism is found in soil enriched by 
bat and bird droppings. Inhalation is the primary portal of entry. 
Disease manifestations are dependent on the host immune sta-
tus and the intensity of the exposure.99 Diagnosis is based on a 
combination of culture, histopathology and serological studies, 
of which culture is the gold standard. Histology reveals gran-
ulomata with small intracellular oval yeast forms with eccen-
tric nuclei. Intracellular budding yeast cells are best visualized 
with a methenamine silver stain. Antigen assays performed on 
urine and blood specimens have a sensitivity of 90% and 70%, 
respectively. Cross-reactivity can occur in urine Histoplasma 
antigen assays with blastomycosis, coccidioidomycosis, para-
coccidioidomycosis and, less commonly, penicilliosis.100

ACUTE PULMONARY HISTOPLASMOSIS

Presentation of acute exposure can range from asymptomatic 
infection to severe pulmonary pneumonitis with respiratory 
distress. Complications, although uncommon, include medi-
astinal lymphadenopathy, chronic cavitary histoplasmosis 
and fibrosing mediastinitis.101 Other sequelae include persis-
tent cough and focal inflammatory manifestations. Table 60.5 
details treatment recommendations.

Acute pulmonary histoplasmosis usually resolves spontane-
ously within 1 month and does not require therapy. Persistent 
symptoms for more than 1 month may be indicative of com-
plicated disease, signifying a need for therapy. Such patients 
should be treated with itraconazole (200 mg once or twice 
daily) for 6–12 weeks.102

Moderate-to-severe acute pulmonary histoplasmosis is 
treated with LFAmB (3–5 mg/kg per day) for 2 weeks, fol-
lowed by stepdown therapy with itraconazole (200 mg every 
12 h) for a total of 12 weeks.100 AmB-d (0.7–1.0 mg/kg per 
day) can be substituted for LFAmB. Methylprednisolone 
(0.5–1 mg/kg per day) is recommended for concurrent hypox-
emia and respiratory distress.103 Duration of therapy has not 
been clearly defined, but treatment should continue until res-
olution of infiltrates on chest radiograph.99

COMPLICATIONS FROM ACUTE 
PULMONARY HISTOPLASMOSIS

Complications of pulmonary histoplasmosis include histoplas-
momas, mediastinal granulomas, mediastinal fibrosis, and 
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mediastinal lymphadenitis, pericarditis and erythema nodo-
sum. Most complications do not warrant antifungal ther-
apy, only management of the complication itself. Associated 
inflammatory reactions should be treated with anti-inflamma-
tory medications, including, but not limited to, steroids.99,104

CHRONIC PULMONARY 
HISTOPLASMOSIS

Chronic pulmonary histoplasmosis usually occurs in the set-
ting of underlying baseline lung disease, often presenting 
radiographically as chronic cavitary lesions with surround-
ing inflammation.101,102,105 Itraconazole (200 mg every 12 h) is 
recommended as first-line therapy for 12–24 months to avoid 
relapse. Duration of therapy is based on resolution of lesions on 
radiographic imaging, which should be performed every 4–6 
months. As antigen tests are often negative in chronic cavitary 
histoplasmosis, serial antigen testing is not recommended.99

DISSEMINATED HISTOPLASMOSIS (DH)

Hematogenous spread of acute infection, occurring within the 
first few weeks of infection, is a consequence of defective cell-
mediated immunity. Disseminated histoplasmosis can present 
with symptoms of pancytopenia, skin lesions, mucosal ulcers, 
hepatosplenomegaly and gastrointestinal disease. Symptoms 
are usually present for at least 3 weeks and are associated with 
radiographic and laboratory findings.99 Antigen levels should 
be monitored during and 12 months after therapy to observe 
for relapse.

 DH IN HIV-NEGATIVE PATIENTS

Progressive disseminated histoplasmosis should be treated 
with either itraconazole (200 mg every 12 h) or LFAmB (3–5 
mg/kg per day). Response rates of 80–100% have been docu-
mented for the treatment of mild-to-moderate disease with 
oral itraconazole, with relapse rates of 10–15%. Recommended 
duration of therapy is for at least 12 months.102,106 Moderate 
to severe disease should be treated with LFAmB (3–5 mg/kg 
per day) or amphotericin B lipid complex (ABLC) (5 mg/kg 
per day) for 2 weeks, followed by stepdown therapy with 
itraconazole (200 mg every 12 h) for at least 12 months. 
Immunosuppressed patients should receive itraconazole (200 
mg/day) suppressive therapy until reversal of the immunolog-
ical disorder. Duration of therapy is based on resolution of 
symptoms, radiographic and laboratory abnormalities.99

 DH IN PATIENTS wITH AIDS

Higher success rates and lower mortality have been dem-
onstrated with LFAmB (3–5 mg/kg per day) versus AmB-d 
(0.7–1.0 mg/kg per day) for 1–2 weeks as induction therapy 
for DH in patients with AIDS (2% vs 13%, respectively). 
Following induction with LFAmB, stepdown therapy with 
oral itraconazole (200 mg every 12 h) is recommended for 12 
months.107 Long-term response rates are higher in ARV recip-
ients compared with non-recipients (100% vs 47%).108,109

Before stopping chronic suppressive antifungal therapy, 
immune function (CD4 count >150 cells/mm3) improvement 

Condition primary therapy alternative therapy Comments

Acute pulmonary

 Mild 
 
 

Symptoms <4 weeks do not 
warrant therapy
Symptoms >4 weeks: 
itraconazole 200 mg every 12 h

  
 
 

Duration of therapy is 6–12 weeks 
 
 

 Moderate to severe 
 
 

LFAmB 3–5 mg/kg per day; 
itraconazole 200 mg every 12 h 
 

AmB-d 0.7–1.0 mg/kg  
per day 
 

Duration of parenteral therapy is 2 weeks; itraconazole 
stepdown therapy for a 12-week duration
Concomitant methylprednisolone is recommended for 
2 weeks in the setting of hypoxemia

Chronic cavitary pneumonia 
 
 

Itraconazole 200 mg  
every 12 h 
 

AmB 0.7–1.0 mg/kg per day 
for induction (1–2 weeks), 
then itraconazole 200 mg 
every 12 h

Duration of therapy is 12–24 months 
 
 

Disseminated 
 
 
 

LFAmB 3–mg/kg per day 
 
 
 

Itraconazole 200 mg  
every 12 h 
 
 

Therapy for at least 12 months. For milder disease, initial 
itraconazole is acceptable. For more severe disseminated 
histoplasmosis, AmB is preferred for induction, followed 
by stepdown therapy to itraconazole
Duration of parenteral of therapy is 2–6 weeks

Meningoencephalitis 
 

LFAmB 5–6 mg/kg per  
day; or itraconazole 200 mg 
every 12 h

  
 

Duration of parenteral of therapy is 4–6 weeks; 
itraconazole stepdown therapy is for a minimum 
of 12 months

table 60.5 treatment of histoplasmosis

AmB, amphotericin B; AmB-d, amphotericin B deoxycholate; LFAmB:, lipid formulation amphotericin B.
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associated with ARV therapy should be documented; blood 
cultures and urine Histoplasma antigen should be negative.110 
If the CD4 counts drop below 150 cells/mm3, then suppres-
sive (Itraconazole 200 mg/day) therapy should be restarted.99

 DH IN NEONATES

Neonatal DH is a severe complication and is often accom-
panied by meningitis. It reflects an immature and underde-
veloped cellular immune system. Untreated disease is rapidly 
fatal. AmB-d (1 mg/kg per day) is recommended for a 4-week 
induction course. LFAmB (3–5 mg/kg per day) may be sub-
stituted as necessary. Alternative therapy includes shorter 
duration of AmB-d completed with a course of azole therapy. 
These recommendations apply for infants with concurrent 
CNS involvement. Itraconazole (10 mg/kg per day) is favored 
over ketoconazole for stepdown therapy, although duration of 
antifungal therapy in neonates is unclear; most experts advise 
at least 12 months’ therapy.

CNS HISTOPLASMOSIS

CNS histoplasmosis occurs in 5–10% of cases of disseminated 
disease, with neurological symptoms occurring in 25%, and is 
the most challenging complication to treat. Of the LFAmBs, 
liposomal AmB achieves the greatest concentration in brain 
tissue.111 Recent experience has demonstrated greater efficacy 
with higher doses of LFAmB (5 mg/kg per day) for 4–6 weeks, 
followed by suppressive therapy with itraconazole stepdown 
therapy.112 Compared to fluconazole (200–400 mg/day), itra-
conazole has greater efficacy in the treatment of CNS histoplas-
mosis in animal studies. Stepdown itraconazole therapy (200 mg 
every 12 h) is recommended for at least 1 year and until there 
is no clinical/laboratory evidence of active CNS infection and 
urine Histoplasma antigen titers are consistently negative.113

COCCIDIOIDOMYCOSIS

Coccidioides immitis (endemic to California) and C. posadasii 
(found in all other endemic areas) cause symptomatic infec-
tion usually within 1–3 weeks after inhalation of aerosolized 
arthroconidia. Coccidioides species, endemic in the southwest-
ern United States and parts of Central and South America, 
cause acute and reactivation infections in persons living in an 
endemic area, in travelers, and especially among immunosup-
pressed persons.114,115

Acute symptoms, when present, include an influenza-like 
illness or acute/subacute pneumonia. Most cases are self-lim-
ited, resolving spontaneously. Pulmonary sequelae such as 
pulmonary nodules or cavitary pneumonia arise in 5–10% 
of cases. There is a strong propensity for extrapulmonary 
involvement among persons of African or Filipino descent, 

pregnant women and immunosuppressed patients (30–50% 
of cases).116–118 Diagnosis is confirmed by sputum culture or 
positive anticoccidioidal antibodies in serum via complement 
fixation.119–121

PRIMARY COCCIDIOMYCOSIS 
(VALLEY FEVER)

Most healthy patients with acute coccidioidomycosis do not 
require therapy. All immunosuppressed patients, including 
diabetics, those with poor pulmonary reserve, or women with 
newly diagnosed disease in the third trimester of pregnancy/
postpartum period should receive treatment.121

Oral azole therapy with ketoconazole (400 mg/day), flu-
conazole (400–800 mg/day) or itraconazole (200 mg every 
8–12 h) for 3–6 months is recommended for acute coccid-
ioidal pneumonia. Patients should be monitored clinically, 
radiographically and serologically every 3 months for at least 
1 year.

Miliary infiltrates or bilateral reticulonodular disease is 
more common in immunocompromised hosts and those 
exposed to a large inoculum of spores. In the setting of hypoxia, 
AmB-d (0.5–1.5 mg/kg per day) or LFAmB  (3.0–5.0 mg/kg 
per day) is indicated until improvement in symptoms and 
stable radiographic imaging. Subsequent stepdown therapy 
with ketoconazole (400 mg/day), fluconazole (400–800 mg/
day) or itraconazole (200 mg every 8–12 h) can be given for 
at least 12 months. Fungemia and extrapulmonary involve-
ment should be excluded.122

CHRONIC PULMONARY 
COCCIDIOIDOMYCOSIS

Chronic coccidioidomycosis occurs in fewer than 10% 
of cases and is restricted to the lung in 50–70% of cases. 
Manifestations include asymptomatic nodules, small thin-
walled and large thick-walled cavities, progressive destruction 
and consolidation. Close monitoring for progressive enlarge-
ment or pleural involvement is recommended in asymptom-
atic cases. A positive sputum culture does not always justify 
therapy, depending on the radiographic status. Surgical evalu-
ation of lesions present for more than 2 years is recommended 
to minimize the risk of future complications.

Chronic infections often result in persistent cough with 
serological evidence of coccidioidomycosis. Chronic pulmo-
nary coccidioidomycosis should be treated with ketoconazole 
(400 mg/day), fluconazole (400–800 mg/day) or itraconazole 
(200 mg every 8–12 h). Minimal duration of therapy is 12 
months, with close monitoring every 3 months. Recurrence 
of symptoms may occur with cessation of azole therapy. 
Those patients with a negative coccidioidin skin test during 
therapy and a peak complement fixation titer of ≥256 have 
very high relapse potential, regardless of the therapy.123 In the 
presence of clinical and/or radiographic disease progression, 
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it is  recommended to change azoles or commence AmB-d  
(0.5–1.5 mg/kg per day). In cases of recurrent pulmonary 
coccidioidomycosis, surgical resection may be beneficial.122

DISSEMINATED COCCIDIODOMYCOSIS

Disseminated coccidioidomycosis, involving lymphoreticu-
lar, cutaneous, CNS and osteoarticular sites, often responds 
better to antifungal therapy than pulmonary infection. Initial 
therapy with oral itraconazole (200 mg every 12h) or flucon-
azole (400 mg/day) is recommended. If necessary, dosing 
of itraconazole and fluconazole can be increased to 200 mg 
every 6 h and 2000 mg/day, respectively. Duration of ther-
apy has not been clearly defined but treatment for months to 
years has a 90% response rate.124 Itraconazole has greater effi-
cacy in the treatment of skeletal lesions than fluconazole.125 
Alternative therapy with AmB-d (0.5–1.5 mg/kg per day) or 
LFAmB (3–5 mg/kg per day) is recommended for vertebral 
lesions or rapidly progressive disease. Although combination 
AmB-d and azole therapy is widely used to treat severe, pro-
gressive disease, there are no data that demonstrate superiority 
over single-agent therapy. Surgical debridement of abscesses 
or stabilization of spinal instability may be necessary if the 
response to antifungal therapy alone is poor.122,126–129

COCCIDIOIDAL MENINGITIS

Coccidioidal meningitis is a progressive lymphocytic meningi-
tis with a 100% mortality when untreated. The clinical course 
may be indolent over months, or more rapid and fatal within 
weeks. Fluconazole is the preferred treatment of coccidioidal 
meningitis, but itraconazole can be used successfully. For flu-
conazole, initial daily doses of 800–1000 mg, followed by 400 
mg/day is recommended. For itraconazole, 400–600 mg/day 
is recommended, followed by 400 mg/day. For most patients, 
lifelong suppression with fluconazole (200 mg/day) or itra-
conazole (200 mg every 12 h) is required. Chronic suppres-
sion with fluconazole is successful in approximately 80% of 
patients at 3 years.129

Recent experience with posaconazole is encouraging. 
Although not approved for this indication, the response of 
non-CNS coccidioidomycosis is impressive and deserves 
more detailed investigation. There is far less experience with 
voriconazole for coccidioidomycosis.

Recommendations for salvage therapy are based upon 
independent case reports. Intrathecal AmB-d is rarely admin-
istered for CNS coccidioidomycosis, being reserved for azole 
and intravenous AmB refractory disease. AmB (0.1–1.5 mg 
per dose) is prepared in 5 mL of 5% dextrose and is admin-
istered over 3–5 min. The patient should remain in the head-
down position for 2 h after administration. The AmB-d dose 
can be escalated by 0.05 mg/day to a maximum of 1.5 mg.122,130 
Doses are usually administered 1–3 times weekly. Intrathecal 
hydrocortisone, 25 mg, can be given to ameliorate adverse 

effects. The response to therapy is based on the CSF findings 
and antibody titers.

COCCIDIOIDOMYCOSIS IN 
IMMUNOCOMPROMISED PATIENTS

Solid organ transplantation recipients in endemic areas have 
up to a 9% risk of coccidioidomycosis within 1 year after 
transplantation.122,131 Fluconazole and ketoconazole doses of 
100–200 mg and 200–400 mg/day have been used for primary 
and secondary prophylaxis, respectively. The risk of dissemi-
nation and associated complications following active disease 
warrants lifelong therapy in these patients.132,133

All HIV-positive patients with active coccidioidomycosis 
and CD4 counts <250 cell/mm3 require antifungal treatment. 
Recommendations are based on demonstrated success using 
AmB-d (0.5–1.5 mg/kg per day) followed by stepdown therapy 
with fluconazole (400–800 mg/day) or itraconazole (200 mg  
every 8–12 h). Alternatively, combination AmB-d plus an 
azole may be used. Therapy is recommended until infection 
is controlled and a CD4 count of >250 cell/mm3 is achieved 
in response to ARV.134,135

BLASTOMYCOSIS

Infection with the dimorphic fungus Blastomyces dermatitidis 
ranges from asymptomatic infection to pulmonary disease and 
disseminated disease. Blastomycosis occurs in Midwestern 
and South Central USA, central and eastern Canadian prov-
inces, and parts of Africa. Primary infection results from 
inhalation of the conidia. Most infections are asymptomatic. 
Among clinically apparent infections, 60% are limited to the 
lungs and 40% involve extrapulmonary sites, particularly 
skin/subcutaneous tissues, osteoarticular, genitourinary and/
or CNS sites.136 Risk factors for infection include activities 
along streams, excavation of soil enriched with decaying vege-
tation/wood, hunting and fishing, and outdoor occupation.137

Diagnosis is made by culture, histopathology, or by urine 
or blood antigen detection assays. Pulmonary cases are cul-
ture positive from respiratory samples in 86–100% of cases. 
Typical broad-based budding yeasts can be readily visualized 
in histological specimens.138,139 The Blastomyces antigen assay 
cross-reacts with other fungi, particularly H. capsulatum.140

PULMONARY BLASTOMYCOSIS

Pulmonary blastomycosis infection varies from asymptomatic 
to chronic pulmonary disease. Symptomatic disease mani-
fests as an acute community-acquired pneumonia which may 
spontaneously resolve, or progress to chronic pulmonary blas-
tomycosis. Radiographic imaging reveals alveolar infiltrates, 
fibronodular interstitial infiltrates, one or more mass lesions 
and, rarely, diffuse bilateral pulmonary infiltrates.141
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All symptomatic cases should be treated. Mild-to-moderate 
disease is effectively treated in 95% of cases with oral itracon-
azole (200–400 mg per day).102 Alternative regimens include 
ketoconazole (400–800 mg/day) and fluconazole (400–800 
mg/day), but these are generally less effective.142–144 Moderate-
to-severe pulmonary disease treated with AmB is cured in 
70–90% of patients.145 Current recommendations for severe 
disease include initial therapy with LFAmB (3–5 mg/kg per 
day) or AmB-d (0.7–1 mg/kg per day), followed by stepdown 
itraconazole therapy (200 mg every 12 h). AmB should be 
used for 1–2 weeks or until clinical symptoms improve. Total 
duration of treatment is generally 6–12 months, depending 
on clinical and radiographic improvement.134

EXTRAPULMONARY BLASTOMYCOSIS

Treatment for extrapulmonary blastomycosis is based upon 
organ system involvement. Itraconazole is successful in 90% 
of non-CNS cases.102 Mild-to-moderate extrapulmonary dis-
ease can be treated with oral itraconazole (200 mg every 12 h). 
Duration of therapy is at least 6–12 months, depending on 
clinical improvement of skin or other lesions. Osteoarticular 
blastomycosis requires at least 12 months of therapy given 
the higher rate of relapse.146 Fluconazole (400–800 mg/day) 
is an alternative agent but is less efficacious.143 In the setting 
of progressive or refractory disease, LFAmB (3–5 mg/kg per 
day) should be administered.

Moderate-to-severe non-CNS disease is treated with 
LFAmB (3–5 mg/kg per day) or AmB-d (0.7–1 mg/kg per 
day) for 1–2 weeks and until clinical improvement is noted. 
Stepdown therapy with itraconazole (200 mg every 12 h) is 
recommended for at least 12 months.

CNS BLASTOMYCOSIS

CNS involvement is most common among immunocompro-
mised patients, with rates up to 40% in patients with AIDS.147 
Manifestations of CNS blastomycosis include meningitis, 
epidural, brain or parenchymal abscesses, and mass lesions. 
LFAmB (5 mg/kg per day) for 4–6 weeks is recommended 
for induction therapy.148 Maintenance therapy with an azole 
is recommended following clinical improvement with flu-
conazole (800 mg/day), itraconazole (200 mg every 8–12 h)  
or voriconazole (200–400 mg every 12 h) for at least 12 
months.136 Experience with voriconazole is promising, and 
may be the azole of choice for CNS blastomycosis.149–153

IMMUNOSUPPRESSED PATIENTS

Immunosuppressed patients are predisposed to severe dis-
ease with increased mortality.148,154 Treatment recommenda-
tions, based upon small case series and case reports, support 
LFAmB (3–5 mg/kg per day) for at least 1–2 weeks. Stepdown 

therapy with itraconazole (200 mg every 12 h) for at least 
12 months is favored. Given the risk of relapsing disease in 
immunosuppressed patients, lifelong suppressive therapy with 
itraconazole (200 mg/day) is recommended. Based on expe-
rience of treating histoplasmosis in patients with AIDS, sup-
pressive itraconazole therapy may be discontinued after 1 year 
in those with CD4 counts consistently >150 cells/mm3.

PARACOCCIDIOIDOMYCOSIS

Paracoccidioidomycosis, caused by Paracoccidioides brasilien-
sis, is endemic to parts of South America. Primary infection, 
acquired via inhalation of the conidia, results in pulmo-
nary disease. Although often asymptomatic, reactivation 
of latent infection may occur decades following exposure. 
Dissemination involving the mucus membranes, lungs, skin, 
lymph nodes, adrenal glands and the CNS is common, as is 
chronic pulmonary disease, which may mimic malignancy or 
tuberculosis (coexists in 30% of patients).155 Untreated infec-
tion can be fatal. A wet mount of sputum showing the ‘pilot 
wheel’ image of mother cell and multiple daughter cells or 
blastoconidia is diagnostic. Methenamine silver stain demon-
strates yeast cells with granuloma formation. Culture requires 
20–30 days for growth. Serological testing is limited to a few 
endemic areas.

Mild-to-moderate disease is treated with itraconazole 
(200 mg/day) for at least 6–12 months, with a response of 
approximately 90%.156,157 Relapse associated with alcohol-
ism, AIDS and subtherapeutic itraconazole levels occurs 
in 15% of cases.158 Alternative therapy with ketoconazole 
 (200–400 mg/day) for 12 months yields response rates of 
90%.159 Sulfadiazine (100–150 mg/kg per day) and flucon-
azole  (200–40 mg/day) are other alternatives. A recent com-
parative study of voriconazole and itraconazole in chronic 
paracoccidioidomycosis demonstrated success in 89% versus 
94% of patients, respectively.160 Voriconazole is not recom-
mended as first-line therapy. Refractory moderate-to-severe 
disease and intolerance to other agents should be managed 
with AmB-d (1.0 mg/kg per day) or LFAmB (3–5 mg/kg per 
day).

PENICILLIOSIS

Infection due to Penicillium marneffei is endemic in South East 
Asia. and largely affects HIV-infected patients with a CD4 
count of <100 cells/mm3.161–165 Untreated, the mortality rate is 
high.166,167 Diagnosis is made by culture or histopathology and 
visualization of the organism. Disseminated disease is most 
common and typically involves lungs, heart, liver, intestine, 
lymph nodes and bone marrow. The disease resembles histo-
plasmosis clinically.

P. marneffei is highly susceptible to itraconazole, ketocon-
azole and flucytosine, and intermediately susceptible to AmB 
and fluconazole. Mild-to-moderate disease is treated with oral 
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itraconazole (400 mg/day) for 8 weeks,168 and moderate-to-
severe disease with AmB-d (0.6 mg/kg per day) for 2 weeks, 
followed by stepdown therapy with oral itraconazole (400 mg/
day) for an additional 10 weeks.169 Long-term itraconazole 
(200 mg/day) is recommended to prevent recurrence among 
patients with persistently low CD4 counts (<200 cells/mm3).

SPOROTRICHOSIS

Sporotrichosis is caused by the dimorphic fungus Sporothrix 
schenckii, found globally in decaying soil, vegetation and moss. 
Transmission usually occurs by cutaneous inoculation via 
trauma or zoonotic spread, resulting in lymphocutaneous dis-
ease. Inhalation of the conidia rarely causes pulmonary or dis-
seminated disease in immunosuppressed hosts.

LYMPHOCUTANEOUS SPOROTRICHOSIS

Most cases of lymphocutaneous infection are localized with 
proximal spread to the lymphatic circulation. Treatment 
response rates for lymphocutaneous/cutaneous disease are 
90–100% with itraconazole (200 mg/day) and 60–70% with 
fluconazole (200–400 mg/day).170–172 Therapy should be con-
tinued for at least 4 weeks beyond resolution of skin lesions. 
Terbinafine 500 mg or 1000 mg/day has been used suc-
cessfully, with cure rates of 53% and 87%, respectively.173 
Treatment with potassium iodide saturated solution, 15–20 
drops per day for 3–6 months, leads to cure in 80–100% of 
cases. Adverse effects are common, and include abdominal 
pain, nausea and rash.174–177

OSTEOARTICULAR SPOROTRICHOSIS

Osteoarticular sporotrichosis usually occurs in immunosup-
pressed patients and those with alcoholism.178,179 Infection is 
chronic, resulting from either direct inoculation or hematog-
enous spread. Articular infection, tenosynovitis and bursitis 
are all manifestations of this form of disease.180 Itracona zole 
(200 mg every 12 h) is recommended for at least 12 months. 
Unresponsive infection should be treated with AmB-d  
(0.7–1.0 mg/kg per day). Surgical intervention in combina-
tion with medical therapy is not routinely recommended.181

PULMONARY SPOROTRICHOSIS

Pulmonary sporotrichosis may present as chronic fibronodu-
lar cavitary disease and is more common in men with under-
lying lung disease.182 Mild-to-moderate disease can be treated 
with oral itraconazole (200 mg every 12 h) for a total of 12 
months.183 Clinical experience supports the use of LFAmB-d 
(3–5 mg/kg per day) in severe disease. AmB-d (0.7–1.0 mg/kg 
per day) may be used as an alternative. Parenteral therapy is 
warranted until clinical improvement, followed by  itraconazole 

(200 mg every 12 h) for at least 12 months. Surgical evalua-
tion is recommended for localized disease.

DISSEMINATED SPOROTRICHOSIS

Current management of disseminated sporotrichosis is based 
on anecdotal experience. Traditionally, treatment of dissemi-
nated sporotrichosis requires AmB-d (0.7–1.0 mg/kg per day) or 
LFAmB (3–5 mg/kg per day) until a clinical response is noted. 
Subsequent therapy with itraconazole (200 mg every 12 h) 
for at least 12 months is recommended. Immunosuppressed 
patients warrant chronic suppressive therapy with itra-
conazole (200 mg/day) until resolution of the underlying 
condition.183,184

MENINGEAL SPOROTRICHOSIS

Meningeal sporotrichosis is a rare complication of dissemi-
nated infection. Anecdotal experience supports the use of 
AmB-d for the treatment of meningeal infection. However, 
LFAmB (5 mg/kg per day) for 4–6 weeks is the preferred 
agent. Following completion of LFAmB therapy, itracon-
azole (200 mg every 12 h) for at least 12 months is recom-
mended.183 Clinical experience does not support the use of 
combination therapy.185

OTHER MOLD INFECTIONS

FUSARIOSIS

Fusarium species are found globally in soil, plant debris 
and aquatic biofilms. Infection ranges from superficial to 
 disseminated disease. The principal routes of transmis-
sion are through inhalation of the conidia and direct pene-
tration of skin from breakdown in the normal skin barrier. 
Most human infections are due to Fusarium solani (50%), fol-
lowed by F. oxysporum (20%) and F. verticillioidis (10%) and 
F. moniliforme (10%).186 In immunocompetent hosts, infec-
tion is more commonly manifested as keratitis and onycho-
mycosis. Disseminated disease usually occurs in the setting of 
severe neutropenia complicating hematological malignancy, 
leukemia and stem cell transplantation.187 Disseminated dis-
ease is manifest by positive blood cultures with concurrent 
skin lesions.188

Localized infection requires surgical debridement and 
antifungal therapy. Intravenous AmB, voriconazole (200 mg 
every 12 h) or posaconazole (400 mg every 12 h with meals) is 
appropriate for localized infection.189 Keratitis is treated with 
topical natamycin 5% (1 drop 6–8 times/day).190

Treatment of invasive and disseminated infections is usu-
ally ineffective in the immunocompromised. AmB (1 mg/kg  
per day) or LFAmB (>4 mg/kg per day) is preferred for 
treating invasive fusariosis.191,192 Recent data support the 
use of voriconazole (200 mg every 12 h) and posaconazole 
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(400 mg every 12 h with meals), in combination with AmB, as 
 alternative treatment or as salvage therapy (63% vs 48%, for 
voriconazole and posaconazole, respectively).193

In addition to medical management, surgical debridement 
of necrotic tissue may be beneficial. Central venous catheters 
should be removed in cases of isolated fungemia.

SCEDOSPORIOSIS

Two Scedosporium species, S. apiospermum (Pseudallescheria 
boydii) and S. prolificans, are rare causes of opportunistic 
infections in humans. S. apiospermum causes a wide spectrum 
of infection from superficial skin disease and mycetomas to 
CNS and disseminated disease in immunocompromised 
patients.194 S. prolificans infections in immunocompetent 
hosts include localized skin, soft tissue, joint and bone dis-
ease, usually occurring after trauma; in neutropenic patients, 
pulmonary disease, fungemia and widely disseminated dis-
ease are common.195,196 In immunocompromised hosts, these 
organisms are associated with a 58–100% mortality rate.197 
Concern for breakthrough Scedosporium spp. infection has 
recently increased as a result of antifungal prophylaxis with 
little or no activity against Scedosporium spp. Scedosporium 
spp. have erratic susceptibilities to AmB; S. apiospermum has 
documented resistance to AmB in vitro and in vivo.198

The expanded spectrum triazoles demonstrate in-vitro 
activity against S. apiospermum. The greatest clinical expe-
rience is with voriconazole (4 mg/kg every 12 h), which 
compares favorably to AmB-d.199 S. apiospermum also dem-
onstrates in-vitro susceptibility to posaconazole, miconazole, 
ketoconazole and itraconazole.60 Cerebral abscesses due to S. 
apiospermum are treated with voriconazole (4 mg/kg every 12 
h) or itraconazole (200 mg every 12 h) in conjunction with 
surgical intervention.200 Treatment should be continued for 
months.

S. prolificans is resistant to most antifungal agents. 
Voriconazole exhibits limited in-vitro activity against S. pro-
lificans but has little to no in-vivo activity.201–203 Voriconazole 
(4 mg/kg every 12 h) and itraconazole (200 mg every 12 h) 
have been used in combination with terbinafine (500 mg/day) 
or an echinocandin with some success, and currently offer the 
best therapeutic option.204–208

PHAEOHYPHOMYCOSES

 EUMYCETOMA (MADUROMYCOSIS)

Eumycetomas are chronic, granulomatous infections resulting 
in progressive infection of the subcutaneous tissue of the dis-
tal extremities, most commonly the legs and feet. Infections 
are due to soil fungi (Eumycetoma spp.) and higher bacteria 
(Actinomycetoma spp.). Transmission occurs via skin inocu-
lation to produce subcutaneous nodules and draining sinus 
tracts, in which grains can be visualized. Untreated, eumyc-
etoma can result in chronic disability and osteomyelitis.209

Eumycetomas are endemic in Latin American, Africa and 
the Indian subcontinent. Multiple fungi cause mycetomas 
that vary by locality. The more common causative organisms 
include Madurella mycetomatis (Africa and India), Madurella 
grisea (the Americas), S. apiospermum (Europe and the USA), 
and Fusarium spp. and Acremonium spp., found globally.210 
The causative organism must be identified to guide antimi-
crobial or antifungal therapy.

Eumycetomas, less responsive to therapy than actinomy-
cetomas, often require surgical debulking. Clinical experi-
ence supports the use of itraconazole and ketoconazole (400 
mg/day), for 18–24 months.210–212 Fluconazole has proved 
less successful. The newer triazoles are efficacious but cost-
 prohibitive in resource-limited settings. Posaconazole (80% 
success) is dosed at 400 mg every 12 h for 24 months.213 
AmB, flucytosine and griseofulvin are not recommended.214 
Despite medical and surgical intervention, relapse rates as 
high as 90% have been documented. Fortunately, many 
eumycetomas remain relatively stable for long periods of time 
without therapy.

CHROMOBLASTOMYCOSIS

Chromoblastomycosis is a chronic infection of the skin and 
subcutaneous tissue of non-immunocompromised individu-
als caused by several dematiaceous fungi, including Fonsecaea 
pedrosoi, Fonsecaea compacta, Phialophora verrucosa, Cladosporium 
(or Cladophialophora) carrionii, Rhinocladiella aquaspersa and 
Botryomyces caespitosus. The disease occurs worldwide, but is 
more common in tropical and subtropical areas.

Although smaller lesions can be surgically excised, larger 
lesions require antifungal therapy. Resistance to standard 
antifungal therapy (fluconazole, flucytosine and AmB) is 
common and affects therapeutic response. Reasonable results 
have been observed with oral itraconazole (200 mg/day) with 
or without flucytosine (25 mg/kg every 6 h).215 Posaconazole 
(400 mg every 12 h with meals) has demonstrated success 
in the treatment of disease refractory to fluconazole, flucy-
tosine and AmB. Terbinafine (200–500 mg/day) demon-
strates good clinical activity, with cure rates approaching 
80%.216 Thiabendazole (2 g/day), with or without flucytosine, 
is also effective.217 Treatment is prolonged, up to 2 years in 
some cases. Response rates vary by causative organism and 
extent of disease. Conventional therapy involves cryother-
apy and topical heat in conjunction with antifungal therapy. 
Cryotherapy with liquid-nitrogen-soaked cotton balls, swabs 
or spray has demonstrated success with negative cultures at 4 
months. Historically, local heat (42–46°C) applied directly to 
the lesion for 2–12 months has been efficacious.217,218

PNEUMOCYSTOSIS

Pneumocystis pneumonia (PCP), caused by Pneumocystis 
jirovecii, occurs in immunocompromised patients. Primary 
infection is usually an unrecognized event in childhood. 
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Pneumonia occurs with either reactivation of latent disease or 
newly acquired infection.

Clinical manifestations of progressive dyspnea, fever, dry 
cough and progressive chest discomfort are most common. 
Radiographic imaging in early disease may be normal. As 
disease progresses, diffuse, bilateral, symmetrical interstitial 
infiltrates are consistent with PCP.219

Diagnosis is confirmed by identification of the organism 
in tissue, bronchoalveolar lavage fluid or induced sputum by 
histopathology.220–222 Nucleic acid tests have lower specificity 
than immunological stains and limited availability.223,224 First-
line therapy for mild-to-moderate disease is oral trimethop-
rim–sulfamethoxazole (TMP–SMX; 15–20 mg/kg per day 
trimethoprim and 75–100 mg/kg per day sulfamethoxazole 
divided in 2–3 doses) for 21 days.225,226 With TMP–SMX 
intolerance, alternative regimens include: 

•	 dapsone	100	mg/day	plus	TMP	20	mg/kg	orally	or	
intravenously in 2–3 doses

•	 clindamycin	600	mg	every	6	h	combined	with	primaquine	
15 mg/day

•	 atovaquone	750	mg	every	12	h.

Prior to receiving dapsone, patients should be tested for glu-
cose-6-phosphate dehydrogenase (G6PD) deficiency.

Moderate-to-severe disease necessitates adjunctive corticos-
teroids: prednisolone 40–60 mg/day for 5 days, followed by 
a 14-day taper.227–230 If parental administration is required, 
methyl prednisolone can be given at 75% of the prednisone 
dose. The recommended first-line treatment of moderate-to-
severe PCP is TMP–SMX (see above dosing) for 21 days.231 
If an alternative regimen is required, intravenous pentamidine 
(4 mg/kg per day) or clindamycin plus primaquine, in order of 
preference, may be used for 21 days.232,233 Response to ther-
apy is multifactorial: severity of illness, degree of immunosup-
pression, prior history of PCP, medications used for therapy 
and timing of therapy. PCP prophylaxis is required in HIV 
patients until the CD4 count is consistently >200 cells/mm3.

Twenty to 85% of patients can develop intolerance to the 
high dose of TMP–SMX. Side effects to TMP–SMX consist 
of skin rash, including Stevens–Johnson syndrome, nausea, 
vomiting, fever, leukopenia, thrombocytopenia, renal insuf-
ficiency with hyperkalemia, and hepatitis.234–238

In the absence of a consensus regarding the appropriate 
time to initiate ARV in patients with severe PCP, current clin-
ical practice includes delaying the initiation of ARV until after 
the completion of anti-PCP therapy, or holding ARV initia-
tion until at least 2 weeks into therapy for PCP. Recent data 
suggest that initiating ARV therapy during initial PCP treat-
ment may be beneficial.239,240
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BRUCELLOSIS

Worldwide about 500 000 human cases of brucellosis occur 
annually with a patchy global distribution.1 The disease is 
endemic in the Mediterranean basin, the Arabian Gulf, the 
Indian subcontinent and parts of Mexico, Central and South 
America. Brucellosis is a systemic disease that can involve 
any organ or system of the body. The responsible species 
are: Brucella melitensis (sheep, goats and camels); B. abortus 
(cattle, buffalo, yaks, camels); B. suis (pigs, wild hares, cari-
bou, wild rodents and reindeer); B. ovis (sheep) and B. canis 
(dogs). B. melitensis remains the main cause of human brucel-
losis worldwide.2 Disease from marine species have emerged 
(B. pinnipediae and B. cetaceae). Infected animals shed large 
numbers of bacilli in milk, urine and products of conception. 
Humans are infected by direct contact with infected animals 
or by ingestion of unpasteurized milk or milk products. The 
infective dose of Brucella, especially of B. melitensis is very low 
(10 organisms). The incubation period is usually 7 days to 3 
months, although longer intervals have been reported.

In humans the disease manifests as an acute (<2 months) 
or subacute (2–12 months) febrile illness which may persist 
and progress to become chronic (>1 year). Brucella has been 
considered a potential biological weapon as it has a propen-
sity for airborne transmission and induction of chronic debili-
tating disease with vague clinical characteristics. Nowadays 
its inclusion is of historical significance because of the emer-
gence of new, more virulent weapons.3

ANTIBIOTIC THERAPY – DRUG 
COMBINATIONS

Treatment has been designed to shorten the duration of 
symptoms, prevent relapse and avert complications such as 
arthritis, sacroiliitis, spondylitis, encephalitis, endocarditis, 
epididymo-orchitis and abortion. Monotherapies have a high 
rate of relapse so a combination of two drugs is usually used. 

The recommendations for specific drug combinations in pub-
lished sources are very inconsistent. The regimen of choice 
recommended by the World Health Organization (WHO) 
Expert Committee is doxycycline 200 mg/day plus rifampicin 
(rifampin) 600–900 mg/day for 6 weeks; however, these guide-
lines were published in 1986 and are subject to debate.4

There are significant differences in effectiveness between 
 currently recommended treatment regimens. A recent Sys-
tematic Review in the British Medical Journal summarizes 
the evidence-based treatment options.1,5 The therapy of bru-
cellosis is complicated by the location of the organism within 
an acid compartment in reticuloendothelial cells, where opti-
mal concentrations and effects of antibiotics are difficult to 
achieve. Therefore regimens should include at least one agent 
with good intracellular penetration.

The main outcomes of trials indicate the following:

•	 Monotherapy	is	not	recommended	because	of	its	high	
failure rates.

•	 The	combination	of	tetracycline–streptomycin	is	
significantly superior to tetracycline–rifampicin, mainly 
due to a reduced rate of relapse. The tetracycline 
recommended is doxycycline 200 mg/day. Doxycycline 
is central to treatment regimens as the minimum 
inhibitory concentrations (MICs) of tetracycline for 
Brucella are generally <1 mg/L. Streptomycin works 
synergistically with doxycycline and is recommended 
at a dose of 1 g/day for the first 14 days of treatment. 
Adverse events in general and discontinuation because 
of these events were similar in the two treatment 
groups.

•	 Comparing	the	aminoglycosides,	there	is	a	trend	to	
support the use of gentamicin rather than streptomycin. 
Thus gentamicin could replace streptomycin for dual 
treatment regimens. This has the added advantage of 
allowing therapeutic drug monitoring, which is routinely 
available for gentamicin.

•	 A	regimen	consisting	of	a	quinolone	plus	rifampicin	or	
streptomycin is less effective than the above, although the 
adverse events are less in this group.
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•	 The	optimal	treatment	regimen	includes	triple	combination	
therapy with tetracycline–aminoglycoside–rifampicin 
and this has been found to be significantly more effective 
than most dual regimens. The tetracycline–rifampicin 
combination is administered for 6–8 weeks and the 
aminoglycoside for 2 weeks. If this is not successful, then 
a regimen containing a tetracycline–aminoglycoside 
combination is recommended.

•	 It	is	recommended	that	patients	are	treated	for	≥6 
weeks to prevent relapse, with a tetracycline and an 
aminoglycoside being administered for the first 7–14 days.

CHILDREN WITH BRUCELLOSIS

The treatment of childhood brucellosis will vary according 
the child’s age. Optimal treatment of brucellosis remains 
based on combinations of doxycycline with either rifampicin 
or streptomycin. Doxycycline is not recommended for chil-
dren younger than 9 years. Instead, a regimen consisting of 
gentamicin 5 mg/kg (5 days) or streptomycin 20 mg/kg (14 
days) and co-trimoxazole 8 mg/kg (6 weeks), or co-trimox-
azole plus rifampicin 20 mg/kg (6 weeks), are shown to be 
effective with low relapses. Relapses could be treated with a 
triple drug regimen, such as co-trimoxazole–aminoglycoside–
rifampicin. There is no evidence on the use of triple drug regi-
mens in children at present but adult studies have shown that 
this is an area for possible further research.6

TREATMENT OF BRUCELLOSIS DURING 
PREGNANCY AND LACTATION

Brucellosis can cause fetal death at any stage of pregnancy, 
whether maternal infection is mild or severe. The natural his-
tory of brucellosis in pregnant women may be altered by the 
early institution of antimicrobial therapy, particularly prior to 
vaginal bleeding. An important consideration when treating 
brucellosis in pregnant women is the possibility of fetal tox-
icity of the drugs. Although the data are limited, it is known 
that the incidence of abortion observed in patients with active  
brucellosis exceeds that in patients with other micro-organisms.  
Treatment with either co-trimoxazole (although monotherapy 
is not recommended because of the high incidence of relapse) 
or co-trimoxazole plus rifampicin had a strong protective 
effect against abortion. The length of treatment is 6 weeks, 
similar to non-pregnant individuals.7

SPINAL BRUCELLOSIS

Brucellosis affects many organ systems, with septic arthritis 
and osteomyelitis being common, especially in the elderly. It 
is a destructive disease, often confused with tuberculosis, so 
a thorough history (particularly focusing on risk factors like 
prior unpasteurized milk consumption) and examination are 
essential. Early diagnosis and treatment are vital for patient 

prognosis. The evidence supports the classic treatment regi-
men of doxycycline 100 mg every 12 h for at least 12 weeks, 
with streptomycin 1 g/day for the first 2 weeks. Alternative 
therapies	using	fluoroquinolones	and	co-trimoxazole	are	only	
considered when adverse reactions are reported.8

Another study showed that triple therapy using a combina-
tion of streptomycin 1 g/day intramuscularly for 15 days, doxy-
cycline 100 mg every 12 h and rifampicin 15 mg/kg per day for 
45 days had good response rates and low relapse rates.9

NEUROBRUCELLOSIS

Central nervous system involvement is a serious complication 
of brucellosis.10 The recommended treatment regimen should 
include doxycycline (which crosses the blood–brain barrier 
better than generic tetracycline), plus rifampicin plus ceftri-
axone. High concentrations in the cerebrospinal fluid (CSF) 
offers significant efficacy against the pathogen.11 Although 
the therapy should be individualized, the duration of therapy 
should be a minimum of 6 months with suitable antibiotics.12 
Treatment should be continued until the CSF analysis has 
returned to normal. Steroids may prevent early clinical dete-
rioration following the commencement of antibiotics.13

BRUCELLA ENDOCARDITIS

This devastating condition has a higher mortality rate than 
endocarditis caused by other pathogens due to its rapid valvu-
lar destruction and the late diagnosis of cases. The aortic valve 
is most commonly involved. Optimal therapy is a combina-
tion of antibiotics and surgery, although medical therapy with 
close observation can be attempted in hemodynamically stable 
patients. The recommended antibiotic regimen is a combina-
tion of doxycycline 200 mg/day, rifampicin 900 mg/day and 
gentamicin (for the first 21 days). The addition of a third-generation 
cephalosporin instead of an aminoglycoside is an alternative.14 
Treatment should be continued for a year or more.15–17

BRUCELLOSIS IN PATIENTS INFECTED 
WITH HIV

Twelve patients with brucellosis and HIV co-infection have been 
reported from Spain; all were cured by the combination of doxy-
cycline and streptomycin.18 A case reported from India responded 
well to a regimen consisting of 6 weeks of tetracycline 250 mg 
every 6 h for 6 weeks and 3 weeks of streptomycin 1 g/day.19

PREVENTION OF LABORATORY-
ACQUIRED BRUCELLOSIS

Brucellosis is one of the most common laboratory-
acquired	 infections,	 as	 it	 has	 a	 potential	 for	 aerosolization.	
It is  recommended that the organism should be handled  
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according to Level 3 Biosafety Precautions. Aerosol-generating 
procedures should be avoided or minimized. Prophylaxis 
to laboratory workers exposed to Brucella is recommended: 
doxycycline 100 mg every 12 h plus rifampicin 450–600 
mg/day. An alternative, e.g. in pregnancy, is co-trimoxazole 
plus rifampicin.20 The duration of prophylaxis should be 
a minimum of 3 weeks, and usually continued for 6 weeks. 
Laboratory staff are followed up with serological testing for 
3 months after exposure.21

ANTHRAX

Bacillus anthracis is a large, Gram-positive, non-motile, aer-
obic, spore-forming rod. The principal virulence factors are 
encoded on two plasmids: one is involved in synthesis of a 
capsule that inhibits phagocytosis of the vegetative forms; the 
other is involved in the production of the exotoxins that are 
important for its virulence. The exotoxins consist of the edema 
toxin and the lethal toxin which are divided into A (enzymati-
cally active) protein and B (binding) protein necessary for 
entry into the host cell.22

Between 20 000 and 100 000 cases of anthrax are  estimated 
to occur worldwide annually. Anthrax can exist in the soil as 
long-lived spores and cause infection in humans, and farm 
and wild animals. In 1979, it was recognized that anthrax 
could be used as a biological weapon after 66 people died 
from human exposure (by inhalation) to the accidental dis-
charge of anthrax spores at a military biological facility in 
Sverdlovsk, Russia. Further evidence includes the deliberate 
use in the USA in the 1990s.23

Human anthrax has three major clinical forms: cutaneous, 
inhalation and gastrointestinal. Cutaneous anthrax is a result 
of introduction of the spore through the skin from animal hair 
or hides, inhalation anthrax (woolsorter’s disease) through 
the respiratory tract, and gastrointestinal anthrax by inges-
tion. Anthrax meningitis may occur as a result of a bacteremia 
after inhalational anthrax; it is rare and has mortality close to 
100%. If untreated, anthrax in all forms can lead to septice-
mia and death. Early treatment of cutaneous anthrax is usu-
ally curative.

POSTEXPOSURE PROPHYLAXIS

Postexposure prophylaxis is recommended to individuals 
by the public health authorities when there is an evident 
risk of exposure to anthrax. A long period of prophylaxis is 
required	because	of	the	latency	period	that	may	occur	prior	
to the germination of spores. Recently there has been con-
cern about antibiotic resistance, particularly to penicillin, 
doxycycline, chloramphenicol, macrolides and rifampicin. 
Ciprofloxacin is the drug of choice (500 mg every 12 h) 
(Table 61.1).

ANTHRAX VACCINE

An anthrax vaccine has been licensed for use in humans. 
Limited clinical data suggest that after completing a primary 
immunization course, protection against cutaneous and inha-
lation anthrax is afforded.24 The vaccine is administered at 0, 
2 and 4 weeks and again at 6, 12 and 18 months. Studies 
in rhesus monkeys have demonstrated complete protection 
against aerosol challenge at 8 weeks and 88% protection at 
100	weeks.	Annual	boosters	are	required	to	maintain	immu-
nity. The vaccine has been given to the American Armed 
Forces since 1988 because of the concern of anthrax as a 
biological weapon. Contraindications to its use include sen-
sitivity to vaccine components and a history of anthrax. No 
serious adverse side effects have been reported.

TREATMENT OF ANTHRAX

Penicillin is the drug of choice in sensitive strains, but alter-
native agents have been used because of reports of resistance 
(Table 61.2).

Surgical debridement of the black, necrotic eschar is con-
traindicated. Systemic steroids have been used for the exten-
sive edema, but their efficacy is unproven.

ANIMAL BITES

Animal bites continue to pose major public health  challenges.25 
Dogs	 represent	 the	 species	 most	 frequently	 responsible	 for	
bite-related injuries, followed by cats (~80% and <20%, 
respectively). Wildlife, farm animals, rodents and other pets 
are responsible for the remainder. Most wounds are contami-
nated with multiple strains of aerobic and anaerobic bacte-
ria. The common bacteria involved are Pasteurella multocida, 
Staphylococcus aureus, Staphylococcus intermedius, alpha- hemolytic 

type of therapy adults (including  
pregnant women)

Children

Recommended 
initial therapy

Ciprofloxacin 500 mg  
every 12 ha

Ciprofloxacin 10–15 
mg/kg every 12 ha

Alternative initial  
therapy 

Doxycycline 100 mg  
every 12 h 

Doxycycline 100 mg 
every 12 h if >8 years 
and >45 kg

Optimal therapy  
(if strain susceptible) 
 

Amoxicillin 500 mg  
every 8 h or doxycycline  
100 mg every 12 h 

Amoxicillin 500 mg 
every 8 h if >20 kg; 
40 mg/kg divided into 
3 doses if <20 kg

table 61.1 Recommendations for anthrax postexposure 
prophylaxis

aAlthough fluoroquinolones are not recommended for use during pregnancy 
and in young children, the possibility of antibiotic resistance warrants their use in 
exposed pregnant women and children. This also applies to doxycycline in extreme 
circumstances. The total duration of treatment should be 60 days.
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 streptococci, Capnocytophaga canimorsus (formerly called 
dysgonic fermenter 2, DF2) and other members of the oral 
flora of animals. Anaerobic bacteria including Fusobacterium, 
Bacteroides, Porphyromonas and Prevotella spp. are present in 
approximately one-third of bite wounds and are associated 
with the formation of abscesses and with relatively serious 
infections. Past. multocida is found in infections from cat bites. 
The bacteriology of bite wounds inflicted by exotic animals 
reflects the animals’ oral flora.26,27 Infection rates differ sig-
nificantly between cat and dog bites (30–50% vs 2–4%). Risk 
factors for infection include patient age >50 years, punc-
ture	 wounds,	 full-thickness	 wounds	 and	 wounds	 requiring	
debridement.

Animal bite wounds can be classified into three groups on 
the basis of the injury received: avulsion, lacerations or punc-
tures. Avulsions and lacerations tend to be associated with 
dog bites whilst puncture wounds occur with cat bites. Ferrets 
are becoming more popular as pets and tend to bite children 
particularly on the face.

MANAGEMENT AND PROPHYLAXIS  
OF INFECTED ANIMAL BITES

The initial evaluation should include a thorough assessment 
of the wound and the patient’s medical history and status, 
determination of the time that has elapsed before treatment 
was initiated, and identification of the animal responsible 
and the circumstances under which the bite occurred. The 
wound should be cleansed and debrided, and tetanus, rabies 
and antimicrobial prophylaxis should be considered. There is 
a debate regarding primary versus delayed repair. Most stud-
ies favor the use of primary surgical closure because of the 
improved cosmetic outcome. However, with certain wounds 
which present late or have an increased risk for complications, 
then primary closure is not recommended.

Prophylactic administration of antimicrobials should be 
considered in:

•	 moderate	or	severe	injuries
•	 possible	bone	or	joint	penetration

•	 facial,	genital	and	hand	wounds
•	 those	patients	with	underlying	illnesses:	liver	disease,	limb	

edema or prosthetic joints.
Amoxicillin–clavulanic acid has good activity against the 
likely organisms, and is the best choice both for prophylaxis of 
infection-prone bites and for empirical treatment of infected 
bites before the results of cultures become available. Other 
combinations include a second-generation cephalosporin that 
has anaerobic activity such as cefuroxime, a combination of 
penicillin with a first-generation cephalosporin such as cefra-
dine or, for penicillin-allergic individuals, clindamycin plus a 
fluoroquinolone.	For	patients	with	a	head	injury	who	might	
have evidence of a skull fracture, then a combination of anti-
microbials with good CSF penetration, such as vancomycin, 
ceftriaxone and metronidazole, is recommended.

There are an increasing number of methicillin-resistant 
Staph. aureus (MRSA) infections from animal bites. A newly 
released article in the Lancet Infectious Disease journal has 
suggested that additional steps should be taken in managing 
these patients:28

•	 Consider	radiological	imaging	in	case	of	fracture	or	bone	
penetration.

•	 Consider	prophylactic	antibiotics	to	cover	MRSA	
(trimethoprim–sulfamethoxazole, doxycycline, 
minocycline and clindamycin).

•	 Consider	admission	if	the	patient	is	immunocompromised	
or septic.

RAT-BITE FEVER

The term ‘rat-bite fever’ refers to two similar diseases caused 
by different Gram-negative facultative anaerobes: streptoba-
cillary rat-bite fever, caused by infection with Streptobacillus 
moniliformis (a pleomorphic fastidious Gram-negative bacil-
lus) is more common in North America, and spirochetal rat-
bite fever, caused by Spirillum minus also known as sodoku 
(a short, thick, Gram-negative spirochete with darting motil-
ity) is more common in Asia.29 Both organisms are common 
inhabitants of the pharynx of wild, pet and laboratory rats 

 Inhalational anthrax Cutaneous anthrax

type of therapy adults Children adults Children

Initial therapy 
 

Ciprofloxacin 400 mg  
iv every 12 h 

Ciprofloxacin 20–30 mg/kg iv, 
divided into 2 doses 

Mild: ciprofloxacin 500 mg  
p.o. every 12 h
Severe: intravenous

Ciprofloxacin 20–30 mg/kg 
iv, divided into 2 doses 

Optimal therapy if  
susceptible 
 
 
 
 

Benzylpenicillin 2.4 g  
iv every 4 h 
 

Benzylpenicillin 150 mg/kg per  
day in 4 divided doses for chil-
dren <12 years; for children  
>12 years, use adult doses

Doxycycline 100 mg p.o.  
every 12 h 
Severe: ciprofloxacin 400 mg 
i.v. every 12 h

As per inhalational doses 
 
 

Doxycycline 100 mg  
iv every 12 h 

  
 

Amoxicillin 500 mg p.o.  
every 8 h 

Amoxicillin 500 mg every 8 h if 
>20 kg; 40 mg/kg divided into 
3 doses if <20 kg

table 61.2 Recommendations for treatment of inhalational and cutaneous anthrax

Note: Treatment should continue for 60 days in the context of bioterrorism and for 7–10 days for natural exposure.
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in	 all	 parts	 of	 the	 world.	 Humans	 usually	 acquire	 the	 dis-
ease through the bite of a rat, though a history of a bite is 
sometimes absent in S. moniliformis infections, which may be 
acquired	by	oral	 ingestion.	An	example	was	 illustrated	by	a	
milk-associated outbreak in Haverhill in 1926.30 Cases of S. 
moniliformis rat-bite fever have been associated with the bites 
of	mice,	 squirrels	and	gerbils,	and	exposure	 to	animals	 that	
prey on these rodents. The reported incidence of rat-bite 
fever caused by S. moniliformis from laboratory rat bites is low. 
The efficacy of prophylaxis against rat-bite fever has yet to be 
assessed in practice.

  StREptoBACiLLUS moniLifoRmiS 
INFECTION

The clinical syndrome is characterized by fever, rigors and 
migratory polyarthralgias. After exposure, the incubation 
period is usually <7 days, and ranges from 3 days to more 
than	 3	 weeks.	 If	 a	 bite	 occurs	 it	 usually	 heals	 quickly	 with	
minimal residual inflammation. Other reported clinical fea-
tures include headache, nausea, vomiting, myalgia, minimal 
regional lymphadenopathy, anemia, endocarditis, myocardi-
tis, meningitis, pneumonia, focal abscesses and a rash (75% of 
patients). Most cases resolve spontaneously, but if untreated 
has a mortality of 10% (ranging from 7% to 13%). It is there-
fore important to initiate antibiotic treatment early. Diagnosis 
is made from blood cultures; however, as the organism is fas-
tidious, the growth time may be prolonged. Other methods 
used for diagnosis include fatty acid profiles, high-resolution 
polyacrylamide gel electrophoresis and polymerase chain 
reaction (PCR) assays.

Penicillin is the treatment of choice for proven or highly 
suspected cases of rat-bite fever. Only one penicillin-resistant 
strain has been reported, over 50 years ago.31 Tests of S. monil-
iformis antibiotic susceptibility usually demonstrate sensitiv-
ity to penicillins, cephalosporins, carbapenems, aztreonam, 
clindamycin, erythromycin, nitrofurantoin, bacitracin, tet-
racycline, teicoplanin and vancomycin. Adults with uncom-
plicated S. moniliformis should receive 400 000–600 000  
IU/day (240–360 mg) of intravenous penicillin G for at least 
7 days and the dose should be doubled if no response is seen 
in 2 days. Children should receive 20 000–50 000 IU/kg 
per day (12–30 mg/kg per day) of intravenous penicillin for 
5–7 days, followed by oral penicillin V, 25–50 mg/kg per day 
(maximum 3 g/day) divided into four doses. For penicillin-
allergic patients both streptomycin and tetracycline appear 
to be effective; erythromycin has been associated with treat-
ment failures. Cephalosporins have also been shown to be 
effective.

Complications such as septic arthritis, meningitis and 
pneumonia	 require	 more	 intensive	 treatment	 with	 intrave-
nous penicillin. Endocarditis due to S. moniliformis is rare and 
generally occurs on previously damaged valves. It will prob-
ably respond to standard regimens used to treat endocarditis 
caused by other penicillin-sensitive organisms.

  SpiRiLLUm minUS INFECTION 
(SODOkU)

Sodoku differs from streptobacillary rat-bite fever both clinically 
and geographically; it is more common in Asia. After a longer 
incubation period (14–18 days), the bite site becomes indurated 
and may ulcerate, and is associated with regional lymphadenop-
athy. Fevers regularly relapse and may be  separated by afebrile 
periods lasting 3–7 days. Fifty percent of patients develop a viola-
ceous	 red–brown	 macular	 rash	 which	 has	 occasional	 plaques	
and urticarial lesions. Joint manifestations are rare. Sodoku is 
highly sensitive to penicillin but a Jarisch–Herxheimer reaction 
may occur following the initiation of treatment.

TULAREMIA

Francisella tularensis is an extremely virulent aerobic, Gram-
negative coccoid, facultative intracellular bacterium, which 
does not form spores but can survive in water, soil, hay and 
animal carcasses for up to 6 months. There are two types:

•	 Type	A	is	found	mostly	in	North	America	and	is	
transmitted from the rabbit tick to humans. It is highly 
virulent, causing disease in humans with an inoculum of 
<25 bacteria.

•	 Type	B	is	widespread	throughout	the	Northern	
Hemisphere and is the only subspecies in Europe. It 
is associated with rodents and hares; humans contract 
the disease by inhalation, direct contact, insect bites or 
ingestion. Type B is generally non-lethal in humans but 
may cause a prolonged complicated disease.32

Tularemia is considered to be a category A bioterrorist threat 
by the US Centers for Disease Control and Prevention (CDC) 
as	it	is	easy	to	acquire,	weaponize	and	is	transmissible	by	aero-
sol, although there have been no confirmed cases of its use in 
this situation. After exposure, ulceroglandular, oculoglandu-
lar and glandular disease are common manifestations, accom-
panied by fever, chills, myalgias and cough. Other forms may 
occur such as pulmonary disease and a typhoidal form. Rare 
complications include meningitis, pericarditis and endo-
carditis. The main difference between type A and type B is 
the ability of the former to replicate faster and cause necro-
sis. Diagnosis relies on clinical suspicion, serological testing, 
blood cultures and now PCR.

TREATMENT OF TULAREMIA

Aminoglycosides are the mainstay of treatment and whilst 
streptomycin has been used historically, gentamicin is also 
active against tularemia. Relapses have been seen with doxy-
cycline.	There	are	encouraging	 reports	of	quinolones	 show-
ing activity against the bacteria. There is no currently licensed 
vaccine. Streptomycin is the antibiotic of choice, at a dose of 
7.5–15 mg/kg intramuscularly every 12 h for 7–14 days, the 
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higher doses being used for more severe illness. Gentamicin is 
an acceptable alternative to streptomycin; the recommended 
dose is 3–5 mg/kg per day in divided doses.

PLAGUE

Yersinia pestis is a Gram-negative, non-spore-forming bacillus. 
It is transmitted by the oriental rat flea, Xenopsylla cheopis. 
There are three main forms: bubonic, septicemic and pneu-
monic plague. Pneumonic plague is rare, highly transmissible 
between humans and has a high mortality rate. Its presence 
should alert authorities to the deliberate release of Y. pestis.33 
Diagnosis is made by culture of the organism from blood, spu-
tum or aspiration of the buboes with special staining. Some 
laboratories can perform specific IgM testing and PCR.

TREATMENT OF PLAGUE

Early treatment is essential to prevent fatal pneumonic plague. 
Patients must be nursed in isolation with negative pressure (48 h  
for bubonic and 4 days for pneumonic). The CDC guidelines 
recommend streptomycin (15 mg/kg intravenously every 12 h) 
for 10 days or gentamicin with doxycycline or ciprofloxacin.34 
In a recent study in New Mexico it was found that gentami-
cin alone (5 mg/kg intravenously every 24 h) or in combi-
nation with a tetracycline (intravenous doxycycline 200 mg/
day or 100 mg every 12 h) was as efficacious as streptomycin 
for treating human plague.35 This study was supported by a 
clinical trial in Tanzania which showed gentamicin 2.5 mg/kg  
intramuscularly every 12 h for 7 days and doxycycline 100 
mg every 12 h for 7 days (2.2 mg/kg in children) to be effec-
tive treatments for adult and pediatric plague.36 Penicillins 
and cephalosporins are considered to be ineffective against 
plague, although in-vitro and animal studies have shown cef-
triaxone to have variable activity.

Trimethoprim–sulfamethoxazole is recommended for 
plague when tetracyclines are contraindicated. Chloram-
phenicol is used in cases of plague meningitis as it penetrates 
the blood–brain barrier.

PROPHYLAXIS OF PLAGUE

Any person within 2 meters of a confirmed case of plague should 
receive postexposure prophylaxis with ciprofloxacin 500 mg 
every 12 h or doxycycline 100 mg every 12 h for 7 days.

BARtonELLA-ASSOCIATED INFECTIONS

The genus Bartonella comprises 19 distinct species, at least 
eight of which are responsible for human disease; some exam-
ples are shown below:37,38

•	 Bartonella bacilliformis causes bartonellosis (Carrion’s 
disease).

•	 Bartonella henselae causes cat-scratch disease, peliosis 
hepatis and bacillary angiomatosis.

•	 Bartonella quintana causes trench fever, endocarditis, 
bacillary angiomatosis and chronic or recurrent 
bacteremia.

•	 Bartonella vinsonii is isolated from blood of small rodents.
•	 Bartonella elizabethae (Rattus rats have been shown to be a 

reservoir) causes endocarditis.
•	 Bartonella clarridgeiae (isolated from blood of 5% of pet 

cats and 17% of stray cats) may be responsible for some 
cases of cat-scratch disease.

•	 Bartonella grahamii causes cases of retinitis.
•	 Bartonella washoensis causes myocarditis.

Bartonellae are small, fastidious, intracellular Gram-negative 
bacilli that are aerobic and oxidase negative. The diagnosis of 
these diseases is complicated as there is no optimal procedure 
for the isolation of the organism.

RECOMMENDATIONS FOR  
TREATMENT

  BARTONELLOSIS (CARRION’S 
DISEASE)

Oroya fever

B. bacilliformis is a Gram-negative intraerythrocytic organ-
ism transmitted by the Lutzomyia sandfly and is limited to 
the Andean river valleys of Peru and Ecuador. The bacteria 
cause Oroya fever (acute Carrion’s disease) which is a life-
threatening septicemia with acute hemolysis which can be 
complicated by superinfections, particularly with Salmonella 
species. Recommended treatment is with oral or intravenous 
chloramphenicol 500 mg every 6 h for 14 days plus oral 
amoxicillin or ciprofloxacin 500 mg every 12 h for 10 days 
(adults). Treatment for children is with oral or intravenous 
chloramphenicol 50–75 mg/kg per day in four doses for 14 
days plus amoxicillin. Penicillin G, chloramphenicol, tetracy-
cline and erythromycin have also been used for treatment.

Verruga peruana

Verruga peruana (chronic Carrion’s disease) is an infection 
characterized by benign cutaneous vascular lesions accom-
panied by osteoarticular pain. Chloramphenicol is ineffective 
treatment for this eruptive stage of infection. Recommended 
treatment is with rifampicin 10 mg/kg per day orally (safe in 
children and pregnancy) for 14 days or streptomycin 15–20 
mg/kg per day intramuscularly for 10 days. There are failures 
with rifampicin and resistance has also been shown to develop 
when used alone. More recently, ciprofloxacin (500 mg orally 
every 12 h for 7–10 days) and azithromycin have been used 
with success.39
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 BARtonELLA hEnSELAE

B. henselae (formerly Rochalimaea henselae) is a small Gram-
negative rod, which causes several syndromes that sometimes 
overlap. B. henselae causes cat-scratch disease but, like B. quin-
tana (see below), also causes a wide range of clinical diseases 
including bacillary angiomatosis, peliosis hepatis, lymphaden-
itis, bacteremia and aseptic meningitis. Cats are the main res-
ervoir of B. henselae and the bacterium is transmitted to cats 
by the cat flea (Ctenocephalides felis). The immune status of the 
host determines the disease expression. Antibiotics have been 
shown to improve the disease occurring in the immunocom-
promised host.

Uncomplicated cat-scratch disease

The current recommendation for patients with mild-to- moderate 
disease is no antibiotic treatment (the risk of adverse drug reac-
tions and the generation of resistant flora outweigh the bene-
fits). Adenopathy which occurs in cat-scratch disease should be 
investigated to rule out other infections (fungal, mycobacterial 
or malignancy) by fine needle aspiration, which may also allevi-
ate symptoms. Patients should be reassured that the  adenopathy 
is benign and will heal in 2–4 months. Those with bulky ade-
nopathy may be treated with azithromycin (500 mg orally day 
1 and 250 mg days 2–5) or doxycycline (100 mg every 12 h) and 
rifampicin (300 mg every 12 h) and/or aspiration.

Complicated cat-scratch disease

The combination of doxycycline (100 mg every 12 h) with 
rifampicin 300 mg orally every 12 h has been successful 
for treating retinitis and is preferred if there is neurological 
involvement. The optimal duration has not been determined 
but a prolonged course of 4–6 weeks is recommended. There 
is also evidence that B. henselae infections and cat ownership 
are linked to some cases of HIV-associated dementia.40

Bacillary peliosis hepatis

This occurs in immunocompromised patients and is caused by 
B. henselae but not B. quintana. Peliosis hepatis is a vascular pro-
liferation of sinusoidal hepatic capillaries resulting in blood-filled 
spaces in the liver; it is associated with HIV infection. Treatment 
is recommended with erythromycin 500 mg every 6 h for 4 
months or doxycycline 100 mg every 12 h for 4 months.

 BARtonELLA qUintAnA

B. quintana (formerly Rochalimaea quintana) is transmitted by 
the human body louse and humans are the only known res-
ervoir. It causes trench fever, a disease extensively reported 
during the World Wars, prior to the antibiotic era. During this 
period there were no fatal cases and clinical manifestations 

lasted for 4–6 weeks before recovery. Nowadays it is recom-
mended that patients who have trench fever or chronic bac-
teremia with B. quintana should be treated with doxycycline 
200 mg/day orally for 4 weeks plus gentamicin 3 mg/kg intra-
venously for 2 weeks. Treatment of the chronic phase is neces-
sary for the prevention of endocarditis.

 BACILLARY ANGIOMATOSIS

Both B. henselae and B. quintana can cause bacillary angiom-
atosis in immunocompromised hosts such as patients with 
HIV infection. This is a vascular proliferative disease involving 
the skin and other organs. The drug of choice for treatment is 
erythromycin (500 mg orally every 6 h for 3 months, or intra-
venously if severe). Patients intolerant of erythromycin can 
receive doxycycline 100 mg every 12 h for 3 months.

LEPTOSPIROSIS

Leptospirosis is an emerging global health problem with a wide 
geographical distribution occurring in tropical, subtropical and 
temperate zones. Pathogenic leptospires belong to the  species 
Leptospira interrogans, with serovar canicola being the most fre-
quent	in	the	USA	and	Europe	and	serovar	icterohaemorrhagiae 
causing the severe form (Weil’s disease). Leptospirosis is pri-
marily a disease of wild and domestic animals which may 
asymptomatically pass large numbers of leptospires in their 
urine. Humans are infected mainly due to occupational or 
recreational contact with contaminated surface water, com-
monly during the summer. Rats are the most common source 
of human infection in developing countries, and dogs and live-
stock in industrialized countries. Leptospira may enter the body 
through cut or abraded skin, mucus membranes and conjunc-
tivae. The acute generalized illness may mimic other tropical 
diseases (e.g. dengue fever, malaria and typhus) and com-
mon symptoms include fever, chills, myalgia, nausea, diarrhea 
and conjunctivitis. Manifestations of severe disease include 
 jaundice, renal failure, hemorrhage and shock.41

PROPHYLAXIS OF LEPTOSPIROSIS

Chemoprophylaxis with doxycycline in soldiers visiting 
endemic areas was found to significantly reduce the number 
of cases of leptospirosis.42 In a randomized controlled trial, 
doxycycline prophylaxis did not reduce leptospiral rates but 
had a significant protective effect in reducing morbidity and 
mortality during outbreaks.43 Chemoprophylaxis with doxy-
cycline, either 200 mg weekly or a short course for 3 days, is 
recommended for outbreak control or travelers, although the 
data are limited. Penicillin G has been shown to be of little 
use. Empirical treatment with doxycycline has the additional 
benefit of covering other infections such as rickettsioses.
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TREATMENT OF LEPTOSPIROSIS

The recommended treatment of leptospirosis is benzylpen-
icillin (1.2–2.4 g intravenously every 6 h for 7 days), with 
alternatives being doxycycline 100 mg every 12 h for 7 days, 
ceftriaxone 1 g/day for 7 days or cefotaxime. The mortal-
ity rate, duration of fever and progression of dysfunction of 
vital organs were similar among doxycycline, cefotaxime and 
penicillin for patients with both suspected and confirmed lep-
tospirosis.44 Ceftriaxone has efficacy against severe leptospiro-
sis and is potentially preferable to penicillin (i.e. easier for 
healthcare personnel to administer, cost-effective and broader 
antimicrobial activity).45,46

LYME DISEASE

Lyme disease is a multisystem disorder caused by  spirochetes 
of Borrelia burgdorferi, which are transmitted by the bite of 
the tick species Ixodes scapularis and I. pacificus. Lyme dis-
ease is the most common tick-borne infection in North 
America and Europe.47 Clinical manifestations involve the 
skin, joints, nervous system and heart. Early Lyme disease is 
characterized by erythema migrans which appears 1–2 weeks 
after infection and may persist for 8 weeks.48 Approximately 
50% of patients with proven Lyme disease do not recall 
having erythema migrans. Once B. burgdorferi disseminates 
throughout the body, a variety of systemic symptoms can 
occur, including secondary skin lesions, fever, headache and 
myalgia. Late complications include arthritis, neurological 
abnormalities and myocardial conduction defects.

The diagnosis is based on tick exposure, clinical features 
and serological tests or culture/PCR from joint aspirates or 
biopsy of lesions. Serological tests support but are not essen-
tial for the diagnosis of erythema migrans. The CDC rec-
ommends screening with an enzyme-linked immunosorbent 
assay (sensitive but not specific) for confirmation, followed by 
a Western immunoblot test (more specific).49 After an infec-
tion, antibodies will persist for months or years, so serological 
testing does not reliably confirm past infection.

PROPHYLAXIS OF LYME BORRELIOSIS

The best method for preventing infection is to avoid exposure 
to vector ticks. Antimicrobial prophylaxis with doxycycline 
(200 mg single dose) and/or serological testing is recom-
mended for the following situations:

•	 An	attached	tick	is	reliably	identified	as	adult	or	nymph.
•	 The	patient	has	come	from	an	endemic	area.
•	 Prophylaxis	can	be	started	within	72	h	of	removal	of	the	

tick.
•	 The	local	infection	rate	with	B. burgdorferi is >20%.
•	 Doxycycline	treatment	is	not	contraindicated	(pregnancy	

and children <8 years).

TREATMENT OF LYME DISEASE

 EARLY DISEASE

erythema migrans

In the absence of neurological disease or atrioventricular 
block the recommended treatment is with doxycycline 100 mg  
every 12 h for 14–21 days, amoxicillin 500 mg every 8 h or 
cefuroxime 500 mg every 12 h for 14–21 days. Macrolides 
are less effective and only recommended to patients intoler-
ant of the first three antibiotics. Dosages include azithromycin  
500 mg/day for 7–10 days, clarithromycin 500 mg every 12 h 
for 14–21 days or erythromycin 500 mg every 6 h for 14–21 
days (weight-adjusted doses in children).

Lyme meningitis and other early 
neurological Lyme disease

Ceftriaxone 2 g/day for 14 days is recommended for adults, 
with weight-adjusted doses in children. In patients intolerant of 
β-lactams, doxycycline 200–400 mg/day in two divided doses 
for	10–28	days	may	be	adequate.	Alternatives	for	children	are	
penicillin G (200 000–400 000 IU/kg per day), ceftriaxone 
(50–75 mg/kg per day) or cefotaxime (150–200 mg/kg per day 
in 3–4 divided doses). Although antibiotics do not hasten the 
resolution of facial nerve palsy, they are recommended to pre-
vent	further	sequelae.	A	lumbar	puncture	is	recommended	for	
patients with a clinical suspicion of CNS involvement.

Lyme carditis

Patients may be treated with oral or parenteral antibiotics such 
as doxycycline or ceftriaxone, respectively, for 14 days. This 
should be done in hospital for patients with conduction block.

 LATE DISEASE

Lyme arthritis

Lyme arthritis can usually be treated successfully with oral 
antibiotics like doxycycline, amoxicillin and cefuroxime (as 
per recommended doses for erythema migrans) for 28 days 
if there is no neurological disease. For persistent arthritis or 
joint swelling, a further course of ceftriaxone 2 g intravenously 
for 2–4 weeks is recommended. If there is no  resolution and 
PCR is negative, then symptomatic treatment is advised (i.e. 
non-steroidal anti-inflammatory drugs or  steroid injections).

Late neurological disease

Treatment with ceftriaxone (2 g intravenously) for 2–4 weeks.

acrodermatitis chronica atrophicans

Treatment is as for erythema migrans.
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post Lyme disease syndromes

Most cases of Lyme disease are cured with antibiotics. There 
is a small sample of cases in which symptoms persist after 
treatment. These symptoms include muscle aches, joint pains, 
sleep disturbance and fatigue. The cause is unknown. There 
is no convincing evidence for the existence of symptomatic 
chronic B. burgdorferi infection among patients after a previ-
ously recommended course of treatment.50

RELAPSING FEVER

Relapsing fever, caused by spirochetes belonging to the genus 
Borrelia, was once the cause of worldwide epidemic disease. 
This infection was mainly due to infection with Borrelia recur-
rentis which is the louse-borne form of the disease. There has 
been a reduction in this infection through improved  living stan-
dards and the introduction of insecticides (reducing the louse 
vector).51 There is a tick-borne form of the disease which per-
sists in endemic foci around the world, particularly in African 
nations. In Africa relapsing fever results from four main agents: 
Borrelia crocidurae in the west, Borrelia hispanica in the north, 
Borrelia duttonii (tick borne) and Borrelia recurrentis (louse 
borne) persisting in the east. All four agents cause relapsing 
fever; however, there are subtle clinical differences between 
species with the mortality rates being higher in the species 
found in the east.

TREATMENT OF RELAPSING FEVER

The recommended treatment for patients with tick-borne 
relapsing fever is doxycycline 100 mg every 12 h for 7–10 days 
or tetracycline 500 mg every 6 h for 7–10 days. When tetra-
cyclines are contraindicated then a macrolide antibiotic may 
be given. Penicillins are effective when given intravenously.52 
Treatment with any effective antibiotic typically induces the 
Jarisch–Herxheimer reaction within 2 h of initiating therapy and 
coincides with the clearing of spirochetemia. It is not prevented 
by prior treatment with prednisolone, but may be diminished 
with meptazinol.53 Louse-borne relapsing fever responds to a 
single oral dose of tetracycline 500 mg, doxycycline 100 mg 
or erythromycin 500 mg.54,55 The fever lasts longer in patients 
treated	with	penicillin,	and	there	are	more	frequent	failures	and	
relapses.

RICkETTSIOSES

Rickettsioses are acute febrile, zoonotic diseases caused by 
rickettsiae, which are small, fastidious, obligate intracel-
lular coccobacilli that invade endothelial cells and induce 
the  formation of vasculitis.56 Various arthropods (lice, fleas, 
ticks and mites) act as vectors and some mammals consti-
tute the principal reservoirs. There are eighteen rickettsioses 

now  recognized. With the exception of Rickettsia prowazekii 
 (epidemic typhus), all are zoonoses, and with the exception of 
Coxiella burnetii (Q fever), all are unable to survive outside a 
mammalian host or vector.

The main types are described below:

•	 Murine typhus is caused by R. typhi, with rats and 
other rodents acting as reservoirs and Xenopsylla cheopis 
(oriental rat flea) as the principal vector. Most cases are 
mild and present with non-specific features including 
fever, constitutional symptoms and a maculopapular rash.

•	 Mediterranean spotted fever and its variants are 
caused by R. conorii and transmitted by dog ticks in 
urban and suburban areas. The disease is present in 
Europe, Africa and Asia. Clinical features include 
fever, constitutional symptoms and a generalized 
maculopapular rash; there may be an eschar from the 
tick bite. Most cases are mild and the overall fatality 
rate is 2%.

•	 African tick bite fever is a rickettsiosis commonly 
encountered in travel medicine. Caused by R. africae, it 
is endemic in some parts of rural sub-Saharan Africa and 
the eastern Caribbean. Cattle ticks of the Amblyomma 
genus act as both reservoirs and vectors. Clinically 
patients present with a headache, neck myalgia, eschars 
and lymphadenitis; 30% may have a vesicular rash and 
mouth blisters. Most cases are self-limited with patients 
infected during wild game safaris and bush walks. No 
fatalities have been reported.

•	 Scrub typhus is a common infectious disease of rural 
south and southeastern Asia and the western Pacific, 
where there are ~1 million cases/year. It tends to occur 
in personnel working on the land or rice fields and there 
have been a large number of reports in military personnel. 
The disease is caused by Orientia tsutsugamushi transmitted 
by the bites of mites (chiggers). Patients present with 
fever, lymphadenitis and an eschar (50%). Most cases are 
mild; however, if untreated, complications ensue. It has a 
fatality rate of 1–35%.

•	 Epidemic typhus caused by R. prowazekii is transmitted 
in louse-infected environments such as refugee camps and 
prisons.

•	 Rocky Mountain spotted fever is caused by R. rickettsii 
and is transmitted by Amblyomma and Dermacentor ticks. 
The disease is endemic in South East and Midwestern 
USA and South America, and affects mainly hikers who 
get exposed to tick-infested habitats.

Other rickettsioses include North Asia tick typhus (R. sibirica), 
Queensland tick typhus (R. australis) and R. aeschlimannii.

DIAGNOSIS

The main laboratory options available include culture, PCR 
and serological tests but patients tend to be diagnosed clini-
cally. In practice, serology is used the most but mainly to 
 provide a retrospective diagnosis.
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TREATMENT OF RICkETTSIOSES

As laboratory diagnosis is difficult patients are started on pre-
sumptive therapy whenever a case of rickettsiosis is suspected. 
The standard regimen consists of doxycycline 200 mg/day for 
3–14 days. Chloramphenicol and macrolides are good alter-
natives	to	doxycycline.	The	fluoroquinolones	tend	to	fail	clini-
cally despite exhibiting good in-vitro activity.

PREVENTION

The best preventive measure is to avoid typical risk settings 
when traveling in areas of endemicity; if this is not possible, 
then measures aimed at reducing the risk of arthropod bites 
should be taken (i.e. using repellents and self-checking meth-
ods). Weekly 200 mg doxycycline has been used to prevent 
scrub typhus in military personnel deployed in endemic areas 
and could be recommended to travelers.57 Currently there are 
no vaccines available.

Q FEVER

Q fever is a worldwide zoonosis caused by Coxiella burnetii, 
an obligate, intracellular, Gram-negative organism which is 
seen throughout the world.58 The organism can infect a vari-
ety of hosts including humans, ruminants, pets, birds, reptiles 
and ticks. It is known to be category B bioterrorism agent, as 
it can survive in the environment for weeks, it can be aero-
solized and is highly infectious.59 Human infection is usually 
acquired	by	 inhalation	of	small	numbers	of	airborne	organ-
isms when in proximity to infected domestic animals, hides, 
manure, dust, milk and, especially, placentas. Infection may 
also	be	acquired	via	ingestion	or	direct	skin	penetration.	It	has	
been shown that in endemic areas patients do not necessarily 
need to be directly exposed to ruminants to get an infection. 
The incidence of Q fever is higher in certain countries such as 
France (500 cases/million persons) and Australia (38 cases/
million persons), whereas in the USA the incidence is much 
lower (0.28 cases/million persons). There have been reports of 
Q	fever	infection	acquired	by	US	military	personnel	deployed	
overseas	in	Iraq	and	Afghanistan.	The	incubation	period	for	
Q fever is 2–6 weeks.60

 CLINICAL MANIFESTATIONS

Q fever has a variable presentation and infection can lead to 
asymptomatic seroconversion, acute disease or chronic disease. 
Various host factors – including male sex, immunosuppression 
and age – influence the extent of the clinical disease:
•	 Acute disease: 50–60% of patients are asymptomatic. Early 

disease leads to a flu-like illness, with a significant number 
of patients having pneumonia or hepatitis.

•	 Chronic disease: Patients with certain conditions (pregnancy, 
immunosuppression, heart valve lesions) are more susceptible 
to developing chronic disease, of which endocarditis is the 
most common form and carries a high mortality rate. Rare 
manifestations include osteomyelitis, granulomatous hepatitis, 
chronic pulmonary infections and chronic fatigue syndrome.

 DIAGNOSIS

Diagnosis relies on serological testing with antibody detection 
by immunofluorescence and PCR (useful in early  disease). 
Isolation of the organism should only be done when the appro-
priate laboratory facilities are in place. Diagnosis relies on 
phase variation of C. burnetii with phase 1 antibodies  elevated 
in chronic disease and phase 2 in acute.

 TREATMENT OF Q FEVER

•	 Acute disease: Doxycycline 100 mg every 12 h for 14 days 
is recommended unless the patient is pregnant, younger 
than 8 years or allergic (an alternative is co-trimoxazole). 
The utility of the macrolides is unclear and the 
fluoroquinolones	may	be	useful	in	the	treatment	of	CNS	
disease (although there is a lack of supporting data).

•	 Chronic disease: In-vitro studies have shown that a 
combination regimen of doxycycline (100 mg every 
12	h)	and	hydroxychloroquine	(200	mg	every	8	h)	for	
18 months should be considered for the treatment 
of Q fever endocarditis. Surgery is an important 
component of treatment. Alternative regimens used 
include	fluoroquinolones	or	rifampicin	instead	of	
hydroxychloroquine.	Osteoarticular	Q	fever	is	rare	and	
should be treated for a prolonged time period.

•	 Vaccine: In Australia there is a licensed whole cell vaccine 
which might be beneficial in people such as veterinarians, 
abattoir workers and laboratory personnel (efficacy >95%).

EHRLICHIOSIS

‘Ehrlichiosis’ is a generic name for infections caused by obligate 
intracellular bacteria in the family Anaplasmataceae, chiefly 
Ehrlichia and Anaplasma.61 Human infections are caused by 
at least three distinct species discovered during the period 
1980–1990: Ehrlichia chaffeensis (human monocytic ehrlichio-
sis, HME), the canine pathogen Ehrlichia ewingii (similar to 
E. chaffeensis but propagates in neutrophils) and Anaplasma 
phagocytophilum (human granulocytic anaplasmosis, HGA).

Most infections are transmitted in May to August by a tick 
bite. Patients present with fever, headache,  myalgia, leukopenia 
and/or thrombocytopenia and increased  transaminase levels. 
Rashes are more common in HME and CNS infections in HGA. 
Fatalities are more common in the immunosuppressed.
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DIAGNOSIS

An empirical diagnosis must be made early as the disease can 
be rapidly progressive and fatal. Diagnosis is confirmed by 
peripheral blood smears (more useful for HGA), molecular 
diagnosis by PCR, in-vitro cultivation (possible for E. chaffeen-
sis or A. phagocytophilum) and serology by a four-fold rise or fall 
in antibody titer (however, there are high false-positive rates).

TREATMENT OF EHRLICHIOSIS

Although there have been no clinical trials conducted, empirical 
data support the use of tetracyclines to treat all forms of ehrlichio-
sis (doxycycline for 5–14 days) which should be initiated promptly. 
An alternative is rifampicin, which has shown some clinical 
 success. There are few data to support the β-lactams, macrolides, 
quinolones	and	aminoglycosides.	In	the	case	of	young	children	
(<8 years) it is recommended that they start with doxycycline for 
3 days and then continue with amoxicillin for 14 days.

VIRAL ZOONOSES

No specific treatment is established for most viral zoonoses. 
The exceptions are hantavirus (hemorrhagic fever with renal 
syndrome, hantavirus pulmonary syndrome) and Lassa fever.

LASSA FEVER

Lassa fever is a viral hemorrhagic fever transmitted by mul-
timammate rats (Mastomys natalensis) and is found predomi-
nantly in West Africa.62

 CLINICAL MANAGEMENT

All suspected cases should be admitted to isolation facilities. 
Ribavirin (tribavirin) and general support are need. Ribavirin 
is a guanosine analog which has broad-spectrum antiviral 
activity and should be given within 6 days of the start of the 
illness. Ribavirin should be given intravenously in a load-
ing dose of 30 mg/kg, followed by 15 mg/kg every 6 h for 4 
days, then 7.5 mg/kg every 8 h for 6 days. The only important 
adverse effect of ribavirin in humans is mild, usually revers-
ible, anemia. It is contraindicated in pregnant women.

 PROPHYLAXIS OF LASSA FEVER

For needlestick or other high-risk contact, oral ribavirin 5 mg/kg  
every 8 h for 2–3 weeks would be a logical step, although it is 
of unproven efficacy.

Ribavirin is also useful in other hemorrhagic fevers such 
as Argentine hemorrhagic fever and also in hantavirus infec-
tions.63,64 However, the use of ribavirin for hantavirus pulmo-
nary syndrome has so far not demonstrated an appreciable 
drug	effect.	There	is	a	requirement	for	further	trials	to	assess	
the efficacy and safety of this drug.65
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Malaria is the most important parasitic disease of humans. It is estimated to affect 

approximately 200 million people. The annual death toll from Plasmodium fal-

ciparum infections is approximately one million. Pregnant women, infants and 

those over 60 years old are at greatest risk. Most of the deaths are in African chil-

dren, and most occur away from facilities where optimum antimalarial treatment 

can be given. Unlike many other infections, the mortality rate rose in recent 

decades and this was attributed directly to increasing antimalarial drug resis-

tance.1 Fortunately there has been a huge international investment in malaria 

control and this trend has now reversed as effective drugs have been rolled out. 

Much antimalarial treatment is still administered for the empirical self-treatment 

of febrile illnesses in the tropics. The amounts of the drugs used are enormous, 

and ineffective self-treatment is widespread. As malaria is one of the most com-

mon causes of fever in tropical countries it must be excluded in any febrile patient 

living in, or returning from, the tropics. Ideally, antimalarial drugs should be given 

only for the treatment of microscopically confirmed malaria infections or for the 

prevention of malaria in pregnant women or travelers. The rapid development of 

resistance to most of the available antimalarial drugs by the potentially lethal par-

asite P. falciparum has compromised considerably recommendations for both 

prevention and treatment.2 The most important recent development in anti-

malarial chemotherapy has been the introduction of the artemisinin derivatives. 

There has been a global switch from ineffective monotherapies to artemisinin-

based combination therapies (ACTs) for the treatment of uncomplicated falci-

parum malaria, and artesunate is replacing quinine for the treatment of severe 

malaria. It is now accepted that, in order to delay the emergence of resistance, 

just as in the treatment of tuberculosis, leprosy and HIV/AIDS, combinations of 

drugs with different modes of action should be used. Where possible, fixed-dose 

artemisinin derivative combinations (FDCs) are replacing the separate medi-

cines.3 As resistance has now been reported to all available antimalarial drugs, 

treatment recommendations must be under constant review.

ANTIMALARIAL DRUG RESISTANCE 
AND THE CHOICE OF DRUGS

Although it had been suspected for three centuries, the first 
cases of quinine resistance were documented only 90 years 
ago. Fortunately, quinine resistance progressed very slowly 
and quinine still remains useful today.

Within a few years of the introduction of the dihydrofolate 
reductase inhibitors pyrimethamine and proguanil as antima-
larial treatments in the late 1940s and early 1950s, high-level 

resistance was noted in both P. falciparum and Plasmodium 
vivax.4 Resistance could also be selected readily in the labo-
ratory. Nevertheless, these drugs remained useful in prophy-
laxis, but for treatment, use of proguanil was discontinued, and 
pyrimethamine was later prescribed in a fixed  combination with 
long-acting sulfonamides – most commonly sulfadoxine (SP).

Chloroquine took over rapidly as the treatment of choice for 
all malaria, and was also used widely in prophylaxis. Chloroquine 
resistance in P. falciparum was first recorded in the late 1950s, 
and by the early 1970s had become a significant problem in 
South America and South East Asia. During the 1980s, chlo-
roquine resistance spread remorselessly across southern Asia 
and in the 1990s marched across the entire length and breadth 
of the African continent. Few tropical countries are now unaf-
fected, and chloroquine is no longer recommended for falci-
parum malaria. High-level chloroquine resistance in P. vivax was 
reported first on the island of New Guinea, and more recently in 
other parts of Oceania, Asia and South and Central America.4,5

Amodiaquine shares cross-resistance patterns with chlo-
roquine, but is significantly more effective than chloroquine 
against resistant parasites and has replaced chloroquine in 
some areas. It is combined with artesunate and is now avail-
able as an FDC ACT.

Resistance to combinations of pyrimethamine and long-
 acting sulfonamides (SP) developed rapidly after their intro-
duction for routine treatment in South East Asia and South 
America, and has spread across Africa, where they replaced 
chloroquine as first-line treatment. The SP combination is now 
used only in combination with artesunate5 but it is still used 
alone in intermittent preventive treatment (IPT). The combi-
nation of chlorproguanil (or proguanil) and dapsone is more 
effective than SP against antifol-resistant parasites and provides 
less selection pressure to the emergence of resistance.6 However, 
development of a fixed-dose formulation has stopped recently 
because of the risks of anemia related to dapsone hemolysis.

Mefloquine is generally effective against multiresistant strains 
of P. falciparum. Resistance emerged in South East Asia  during 
the 1990s, where mefloquine was used but the artesunate–
mefloquine ACT remains highly effective almost everywhere.7,8
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Although halofantrine is intrinsically more active than  
mefloquine, susceptibility to the two drugs is linked, and seri-
ous  concerns over cardiotoxicity and its high cost have limited 
its use.9 Fortunately, resistance to quinine has remained low 
grade in South America and South East Asia (although sus-
ceptibility has declined slowly) and has not been a problem in 
Africa. However, because of consistent minor adverse effects, 
adherence is very poor with the 7-day courses of quinine neces-
sary for cure, and treatment failure rates up to 50% have been 
reported. Quinine is usually combined with either tetracy-
cline (or doxycycline) or in some areas clindamycin to prevent 
recrudescences of falciparum malaria. Even in areas with a high 
prevalence of resistance, the  quinine–tetracycline combination, 
given for 7 days, still retains cure rates of >85%.10

Atovaquone–proguanil has been introduced recently. It is 
highly effective against all malaria parasites and is used mainly 
as chemoprophylaxis. High-level resistance to atovaquone was 
reported in early clinical trials and remains a concern if this 
drug is deployed widely. However, the very high costs of man-
ufacture and consequent high price have limited its use.

The artemisinin compounds are antimalarial peroxides derived 
from qinghao or Artemisia annua (sweet wormwood). Discovered 
in China, they are the most rapidly effective and have the broadest 
stage-specificity of action of all antimalarial drugs.11 They are well 
tolerated, retain excellent efficacy against multiresistant parasites 
and are rapidly effective in severe malaria. As they also prevent 
gametocyte development, and therefore reduce transmission, this 
can decrease the incidence of malaria in low transmission set-
tings. Resistance has been reported recently but is confined to 
Western Cambodia.12,13 In uncomplicated malaria these drugs 
are used in combination with other antimalarial drugs (ACTs). 
Combined with existing drugs they accelerate the initial thera-
peutic response, improve efficacy, reduce gametocyte carriage 
and, in the case of mefloquine, improve tolerance. Artesunate–
mefloquine has proved highly effective in South East Asia, despite 
pre-existing mefloquine resistance.8 The fixed  combination of 
artemether and lumefantrine is a highly effective and well-tol-
erated alternative to artesunate–mefloquine. It is now the most 
widely used ACT in the world. Dihydroartemisinin–piperaquine 
is another fixed combination from China with  excellent activity 
against multidrug-resistant parasites.14

RESISTANCE

Resistance to antimalarial drugs arises through the selection of 
rare naturally arising mutants with reduced drug susceptibil-
ity. Unlike some bacteria, plasmodia do not have transferable 
resistance mechanisms, but they are eukaryotes, and they can 
acquire or lose polygenic resistance mechanisms during meio-
sis. Resistance arises readily to drugs such as the antifols or 
atovaquone because single-point mutations confer resistance 
(as opposed to a requirement for several unlinked mutations, 
i.e. epistasis) and per-parasite mutation frequencies for viable 
mutations are relatively high (>1 in 1013 mitotic divisions).15 
Pyrimethamine and the active metabolites of the antimalarial 
biguanides (cycloguanil from proguanil, and chlorcycloguanil 

from chlorproguanil) interfere with folic acid synthesis in the 
parasite by inhibiting the bifunctional enzyme dihydrofolate 
reductase-thymidylate synthase (DHFR). Sulfonamides act at 
the previous step in the synthetic pathway by inhibiting dihy-
dropteroate synthase (DHPS), and there is marked synergy 
between the two classes of compounds (see Ch. 2). Resistance 
in P. falciparum and P. vivax is associated with point mutations in 
the DHFR gene that lead to reduced affinity (100–1000 times 
less) of the enzyme complex for the drug. For P. falciparum the 
first mutation is usually at position 108 of PfDHFR (serine to 
asparagine). For P. falciparum this has little clinical effect ini-
tially, but mutations then arise at positions 51 and 59, which 
confer increasing resistance to pyrimethamine.16 Infections 
with ‘triple’ mutants are relatively resistant but some therapeu-
tic response is usually seen, particularly if there is background 
immunity. The acquisition of a fourth mutation at position 164 
(isoleucine to leucine) renders the available antifolate anti-
malarials completely ineffective. This mutation is prevalent in 
parts of South East Asia and South America, and has recently 
emerged in East Africa.17 Mutations conferring moderate lev-
els of pyrimethamine resistance do not necessarily confer 
cycloguanil resistance, and vice versa. For example, mutations 
at position 16 (alanine to valine) plus serine to threonine at 
position 108 confer high-level resistance to cycloguanil but not 
pyrimethamine. In general, the biguanides (cycloguanil, chlo-
rcycloguanil) are more active than pyrimethamine against the 
resistant mutants (and they are more effective clinically too), 
but they are ineffective against parasites with the DHFR 164 
mutation. P. vivax shares similar antifol resistance mechanisms 
through serial acquisition of mutations in PvDHFR.

The marked synergy with sulfonamides and sulfones is very 
important for the antimalarial activity of sulfa–pyrimethamine 
or sulfone–biguanide combinations. Sulfonamide and sulfone 
resistance also develops by progressive acquisition of muta-
tions in the gene encoding the target enzyme DHPS (which 
is a bifunctional protein with the enzyme dihydropteridine 
pyrophosphokinase). Specifically altered amino acid residues 
have been found at positions 436, 437, 540, 581 and 613 in 
the DHPS domain. The 581 and 631 mutations do not occur 
in isolation, but always on top of an initial mutation (usually 
alanine to glycine at 437).18

The mode of action and mechanisms of resistance of the 
quinoline antimalarials remains controversial. These drugs 
are weak bases, and they concentrate in the acid food vacuole 
of the parasite, but this in itself does not explain their anti-
malarial activity. Chloroquine binds to ferriprotoporphyrin 
IX, a product of hemoglobin degradation, and thereby chem-
ically inhibits heme dimerization (see Ch. 2). Chloroquine 
also inhibits competitively glutathione-mediated heme 
 degradation, another parasite detoxification pathway. 
Chloroquine resistance is associated with reduced concen-
trations of drug in the acid food vacuole. Both reduced influx 
and increased efflux have been implicated. Resistant para-
sites pump chloroquine out 40–50 times faster than drug-
sensitive parasites. This efflux mechanism is similar to that 
found in  multidrug-resistant (MDR) mammalian tumor cells. 
One of the efflux mechanisms is through an ATP-requiring 



transmembrane pump, P-glycoprotein. These MDR genes 
(pfmdr1) are found in increased numbers in most quinine 
and mefloquine-resistant P. falciparum parasites, and point 
mutations (notably asparagine to tyrosine at position 86) 
are associated with chloroquine resistance. However, the key 
first step in aminoquinoline resistance is the development of 
point mutations in PfCRT (a food vacuolar membrane pro-
tein with a probable transporter function).19,20 The princi-
pal correlate of chloroquine resistance is a point mutation, 
resulting in a change in coding from lysine to threonine, at 
position 76 of PfCRT. From an epidemiological standpoint 
multiple unlinked mutations are probably required for the 
development of high-level chloroquine resistance, and it is 
likely that other contributors to quinoline resistance remain 
to be discovered. The role of these  mechanisms in resistance 
to the other aryl aminoalcohol antimalarials (amodiaquine, 
halofantrine, lumefantrine,  piperaquine and pyronaridine) 
also remains to be elucidated.

The chloroquine efflux mechanism in resistant parasites can 
often be inhibited by a number of structurally unrelated drugs 
such as calcium-channel blockers, tricyclic antidepressants, 
phenothiazines, cyproheptadine and antihistamines, whereas 
mefloquine resistance is reversed by penfluridol, which does not 
reduce chloroquine efflux. Clinical trials of reversers have yielded 
conflicting results. Whether general use of resistance revers-
ers will be a safe and feasible therapeutic option remains to be 
seen. In general, antimalarial drug resistance to mefloquine, qui-
nine, lumefantrine and halofantrine is linked but, as suggested 
by their different susceptibility to reversing agents, chloroquine 
resistance and mefloquine resistance are not linked closely. 
Indeed, within a particular geographical area there is a reciprocal 
relationship; mefloquine resistance is correlated inversely with 
chloroquine resistance. Part of this is explained by the greater 
propensity of wild type compared with mutant pfmdr1 to amplify 
this gene (which reduces mefloquine susceptibility).21

Atovaquone interferes with parasite mitochondrial electron 
transport and depolarization within the parasite mitochon-
dria, thereby blocking cellular respiration. High levels of resis-
tance result from single point mutations in the gene encoding 
cytochrome b. This gene is encoded on a small extrachromo-
somal plastid-like DNA-containing organelle that may have an 
intrinsically high mutation rate. Viable resistance mutations 
arise frequently in vivo (about 1 in 1012 asexual divisions).

The artemisinin drugs are thought to kill malaria para-
sites by generating carbon-centered free radicals, which alky-
late critical proteins. Parasiticidal activity is dependent on the 
integrity of the peroxide bridge. Although in general multire-
sistant parasites are more artemisinin resistant, the degree of 
resistance is slight and very unlikely to be of clinical relevance. 
Reduced susceptibility to artemisinins can be induced experi-
mentally, and resistance manifest in vivo by slow parasite clear-
ance has been reported recently from Western Cambodia.13

Several factors encourage the development of antimalarial 
drug resistance:

•	 The	intrinsic	frequency	with	which	the	genetic	changes	occur.
•	 The	degree	of	resistance	conferred	by	the	genetic	change	

(pharmacodynamics).

•	 The	proportion	of	all	transmissible	infections	that	are	
exposed to the drug.

•	 The	drug	concentration	profile	(pharmacokinetics).
•	 The	pattern	of	drug	use.
•	 The	immunity	profile	of	the	community.15

Resistant parasites will be selected when parasites are exposed 
to subtherapeutic drug concentrations. Thus non-immune 
patients infected with large numbers of parasites who receive 
inadequate treatment (because of poor drug quality, reduced 
adherence, vomiting of an oral treatment, etc.) are a potent 
source of resistance. This emphasizes the importance of cor-
rect prescribing and good adherence to prescribed drug reg-
imens in slowing the emergence of resistance. Resistance 
develops more slowly in high-transmission areas because 
the patients’ background immunity may eliminate the resis-
tant mutants and stop them being transmitted. The spread 
of resistant mutant parasites is facilitated by the use of drugs 
with long elimination phases, which provide a ‘selective filter’, 
allowing infection by the resistant parasites while the residual 
antimalarial activity prevents infection by sensitive parasites. 
Slowly eliminated drugs such as mefloquine (terminal half-life 
3 weeks) or chloroquine (terminal half-life 2 months)  persist 
in blood for months after drug administration and  provide 
such a selective filter.

PREVENTION OF RESISTANCE USING 
COMBINATIONS OF ANTIMALARIAL 
DRUGS

The emergence of resistance can be prevented by the use of 
combinations of drugs with different mechanisms of action, 
and therefore different drug targets and unlinked resistance 
mechanisms.15,22 The same rationale underlies the current 
treatment of tuberculosis, leprosy, HIV infections and many 
cancers. If two drugs with different mechanisms of action are 
used, then the per-parasite probability of developing resistance 
to both drugs is the product of their individual per- parasite 
probabilities. For example, if the per-parasite probability of 
developing resistance to drug A and drug B are both 1 in 1012, 
then a simultaneously resistant mutant will arise spontane-
ously every 1 in 1024 parasites. As there are approximately 
1017 malaria parasites in the entire world, and a cumulative 
total of less than 1020 in 1 year, such a simultaneously resis-
tant parasite would arise spontaneously roughly once every 
10 000 years – if the drugs always confronted the parasites in 
 combination. Thus the lower the de-novo per-parasite prob-
ability of developing resistance, the greater the delay in the 
emergence of resistance. This powerful approach has several 
limitations. If not everyone receives the combination, and 
some patients receive only one of the components, or there is 
already high-level resistance to one of the components, then 
resistance can arise (emphasizing the importance of achieving 
high coverage when these drugs are deployed). Combinations 
are also more expensive. However, the increased cost is out-
weighed by the longer-term benefits.

 RESiSTANCE  811
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CLINICAL ASSESSMENT OF RESISTANCE

Low-grade resistance (late parasitological failure; R1 resis-
tance) is usually manifest by recrudescences, which tend to 
occur several weeks after primary treatment. Most recrudes-
cences of malaria occur within 6 weeks of initial treatment. 
For  quinine and other rapidly eliminated drugs the median 
time to recrudescence as resistance begins is approximately 
3 weeks;  however, for drugs that have long terminal half-
lives, such as mefloquine, the recrudescences can occur up to 
10 weeks, and possibly longer, after the primary treatment. 
Although the treatment is unable to eradicate the parasites in 
such cases, the multiplication rate is suppressed while thera-
peutic blood concentrations are still present in the blood. The 
more susceptible the parasites, the lower the blood concen-
trations required to suppress parasite multiplication. As resis-
tance worsens, the median time to recrudescence becomes 
shorter and an increasing number of patients are seen in 
whom parasitemia fails to clear by 7 days following treatment 
(early treatment failure; R2 resistance). Eventually the situ-
ation deteriorates further and some patients do not respond 
at all to antimalarial treatment (R3 resistance). Obviously, 
alternative treatment should be employed before this stage. 
In the individual patient long parasite clearance times (>4 
days) are a common predictor of subsequent recrudescence.

UNCOMPLICATED MALARIA

MANAGEMENT

Infections with P. vivax, P. malariae or P. ovale are very rarely 
fatal, but P. falciparum malaria may progress rapidly to severe 
disease and death, particularly in the non-immune patient 
or young children in endemic areas. If the clinician is in any 
doubt about the severity of the infection, the patient should 
remain in hospital under observation. Otherwise, uncompli-
cated malaria can be treated on an outpatient basis. If there is 
any uncertainty over speciation of the parasites they should be 
considered as P. falciparum, and if there is any doubt over drug 
susceptibility the infection should be considered as resistant.5 
A thorough history and examination should pay particular 
attention to the likely origin of the infection and any previ-
ous antimalarial treatment. Except in areas without  facilities 
for diagnosis, antimalarial treatment should be given only 
for slide- or dipstick-confirmed malaria. In general, admin-
istration of the first dose should be observed. Symptomatic 
measures are important. The incidence of vomiting, particu-
larly in children, is proportional to fever. Young children with 
high fevers should be cooled, given paracetamol (acetamino-
phen) (15 mg/kg), and allowed to settle before receiving the 
first oral dose of antimalarial treatment. The patient should 
be observed for 1 h after drug administration; if vomiting 
occurs within this period the drugs should be re-administered 
(see below). Ideally, patients should be seen daily for a clinical 

examination and a blood smear until they are asymptomatic 
and parasite negative. They should be advised to return to the 
same hospital or clinic if fever recurs within 6 weeks.

SPECIFIC ANTIMALARIAL TREATMENT

P. VIVAX, P. OVALE AND P. MALARIAE

P. vivax is the most common cause of malaria in the Indian 
subcontinent, Central America, North Africa and the Middle 
East. There is unequivocal evidence of chloroquine resistance 
in P. vivax from parts of Asia, the Americas and Oceania, but 
in most vivax-affected areas, infections with this parasite, and 
the other two that cause the benign human malarias, remain 
sensitive to chloroquine. Treatment is rapidly effective and 
usually well tolerated. The main adverse effect is troublesome 
pruritus in dark-skinned patients, which occurs in approxi-
mately 50% of cases. The quinoline antimalarials may all 
exacerbate the orthostatic hypotension that commonly compli-
cates malaria, and symptomatic postural hypotension is com-
mon.23 Rarely (less than 1 in 1000), chloroquine treatment is 
associated with transient neuropsychiatric abnormalities. All 
the currently available ACTs except artesunate–sulfadoxine–
pyrimethamine reliably and rapidly treat vivax malaria.

The total dose of chloroquine is 25 mg base/kg, divided clas-
sically as 10, 10 and 5 mg/kg given on days 0, 1 and 2, respec-
tively. This schedule may be compressed into a 36 h treatment 
regimen, giving 10, 5, 5 and 5 mg/kg at 12-hour intervals24 
(Table 62.1). Both P. vivax and P. ovale infections produce 
persistent dormant hepatic forms of the parasite (hypnozo-
ites), which are resistant to chloroquine. These become acti-
vated between 3 weeks and 1 year after the primary infection, 
and cause the relapses so characteristic of these infections. 
(A relapse is a recurrent infection caused by the development 
of persistent hypnozoites: the primary blood-stage infection 
has cleared. A recrudescence is a blood-stage infection that is 
not eradicated, but may decline below the level of microscopic 
detection, and then increases later causing patent parasitemia 
and clinical illness.) The hypnozoites are sensitive only to 
the 8-aminoquinoline antimalarials. The eradication of both 
the blood stage and the persistent liver stages of P. vivax and 
P. ovale malaria is called a ‘radical cure’. For this, primaquine 
has in the past been given in an adult daily dose of 15 mg 
base (0.25 mg/kg) for 14 days, with strains of P. vivax from 
Oceania and some parts of South East Asia being treated with 
a daily dose of 22.5–30 mg base (0.375–0.5 mg/kg) for 14 
days. Shorter courses are less effective. It is now recommended 
by the World Health Organization (WHO) that P. vivax every-
where should be treated with a higher dose: 0.5 mg base/kg for 
14 days.5 Primaquine has weak asexual-stage activity against 
P. vivax and this may mask low-level chloroquine resistance if 
the two drugs are given together. Thus chloroquine plus pri-
maquine constitutes a ‘combination treatment’. In patients 
with a ‘mild variant’ of glucose-6-phosphate dehydrogenase 



 SPECiFiC ANTiMAlARiAl TREATMENT  813

(G6PD)  deficiency a single weekly dose of primaquine (0.75 
mg/kg) can be given daily for 6 weeks.

Primaquine is an oxidant drug and causes hemolysis in 
patients with hereditary defects in the pentose–phosphate 
shunt, most commonly G6PD deficiency. In patients with 
severe variants of G6PD deficiency, primaquine is contrain-
dicated; however, for patients with mild variants, primaquine 
should be given in a weekly dose of 45 mg base (0.75 mg/kg) 
for 6 weeks. Despite its use for over 50 years, the safety pro-
file of primaquine needs further characterization. Primaquine 
should not be used in pregnancy or given to newborns. 
Pyrimethamine and the pyrimethamine–sulfonamide combi-
nations are relatively ineffective against P. vivax in many areas 

because of acquired resistance. All the other antimalarial drugs 
are active, and so for mixed infections requiring treatment for 
P. falciparum it is not necessary to add chloroquine. However, 
primaquine should be given as well to prevent relapses.

UNCOMPLICATED P. FALCIPARUM 
MALARIA

Antimalarial treatments are increasingly using  combinations 
of antimalarial drugs. Several of the ACTs (artesunate– 
mefloquine, artemether–lumefantrine, dihydroartemisi-
nin–piperaquine) can be relied upon everywhere in the 

 Uncomplicated malaria: dosea Usual adult dosea Severe malariab

Chloroquine 
 
 
 
 

10 mg base/kg followed by 10 mg/kg  
at 24 h and 5 mg/kg at 48 h or 5 mg/kg 
at 12, 24 and 36 h. Total dose 25 mg  
base/kg. For P. vivax or P. ovale add 
primaquine 0.5 mg base/kg daily for  
14 daysc for radical cure

4 × 150 mg tablets followed by 
 4 then 2 or 2, 2, 2 
 
 
 

No longer recommended 
 
 
 
 

Sulfadoxine–
pyrimethamine (SP)

25/1.25 mg/kg single oral dose 3 tablets Not recommended 

Mefloquine 
 
 

25 mg/kg: give 15 mg base/kg  
followed by 10 mg/kg dose 8–24 h later. 
Alternatively, give 8–8.3 mg/kg daily for 
3 days

3 × 250 mg tablets + 2 × 250 mg  
tablets 
 

  
 
 

Artesunate 
 
 
 

In combination with a slowly 
eliminated drug 4 mg/kg daily for  
3 days. d,e If used alone or with a 
tetracycline or clindamycin, 4 mg/kg 
followed by 2 mg/kg daily: total 7 days

4 × 50 mg daily for 3 days in  
combination 4 × 50 mg followed by  
2 × 50 mg daily for 6 days 
 

2.4 mg/kg i.v. or i.m. immediately then at 
12, 24 h and then dailyb 
 
 

Artemether Same oral dose regimens as for  
artesunatee

5 × 40 mg daily for 3 days in  
combination

3.2 mg/kg i.m. immediately followed by  
1.6 mg/kg dailyb

Dihydroartemisinin Same oral dose regimens as for  
artesunatee

5 × 40 mg followed by 3 × 40 mg  
daily for 6 days

  

Dihydroartemisinin–
piperaquine

Adult dose: 120/720 mg daily for  
3 days

3 tablets once daily for 3 days   

Artemether– 
lumefantrine

Adult dose: 80/480 mg every 12 h  
for 3 days with food or milk

4 tablets every 12 h for 3 days   

Quinine 
 
 
 

10 mg salt/kg every 8 h for 7 days. 
Often combined with tetracyclinef  
(4 mg/kg) every 6 h, doxycycline  
(3.5 mg/kg) daily or clindamycin  
(10 mg/kg) every 12 h, all for 7 days

2 × 300 mg every 8 h 
 
 
 

20 mg salt/kg by intravenous infusion over 
4 hg followed by 10 mg/kg infused over  
2–8 h every 8 hb 
 

Quinidine 
 

Recommended only if alternatives  
unavailable. Dose as for quinine 

  
 

10 mg base/kg infused at constant rate over 
1 h followed by 0.02 mg/kg per minute, with 
electrocardiographic monitoringb

Atovaquone– 
proguanil

1000/400 mg once daily for 3 days with 
food or milk

4 tablets every 6 h for 3 days   

table 62.1 Antimalarial drugs: recommended doses for treatment

aConfusingly, many antimalarials are provided in different salts, so treatment recommendations are given in weights of base equivalent. It is important that these are not confused. 
bOral treatment should be substituted as soon as the patient can take tablets by mouth.
cIf possible, check for glucose-6-phosphate (G6PD) deficiency. In patients with mild G6PD deficiency, give 0.75 mg/kg once weekly for 6 weeks. Do not use in pregnant women, 
newborns or in severe G6PD deficiency. 
dFor hyperparasitemic patients (>4% parasitemia in a non-immune) give artesunate for 5 days; 4 mg/kg daily for two additional days. 
eACTs currently recommended by WHO are artesunate–mefloquine, artesunate–amodiaquine, artesunate–SP, artemether–lumefantrine and dihydroartemisinin–piperaquine. 
fDoxycycline 3.5 mg/kg daily is an alternative to tetracycline. Tetracycline or doxycycline should not be given to pregnant women or children <8 years old.
gAlternatively for the initial loading dose, 7 mg salt/kg can be infused over 30 min followed by 10 mg salt/kg over 4 h.
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world. Resistance limits where artesunate–amodiaquine and  
artesunate–SP can be used. Atovaquone–proguanil is not 
deployed widely but is reliably effective for imported malaria. 
ACTs are now recommended first-line treatments in endemic 
areas everywhere. In a very few specific areas such as Central 
America where P. falciparum remains definitely sensitive, chlo-
roquine can still be used in a total treatment dose of 25 mg 
base/kg (adult dose 1500 mg). There is no significant differ-
ence between the phosphate, sulfate or hydrochloride salts. 
If there is any doubt about antimalarial sensitivity in the area 
where malaria was acquired, P. falciparum infections should be 
considered resistant.

UNCOMPLICATED CHLOROQUINE-
RESISTANT FALCIPARUM MALARIA

Amodiaquine is more effective than chloroquine against 
resistant strains of P. falciparum. It is also well tolerated. 
When used in prophylaxis, amodiaquine was associated with 
a 1 in 2000 incidence of agranulocytosis. The true incidence 
of this in therapeutic use is not known but is probably much 
lower, although the incidence is high in HIV-infected chil-
dren.25 Artesunate–amodiaquine is a treatment option where 
there is low-level aminoquinoline resistance. An  alternative 
is artesunate–SP containing a single dose of sulfadoxine–
pyrimethamine (20/1 mg/kg; corresponding to three tablets 
in an adult). This is a well-tolerated and effective treatment 
of sensitive strains. The principal adverse effects result from 
sulfonamide allergy. When used in prophylaxis the inci-
dence of serious adverse effects is approximately 1 in 7000; 
fatal adverse effects occur in 1 in 18000.26 In single-dose 
treatment the incidence of serious adverse effects appears 
to be significantly lower. Pyrimethamine-induced blood 
dyscrasias, usually seen in patients with underlying folate 
deficiency, are most unusual. Artesunate–SP is effective 
where there is either no antifol resistance or low-grade anti-
fol resistance. There are no significant interactions among 
these drugs.

MULTIDRUG-RESISTANT 
P. FALCIPARUM MALARIA

 ARTESUNATE–MEFLOQUINE

Mefloquine (hydrochloride) has the advantage of a long termi-
nal elimination half-life of 2–3 weeks and in the past has been 
given in a single dose of 15 mg base/kg (adult dose three tablets 
of 250 mg) to semi-immune patients. This is no longer recom-
mended.5 A higher dose of 25 mg base/kg (five tablets for an 
adult) is generally more effective and less likely to lead to resis-
tance. Peak whole blood concentrations above 1000 ng/mL are 
effective. Absorption is augmented, but adverse effects are not 
increased, if the treatment dose is split (i.e. a 25 mg base/kg dose 
is given as 15 mg/kg initially, followed by 10 mg/kg 8–24 h later, 

or as 8–8.3 mg/kg per day for 3 days). Combining mefloquine 
with artesunate (4 mg/kg per day for 3 days) improves efficacy 
and reduces immediate adverse effects. As with many antima-
larial drugs, children tolerate mefloquine better than adults.27 
The principal adverse effect of mefloquine is immediate vom-
iting. This is less likely if the dosage is split. Patients must be 
observed for 1 h after the drug has been given. If vomiting 
occurs within 30 min the full dose of artesunate–mefloquine 
should be repeated. For vomiting 30–60 min later, half the dose 
should be given. Vomiting after 1 h does not require retreat-
ment. Later adverse effects are all more common in adults and 
comprise nausea, dysphoria, dizziness or ‘muzziness’, poor 
concentration, sleeplessness, nightmares and postural hypoten-
sion. Mefloquine does not have significant cardiac effects. 
Adverse effects following mefloquine treatment are reported 
more frequently in women than in men. Serious, but reversible, 
neuropsychiatric reactions occur in approximately 1 in 1300 
Asians patients receiving high-dose  mefloquine treatment, but 
as many as 1 in 200 European and African patients. This rises 
to 1 in 20 if mefloquine is given following acute treatment of 
cerebral malaria, and it should not be used in this context.28

 ARTEMETHER–LUMEFANTRINE

The combination of artemether and lumefantrine is as 
 effective as artesunate–mefloquine and has some advantages 
and disadvantages:
1. It is better tolerated (indeed it does not appear to 

have any significant adverse effects) and, in  particular, 
produces less vomiting and has no central nervous 
toxicity.29

2. The lumefantrine component is more rapidly eliminated 
than mefloquine (half-life c. 4 days compared with 14 days 
for mefloquine in malaria), which would be expected to 
reduce the selection of resistant parasites. On the other 
hand, this suppresses reinfections or relapses (post-treat-
ment prophylaxis; PTP) for a shorter period.

3. Artemether–lumefantrine needs to be given twice daily 
for 3 days instead of once daily, and absorption of  
lumefantrine is very variable (like atovaquone and  
halofantrine, it is highly fat dependent3).

  DIHyDROARTEMISININ–
PIPERAQUINE

Dihydroartemisinin–piperaquine is another fixed-dose artem-
isinin combination from China. It has proved very well tolerated 
and highly effective against multiresistant falciparum malaria in 
adults and children across the world.14 Piperaquine is a bisqui-
noline compound with similar pharmacokinetic properties to 
chloroquine. It suppresses reinfection and relapse for longer 
than lumefantrine. Dihydroartemisinin–piperaquine is given 
once daily for 3 days.
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 ATOVAQUONE–PROGUANIL

Atovaquone–proguanil is very well tolerated and highly effec-
tive against all the human malaria parasites. Interestingly, the 
synergistic activity of proguanil with atovaquone is derived 
from the parent compound through an uncharacterized mech-
anism of action and not dihydrofolate reductase inhibition by 
the triazine metabolite cycloguanil. This is important because 
atovaquone–proguanil retains excellent activity against highly 
antifolate-resistant parasites, and also in East Asia where 20% 
of the population have a genetic polymorphism resulting in 
reduced CYP

450 2C19 activity – the enzyme responsible for 
conversion of proguanil to cycloguanil. As the main draw-
back to atovaquone–proguanil is its cost, this compound has 
been used very little in malaria endemic areas. It is given in a 
3-day course, and can be combined with artesunate to form 
an ACT. There is no pediatric formulation.

 HALOFANTRINE

Halofantrine is intrinsically more active than mefloquine and 
is better tolerated.27 It suffers the disadvantages of requiring 
multiple dose administration as it has very erratic oral bio-
availability. Halofantrine absorption is augmented consider-
ably by co-administration with fats or fatty food. The other 
adverse effect reported with high-dose treatment is diarrhea. 
Halofantrine does not have significant adverse central ner-
vous system effects. Use of halofantrine has been associated 
with sudden death. Halofantrine, like quinidine, induces 
a predictable prolongation of the electrocardiograph QT 
interval (delayed ventricular repolarization).9 This can be 
pro-arrhythmic. Atrioventricular conduction abnormalities 
(first- and, rarely, second-degree block) have also been seen. 
These cardiac effects are augmented by previous treatment 
with mefloquine. Halofantrine should not be given to patients 
who have received mefloquine in the previous month or to 
patients either with known prolongation of the QT interval 
or who are receiving other drugs known to prolong the QT 
interval. This potentially lethal toxicity has markedly limited 
its use – indeed, as effective alternatives are usually available, 
there seems no reason to use it.

 QUININE

Quinine sulfate, the time-honored remedy, at a dose of 10 mg 
salt/kg (adult dose 600 mg) every 8 h is effective in a 7-day 
course. Shorter courses (3–5 days) are much less effective. 
Quinine is usually combined with tetracycline, doxycycline 
or, particularly in children or pregnant women, with clin-
damycin in order to improve cure rates. Quinine is not well 
tolerated. The characteristic syndrome of ‘cinchonism’, com-
prising nausea, vomiting, dizziness, dysphoria and high-tone 

deafness, is a predictable accompaniment of quinine treat-
ment. In addition, the drug is extremely bitter and many chil-
dren find it unacceptable. However, serious adverse effects, 
principally blindness, deafness or cardiac dysrhythmias, are 
unusual. Hypoglycemia is more common in severe malaria, 
although it may also develop in uncomplicated malaria treated 
by quinine, particularly in young children or  pregnant women. 
Hypoglycemia results from stimulation of the  pancreatic 
β-cells and consequent hyperinsulinemia.

 ARTEMISININ DERIVATIVES

The artemisinin derivatives comprise the parent compound 
artemisinin, dihydroartemisinin (which is 5–10 times more 
potent) and the dihydroartemisinin derivatives artemether, 
artemotil (arteether) and artesunate. In vivo artesunate 
and artemether are converted back to dihydroartemisinin.  
The most widely used derivative is artesunate. These drugs 
are all well absorbed by mouth and rapidly eliminated (dihy-
droartemisinin half-life ~1 h). They are all very well tolerated 
with no consistent adverse effects.29 Serious allergic reactions 
(usually preceded by urticaria) have been reported in approx-
imately 1 in 3000 patients. The parasiticidal and clinical 
responses are more rapid than with other antimalarials. They 
also reduce gametocyte carriage and therefore the transmis-
sion potential of the infection.30 The artemisinin derivatives 
are usually combined with a more slowly eliminated drug in 
ACTs, in which case they are given over 3 days. In patients 
who have uncomplicated hyperparasitemia (i.e. a non-immune 
with more than 4% parasitemia but no vital organ dysfunc-
tion) the dose should be extended over 5 days (4 mg/kg per 
day for an additional 2 days after the 3-day ACT course is 
completed). When given with rapidly eliminated drugs (e.g. 
doxycycline or clindamycin) then artemisinin or its deriva-
tives should be given for 7 days in a dose of 4 mg/kg initially 
then 2 mg/kg per day.

Travelers returning to the countries with no available 
artemisinin derivatives who have multiresistant P. falciparum 
malaria should be treated with quinine plus tetracycline or 
doxycycline.

  MONITORING THE RESPONSE  
TO TREATMENT

If possible patients should be seen at least daily until para-
site and fever clearance, although this is not possible in most 
endemic areas. If there is clinical deterioration or repeated 
vomiting, then parenteral treatment should be substituted. 
If there is an early failure of treatment suggesting drug resis-
tance, then a different treatment must be substituted. If there 
is a return of parasitemia after 1 week, it may not be possible 
to distinguish recrudescence from reinfection in an endemic 
area (this requires a comparison of parasite genotypes).31  
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The choice of subsequent retreatment will then depend on 
the prevailing level of resistance. Most drugs can be repeated 
within 1 month, but for mefloquine this should be avoided as 
there is an increased risk of neuropsychiatric reactions with 
retreatment. Either a 7-day course of artesunate (or quinine) 
and doxycycline (clindamycin in children), or a 3-day, six-dose 
course of artemether–lumefantrine should be prescribed.

SEVERE P. FALCIPARUM MALARIA

 MANAGEMENT

Severe malaria is a multisystem disease requiring intensive 
care management. Unfortunately, optimum treatment is usu-
ally not available in most of the areas of the world where 
severe malaria occurs. Severe malaria has been defined as the 
presence of one or more of the following: unrousable coma 
(cerebral malaria), severe anemia (haematocrit <15% plus 
parasitemia >100,000/μL), renal failure (serum creatinine 
>265 μmol/L), pulmonary edema, hypoglycemia (glucose 
<2.2 mmol/L), shock, bleeding, repeated seizures, metabolic 
acidosis or haemoglobinuria. The clinician should not feel 
restricted by this definition:32 a simpler bedside assessment 
based on any impairment of consciousness or inability to sit 
unaided (prostration), acidotic breathing (respiratory dis-
tress), anuria, hypoglycemia, severe anemia, shock or a high 
parasitemia (>4% in a non-immune, >20% in any patient) 
identifies those patients in need of intensive care. Any patient 
in whom there is doubt as to the severity of the infection 
should be managed as described below.

A rapid clinical appraisal should be made. This includes 
assessment of the level of consciousness or central nervous 
system dysfunction, exclusion of covert seizure activity (clini-
cal evidence of seizures can be subtle), measurement of vital 
signs (particularly respiratory pattern and rate), question-
ing of the patient or relatives concerning earlier antimalarial 
treatment, duration of impaired consciousness, convulsions 
and urine output. A malaria parasite count (thick and thin 
blood films), blood glucose, plasma bicarbonate or blood lac-
tate, and hematocrit should be measured immediately. The 
patient should be rehydrated with saline and, if there is any 
doubt about the jugular venous pressure, a central venous 
line should be inserted and central pressure monitored. If 
hypoglycemia is suspected or confirmed, 0.3 g/kg (25 g) of 
glucose should be given by slow intravenous injection. The 
role of prophylactic intramuscular phenobarbital (pheno-
barbitone) in childhood cerebral malaria is now uncertain 
after a large study from Kenya showed significant protection 
against convulsions following 20 mg/kg of intramuscular phe-
nobarbital, but an increased mortality.33 This was associated 
with repeated diazepam administration (for uncontrolled sei-
zures) and was attributable to respiratory arrest. No respira-
tory support was available. Some authorities still give a lower 
dose (7 mg/kg) of phenobarbital. Patients with respiratory 
abnormalities should be ventilated early, with care to avoid 

even temporary  hypercapnia. Prompt anticonvulsant ther-
apy (intravenous lorazepam, midazolam or diazepam) should 
be given if there are seizures. A lumbar puncture should be 
performed to exclude coincident meningitis. Hemofiltration 
should be started early in patients with acute renal failure, and 
blood (preferably fresh) should be transfused if the hemat-
ocrit falls below 20%. Antimalarial drugs should be given on a  
milligram-per-kilogram basis (in adults and children). The 
patient should be weighed (or weight estimated) and paren-
teral treatment given intravenously if possible. Artesunate can 
be given by slow intravenous injection but quinine or quini-
dine must be given by slow, rate-controlled intravenous infu-
sion. Rises in parasitemia in the first 12 h after antimalarial 
treatment has started should not be attributed to drug resis-
tance, and rapid declines in parasitemia shortly after drug 
administration do not indicate a very sensitive infection. 
These changes result from natural fluctuations in parasitemia 
related to synchronous schizogony and sequestration, respec-
tively. If, by 48 h after starting treatment, parasitemia has 
not fallen by more than 75% (R3 resistance), then the treat-
ment should be changed; however, this high-level resistance 
is extremely unusual. Therapeutic responses are assessed in 
terms of clinical measures: times to recovery of consciousness, 
and in adults the times to reach Glasgow coma scores of 8, 11 
and 15; the time until fever falls below 37.5°C and remains 
below this for 24 h; and times to sit, eat and walk, together 
with laboratory measures, which include the rate of fall in 
plasma lactate or normalization of plasma bicarbonate, and 
the times to reduce parasitemia by 50%, 90% and 100%. If 
the parasitemia has not cleared by 7 days, treatment should be 
continued, provided of course the counts are not rising. Adult 
patients receiving quinine, artesunate or artemether should 
receive either a full 3-day course of an ACT (not with meflo-
quine if the patient had cerebral malaria) or a 7-day course of 
doxycycline, and children clindamycin, which starts when the 
patient can take oral medicine.

SPECIFIC ANTIMALARIAL THERAPy

Intravenous artesunate is now established as the treatment of 
choice for adults with severe malaria. In trials conducted in 
South East Asia, artesunate reduced the mortality of severe 
malaria by 35% compared with quinine (Fig. 62.1). As severe 
malaria has certain differences between adults and children 
in high transmission areas, there is still uncertainty whether 
artesunate, artemether or quinine is the preferred treatment 
in African children with severe malaria.

  ARTEMISININ, ARTEMETHER, 
ARTEETHER AND ARTESUNATE

Artemisinin and its derivatives have given consistently 
faster parasite and fever clearance times, and have proved 
 rapidly effective in severe malaria.11 Large randomized trials 
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 conducted over a decade ago compared artemether and qui-
nine in severe malaria.34 Intramuscular artemether was associ-
ated with 14% mortality versus 17% with quinine (odds ratio 
0.8, 95% confidence interval 0.62–1.02, p = 0.08). In adults, 
artemether was associated with a significantly lower mortal-
ity. Artemether was not associated with any serious adverse 
effects; notably there was no hypoglycemia and no neurologi-
cal abnormalities. However, as artemether and the similar 
compound artemotil (arteether) are oil-based intramuscu-
lar injections, and they are absorbed slowly and erratically in 
severely ill patients,35 the benefits obtained by greater intrin-
sic activity and broader stage specificity of action are offset 
 partially by their variable absorption.

Artesunate is a water-soluble compound which can be 
given intravenously and is absorbed rapidly after intramuscu-
lar injection.36 The evident pharmacokinetic advantages over 
artemether and arteether suggested that it would be the best 
drug for severe falciparum malaria. This has been confirmed 
in a series of preliminary trials which were followed by the 
largest ever randomized multicenter trial in severe malaria 
which enrolled 1461 patients and showed a 35% (95% CI 
19–48%) reduction in mortality with parenteral artesunate.37 
The number needed to treat to save one life ranged from 11 
to 20. Artesunate was also better tolerated and was associated 
with a lower risk of hypoglycemia.

artesunate

Artesunate is provided for parenteral use as freeze-dried 
powder, which is dispensed together with an ampoule of 5% 
sodium bicarbonate. The two are mixed immediately before 
injection. The resulting sodium artesunate is hydrolyzed rap-
idly in vivo to the biologically active metabolite dihydroar-
temisinin. Artesunate is usually diluted in 5–10 mL of 5% 

dextrose or normal (0.9%) saline before intravenous or intra-
muscular injection. The currently recommended dose is a 2.4 
mg/kg given either intravenously or by intramuscular injection 
at 0, 12, and 24 h, then once daily.

artemether and artemotil

These two compounds are very similar. They are dissolved in 
groundnut or sesame oil and given by intramuscular injection 
to the anterior thigh in an initial dose of 3.2 mg/kg (for arte-
motil some recommend an initial dose of 4.8 mg/kg), followed 
by daily injections of 1.6 mg/kg. Oral treatment is substituted 
as soon as possible.

rectal formulations

The artemisinin derivatives are absorbed adequately after 
rectal administration,38 offering the prospect of giving pre-
referral treatment in the rural tropics to patients who cannot 
swallow oral medications reliably or who have severe malaria 
away from health facilities near home where most fatalities 
occur. A recent large multicenter trial in Ghana, Tanzania and 
Bangladesh showed that pre-referral administration of a single 
10 mg/kg dose of a rectal artesunate formulation (Rectocap) 
reduced mortality from falciparum malaria in children under 
5 years by 25%.39

Use of artemisinin derivatives has not been associated with 
any reported toxicity in the treatment of severe malaria. They 
do not have cardiovascular or metabolic adverse effects, do 
not need dose adjustment in renal failure or liver dysfunc-
tion, and are equally well tolerated by adults and young chil-
dren. Blackwater (massive hemolysis) seems to occur with the 
same frequency as with quinine use. In animal models the oil-
soluble ethers, artemether and arteether, have both  produced 

Fig. 62.1 Forest plot of mortalities in randomized comparative trials which compared parenteral quinine and artesunate in severe 
falciparum malaria. The sizes of the boxes are proportional to the number of events in individual trials. The diamond is the summary stratified 
odds ratio and 95% confidence interval.
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selective toxicity to brainstem nuclei. Similar neurotoxic-
ity also followed administration of dihydroartemisinin, the 
common metabolite. The water-soluble artesunate and oral 
administration of any of the drugs is much less neurotoxic. 
There is no evidence that similar effects occur in humans. 
Temporary suppression of reticulocyte and neutrophil counts 
may occur following high doses but the clinical significance of 
these is uncertain.

 QUININE

Parenteral quinine should be given by slow, rate-controlled 
intravenous infusion. Where this is not possible, intramus-
cular administration to the anterior thigh is an effective alter-
native. In order to achieve therapeutic concentrations as 
early as possible in the course of treatment, which may be 
life-saving, an initial loading dose should be given. A variety 
of approaches have been described. The simplest is to give a 
loading dose of 20 mg quinine dihydrochloride salt/kg by con-
stant rate infusion over 4 h, dissolved in 5% or 10% dextrose, 
or normal (0.9%) saline.40 Alternatively, 7 mg salt/kg may 
be infused over 30 min, followed immediately by 10 mg/kg  
over 4 h.41 After the initial loading dose, maintenance doses 
of 10 mg salt/kg should be given every 8 h. Maintenance 
dose intravenous infusions can be given over 2–12 h. Quinine 
should never be given by intravenous injection. Intramuscular 
bioavailability is good even in severe malaria, although there is 
still uncertainty as to the optimum dilution. Quinine dihydro-
chloride should be diluted between 1:2 and 1:5 with sterile 
water for intramuscular injection and given into the anterior 
thigh. The initial loading dose should be divided (10 mg/kg to 
each thigh). Undiluted quinine dihydrochloride (300 mg/mL) 
is acidic (pH 2) and painful, and may occasionally result in 
sterile abscesses or tetanus. The therapeutic range for quinine 
has not been defined, but total plasma concentrations between 
8 and 15 mg/L are safe and effective. There is an increased 
potential risk of toxicity with free (unbound) quinine levels 
over 2 mg/L (corresponding to total plasma concentrations 
of approximately 20 mg/L). To prevent accumulation to toxic 
levels the dose of quinine should be reduced by one-third on 
the third day of treatment if there is no clinical improvement 
or the patient is in acute renal failure.

The principal adverse effect of quinine in the treatment of 
severe malaria is hypoglycemia.42 This is a particular problem 
in children and pregnant women (occurring in 50% of the lat-
ter group) and tends to occur after 24 h of treatment in those 
patients who remain severely ill. Management is difficult as 
hypoglycemia is often recurrent. A maintenance infusion of 
10% glucose should be given after correction with a bolus 
of 0.3 g/kg (25 g) of glucose given by slow intravenous injec-
tion. Cinchonism is common in recovering patients, but does 
not limit dosage. Adverse cardiovascular or central nervous 
system effects (particularly retinal blindness or deafness) are 
very unusual and, in general, parenteral quinine is well toler-

ated in the treatment of severe malaria. Electrocardiographic 
monitoring is not necessary except in patients with previous 
heart disease. In the tropics there have been concerns over 
the use of a loading dose in areas where patients are com-
monly pretreated before admission to hospital and therefore 
may already have therapeutic blood concentrations of quinine 
on admission, but these concerns have not been substantiated 
in large trials.43 Undertreatment is more dangerous than over-
treatment. Our practice is to give a loading dose of quinine 
unless the patient has definitely received 25 mg/kg of quinine 
or more in the preceding 48 h. We have not seen any serious 
complications using these guidelines.

 QUINIDINE

In some countries parenteral artemisinin derivatives or quinine 
are not available.44 In this case quinidine (the dextrorotatory 
diastereoisomer) may be used as an alternative. This is usually 
available as the gluconate salt. Quinidine is intrinsically more 
active than quinine as an antimalarial; however, as it also has 
an approximately four-fold greater effect on the heart, elec-
trocardiographic monitoring is necessary.45 The dose has been 
controversial (as there are few studies on which to base it). An 
infusion of 10 mg base/kg given by constant rate intravenous 
infusion over 1 h as a loading dose, followed by 0.02 mg/kg 
per min (1.2 mg/kg per hour) thereafter until the patient can 
be safely switched to oral treatment, will achieve therapeutic 
concentrations. If the QT interval is prolonged by more than 
25% of the baseline value, or exceeds an absolute value of 
0.6 s, the infusion should be stopped. Hypotension should be 
treated with intravenous saline. Quinidine has the same pro-
pensity as quinine to induce hypoglycemia. As with quinine, 
the therapeutic range has not been determined precisely, but 
total plasma concentrations of 5–8 mg/L should be achieved. 
Plasma concentration monitoring is advisable. If this is not 
available, then the dose of quinidine should be reduced by 
one-third on the third day of treatment if there is no clinical 
improvement, or the patient is in renal failure.

ANTIMALARIAL TREATMENT  
OF CHILDREN

Apart from early vomiting, children generally tolerate the 
antimalarial drugs better than adults. For oral treatment, 
 particularly in younger children, care should be taken to cool 
and calm the patient before oral treatment is given. If the tem-
perature is >38.5°C, tepid sponging, and oral or rectal paraceta-
mol (15 mg/kg) should be administered and the antimalarials 
given after the temperature has been lowered (usually 30–60 
min). Tablets should be crushed and mixed with water or a 
sweet drink or disguised in jam. The suspension may be drawn 
up into a syringe so that an accurate dose (on a milligram- 
per-kilogram basis) can be instilled into the mouth.
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The pharmacokinetic properties of some antimalarials  differ 
in children. The plasma concentrations of  sulfadoxine and 
pyrimethamine in young children are half those in adults, suggest-
ing that this important age group may have been  systematically 
underdosed.46 Piperaquine levels are also lower in the elimination 
phase. More data are needed for all antimalarials in infancy, and 
further dose optimization in  children is required. Nevertheless, 
current dose regimens on a milligram-per-kilogram basis are the 
same as in adults, except that  primaquine should not be given to 
neonates, tetracycline should not be given to children <8 years 
old, and (in resistant areas) the oral dose of quinine should be 
increased to 15 mg/kg every 8 h after the fourth day.

Children with severe malaria are more likely than adults 
to have convulsions, or become severely anemic or hypogly-
cemic. They are less likely to develop renal failure, pulmonary 
edema or jaundice. In general, children deteriorate more rap-
idly than adults, but they also recover more quickly.

ANTIMALARIAL TREATMENT  
IN PREGNANCy

Pregnant women should be treated in the same way as non-
pregnant adults, except that for symptomatic women there 
should be a much lower threshold for admission to hospi-
tal. Tetracyclines (or doxycycline), long-acting sulfonamides 
at term and primaquine should not be used. Mefloquine has 
been associated with an increased risk of stillbirth in one 
study, but not in others, and is still generally regarded as safe.47 
There are now enough reassuring safety data to recommend 
artemisinin derivatives for women in the second or third tri-
mesters of pregnancy.48 In the first trimesters oral artemisi-
nin derivatives for uncomplicated malaria should be avoided 
unless there is no effective alternative, as there are insufficient 
data to support their use. There are little or no data on the use 
of halofantrine, atovaquone–proguanil  or dihydroartemisi-
nin–piperaquine in pregnancy.

Chloroquine, pyrimethamine, proguanil and quinine are all 
considered safe, although quinine-stimulated hyperinsuline-
mia is more problematic in late pregnancy. For severe malaria 
artesunate and artemether are safer and easier to administer 
than quinine. The risks to the mother in severe malaria dic-
tate that they should be used at any stage of pregnancy if the 
mother is severely ill.

 BREASTFEEDING

Primaquine should be avoided, but the other drugs can be used 
as the doses received by the suckling infant are very small.

MALARIA PROPHyLAXIS

It is difficult to make generalized recommendations for 
 antimalarial prophylaxis as the risks of acquiring malaria and 
antimalarial drug sensitivity vary considerably over short geo-

graphical distances. Antimalarial prophylaxis is indicated in 
two circumstances:

•	 In	non-immune	travelers	visiting	areas	where	they	may	
acquire malaria

•	 In	pregnant	women	who	live	in	endemic	areas.
Antimalarial prophylaxis is not generally recommended oth-
erwise for the indigenous population in malaria-endemic 
areas, although there is increasing support for intermittent 
preventive treatment (intermittent treatment doses given to 
healthy people) in pregnant women, infants and school chil-
dren. In practice in endemic areas for prophylaxis in preg-
nancy the only options are chloroquine for vivax malaria 
prevention or intermittent sulfadoxine–pyrimethamine 
(given twice during pregnancy) for falciparum malaria pre-
vention. In areas in which multiresistance is prevalent there 
are no safe effective prophylactics or preventive treatments 
for  pregnant women.

Drugs are only one component of personal protection 
against malaria (Table 62.2). The risks of acquiring malaria 
can be reduced considerably by avoiding contact with malaria 
vectors, by use of appropriate protective clothing, window net-
ting, insect repellents, and sleeping under insecticide-impreg-
nated bed nets. The key elements of malaria prevention are 
based on the well-established A, B, C, D system: awareness of 
the risk (this is particularly important for those visiting friends 
and relatives, who often assume incorrectly that their tropi-
cal origins protect them from malaria); mosquito-bite preven-
tion; effective antimalarial chemoprophylaxis; and diagnosis 
and treatment without delay if malaria is suspected. Travelers 
should seek medical advice urgently if they develop a febrile 
illness. Standby treatment sufficient for one complete anti-
malarial course may be given to those who will be unable to 
reach medical services for extended periods. As the geograph-
ical distribution of drug resistance changes rapidly, the fol-
lowing  general recommendations should be under constant 
scrutiny.

In those few areas where P. falciparum malaria remains 
chloroquine sensitive (such as Central America north of the 
Panama Canal), chloroquine alone can be given. In areas 
where antifol sensitivity is retained and/or P. vivax is preva-
lent, the combination of chloroquine (5 mg base/kg weekly) 
and proguanil (3 mg/kg per day) is still effective in some areas 
(e.g. parts of India and central Asia). Chloroquine is generally 
well tolerated, although pruritus is common in dark-skinned 
patients, and it may cause occasional skin eruptions or worsen-
ing of psoriasis. As chloroquine accumulates in the body and 
may cause retinal damage, ophthalmological examinations 
are advisable for people who take continuous chloroquine for 
5 years or more (total dose >100 g). Retinal toxicity is more 
common when chloroquine is taken daily for rheumatic dis-
eases, and is probably very unusual with antimalarial pro-
phylaxis. Proguanil is given in a daily dose of 3 mg/kg (adult  
200 mg). It is very safe and well tolerated. The main adverse 
effects are mouth ulcers and, less commonly, alopecia. In renal 
failure proguanil and its principal metabolite cycloguanil accu-
mulate, and blood dyscrasias have been reported.
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For most malaria endemic areas the choice is between four 
drugs: mefloquine, doxycycline, primaquine or atovaquone–
proguanil. They are approximately equally effective. Weekly 
mefloquine (3.5 mg base/kg equivalent to an adult dose of 
250 mg) is often the antimalarial prophylactic of choice. 
Mefloquine should be started at least 1 week before enter-
ing the malarious area so that therapeutic levels are achieved 
before exposure and any adverse effects have declared them-
selves. Mefloquine is generally well tolerated, with an inci-
dence of serious adverse (neuropsychiatric) effects similar to 
that with chloroquine prophylaxis (about 1 in 10 000 recipi-
ents). In 70% of cases these arise within the first 3 weeks of 
prophylaxis. Less serious central nervous system effects such 
as dizziness, muzziness, feelings of dissociation, difficulty 
concentrating, sleeplessness and nightmares are much more 
common, but these are usually not sufficiently troublesome 
to limit prophylaxis. Because of inadequate data, rather than 

evidence of toxicity, mefloquine is considered ‘not indicated’ 
in the first trimester of pregnancy or in children under 2 years 
old. Serious neuropsychiatric reactions (seizures, encephalop-
athy and psychosis) are more common if there is a  previous 
history of seizures or psychiatric abnormalities, if quinine 
has been taken, and when mefloquine is used for treatment 
rather than prophylaxis. These reactions usually resolve spon-
taneously. Mefloquine should be continued for 1 month after 
leaving the endemic area. A maximum of 12 months continu-
ous use is currently recommended.

Daily doxycycline is an alternative which retains efficacy in 
those few areas where multiresistant P. falciparum is also resistant 
to mefloquine (on the eastern and western borders of Thailand 
and adjacent Cambodia and Burma). It can be started 2 days 
before entering the malarious area but, as with mefloquine, it 
should be continued for 4 weeks after leaving the transmission 
area. The main adverse effects are nausea, esophagitis, diarrhea, 

Drug Usage adult dose pediatric dose Comments

Atovaquone–
proguanil 
 
 
 
 
 
 
 
 
 

Prophylaxis in all areas 
 
 
 
 
 
 
 
 
 
 

Adult tablets contain 250 
mg atovaquone and 100 mg 
proguanil hydrochloride.  
1 adult tablet orally, daily 
 
 
 
 
 
 
 

Pediatric tablets contain 62.5 mg 
atovaquone and 25 mg proguanil 
hydrochloride:
5–8 kg: ½ pediatric tablet daily
>8–10 kg: ¾ pediatric tablet daily
>10–20 kg: 1 pediatric tablet daily
>20–30 kg: 2 pediatric tablets daily
>30–40 kg: 3 pediatric tablets daily
>40 kg: 1 adult tablet daily 
 
 

Should be started 1–2 days before 
travel to a malarious area and taken for 
7 days after leaving the transmission 
area. Contraindicated in persons with 
severe renal impairment (creatinine 
clearance <30 mL/min). Atovaquone–
proguanil should be taken with food 
or a milky drink to enhance absorption 
of atovaquone. Not recommended for 
prophylaxis for children <5 kg, pregnant 
women, and women breastfeeding 
infants weighing <5 kg

Chloroquine 
 
 

Prophylaxis only in 
areas with definite 
chloroquine-sensitive 
malaria

300 mg base (500 mg salt)  
orally, once/week 
 

5 mg base/kg (8.3 mg/kg salt) 
orally, once/week, up to maximum 
adult dose of 300 mg base 

Should be started 1–2 weeks before 
travel to a malarious area and taken for 
4 weeks after leaving such areas. May 
exacerbate psoriasis

Doxycycline 
 
 
 

Prophylaxis in all  
areas 
 
 

100 mg orally, daily 
 
 
 

≥8 years of age: 2 mg/kg up to 
adult dose of 100 mg/day 
 
 

Should be started 1–2 days before 
travel to a malarious area and taken for 
4 weeks after leaving the transmission 
area. Contraindicated in children  
<8 years of age and pregnant women

Mefloquine 
 
 
 
 
 
 
 
 
 
 

Prophylaxis in all areas 
except those with 
mefloquine-resistant 
malaria 
 
 
 
 
 
 
 

250 mg base orally,  
once/week 
 
 
 
 
 
 
 
 
 

≤9 kg: 4.6 mg base/kg orally,  
once/week:
>9–19 kg: ¼ tablet once/week
>19–30 kg: ½ tablet once/week
>31–45 kg: ¾ tablet once/week
≥45 kg: 1 tablet once/week 
 
 
 
 
 

Should be started 1–2 weeks before 
travel to a malarious area and taken for 
4 weeks after leaving the transmission 
area. Contraindicated if there is a history 
of allergy to mefloquine and in persons 
with depression, a recent history of 
depression, generalized anxiety disorder, 
psychosis, schizophrenia, other major 
psychiatric disorders or seizures. Should 
be used with caution in persons with 
psychiatric disturbances or a previous 
history of depression

Primaquine 
 
 
 
 
 
 
 

Prophylaxis for  
short-duration travel 
 
 
 
 
 
 

30 mg base orally, once  
daily 
 
 
 
 
 
 

0.5 mg base/kg up to adult  
dose once daily 
 
 
 
 
 
 

Should be started 1–2 days before 
travel to malarious areas, and taken 
daily with food while in the malarious 
area and then for 7 days after leaving. 
Contraindicated in persons with 
G6PDa deficiency. Also contraindicated 
during pregnancy and lactation unless 
the infant being breastfed has a 
documented normal G6PD level.

table 62.2 Drugs used in the prophylaxis of malaria

aGlucose-6-phosphate dehydrogenase. Primaquine should not be given to people with G6PD deficiency.



photosensitivity and, in women, Candida vaginitis. Doxycycline 
should be taken after meals with copious fluids to avoid esoph-
ageal irritation. It should not be given to children under 8 
years of age (in the UK a 12-year age limit is recommended 
as there are very limited data on prophylactic use in older 
children)49 (Table 62.1 to pregnant women or for more than  
3 months’ duration. Atovaquone–proguanil (250/100 mg/day) 
has proved effective and very well tolerated everywhere it has 
been tested.50 It is a more expensive, but better tolerated, alter-
native to mefloquine or doxycycline. Primaquine (30 mg/day) 
has proved remarkably well tolerated in prophylactic use, pro-
vided it is not taken on an empty stomach.51 It has been effec-
tive even against multiresistant falciparum malaria. Side effects 
include abdominal pain (particularly if taken on an empty 
stomach) and oxidant hemolysis. Primaquine should not be 
given to people with G6PD deficiency. Both primaquine and 
atovaquone–proguanil have pre-erythrocytic activity and can 
be stopped 1 week after the transmission area is left, making 
them suitable for short-term visitors.

Chloroquine is certainly safe in all age groups and in 
pregnancy. Although no adverse effects have been reported 

with mefloquine prophylaxis in pregnancy, experience is still 
limited and this should remain under review. Atovaquone–
proguanil is considered safe in children but there are limited 
data in pregnancy, and evidence that drug levels are reduced 
in late pregnancy. Primaquine and doxycycline are contraindi-
cated in pregnancy. The artemisinin derivatives should not be 
used for prophylaxis. Neither the sulfadoxine–pyrimethamine 
combination nor amodiaquine are now recommended for 
prophylactic use because of toxicity. However, intermittent 
sulfadoxine–pyrimethamine (twice during pregnancy, three to 
four times in HIV-infected mothers) has proved very effective 
in reducing the impact of falciparum malaria in pregnancy in 
endemic areas where prevalent parasites remain sensitive.

Travelers should obtain detailed information on the risks of 
malaria, the value of vector avoidance and personal protection, 
and the efficacy of antimalarial drugs in the area that they will 
visit. Most travelers visiting South East Asia do not enter areas 
of risk and do not need to take antimalarial drugs. For India 
and South America the risks depend very much on the area 
to be visited, and for sub-Saharan Africa and Oceania malaria 
risks are very high and prophylaxis is required (Fig. 62.2).
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Fig. 62.2 WHO antimalarial prophylaxis recommendations 2000. a Risk generally low and seasonal; no risk in many areas (e.g. urban areas). 
P. falciparum absent or sensitive to chloroquine prophylaxis: chloroquine or (in case of very low risk) no prophylaxis. B Low risk in most of 
the areas. Chloroquine alone will protect against P. vivax. Chloroquine with proguanil will give some protection against P. falciparum and 
may alleviate the disease if it occurs despite prophylaxis. Prophylaxis: chloroquine + proguanil; second choice mefloquine or (in case of 
very low risk) no prophylaxis. C Risk high in most areas of this zone in Africa, except in some high-altitude areas. Risk low in most areas of 
this zone in Asia and America, but high in parts of the Amazon basin. Resistance to sulfadoxine–pyrimethamine common in zone C in Asia, 
variable in zone C in Africa and America. Prophylaxis: first choice mefloquine (except areas Cambodia/Burma/Thailand border); second choice 
doxycycline; third choice chloroquine + proguanil or (in case of very low risk) no prophylaxis. Note: Protection from mosquito bites should be 
the rule in all situations, even when prophylaxis is taken.
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TOXOPLASMOSIS

The regimen of choice is pyrimethamine plus sulfadiazine. 
The combination is synergistic against toxoplasma tachyzoites. 
Pyrimethamine is given at a dose of 25–50 mg/day, preceded 
by a loading dose of 100 mg every 12 h for 1 day. Sulfadiazine 
is given as 2–8 g/day (in four divided doses). Some authors 
recommend a loading dose of 75 mg/kg up to 4 g. Alternatives 
to sulfadiazine are sulfatriad or sulfadimidine.

Therapy with pyrimethamine–sulfadiazine (or an alterna-
tive) should be accompanied by folinic acid 15 mg/day orally. 
Duration and dose of combination therapy is influenced by 
the variant of toxoplasmosis being treated and clinical prog-
ress on therapy. Where sulfonamides are contraindicated 
or cannot be tolerated, clindamycin 2.4–4.8 g/day in four 
divided doses can be substituted and given in combination 
with pyrimethamine.

Spiramycin, available in some countries, 2–3 g/day in three 
or four divided doses is less active than pyrimethamine–sul-
fadiazine.1 Its main application lies in the management of  
toxoplasmosis in pregnancy (Ch. 55).

There is no evidence in the literature for the use of nitazox-
anide for toxoplasmosis.

  NON-PregNANT 
IMMuNOLOgIcALLy INTAcT 
INdIvIduALS

Many infections in the normal population are asymptom-
atic and thus not recognized. Most symptomatic cases 
resolve without treatment so do not require drug therapy, 
but severely ill patients should be treated. The regimen con-
sists of pyrimethamine 25 mg/day plus sulfadiazine 2 g/day 
plus folinic acid, for 2–4 weeks. Cerebral, pulmonary, hepatic 
or cardiac involvement also constitute indications for giving 
antitoxoplasma drugs.2

OcuLAr TOXOPLASMOSIS  
(See ALSO cH. 53)

Rothova et al3 examined the action of pyrimethamine 100 mg 
on the first day followed by 25 mg every 12 h, plus sulfadiaz-
ine 1 g every 6 h, plus folinic acid, plus corticosteroids, with 
the action of clindamycin 300 mg every 6 h plus sulfadiazine 
(as above) with an untreated control group. Pyrimethamine–
sulfadiazine with corticosteroids significantly reduced the 
size of the retinal lesion in 52% of patients (compared with 
25% of controls). Improvement on clindamycin–sulfadiazine 
with corticosteroids was borderline (retinal lesion reduced 
in size in 32% of patients). In contrast, Dutton4 preferred 
clindamycin– sulfadiazine to pyrimethamine–sulfadiazine. 
Soheilian et al conducted a prospective randomized trial of 
trimethoprim–sulfamethoxazole plus prednisolone versus the 
classic treatment regimen of pyrimethamine–sulfadiazine plus 
prednisolone.5 They found no significant difference in mean 
reduction of retinochoroidal lesion size, visual acuity and 
recurrence rate between the groups and adverse events were 
similar. In a review of ocular toxoplasmosis, Dodds suggests 
that trimethoprim–sulfamethoxazole plus prednisolone can 
be an alternative to classic therapy.6

Pearson et al7 conducted an open, phase I (safety and effi-
cacy) trial of atovaquone therapy for ocular toxoplasmosis 
in immunocompetent patients: 17 individuals were treated 
with atovaquone tablets 750 mg every 6 h for 3 months. 
Prednisolone 40 mg/day was begun on day 3 and tapered as 
ocular inflammation resolved. One patient stopped treatment 
at 6 weeks due to persistent epigastric discomfort. All patients 
showed improvement on treatment within 1–3 weeks and 
visual acuity stabilized or improved in all cases, median ini-
tial visual acuity being 20/200 and median final visual acuity 
20/25. Because recurrent ocular toxoplasmosis is due to reac-
tivation of the bradyzoite (tissue cyst) of Toxoplasma, atova-
quone’s activity against this stage in the parasite’s life cycle (an 
attribute not possessed by conventional antitoxoplasma drugs) 
may limit the ultimate visual loss caused by this condition.  
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This hypothesis should be tested by randomized clinical trials. 
However, Baatz et al reported reactivation of toxoplasma retin-
ochoroiditis in a patient whilst taking atovaquone 750 mg every 
8 h which they suggest could have been due to tachyzoite resis-
tance to atovaquone.8 Some support for this hypothesis comes 
from its use in malaria, where resistance of Plasmodium falciparum 
to atovaquone appears rapidly if it is used as monotherapy.9

Antitoxoplasma drugs are indicated for ocular toxoplasmo-
sis where there is a threat to vision, either from local poste-
rior pole lesions or from more general inflammation. Systemic 
corticosteroids are indicated in the presence of posterior pole 
lesions if there is a possibility of large vessel involvement or if 
the lesions are in the patient’s only eye. Steroid therapy must 
be accompanied by antitoxoplasma drugs and is reserved for 
sight-threatening lesions.

Indications for surgical intervention include the devel-
opment of a cataract, uncontrolled rise in intraocular pres-
sure, vitreous membranes, epiretinal membranes and retinal 
detachment. Systemic steroid cover is administered if surgery 
is undertaken for ocular toxoplasmosis. Peripheral retinal 
lesions that are no threat to vision can be observed and do not 
usually require specific antitoxoplasma drugs.10

TOXOPLASMOSIS IN THe 
IMMuNOcOMPrOMISed PATIeNT

 cArdIAc TrANSPLANTATION

Cardiac transplantation is the organ donation most likely to 
lead to toxoplasmosis in the recipient. Most instances occur 
when the donor heart comes from a seropositive patient and 
the recipient is seronegative. The other possibility is reactiva-
tion of latent toxoplasmosis secondary to immunosuppres-
sion, in an already seropositive recipient. Luft et al11 reported 
a series of 50 heart or heart–lung transplant patients: of four 
patients who were seronegative before receiving a heart from a 
seropositive donor, three developed life-threatening toxoplas-
mosis. None of 19 patients who were seropositive before trans-
plantation developed illness attributable to toxoplasmosis, 
although 10 showed significant increases in toxoplasma anti-
body titers. Another series studied 21 seronegative recipients 
of seropositive heart or heart–lung transplants.12 Four patients 
(two of whom died) from the first seven suffered clinical toxo-
plasmosis within 17–32 days of the transplant. The next 14 
transplant patients deemed at risk of toxoplasmosis received 
pyrimethamine prophylaxis 25 mg/day plus folinic acid 15 mg 
every 8 h for 6 weeks postoperatively; two cases developed.

The most effective prophylaxis for toxoplasmosis is the 
combination of a dihydrofolate reductase inhibitor and a sul-
fonamide as they are highly synergistic.13 Although Soave14 
recommends prophylaxis with pyrimethamine 25 mg/day, 
plus folinic acid 15 mg every 8 h, for 6 months after heart 
transplantation in seronegative recipients of seropositive 
organs, Derouin and Pelloux13 state that pyrimethamine is at 

least 10-fold less efficient than when combined with a sulfon-
amide. Prophylaxis should be continued beyond 6 months in 
patients with ongoing risk factors for reactivation of toxoplas-
mosis or with persistent allograft dysfunction.

Trimethoprim–sulfamethoxazole plus folinic acid and 
pyrimethamine–sulfadoxine plus folinic acid are both effec-
tive in preventing toxoplasmosis. Derouin and Pelloux13 
regard trimethoprim–sulfamethoxazole plus folinic acid as the 
prophylactic regimen of choice in solid organ transplantation. 
Treatment of acute toxoplasmosis after heart or heart–lung 
transplantation is with pyrimethamine–sulfadiazine with foli-
nic acid, continuing until 4–6 weeks after all symptoms and 
signs have resolved.

 reNAL TrANSPLANTATION

The risk of the recipient developing toxoplasmosis after renal 
transplantation appears to be small,15 but is recorded as the 
result of reactivation of latent infection or, more commonly, 
due to recently infected donor to host transmission.16 In a 
review, these authors found 22 cases of disseminated toxo-
plasmosis following renal transplantation. Ten of 11 recipients 
whose serology was known were seronegative before trans-
plantation. In the six cases for whom the corresponding donor 
serology was known, it was positive in five.

 HePATIc TrANSPLANTATION

Toxoplasmosis following liver transplantation appears to be 
rare17–19 and there are few published data on the efficacy of 
post-transplantation prophylaxis against Toxoplasma. However, 
as trimethoprim–sulfamethoxazole is often used after liver 
transplantation as prophylaxis against Pneumocystis jirovecii 
based on its efficacy in preventing Toxoplasma encephalitis in 
AIDS, this regimen might be expected to confer protection 
against Toxoplasma in liver transplant patients.17,18 Knowledge 
of the Toxoplasma serological status pretransplantation for 
both donor and recipient will help alert the clinical team to 
toxoplasmosis as one of the possible diagnoses to be consid-
ered in the investigation of fever after liver transplantation.

  BONe MArrOw 
TrANSPLANTATION

In contrast to solid organ transplants, toxoplasmosis in  
bone-marrow-graft recipients appears to be due largely to 
reactivation of latent infection in the recipient, rather than 
infection coming from the transplanted organ.20 There are 
likely to be more problems in countries with a higher toxo-
plasma seroprevalence rate.21 Slavin et al reported 12 cases 
of toxoplasmosis in 3803 bone marrow allograft patients:22 
2% of seropositive patients developed toxoplasmosis, which 



 lEisHMAniAsis  825

appeared to occur by reactivation within the first 6 months 
after marrow transplantation, in patients who were Toxoplasma-
seropositive pre transplant, had received allogeneic marrow 
and had severe graft-versus-host disease. Recipients sero-
positive before bone marrow transplantation should receive 
chemoprophylaxis from months 2 to 6 after grafting.23 Foot 
et al studied the efficacy of weekly pyrimethamine–sulfadox-
ine prophylaxis in bone marrow transplant recipients.24 In 69 
evaluable seropositive patients, the combination was given 
from the time of established engraftment (median day 40; 
range 13–100 days) and was scheduled to be given until 6 
months, or longer in instances of continued immunosuppres-
sion (median 10 months, range 72 days to 22 months). No 
cases of toxoplasmosis occurred in patients receiving prophy-
laxis over a 21-month period.

  HeMATOPOIeTIc STeM ceLL 
TrANSPLANTATION (HScT)

The major risk is from latent infection in seropositive recipi-
ents and allogeneic recipients are at very high risk compared 
to autologous HSCT recipients. The median time to dis-
ease onset is approximately 2 months after HSCT. In their 
comprehensive review, Derouin and Pelloux13 point out that 
there is no consensus regarding initiation and duration of 
prophylaxis. They state that a delay of 30 days post HSCT 
before starting prophylaxis is reasonable and that it should 
be continued for 6 months post HSCT; longer in cases of 
graft-versus-host disease, prolonged neutropenia and pro-
longed administration of corticosteroids. Trimethoprim–
sulfamethoxazole (co-trimoxazole) is most commonly 
used, but pyrimethamine–sulfadoxine is deployed in some 
centers.

cereBrAL TOXOPLASMOSIS ANd HIv 
cO-INFecTION

Toxoplasma gondii may cause diffuse encephalitis, but this is 
an extremely rare infection and cerebral toxoplasmosis is nor-
mally manifested as solitary or multiple brain abscesses. The 
condition is typically seen in HIV-positive patients who have  
<100 × 106 CD4 lymphocytes/L and who have positive 
Toxoplasma serology. More rarely transplant patients and other 
patients with severe deficiencies of cellular immunity may 
get cerebral toxoplasmosis. Clinically the patients develop 
symptoms of intracerebral expansion; seizures, headache and 
confusion are the most common manifestations. The most 
common differential diagnoses are cryptococcal meningitis, 
AIDS dementia complex and progressive multifocal leukoen-
cephalopathy. Diagnosis is obtained by CT scan of the brain 
showing typical ring-enhanced lesions combined with dem-
onstration of Toxoplasma antibodies.

If diagnosed reasonably early, treatment of cerebral tox-
oplasmosis is normally successful. First-line treatment is  

sulfadiazine 4–6 g/day combined with pyrimethamine 50–100 
mg/day and folinic acid 15 mg/day. In patients who cannot 
take sulfonamides, clindamycin 600 mg every 6 h has been 
recommended as a replacement for sulfadiazine. Another 
alternative to sulfadiazine is clarithromycin 2 g/day or atova-
quone 750 mg orally every 6 h, both to be combined with 
pyrimethamine and folinic acid. In a review, Dedicoat and 
Livesley considered pyrimethamine plus sulfadiazine and 
pyrimethamine plus clindamycin to be equivalent for the 
treatment of acute toxoplasma encephalitis in HIV-infected 
patients.25 They also stated that trimethoprim–sulfamethox-
azole appears to be an effective alternative to pyrimethamine 
plus sulfadiazine in resource-poor settings.

Both primary and secondary prevention of cerebral toxo-
plasmosis should be considered in HIV-positive patients. Those 
who lack antibodies should be advised to avoid raw and under-
cooked meat, which are the most common modes of transmis-
sion of the infection. Antibody tests should be repeated if the 
CD4 count falls below 100 × 106/L. At or below that CD4 count 
primary prophylaxis with a daily dose of trimethoprim 160 mg 
and sulfamethoxazole 800 mg (which also prevents Pneumocystis 
jirovecii pneumonia) is recommended for antibody-positive 
patients. Alternatives to trimethoprim– sulfamethoxazole are 
dapsone plus pyrimethamine or atovaquone with or without 
pyrimethamine. However, these regimens are incompletely 
documented. Several studies indicate that primary prophylaxis 
can be discontinued if the CD4 count rises to above 200 × 
106/L as a result of antiretroviral treatment.

The regimens recommended for primary prophylaxis 
should also be administered as secondary prophylaxis to 
patients who have had an episode of cerebral toxoplasmosis. 
In these patients the evidence does not allow a recommenda-
tion to discontinue prophylaxis if the CD4 count increases.

TOXOPLASMOSIS IN PregNANcy

This is discussed in Chapter 55.

LeISHMANIASIS

cuTANeOuS LeISHMANIASIS

  OLd wOrLd cuTANeOuS 
LeISHMANIASIS

Most lesions heal spontaneously. Treatment may produce 
more rapid healing and less severe scarring and is indicated 
for multiple sores, those at risk of causing disfigurement or 
disability, or lesions sited where healing is expected to be 
slow. Options for local drug treatment are topical paromomy-
cin (aminosidine) ointment26 or infiltration of a pentavalent 
 antimonial drug, sodium stibogluconate, into the edge and 
base of the sore.27 Systemic treatment may be required for 
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multiple or potentially disfiguring lesions. The consensus for 
systemic treatment is less clear than for New World lesions 
but 20 mg/kg of sodium stibogluconate daily for 10 days is 
standard, to be extended to 20 days if necessary.28 Oral milte-
fosine (a phosphocholine analog) has been used with mixed 
results for New World cutaneous leishmaniasis29 and prelimi-
nary results from Afghanistan treating L. tropica have been 
disappointing.30

  New wOrLd cuTANeOuS 
LeISHMANIASIS

If infection with Leishmania (Viannia) braziliensis complex is 
suspected, the cutaneous lesion should be treated systemi-
cally to prevent the development of mucosal leishmaniasis. 
Systemic therapy of cutaneous leishmaniasis (CL) is under-
taken with pentavalent antimonials (sodium stiboglucon-
ate or meglumine antimoniate; see below). On the basis that 
a course of pentamidine isethionate is cheaper and shorter 
than antimonial therapy, some clinicians use pentamidine in 
the treatment of CL. Nacher et al31 examined the efficacy of 
short-course pentamidine in treating CL due to Leishmania 
braziliensis guyanensis in French Guiana. Two intramuscular 
injections of pentamidine 4 mg/kg each, separated by 48 h, 
cured 165 of 189 (87%) evaluable patients. Of the 24 patients 
who were not cured by one course, 80% were cured by a 
repeat course of pentamidine. The five individuals in whom 
active lesions persisted after two courses of pentamidine all 
responded to antimonial therapy.

  dIFFuSe cuTANeOuS 
LeISHMANIASIS

This condition requires expert assessment and follow-up. In 
principle, Leishmania aethiopica is treated with paromomycin 
plus sodium stibogluconate daily32 until the parasite is thought 
to be eliminated, which may take a few months. Weekly pent-
amidine is an alternative.33

MucOSAL LeISHMANIASIS

South American mucosal leishmaniasis, due to Leishmania 
(Viannia) braziliensis, is treated with antimonials at 20 mg 
antimony/kg daily for 6–8 weeks, provided the patient is previ-
ously untreated and does not have laryngeal involvement. For 
those previously treated, or in whom the larynx is involved, 
amphotericin B 1 mg/kg is given by intravenous infusion on 
alternate days for 6–8 weeks.34

Sudanese mucosal leishmaniasis is due mainly to Leishmania 
donovani and is usually a primary mucosal disease, though it 
may appear during or after an attack of visceral leishmaniasis. 
Therapy is with sodium stibogluconate 10 mg/kg per day for 
30 days.38

 AdjuNcTIve THerAPy

Lessa et al studied 10 Brazilian patients with mucosal leish-
maniasis who had failed to respond to at least two courses 
of conventional pentavalent antimonial therapy.35 Based on 
observations that suggested a possible role of tumor necro-
sis factor-alpha (TNF-α) in the pathology of mucosal leish-
maniasis, a TNF-α inhibitor (pentoxifylline) was assessed in 
combination with a pentavalent antimonial drug. Each patient 
received parenteral pentavalent antimony (20 mg/kg per day) 
plus oral pentoxifylline (400 mg every 8 h) for 30 days. The cri-
teria for cure were complete re-epithelialization of the mucosal 
tissue 90 days post treatment and no evidence of relapse after 
1 year of follow-up. Complete healing was found by day 60 
in eight patients and by day 90 in one person: one patient 
was not cured, although some improvement in the lesion was 
reported. Mean TNF-α levels fell from 776 before treatment 
to 94 within 60 days after the end of treatment (p <0.05).  
A subsequent small double-blind, placebo- controlled, ran-
domized trial showed that the addition of pentoxifylline signif-
icantly reduced healing time and the need for further courses 
of antimony in the treatment of mucosal leishmaniasis.36

 OrAL THerAPy

Amato et al conducted a small open study of the efficacy of 
itraconazole in the treatment of mucosal leishmaniasis in 
Brazil.37 Ten patients received 6 weeks’ therapy with itracon-
azole 4 mg/kg per day to a maximum of 400 mg/day in two 
divided doses with food; 6 of the 10 showed healing of the 
lesions at 3 months and none of these showed reactivation of 
disease after follow-up for 12–18 months. One of the six had 
previously failed to improve on pentavalent antimonial treat-
ment and another had relapsed after initial healing on pent-
amidine therapy.

vIScerAL LeISHMANIASIS

Until recently, pentavalent antimonials were the first choice 
for therapy of visceral leishmaniasis (VL). Sodium stibo-
gluconate solution contains 100 mg antimony/mL, while 
meglumine antimoniate solution contains 85 mg antimony/
mL. Antimonial resistance develops easily following inad-
equate treatment39 and has now become a significant prob-
lem, notably in recent epidemics in India and the Sudan. 
Traditional dosage regimens recommended by the World 
Health Organization40 advocated 20 mg/kg of antimony daily, 
subject to a maximum daily dose of 850 mg, for a minimum 
of 20 days, until no parasites are found in consecutive splenic 
aspirates taken at 14-day intervals, but this would result in 
suboptimal dosage of patients weighing more than 42 kg.41 
Herwaldt and Berman advocated lifting of the 850 mg ceiling 
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for antimony dosage, with close monitoring of the patient for 
drug-related reactions.42 Current regimens advocate 28–30 
days of treatment.41 In children, who tolerate pentavalent 
antimony better than adults, dosage is calculated by body 
surface area.43

A successful immune response to VL is T-cell depen-
dent, mainly Th1 type,41 thus, Th1-derived interferon-γ was 
assessed to see if it would augment the response to antileish-
manial chemotherapy. A controlled trial comparing combi-
nation therapy of Kenyan VL with alternate-day interferon-γ 
plus daily sodium stibogluconate and daily sodium stibog-
luconate alone, suggested that combination therapy accel-
erated the early clearance of parasites.44 Sundar et al45 used 
sodium stibogluconate, 20 mg/kg per day intravenously for 
30 days, plus interferon-γ 25 μg/m2 subcutaneously on day 
1, 50 μg/m2 on day 2 and 100 μg/m2 daily for 28 days, to 
treat 15 Indian patients, all of whom had failed an initial 
course of 30 or more days of antimony treatment at 20 mg/kg  
per day. Eight of the patients had received two courses 
and seven had received three or four treatment courses. 
Combination therapy was discontinued in two patients, both 
of whom died. After 30 days of therapy, 9 of the 13 surviving 
patients (69%) were apparently cured. All nine had negative 
bone marrow smears at 6 months and none relapsed after a 
mean follow-up of 15.9 (± 1.7) months. Combination ther-
apy with antimonials plus interferon-γ may have a role in 
selected refractory cases, but its cost renders it unsuitable 
for widespread use in the tropics. Furthermore, it would be 
unwise to use it in areas where there is significant antimony-
resistant VL.

Secondary infection is an important cause of morbidity and 
mortality in VL. Granulocyte–macrophage colony-stimulating  
factor (GM-CSF) was compared to placebo as adjunctive 
therapy in Brazilian patients with VL and leukopenia due to 
Leishmania chagasi. Patients received antimony 10–20 mg/kg 
per day for 20 days plus GM-CSF 5 μg/kg daily or placebo, 
for 10 days. Neutrophil counts were significantly higher in the 
GM-CSF group at 5 and 10 days. Eosinophil and monocyte 
counts were significantly higher at 10 days in the patients who 
received GM-CSF. Significantly fewer secondary infections 
occurred in the GM-CSF group.46

Paromomycin (aminosidine) is active against antimony-
resistant strains causing VL.47 Scott et al48 treated seven 
patients with Mediterranean VL with daily intravenous infu-
sions of paromomycin 14–16 mg/kg for 21 days or for 1 week 
after demonstration of parasitological cure, whichever was the 
longer: four of the seven (treated for between 22 and 54 days) 
were cured; one relapsed 4 months after an apparent cure, 
but was successfully re-treated with a second course lasting 
63 days; the remaining two showed a partial parasitologi-
cal response. Jha et al compared paromomycin with sodium 
stibogluconate for the treatment of VL in Northern Bihar.49 
While the cure rate for pentavalent antimony was only 63%, 
paromomycin at 16 mg/kg per day for 30 days gave a cure 
rate of 93% and a cure rate of 97% at 20 mg/kg per day for 
30 days.

Indian and Nepalese VL has become significantly less 
responsive to pentavalent antimonials. By the early 1990s the 
regimen for VL treatment in Bihar was sodium stibogluconate 
20 mg/kg per day for 40 or more days, a dosage regimen asso-
ciated with increased toxicity and higher costs of hospital care. 
A decade later, Sundar et al50 reported a long-term cure rate 
of 35% for VL treated with pentavalent antimonials in Bihar, 
versus 86% of VL cases in Uttar Pradesh given identical treat-
ment. They concluded that traditional pentavalent antimony 
therapy should be abandoned in Bihar. Following reports of 
a study from Kenya, where paromomycin 12 mg/kg per day 
in combination with sodium stibogluconate 20 mg/kg per day 
for 20 days appeared more effective than sodium stiboglucon-
ate alone, Thakur et al undertook a pilot study of the activ-
ity of the combination on VL in Bihar, India.51 Twenty-four 
patients were assigned to receive paromomycin 12 mg/kg per 
day plus sodium stibogluconate for 20 days. Two patients died 
before completing the course, one from hemorrhage following 
splenic puncture and one as a result of severe gastroenteritis. 
Of the 22 patients who completed therapy, 18 (82%) were 
cured and did not relapse within a 6-month follow-up period. 
The remaining four patients improved clinically and parasito-
logically. Seaman et al52 confirmed the efficacy of combined 
paromomycin plus sodium stibogluconate in a study on VL 
in Southern Sudan. Mishra et al53 compared conventional 
amphotericin B with sodium stibogluconate in the treatment 
of Indian visceral leishmaniasis: 80 patients, none of whom 
had been previously treated with antileishmanial agents, were 
randomized to receive either sodium stibogluconate 20 mg/kg  
in two divided doses intramuscularly daily for 40 days or 
amphotericin B 0.5 mg/kg infused in 5% dextrose on alter-
nate days for 14 doses. All 40 patients who received ampho-
tericin B showed initial cure (no fever and no amastigotes in 
a bone marrow smear after 6 weeks) and definitive cure (well 
at the end of 12 months). In the stibogluconate-treated group 
28 of 40 (70%) showed initial cure and 25 of 40 (62.5%) 
showed definitive cure. Patients who failed to respond to sti-
bogluconate, or who relapsed after initial cure, were treated 
with, and cured by, amphotericin B. Davidson39 regards the 
optimal regimen for amphotericin B deoxycholate as 20 mg/kg 
given as 0.5 mg/kg per day or 1 mg/kg on alternate days.

The amastigotes of Leishmania are found in macrophages, 
which also clear liposomes from the circulation. Thus, the 
sites of infection can be targeted by amphotericin B, itself a 
more active antileishmanial drug than sodium stiboglucon-
ate. Davidson et al reported a multicenter trial of liposomal 
amphotericin B in Mediterranean VL.54 Ten immunocompe-
tent patients (six of them children) received 1–1.38 mg/kg 
per day for 21 days and a further 10 (nine of them children) 
received 3 mg/kg per day for 10 days. All were clinically cured 
after a follow-up period of at least 12 months.

Lipid-associated amphotericin B preparations all reach 
very high levels in liver and spleen and are less toxic than 
conventional amphotericin B. All three are more expensive. 
Liposomal amphotericin B (AmBisome) is given as a total 
dose of 20–30 mg/kg, split into more than five daily doses of 
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3–4 mg/kg over 10–21 days.54 Liposomal amphotericin B was 
the first drug approved for the treatment of VL by the US 
Food and Drug Administration, in a regimen of 21 mg/kg 
given on 7 days over a 21-day period.55 As cost is a major issue 
affecting the use of liposomal amphotericin B, short-course, 
low-dose regimens have been investigated as a way of reduc-
ing treatment costs. Sundar et al56 compared single-dose infu-
sions of liposomal amphotericin B at 5 mg/kg with once-daily 
infusions of 1 mg/kg for 5 days in the therapy of Indian VL. 
Cure rates at 6 months were 92% (84 of 91 patients) for the 
whole study, 91% (42 of 46) for the single-dose group and 
93% (42 of 45) in the five-dose group, with no significant 
difference in response rates between the two groups. Further 
work is required to support the use of the regimens described 
and to see whether or not their deployment will encourage the 
development of amphotericin-resistant strains of Leishmania.

Amphotericin B cholesterol dispersion (Amphocil) con-
sists of a 1:1 molar ratio of cholesterol sulfate and ampho-
tericin B in disk-shaped particles, 115 nm in diameter and 
4 nm thick. Dietze et al treated Brazilian patients with VL 
using two different regimens: 10 patients received amphoteri-
cin B cholesterol dispersion 2 mg/kg per day intravenously for 
10 days, and another 10 patients received a 7-day course.57 
The authors reported treatment success in all patients. One 
patient who received the 7-day course had scanty parasites 
in the bone marrow smear 15 days after treatment, but the 
remainder (95%) had negative bone marrow smears. All 
patients were well after 6 months of follow-up. Side effects 
consisting of fever, chills and respiratory distress were noted 
in children under 3 years of age.

Amphotericin B lipid complex (Abelcet) at a dosage of  
3 mg/kg per day for 5 consecutive days proved effective in the 
treatment of Indian VL unresponsive to more than 30 days’ 
treatment with pentavalent antimony.58

 OrAL THerAPy

Effective oral therapy for VL would constitute a major ther-
apeutic advance. Miltefosine (hexadecylphosphocholine), an 
orally administered agent initially developed as a potential 
anticancer drug (see Ch. 35), was found to have antileishma-
nial activity in vitro and in animal models.59 Studies in Indian 
VL showed very encouraging activity and have been summa-
rized by Murray.41 A total of 249 patients aged 12 years or 
more were included: 96% (224 of 234) patients treated with 
50–200 mg/day for 14–42 days were regarded as long-term 
cures; 97% (68 of 70) of those who received 100 mg/day (in 
two divided doses) for 28 days were cured, but only 89% were 
cured by 100 mg/day for 14 days. Gastrointestinal side effects 
were frequent on miltefosine (up to two-thirds of cases) but 
were judged mild to moderate in severity.59 Miltefosine is 
teratogenic in animals and should not be given in pregnancy.41 
The potential impact of miltefosine in the treatment of VL, 
should its efficacy and safety be confirmed in larger studies, 
is substantial. It should also be assessed in AIDS-related VL, 

both for initial treatment and for maintenance therapy, and in 
post-kala-azar dermal leishmaniasis.41

vIScerAL LeISHMANIASIS ANd HIv 
cO-INFecTION

Before the development of highly active antiretroviral therapy 
(HAART), 20–70% of patients with VL in the Mediterranean 
area were co-infected with HIV39 but there has been a sig-
nificant decrease in the incidence of VL in HIV-infected 
patients since HAART was introduced.60 As a general prin-
ciple, co-infected patients have reduced therapeutic options 
for treatment of VL. They suffer greater drug toxicity includ-
ing interactions with other drugs, inaccessibility due to price 
and lack of efficacy data in this particular patient group. 
Extrapolating treatment data from European studies to Africa 
and Asia is fraught with pitfalls due to differing drug suscepti-
bilities and differing infective strains, and optimal treatments 
for each region have not yet been agreed. Davidson39 reports 
that clinical remission can be produced at first presentation 
of VL in approximately 65% of patients co-infected with 
HIV and Leishmania with a regimen of sodium stiboglucon-
ate or meglumine antimoniate 20 mg antimony/kg per day or 
amphotericin B 0.7 mg/kg per day, for 28 days. Berenguer et 
al report the use of meglumine antimoniate (as above) or lipo-
somal amphotericin B, at doses of 4 mg/kg per day on days 
1–5, 10, 17, 24, 31 and 38.61 As toxicity and increased mortal-
ity make antimonial drugs unsuitable for co-infected patients, 
the Hospital for Tropical Diseases recommends the following 
treatment for co-infected leishmaniasis and HIV patients:

•	 Acute infection (first episode): Liposomal amphotericin  
4 mg/kg for 10 doses (days 1–5, 10, 17, 24, 31 and 38) 
(prohibitive cost in resource-poor settings)

•	 Acute infection (second-line options): Pentavalent 
antimonials, e.g. sodium stibogluconate 20 mg/kg per 
day for 28 days; oral miltefosine 100 mg/day. The role of 
paromomycin or sitamaquine for this indication is unclear.

Sindermann et al62 report on 39 co-infected European patients 
who received 100 mg oral miltefosine per day on a named 
patient basis for a mean of 55 days. The majority of patients 
had received some form of antiretroviral treatment and most 
of the patients had failed other antileishmanial treatments 
including amphotericin B. Approximately 64% were cured 
initially but almost all relapsed; however, many responded 
with a further course of treatment. They demonstrated that 
prolonged treatment was safe but made no evaluation of 
miltefosine prophylaxis. In Ethiopia a study comparing milte-
fosine with sodium stibogluconate reported that miltefosine 
was less effective in co-infected patients, with 18% versus 2% 
failing initial treatment and 25% versus 11% relapsing within 
6 months. However, the miltefosine group experienced fewer 
side effects and reduced mortality.63

The evidence for the efficacy of paromomycin, the cheap-
est of the antileishmanial drugs, is lacking in co-infected 
patients. Resistance develops easily in vitro but combination 
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treatments with sodium stibogluconate have been successful 
in VL patients in the absence of HIV.64

There is no indication for giving primary prophylaxis; 
however, maintenance therapy (secondary prophylaxis) is 
now in wide use following the first relapse, although the data 
supporting this come from non-controlled trials.64 This co-
infected patient group is at risk of multiple relapses which 
require careful management if the development of resistance 
is to be avoided. Berenguer et al described secondary pro-
phylaxis in HIV/Leishmania co-infection which was one dose 
of either meglumine antimoniate or liposomal amphotericin 
B per month. They studied the relapse rate in 15 patients 
with HIV and VL established on HAART. Although larger 
studies are still required, they were able to conclude that sec-
ondary prophylaxis against Leishmania should not be discon-
tinued in patients who were co-infected with HIV and VL and 
were unable to achieve and maintain a CD4 cell count above 
200/μL on HAART; however, it may be safe in patients whose 
CD4 cell count is above 350/μL.61

The only prospective randomized trial to date which dem-
onstrates the benefits of maintenance therapy used liposomal 
amphotericin (3 mg/kg every 21 days). The probability of being 
relapse free at 12 months was 50% in the maintenance group 
versus 22% in the placebo group.65 Marques et al66 report a 
small series of five co-infected patients who were treated with 
miltefosine for both relapse (50 mg every 12 h) and mainte-
nance (50 mg, three times a week). Prophylaxis was discontin-
ued after the CD4 count reached >250/μL on HAART and in 
the absence of VL relapses for a minimum of 12 months. To 
date, three patients were disease free for a median period of 
20 months after miltefosine discontinuation (one patient died 
of gastrointestinal hemorrhage due to Kaposi’s sarcoma and 
one patient was lost to follow-up). There is clearly a need for 
randomized trials and prospective studies to ascertain the opti-
mal maintenance dose. The ultimate goal in these co-infected 
patients must surely be the use of effective antiretroviral treat-
ment plus an agent such as miltefosine in order to achieve VL 
control while keeping the patient in the community.

Despite recent advances, there remains significant cause for 
concern regarding co-infection with HIV and VL. Although 
most reported cases have been from the Mediterranean region, 
Rosenthal et al have pointed out the potential for an explosion 
of co-infection with HIV and Leishmania in Eastern Africa and 
the Indian subcontinent due to the simultaneous spread and 
geographical overlap of both infections,60 migration of refu-
gees and seasonal workers, and periodical epidemics of VL.

TryPANOSOMIASIS

TRYPANOSOMA BRUCEI GAMBIENSE 
INFecTION

Hemolymphatic disease can be treated with eflornithine or sura-
min or pentamidine. Eflornithine (α-difluoromethylornithine, 
DFMO) has been evaluated for the treatment of established 

gambiense sleeping sickness (i.e. with central nervous system 
involvement),67–69 but can also be used to treat hemolymphatic 
disease due to T. brucei gambiense.

Suramin is used to attempt radical cure of the hemolym-
phatic stage of the disease or to clear trypanosomes from the 
blood and lymph before melarsoprol therapy. All doses are 
given by slow intravenous infusion of a 10% aqueous solution. 
A test dose of 200 mg is given first, then 20 mg/kg (maximum 
dose 1 g) on days 1, 3, 7, 14 and 21.

Pentamidine 4 mg/kg by intramuscular injection daily or on 
alternate days for 7 doses is an alternative for the hemolym-
phatic stage for T. brucei gambiense only. Doua et al70 evaluated 
pentamidine as an alternative to the expensive eflornithine 
and the toxic melarsoprol in early–late stage T. brucei gambi-
ense trypanosomiasis (patients with cerebrospinal fluid (CSF) 
white cell count <20/mm3 and/or the presence of trypano-
somes by microscopy or culture). Fifty-eight patients received 
pentamidine 4 mg/kg on alternate days by deep intramuscular 
injection to a total of 10 injections per patient: three patients 
relapsed with trypanosomes present in the CSF, one at  
15 months and two at 18 months after the end of treatment, 
giving a 94% cure rate at 24 months.

In the absence of treatment, late-stage infection with 
meningoencephalitis is uniformly fatal. Until recently the 
mainstay of therapy was melarsoprol, an arsenical compound 
with significant toxicity (approximately 6% of patients die of 
drug-induced encephalopathy). The development of eflorni-
thine has proven to be a major advance.67 Pepin et al68 treated 
26 patients with T. brucei gambiense sleeping sickness resis-
tant to arsenicals (melarsoprol or trimelarsan) with eflorni-
thine, 100 mg/kg every 6 h (total daily dose 400 mg/kg) by 
intravenous infusion over 1 h for 14 days, followed by oral 
eflornithine 75 mg/kg every 6 h (300 mg/kg per day) for a 
further 30 or 21 days. Five patients died. Follow-up of the 
surviving 21 patients for a mean of 16 (range 6–30) months 
showed no relapses. Trypanosomes disappeared rapidly from 
the CSF, the CSF lymphocyte count gradually fell and there 
was improvement in symptoms after the first 2 weeks of treat-
ment, such that most patients were asymptomatic by the time 
of hospital discharge. Giving 2 weeks intravenous eflornithine 
before commencing oral treatment appeared to give a lower 
relapse rate than did oral therapy reported from other stud-
ies. The authors felt that reducing the oral phase of therapy 
from 30 to 21 days reduced the frequency of side effects. 
Further to this work, Pepin et al71 conducted a random-
ized controlled trial of 321 patients, in four different coun-
tries, with late-stage Gambian trypanosomiasis, comparing 
whether 7 days of intravenous eflornithine (100 mg/kg every 
6 h) was as effective as the more standard 14-day treatment 
regimen. They concluded that the 7-day course was adequate 
treatment for relapsing cases of Gambian trypanosomiasis 
but was inferior compared to 14 days of treatment for new 
cases. However, there were variations between countries and 
the cost of eflornithine remains prohibitive for many.

Milord et al examined the effect of three different eflorni-
thine treatment regimens on a group of 207 patients with 
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late-stage T. brucei gambiense sleeping sickness.69 In some 
cases eflornithine was the first antitrypanosomal drug admin-
istered, while other patients had relapsed after melarsoprol or 
nifurtimox or pentamidine plus suramin. Of 152 patients fol-
lowed for at least 1 year, only 13 (9%) relapsed. Relapse after 
eflornithine was more frequent in children under 12 years 
of age and in previously untreated than in relapsing cases. 
Patients with a CSF leukocytosis of ≥100/μL were slightly, 
though not significantly, more likely to relapse than those with 
lower CSF white cell counts. Relapse rates in patients with 
trypanosomes seen in the CSF were not significantly differ-
ent from those in patients in whom none were seen. Therapy 
with eflornithine 100 mg/kg intravenously every 6 h for 14 
days, followed by 75 mg/kg orally every 6 h for 21 days showed  
no relapses in 28 patients followed for at least 1 year after  
treatment. In patients treated by the intravenous route only (200 
mg/kg every 12 h for 14 days) the relapse rate was 10 of 108 
(9%), compared with 19% (3 of 16) in those treated by the oral 
route (75 mg/kg every 6 h for 35 days). Eflornithine was found 
to be safer than melarsoprol in a trial of 251 patients in southern 
Sudan. Chappuis et al showed that patients treated with eflorni-
thine experienced fewer cutaneous and neurological side effects 
as well as a reduced risk of death during treatment.72

Where affordable, melarsoprol has been superseded by 
eflornithine for the therapy of late-stage T. brucei gambiense 
sleeping sickness. Where melarsoprol has to be used, consid-
eration should be given to the use of an accelerated 10-day 
schedule described from Angola.73 This consisted of 10 
daily injections of melarsoprol 2.2 mg/kg. Prednisolone was 
given at 1 mg/kg per day for days 1–7; 0.75 mg/kg on day 8;  
0.5 mg/kg on day 9 and 0.25 mg/kg on day 10. The schedule 
was compared with the 26-day standard Angolan schedule of 
three series of four daily injections of melarsoprol, increasing 
from 1.2 to 3.6 mg/kg within each series, with 7 days between 
series. A total of 250 patients on each regimen were studied. 
Adverse events resulting in withdrawal were 40 on standard 
treatment and 47 on the concise schedule. Fifty patients on 
the standard regimen, but only two on the new regimen, devi-
ated or withdrew from treatment. All patients were deemed 
parasitologically cured 24 h after treatment. Six patients in 
each group died as a result of encephalopathy. Skin reactions 
were more common on the new regimen.73 This concise regi-
men for melarsoprol has not been validated for the treatment 
of T. brucei rhodesiense.

This work was further supported by Pepin and Mpia who 
conducted a randomized controlled trial of 389 patients com-
paring efficacy and toxicity of three regimens of melarsoprol 
in the treatment of late-stage T. brucei gambiense trypanoso-
miasis.74 Patients were followed with 6-monthly lumbar punc-
tures for 2 years. The trial compared the more traditional 
regimen ‘A’ of three series of three injections (3.6 mg/kg) 
at the full melarsoprol dosage; a new regimen ‘B’ of 10 con-
secutive daily intravenous injections (2.16 mg/kg); and three 
series of three injections but with graded dosing (1.8–3.6 mg/
kg), regimen ‘C’. The relapse rate was 5.4%, 7.4% and 25% 
for regimens A, B and C, respectively (p <0.001). The newer 

regimen of 10 daily injections was as effective and had no 
additional toxicity compared to regimens of three series of 
three injections. It also had the additional benefit of a shorter 
hospital stay and a reduction in total cost of melarsoprol. 
Furthermore, the authors felt that the graded dosing regimen 
should be abandoned in view of its higher relapse rate and 
associated increased incidence of seizures.

Nifurtimox monotherapy is too toxic to be preferred to 
eflornithine. Pepin et al treated 30 patients suffering from 
arseno-resistant T. brucei gambiense sleeping sickness with 
high-dose nifurtimox (30 mg/kg per day for 30 days).75 
Trypanosomes disappeared from the CSF of the nine patients 
in whom they were shown before therapy, and the CSF 
white cell count fell in all but one patient. Nine of 25 (36%) 
patients relapsed after follow-up, seven with trypanosomes 
in either CSF or blood. The relapse rate was lower than in 
the authors’ previous study of nifurtimox 15 mg/kg per day 
for 60 days, when only 31% (6 of 19) were cured. However, 
high-dose nifurtimox produced serious toxicity; one patient 
died and another eight developed neurological problems, the 
most common being a cerebellar syndrome. There have been 
recent calls for nifurtimox monotherapy to be abandoned.76 
However, there is now a role for combination treatment with 
oral nifurtimox plus intravenous eflornithine. Priotto et al 
found that in a small (interrupted) randomized clinical trial 
comparing three treatments, nifurtimox and eflornithine 
combination treatment demonstrated increased cure rate over 
both melarsoprol–eflornithine and melarsoprol–nifurtimox 
combinations in second-stage Gambiense sleeping sickness.77 
The trial was stopped prematurely due to the increased mor-
tality in the melarsoprol–nifurtimox group.

Further data came from a case series of 48 patients suf-
fering from stage 2 T. brucei gambiense infection treated with 
nifurtimox–eflornithine combination therapy in Uganda. 
There were no relapses. Two deaths occurred, neither judged 
to be due to trypanosomiasis nor to drug treatment.78 A phase 
III clinical trial, enrolling 103 patients in the Republic of 
Congo, showed that for stage 2 Gambiense disease nifurtimox–
eflornithine combined treatment (NECT) was as efficacious 
as eflornithine monotherapy. Patients were randomized to 
receive either eflornithine alone 400 mg/kg per day intrave-
nously in four divided doses for 14 days or eflornithine 400 
mg/kg per day intravenously in two divided doses for 7 days, 
plus nifurtimox 15 mg/kg per day orally in three divided doses 
for 10 days; 94.1% of the eflornithine group and 96.2% of the 
nifurtimox-eflornithine group were cured. Severe drug reac-
tions occurred in 25.5% of the eflornithine group and 9.6% 
of the nifurtimox–eflornithine group.79 NECT has the benefit 
of a reduction in drug doses and therefore a reduction in toxic 
side effects, a shortened hospital stay (treatment duration is 
reduced to 10 days) and reduced drug costs (the number of 
injections is reduced to 14). The Drugs for Neglected Diseases 
initiative (DNDi) and the World Health Organization (WHO) 
Essential Medicines list (http://www.who.int/neglected_ 
diseases/disease_management/drug_combination/en/index.
html) have stated that NECT, while not ideal, offers ‘an  
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immediate and practical improvement’ for patients as a replace-
ment therapy for melarsoprol.

The DNDi have also released information regarding a 
rediscovered oral agent, fexinidazole, a nitroimidazole, which 
can be used in both stages of the disease. This agent entered 
clinical development in 2009.

TRYPANOSOMA BRUCEI RHODESIENSE 
INFecTION

Hemolymphatic disease is treated with suramin (see T. brucei  
gambiense). Pentamidine is ineffective against T. brucei 
rhodesiense.

For late-stage disease with CNS involvement, eflornithine 
is not effective against T. brucei rhodesiense, even when used at 
a dose of 800 mg/kg per day for 14 days80 and the treatment 
of choice for late-stage T. brucei rhodesiense infection remains 
melarsoprol. Several different treatment regimens are cur-
rently advocated, though there is no clear evidence that one is 
superior.40 The regimens usually consist of three or four daily 
injections, separated by 7- to 10-day periods off treatment 
(Table 63.1).40 Despite the evidence to support the abandon-
ment of graded melarsoprol dosing for T. brucei gambiense, 
there is no clinical trial-based evidence to inform such a deci-
sion for late-stage T. brucei rhodesiense.

Therapy with melarsoprol can be followed by a Jarisch–
Herxheimer reaction, which may be very severe. Thus, melar-
soprol therapy is usually preceded by suramin treatment in the 
case of T. brucei rhodesiense (Table 63.1). As many as 1–5% of 
patients die during melarsoprol therapy, so it must be used 
only where there is clear evidence for CNS involvement in 
T. brucei rhodesiense infection. Especially dangerous is reactive 
encephalopathy, with headache, tremor, slurred speech, con-
vulsions and coma. The syndrome appears 3–10 days after the 
first dose of melarsoprol.40 Pepin et al examined the effect of 
prednisolone on the incidence of melarsoprol-induced enceph-
alopathy in T. brucei gambiense (rather than T. brucei rhodesiense) 
sleeping sickness;81 308 control patients received melarsoprol, 
preceded by a single dose of suramin to decrease peripheral 
parasitemia, while 290 patients received the same drugs plus 
prednisolone 1 mg/kg (maximum 40 mg) daily by mouth. The 
prednisolone group showed a significant (p = 0.002) reduc-
tion in the incidence of encephalopathy compared to controls. 
However, there was no significant difference in case-fatality 
rate for encephalopathy between the two groups (66.7% in the 
prednisolone group, 54.3% in the control group). The presence 
of fever during an episode of encephalopathy was associated 
with an adverse outcome: none of 10 patients with fever and 20 
of 37 without fever survived. Thus, reduction in encephalopa-
thy-associated death was due to a lower incidence of encephal-
opathy rather than a lower case-fatality rate. Reduction of the 
encephalopathy rate by prednisolone supports an autoimmune 
etiology for this complication, since steroids seem unlikely to 
decrease direct toxicity of arsenicals. In contrast, the incidence 
of polyneuropathy, thought to be due to a direct toxic effect of 

arsenic, was not reduced by prednisolone.81 The authors rightly 
advise exclusion of strongyloidiasis and amebiasis before giving 
prednisolone in view of the propensity of these infections to ful-
minate in steroid-treated individuals. Although the study was 
undertaken in T. brucei gambiense sleeping sickness, the authors 
thought that prednisolone should be given to patients with  
T. brucei rhodesiense sleeping sickness receiving melarsoprol.

table 63.1 Treatment schedules (adults and children) 
for Trypanosoma brucei rhodesiense trypanosomiasis with 
meningoencephalitic involvement40

Day Druga Dose (mg/kg)

For T. brucei rhodesiense infection, as used in Kenya and Zambia

1 Suramin  5.00

3 Suramin 10.00

5 Suramin 20.00

7 Melarsoprol  0.36

8 Melarsoprol  0.72

9 Melarsoprol  1.10

16 Melarsoprol  1.40

17 Melarsoprol  1.80

18 Melarsoprol  1.80

25 Melarsoprol  2.20

26 Melarsoprol  2.90

27 Melarsoprol  3.60

34 Melarsoprol  3.60

35 Melarsoprol  3.60

36 Melarsoprol  3.60

For T. brucei rhodesiense infection, as used in Uganda and the United 

Republic of Tanzania

1 Suramin  5.00

3 Suramin 10.00

5 Melarsoprol  1.80

6 Melarsoprol  2.20

7 Melarsoprol  2.56

14 Melarsoprol  2.56

15 Melarsoprol  2.90

16 Melarsoprol  3.26

23 Melarsoprol  3.60

24 Melarsoprol  3.60

25 Melarsoprol  3.60

aAll given intravenously unless otherwise stated.
From WHO Model Prescribing Information: Drug used in Parasitic Diseases. WHO, 
Geneva, 1990.
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Pepin et al enlarged upon their work on melarsoprol-
induced encephalopathy,82 reporting on 1083 patients with  
T. brucei gambiense, which included data from their earlier 
study of 598 patients.81 Of these 1083 patients, 64 (5.9%) 
developed drug-induced encephalopathy; 62 of these died, 
43 from reactive encephalopathy and 19 from other causes, 
including trypanosomiasis. Prednisolone (1 mg/kg up to 40 
mg/day) significantly reduced the incidence of encephalop-
athy and mortality on treatment, especially in patients with 
trypanosomes seen in the CSF and/or whose CSF white cell 
count was ≥100/mm3. In patients with CSF white cell counts 
of ≥100/mm3, changing the melarsoprol regimen to three 
series of three injections, instead of three series of four injec-
tions, halved the mortality rate.

The addition of dimercaprol to intravenous steroids and 
anticonvulsants for the treatment of melarsoprol-induced 
encephalopathy was possibly harmful and the authors gave 
a clear recommendation not to use dimercaprol in the treat-
ment of this condition. They also recommended that for 
patients with late-stage Gambian trypanosomiasis with white 
cell counts of ≥100/mm3 in the CSF, the maximum melarso-
prol dosage should be three series of three injections of 0.1 
mL/kg each (maximum 5.6 mL/day).

Foulkes reported a patient with arsenical-refractory  
T. brucei rhodesiense infection with CNS involvement who 
responded to combined intravenous suramin and high-dose 
oral metronidazole.83 The patient’s CSF was normal, with no 
trypanosomes evident, at 1-year follow-up.

TRYPANOSOMA CRUZI INFecTION

There have been few advances in the chemotherapy of 
this infection for many years. Both of the standard drugs 
(nifurtimox and benznidazole) are toxic, with adverse reaction 
rates of 30–55%.84 Tanowitz et al,85 reviewing Chagas disease, 
drew attention to studies in which 42% of rabbits receiving 
benznidazole and 33% of rabbits receiving nifurtimox devel-
oped widely invasive lymphomas, yet none of the control ani-
mals did so. They also point out that both agents have been 
widely used in Latin America for several decades, without 
reports of an increased frequency of lymphomas in treated 
patients. It should be noted that both agents are contraindi-
cated in pregnancy.

Despite initial optimism,84,86 the WHO has stated that 
allopurinol lacks any demonstrable parasiticidal activity in 
humans.

Nifurtimox acts against trypomastigotes and amastigotes. 
Side effects of nifurtimox are common and dose related. It is 
rapidly absorbed from the gastrointestinal tract and predomi-
nantly metabolized in the liver by cytochrome P450 reductase. 
Recognized side effects include gastrointestinal symptoms 
(30–70% of patients), headache, vertigo, excitability, myalgia, 
arthralgia, convulsions and peripheral polyneuritis.40

Benznidazole is also active against trypomastigotes and 
amastigotes. Side effects commonly occur, including rashes, 

fever, purpura, peripheral polyneuritis, leukopenia and 
agranulocytosis.39,87 Response to therapy is variable; for 
example, some central Brazilian strains are less sensitive. 
Andrade et al isolated 11 strains of T. cruzi from patients 
with Chagas disease in central Brazil and characterized them 
biologically and by isoenzyme analysis.88 Patients received 
benznidazole or benznidazole plus nifurtimox. Mice infected 
with the corresponding strain were treated with the drug(s) 
corresponding to the regimen received by the patient. Mice 
underwent a test of cure 3–6 months after the end of treat-
ment. Patients were tested by xenodiagnosis monthly on at 
least 25 occasions. Mice infected with type II (zymodeme 2) 
strains showed 66–100% cure rates, but those infected with 
type III (zymodeme 1) strains showed 0–9% cure rates. In 
humans, five of six patients with type II strains but only two 
of five patients with type III strains were cured. There was 
correlation between treatment outcome in patients and mice 
in nine of 11 (81.8%) cases.

Congenital Chagas disease can be treated with nifurtimox 
or with benznidazole.87 Parasitological cure is thought to occur 
in 90% of congenitally infected infants treated in the first year 
of life.89 Neither drug is available in pediatric formulations 
but both are well tolerated by infants and young children.

As a result of increasing geographical overlap, reactiva-
tion of latent T. cruzi infection secondary to HIV-mediated 
immunosuppression is increasingly recognized. Solari et 
al90 reported a patient with hemophilia and AIDS compli-
cated by multifocal necrotic encephalitis due to T. cruzi: 
2 weeks’ therapy with benznidazole 400 mg/day failed to 
improve the condition, but itraconazole 200 mg/day, later 
changed to fluconazole 400 mg/day in an attempt to achieve 
better CNS penetration, was associated with resolution 
of fever and stabilization of the neurological symptoms. 
Further evaluation of triazole antifungal agents against  
T. cruzi infections should be undertaken. Sartori et al 
describe a small series of patients co-infected with HIV and 
Chagas disease who responded to a standard 60-day ben-
znidazole regimen which resulted in decreased parasitemia 
and clinical improvement.91 DiazGranados et al92 regard the 
recommended treatment for reactivated T. cruzi infection in 
HIV-positive patients as benznidazole 5 mg/kg per day in 
two divided doses for 60–90 days or nifurtimox 8–10 mg/kg  
per day in three divided doses for 60–120 days, though 
there is less clinical experience with the latter. Following 
treatment they advocate secondary prophylaxis with ben-
znidazole 5 mg/kg three times weekly. Antiretroviral therapy 
should be commenced to promote immune reconstitution. 
There are no studies to provide definitive guidance on the 
necessary duration of secondary prophylaxis or criteria for 
its possible withdrawal.

While specific treatment of T. cruzi was originally limited 
to the acute phase, recent evidence has suggested that drug 
therapy may be indicated in chronically infected individu-
als. Solari et al used the polymerase chain reaction (PCR) 
to follow-up children treated with nifurtimox in the chronic 
phase of T. cruzi infection:93 66 children were treated with 
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nifurtimox 7–10 mg/kg per day for 60 days and followed up 
by repeated serology, xenodiagnosis and PCR for 36 months 
after therapy. Although all but two patients remained seropos-
itive, xenodiagnosis rapidly became negative after 3 months. 
PCR became negative in most cases by 24 months and in all 
cases by 36 months post treatment. These smaller studies in 
children, together with growing clinical experience, have now 
encouraged the early diagnosis and prompt treatment of all 
infected children.86

Estani and Segura advocate the following guidelines for 
the treatment of T. cruzi infection, which have been adopted 
in Argentina.94 They recommend treatment for all patients in 
the acute phase, for young people in the indeterminate phase, 
for adult patients in the indeterminate phase or with heart 
lesions, for laboratory accidents and during surgery, for organ 
transplant recipients or donors.

In a non-randomized, non-blinded controlled trial of 
Chagas disease patients with cardiac disease, benznidazole 
treatment (for 30 days) appeared to slow the progression of 
cardiomyopathy in adults.95 This trial and Argentinian clini-
cal experience96 have encouraged some experts to treat these 
chronic Chagas disease patients. There is currently underway 
a phase III multicenter, randomized, double-blind, placebo-
controlled trial (the BENEFIT trial) which remains ongoing 
until 2010. It will evaluate benznidazole treatment versus pla-
cebo (for 60 days) in the prevention of progression of cardiac 
disease.97

Neto, based in Brazil, advocates the following treatment 
regimen:98

•	 For	prevention	of	infection	by	T. cruzi following a 
laboratory accident and possibly after a blood transfusion 
from a T. cruzi-infected donor: benznidazole 7–10 mg/kg 
for 10 days.

•	 Benznidazole	is	given	as	5	mg/kg	per	day	for	60	days	for	
adults; 5–10 mg/kg per day for 60 days for children.

•	 Nifurtimox	is	given	as	8–10	mg/kg	per	day	for	60–90	days	
for adults; 15 mg/kg per day for 60–90 days for children.

Reviewing the results from a variety of sources, Neto quotes 
the following percentages of cure (based upon negative xeno-
diagnosis and serology) for persons treated at various stages 
of infection:98

•	 Acute	phase	70%
•	 Recent	chronic	phase	60%
•	 Long-term	chronic	phase	20%.

Rassi and Luquetti99 state that efficacy of treatment may 
depend on geographical area. They also point out that exten-
sive use of benznidazole took place after 1980 so they expect 
the efficacy rate for the late chronic phase to rise as more 
adults achieve 20-year post-treatment follow-up, the period 
required to regard the infection as cured. However, not all 
are convinced that therapy of chronically infected individu-
als is appropriate. In Brazil, Braga et al used nested PCR to 
follow-up 17 treated (at least 30 days of anti-trypanosomal 
nitrofuran or nitroimidazole treatment) and 17 untreated 
chronic Chagas disease patients.100 There was no statistically 

significant difference in the mean number of T. cruzi per mL 
in untreated (25.83) and treated (6.45) individuals. These 
authors took the view that treatment of chronic Chagas dis-
ease remains controversial and argue that further evaluation 
of the benefits of treatment with nitro derivatives is required. 
They reinforced the need for a precise definition of the role of 
treatment with nitrofuran and nitroimidazole compounds in 
chronic T. cruzi infection.

A further note of caution was sounded by Silveira et al,101 
who studied 12 children aged between 7 and 12 years in the 
indeterminate phase of T. cruzi infection, with both posi-
tive serology and xenodiagnosis. Two patients had received 
nifurtimox 7 mg/kg for 60 and 90 days and 10 had received 
benznidazole 5–7 mg/kg for 60 days. The patients were resi-
dents of an area where transmission had been interrupted for 
more than 10 years. Eight individuals were followed up for 
8 years and four for 20 years. Clinical evaluation consisted 
of physical examination, electrocardiogram and esophageal 
radiography with contrast. Only one child was negative in 
all examinations performed; seven (58.4%) remained in the 
indeterminate stage and four (33.3%) progressed to second-
degree cardiopathy and/or megaesophagus. However, the 
authors’ data showed only one of the 12 patients to be PCR 
and xenodiagnosis positive, the other patients being negative 
by both tests.

Iatrogenically immunosuppressed individuals in the 
chronic phase of T. cruzi infection are at risk of reactivation 
of the infection, with increased parasitemia. Rassi et al treated 
18 adult patients in the chronic phase of Chagas disease, who 
were taking corticosteroids for concomitant diseases, with 
benznidazole (at the start of corticosteroid treatment in 12 
patients or 15 days afterwards in six patients).102 Benznidazole 
therapy (10 mg/kg per day for 60 days in all but one patient) 
was reported to prevent the increase, and thus might poten-
tially be useful in immunosuppressed patients with chronic 
Chagas disease. Reactivation of Chagas disease has been  
estimated at 9–16% in renal transplants, 50–100% in cardiac 
transplants and 17–40% in autologous and allogeneic trans-
plants. Altclas et al103 argue that there is no evidence to sup-
port the use of pre-emptive treatment of transplant patients 
with Chagas disease. Patients would still need post-transplant  
monitoring for reactivation. This is especially the case as ben-
znidazole has reported adverse side effects in immunocom-
promised patients.95

The Pan American Health Organization recommends 
treatment of T. cruzi infection as follows:104

•	 Treatment	is	with	nifurtimox	or	benznidazole.	For	
nifurtimox, patients up to 40 kg in weight should receive 
10–12 mg/kg per day. Those whose weight exceeds 40 kg 
should receive 8 mg/kg per day. The total daily dose is 
split into two or three equal doses per day and given for 
30–60 days. For benznidazole, patients weighing up to 40 
kg should receive 7.5 mg/kg per day. Those who weigh 
more than 40 kg should receive 5 mg/kg per day. The 
drug is administered in two or three doses per day for 
30–60 days.
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•	 Congenital	infection	is	treated	with	nifurtimox	 
10–15 mg/kg per day or benznidazole 10 mg/kg per day.

•	 In	preterm	or	low	birthweight	infants,	treatment	should	
be started with half the dose. If there is no evidence of 
leukopenia or thrombocytopenia at 72 h, it is possible to 
give the definitive dose for the next 60 days.

•	 It	should	be	noted	that	whereas	acute-phase	or	
congenital T. cruzi infection can be treated with either 
nifurtimox or benznidazole, in the case of recent chronic 
infection evidence of successful treatment exists only for 
benznidazole.

•	 For	late	chronic	infection,	the	objectives	of	treatment	
are to eradicate the parasite, prevent the appearance or 
progression of visceral lesions, and interrupt the cycle 
of transmission. There is no age limit to eligibility for 
treatment. Specific therapy is not recommended during 
pregnancy or breastfeeding, in hepatic or renal insufficiency, 
when there are serious coexisting lesions. Nifurtimox is 
given at a dose of 8–10 mg/kg per day (split into 8-hourly 
doses, preferably after food) for 60–90 days. Benznidazole is 
given at a dose of 5 mg/kg per day (split into 8- or 12-hourly 
doses, preferably after food) for 60 days.

•	 Long-term	follow-up	with	clinical	assessment,	
electrocardiography, serology and PCR is required.

As Neto points out,98 the decision on treatment requires con-
sideration of each case individually, balancing the chance of 
a cure and the stage of the disease against the known side 
effects of the drugs.

For the future, new triazole derivatives (e.g. SCH56592; 
Schering-Plough) and bisphosphonates (e.g. pamidronate) 
have shown encouraging activity against T. cruzi in murine 
models.105

Interestingly, there is further accumulating evidence that 
some patients infected with T. cruzi spontaneously cure the 
parasite with no further sequelae. Dias et al report one such 
case in Brazil of a 5-year-old girl first reported in 1944 with 
smear-positive acute trypanosomiasis; she had no treatment 
and continued to have both clinical and laboratory follow-
up until 2007.106 She has no evidence of chronic disease and 
remains completely well.

In summary, who should be treated for T. cruzi infection 
and with what agent? The WHO86 recommendations are as 
follows.

 AcuTe PHASe

•	 For	uncomplicated	cases,	benznidazole	7.5	mg/kg	per	day	
for weight up to 40 kg, 5 mg/kg per day for over 40 kg 
body weight.

•	 Acute	meningoencephalitis,	up	to	25	mg/kg	per	day.
•	 For	congenital	cases,	full-term	neonates	should	

receive benznidazole 10 mg/kg per day. Dosing starts 
at 5 mg/kg per day and is increased to 10 mg/kg per 
day after 3 days provided there is no leukopenia or 
thrombocytopenia.

•	 The	total	daily	dose	is	given	as	two	or	three	divided	doses.	
Duration of treatment in all cases is 60 days.

•	 For	organ	transplantation,	the	WHO	states	that	infected	
donors should be treated for 2 weeks before donation and 
recipients for 2 weeks afterwards.

•	 For	laboratory	accidents,	a	10-day	course	of	benznidazole	
7–10 mg/kg per day is recommended.

 cHrONIc PHASe

•	 The	WHO	states	that	every	patient	can	benefit	from	
antiparasitic treatment and that the treating physician 
should determine the age limits and clinical suitability of 
therapy. A 60-day course of either benznidazole 5 mg/kg per 
day split to two or three divided doses or nifurtimax 8 to 
10 mg/kg per day split to three divided doses is recommended.

•	 For	prevention	of	reactivation	in	T. cruzi and HIV 
co-infection, benznidazole 5 mg/kg per day three times 
weekly. Prophylaxis is not justified in those receiving 
HAART.

Writing from the United States and thus dealing predomi-
nantly with the chronic phase, Bern et al89 recommend antit-
rypanosomal treatment for: 

•	 all	cases	of	acute	and	congenital	Chagas	disease
•	 reactivated	infection
•	 chronic	T. cruzi infection in individuals 18 years or younger

and state that it should generally be offered to those aged 
19–50 years without advanced heart disease. They regard it as 
optional for those over 50.

Treatment should be strongly considered for previously 
untreated individuals with T. cruzi and HIV co-infection and 
for patients awaiting organ transplantation.

ENTAMOEBA HISTOLYTICA

Choice of treatment regimen depends upon the particular 
clinical presentation of amebic infection.

AMeBIc dySeNTery

The treatment of choice is metronidazole followed by dilox-
anide furoate. Metronidazole 800 mg every 8 h for 5 days 
produced a cure rate in excess of 90%.107 Other nitroimida-
zoles such as tinidazole (adult dose 2 g/day for 3–5 days) or a 
single dose of the long-acting nitroimidazole secnidazole 2 g 
are alternative agents. The use of a single dose of secnidazole 
showed microscopic clearance in 81% at day 21.108

With the above regimens, neither nitroimidazole achieves 
adequate clearance of amebic cysts from the intestinal lumen; 
thus, a luminal amebicide is required to complete therapy. 
Diloxanide furoate 500 mg orally every 8 h for 10 days is first 
choice, alternatives being paromomycin (aminosidine) 500 mg 
orally every 8 h for 10 days, or iodoquinol (diiodohydroxyquin) 
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650 mg every 8 h for 20 days.109 However, diiodohydroxyquin 
therapy, albeit in longer courses, has been associated with the 
development of blindness,110 and since there are good alter-
nate agents available, the use of this drug is not recommended. 
Nitazoxanide, a nitrothiazolyl–salicylamide derivative, at a 
dose of 500 mg every 12 h for 3 days showed cyst passage 
clearance rates of 81% in treated patients within 7–10 days of 
therapy compared with 40% in the placebo group.111,112 This 
compares well with similar clearance rates after the longer 
treatment regimen of diloxanide furoate.

AMeBIc LIver ABSceSS

The dose of metronidazole required in amebic liver abscess is 
lower than in amebic dysentery. Amebic liver abscess is treated 
with metronidazole 400 mg orally every 8 h for 5 days,107  
followed by diloxanide furoate (as above). Tinidazole is an 
alternative to metronidazole. Initial work used a dosage regi-
men of 800 mg every 8 h for 5 days,113 but 2 g/day orally 
for 3–5 days is currently used. Scragg and Proctor achieved 
a 92% cure rate in children with amebic liver abscess with 
tinidazole in a mean dose of 55 mg/kg per day for 3–5 days, in 
combination with therapeutic aspiration.114 Secnidazole 500 mg 
every 8 h for 5 days is another nitroimidazole that can be used 
in the treatment of amebic liver abscesses.115

Rarely, when nitroimidazoles do not seem to be effective 
despite therapeutic aspiration of the abscess (see below), dehy-
droemetine or emetine can be considered. However, both 
have serious side effects, notably cardiotoxicity. Where it is 
essential to use one of them, dehydroemetine is preferred as 
it is less toxic than emetine. The dosage regimen is dehydro-
emetine 1.25 mg/kg (maximum daily dose 90 mg) intramus-
cularly or deep subcutaneously for 10 days. Emetine dosage 
is 1 mg/kg (maximum daily dose 60 mg) intramuscularly or 
deep subcutaneously for 10 days.116,117

Chloroquine is another alternative where nitroimidazoles 
fail or cannot be used. However, it is only moderately effective 
in amebic liver abscess and ineffective in amebic dysentery.107 
The regimen is chloroquine 150 mg base every 6 h for 2 days, 
then 150 mg base every 12 h for 19 days.117

Aspiration of an amebic liver abscess is occasionally neces-
sary. Reed gives the following indications:109

1. To rule out a pyogenic abscess, particularly with multiple 
lesions. Aspiration for diagnostic purposes should only 
rarely be required, provided good-quality amebic serology 
is available and if appropriate antibacterial and antiamebic 
therapy can be given from the outset pending the outcome 
of blood cultures and amebic serology. Scragg thought 
there was no place for diagnostic aspiration and that  
aspiration should be considered as part of treatment.118

2. As an adjunct to medical treatment, if a patient does 
not respond to therapy within 3–5 days and if rupture is 
believed to be imminent.

3. To decrease the risk of rupture of an abscess of the left 
lobe of the liver into the pericardium.

ASyMPTOMATIc cyST PASSAge

The decision whether or not to treat asymptomatic cyst pas-
sage depends on several factors. If the patient is ordinarily res-
ident in an area highly endemic for Entamoeba histolytica and 
thus likely to become reinfected fairly quickly, the benefit of 
eradicating cyst carriage has to be weighed against the cost of 
treatment and likely benefit to the individual, bearing in mind 
the fact that most strains of ‘E. histolytica’ are non-pathogenic. 
Entamoeba histolytica has now been split into E. histolytica, 
which is always regarded as pathogenic, and Entamoeba dis-
par (formerly non-pathogenic E. histolytica), which had origi-
nally been proposed by Brumpt in 1925 and was confirmed 
by Sargeaunt.119 However, where asymptomatic cyst passage 
persists following therapy of amebic dysentery or amebic liver 
abscess, further treatment with a luminal amebicide is man-
datory, otherwise relapse is frequent.116

In areas where indigenous amebiasis is very uncommon, 
most E. histolytica/E. dispar infections are imported, and good 
luminal amebicides are readily available, so the decision is 
more in favor of treatment. Ideally, treatment strategy should 
be based on the results of PCR to separate E.  histolytica from 
E. dispar (since they are morphologically identical), but the 
technique is available in only a few centers. Some popula-
tion groups appear to harbor only non-pathogenic strains. 
For example, Allason-Jones et al studied ‘E. histolytica’ cysts 
from men who have sex with men (MSM) in London and 
all strains had a non-pathogenic zymodeme pattern.120 They 
concluded that asymptomatic ‘E. histolytica’ cyst passage in 
MSM did not require treatment.

gIArdIASIS

The treatment of choice is tinidazole 2 g as a single dose, a reg-
imen effective in approximately 90% of cases. Metronidazole 
2 g/day for 3 days gives a similar cure rate. Low dose, longer 
duration metronidazole regimens (200 mg every 8 h for 7–10 
days) give cure rates of 60–87%.121 Failure of therapy with 
nitroimidazole therapy may be due to a variety of possible fac-
tors: reinfection, underlying immunodeficiency or drug resis-
tance. Where nitroimidazole resistance is thought to be the 
explanation, there are few alternative agents.

Mepacrine (quinacrine, atebrin) is active against Giardia122 
and is given as 100 mg every 8 h for 5–7 days, with reported 
cure rates of 90–95%.123,124 It should be used with caution in 
view of its known side effects: Wolfe reported toxic psychosis 
in 1.5% of adult patients treated with this agent125 and other 
side effects include CNS stimulation and (on prolonged ther-
apy) yellow discoloration of the skin.

Furazolidone provides another option126 and is given at  
100 mg every 6 h for 7 days, with reported cure rates of 75–90%.123 
Side effects, though usually mild, occur in approximately 20% of 
patients127 and patients with glucose-6-phosphate dehydrogenase 
(G6PD) deficiency may develop hemolysis on furazolidone.
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Hall and Nahar compared the efficacy of albendazole with 
that of metronidazole against Giardia infection of children in 
Bangladesh.127 Albendazole, 400 mg/day for 5 days, produced 
a 94.8% cure rate, not statistically different from the 97.4% 
cure rate produced in children receiving metronidazole 375 
mg/day for 5 days.

Paromomycin (aminosidine) (25–30 mg/kg per day in 
three divided doses for 5–10 days) is effective in 60–70% of 
cases.124 As it is excreted nearly 100% unchanged in the feces, 
it is used by some practitioners when nitroimidazoles cannot 
be used in pregnancy.

Nitazoxanide 500 mg every 12 h as a 3-day course showed 
Giardia cyst clearance in 91% of patients, compared with 36% 
clearance in the placebo group at days 7–10.111 This clear-
ance rate compared well with similar rates achieved with 
metronidazole.

TRICHOMONAS VAGINALIS

Metronidazole 2 g as a single oral dose has produced cure 
rates as high as 97% and lends itself better to compliance.128 
An alternative regimen is 400 mg every 12 h for 7 days; this 
regimen has the advantage of protecting against reinfection 
during the 7-day treatment period. Tidwell et al compared a 
single 2 g oral dose of metronidazole with a single 2 g intra-
vaginal dose:129 88% of the oral group but only 50% of the 
intravaginal group were microbiologically cured (p = 0.0037). 
Given the level of asymptomatic carriage, treatment of both 
partners simultaneously is recommended.

Tinidazole 2 g as a single dose, repeated if the first dose fails 
to produce clinical benefit, is an alternative to metronidazole.

Secnidazole, another nitroimidazole, is also effective against 
Trichomonas when given as a single 2 g dose.130

The most common causes of treatment failure are rein-
fection or non-compliance with therapy, but metronida-
zole-resistant strains of T. vaginalis are well documented:131 
approximately 5% of all T. vaginalis isolates from patients 
had some level of resistance to metronidazole.132 Treatment 
of resistant isolates requires higher doses (usually double 
the recommended treatment dose for an extended period 
of time) and, in high-level resistance, intravenous met-
ronidazole. There is likely to be cross-resistance to other 
nitroimidazoles and therapy with another drug class might 
be necessary.133 Refractory cases occur after two standard 
courses of treatment and are very problematical as higher and 
higher doses often lead to drug toxicity and intolerable side 
effects. Nitazoxanide has demonstrated good in-vivo activity 
against other protozoa and good in-vitro activity against met-
ronidazole-resistant T. vaginalis, making it a potential agent 
for the future.134 Alternative topical agents include clotrima-
zole, nonoxynol-9 and povidone–iodine, none of which has 
given consistently effective cure in women and all of which 
are ineffective in men,135 highlighting the need for new anti-
trichomonal drugs.

For T. vaginalis infections during the first trimester of 
pregnancy, treatment with nitroimidazole derivatives is  
contraindicated; 100 mg clotrimazole suppositories intrav-
aginally at bedtime for 14 days have been tried, with a cure 
rate of 50% with some associated symptomatic relief.105 
The cure rates in a multicenter study for a single oral  
2 g metronidazole dose were 80% compared with 11.1% 
for vaginal clotrimazole (two 100 mg tablets per day) 
and 18.6% for vaginal suppositories (containing 1.05 g  
sulfanilamide, 14 mg aminacrine hydrochloride and 140 
mg allantoin) intravaginally every 12 h for 7 days.136 
Treatment should be reserved for those with severe symp-
toms. Nitroimidazoles can be used during the second tri-
mester of pregnancy.

Breastfeeding mothers can be treated with a single dose of 
2 g secnidazole or metronidazole with a 24 h interruption of 
breastfeeding after therapy.

Neonatal trichomoniasis is dependent on maternal estro-
gen levels, which begin to wane in the neonate after 3–6 weeks 
of life; therapy for symptomatic neonates can only be consid-
ered at 2 months of age.132 In neonates beyond 8 weeks of age 
where the infection persists or there are symptoms, the infant 
may be treated with metronidazole as a single 50 mg/kg dose 
or 10–30 mg/kg per day for 5–7 days.133

In general, drugs delivered intravaginally are of signifi-
cantly lower efficacy than systemically administered nitroimi-
dazoles, which still remain the drugs of choice.

CRYPTOSPORIDIUM

Diarrhea due to this organism is usually self-limiting in 
those with normal immunity, but can be devastating in 
immunocompromised people, notably in patients with 
AIDS. Highly effective treatment remains elusive, but sev-
eral drugs have been found to be effective in some studies. 
Paromomycin has been reported effective in a double-blind, 
placebo-controlled trial.137 Vargas et al reported successful 
use of azithromycin in two cases in immunocompromised 
children.138 A case report in a pediatric renal transplant 
patient with profuse cryptosporidial diarrhea used a com-
bination of nitazoxanide, azithromycin and paromomycin 
to achieve clearance.139 In a randomized, double-blind, 
placebo-controlled study, nitazoxanide 500 mg every 12 h  
for 3 days (100 mg every 12 h for 1–3 year olds, 200 mg 
every 12 h for 4–11 year olds) showed an 80% clinical 
resolution and 67% oocyst clearance at day 7 (values were 
41% and 22%, respectively, in the control group).111,112

Therapy of the immunocompromised patient with cryp-
tosporidiosis is difficult and the mainstay of treatment is modu-
lation of the immune defect. HIV-infected patients on HAART 
showed persistent parasitological clearance after 1 month of 
paromomycin 2 g every 6 h. Groups on triple and double ther-
apy showed no relapses, except for two patients who stopped 
HAART. The groups on no antiretroviral therapy or mono-
therapy showed only 20% resolution after paromomycin.140 
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A  double-blind, placebo-controlled, randomized trial of 66 
patients with HIV compared 14 days of nitazoxanide with pla-
cebo and saw a 80–92% resolution of diarrhea with nitazoxanide 
compared to 50% in the placebo group.141 A further compas-
sionate use program of nitazoxanide in 365 patients with AIDS 
saw 209 patients achieve a sustained clinical response.142

Hyperimmune bovine colostrum has also been used for the 
treatment of cryptosporidiosis in HIV-positive patients.143,144

ISOSPOrA BeLLI

The treatment of choice is trimethoprim–sulfamethoxazole.145 
A combination of pyrimethamine and sulfadiazine given for 
8 weeks was successful in an HIV-positive patient in whom 
trimethoprim–sulfamethoxazole daily for 2 weeks had failed. 
Diiodohydroxyquin, paromomycin and spiramycin have also 
been unsuccessful.146

For two AIDS patients with hypersensitivity to 
trimethoprim– sulfamethoxazole, a combination of albenda-
zole and ornidazole showed parasitological clearance in one 
patient.147

Furazolidone is an alternative agent for the treatment of 
isosporiasis.

CYCLOSPORA CAYETANENSIS

Cyclospora infection may be self-limiting, so antimicrobial 
therapy is not required in every case. Where specific treat-
ment is deemed necessary, the agent of choice is trimethop-
rim–sulfamethoxazole 960 mg every 12 h for 7 days.148 In 
a cohort study of Haitian HIV-positive patients the relapse 
rate after initial therapy with 960 mg trimethoprim–sul-
famethoxazole every 6 h for 10 days was 43% and secondary 
prophylaxis of single dose 960 mg trimethoprim–sulfame-
thoxazole three times a week was required. No patient had 
received antiretroviral therapy.149 For patients with hyper-
sensitivity to sulfa drugs, monotherapy with trimethoprim 
showed no effect,150 but ciprofloxacin 500 mg every 12 h 
for 7 days showed a 70% parasitological clearance on day 7 
(clearance was 95% in the trimethoprim–sulfamethoxazole 
group).151 Ciprofloxacin could be used in patients with 
hypersensitivity to sulfonamides.

MIcrOSPOrIdIOSIS

Intestinal microsporidiosis in AIDS patients is caused by 
Enterocytozoon bieneusi or Encephalitozoon (Septata) intestina-
lis. Albendazole 400 mg every 12 h for 3 weeks showed excel-
lent efficacy for the treatment and prophylaxis of E. intestinalis 
infection in patients with AIDS.152 Albendazole lacks efficacy 
against E. bieneusi, but 20 mg fumagillin every 8 h has shown 

some promise but the number of cases is small and neutro-
penia is a recognized adverse effect.153 Thalidomide 100 mg 
at night for 1 month showed 38% complete remission and 
17% partial remission.154 Nitazoxanide 1 g every 12 h for 60 
days achieved parasitological clearance in an AIDS patient 
who had not been on antiretroviral therapy at the time nita-
zoxanide was administered.155 Immune modulation of HIV-
infected patients achieved with HAART remains an important 
therapeutic intervention in the treatment of microsporidial 
infections.141,156

BABeSIOSIS

BABESIA BOVIS ANd BABESIA DIVERGENS

These infections are usually encountered in splenectomized 
humans, leading to fulminant illness and death. There are 
no controlled trials of treatment. Diminazene (Berenil) is 
active against animal babesiosis and has been used in a case 
of human infection with B. divergens, but the patient did 
not survive.157 The same authors reported successful treat-
ment of a splenectomized patient infected with this para-
site using pentamidine plus trimethoprim–sulfamethoxazole. 
Successful treatment of three cases with massive exchange 
blood transfusion (2–3 blood volumes) followed by intrave-
nous clindamycin and oral quinine was reported by Brasseur 
and Gorenflot.158,159

Atovaquone is effective against B. divergens in vitro.160 In 
the absence of data from randomized controlled trials, treat-
ment for human infection with B. divergens should consist of 
exchange blood transfusion plus intravenous clindamycin and 
intravenous or oral quinine, depending upon the patient’s 
condition.

BABESIA MICROTI

In most cases patients suffer a mild illness and recover spon-
taneously. Where illness is severe enough to merit treatment, 
quinine plus clindamycin is the treatment of choice.160 Whole 
blood or red cell exchange transfusion has produced a rapid 
and substantial fall in parasitemia.161 Krause et al compared 
atovaquone 750 mg every 12 h plus azithromycin 500 mg on 
day 1 and 250 mg/day thereafter for 7 days with clindamycin 
600 mg every 8 h and quinine 650 mg every 8 h for 7 days, 
all drugs being given orally.162 Atovaquone plus azithromycin 
proved to be as effective as clindamycin plus quinine and had 
fewer adverse reactions. The authors recommended the use of 
atovaquone plus azithromycin for the treatment of non-life-
threatening babesiosis in immunocompetent adult patients 
and in others who cannot tolerate clindamycin and quinine. 
Ranque has suggested that a trial of atovaquone plus clin-
damycin should be performed.163
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64 Helminthic infections

Tim O’Dempsey

Helminths are complex, multicellular, parasitic worms occupying 
a wide variety of geographical, ecological and anatomical niches. 
They are classified into three groups: nematodes (roundworms), 
platyhelminths (flatworms, including trematodes and cestodes) 
and annelids (segmented worms, including leeches) (Table 64.1). 
Their life cycles vary in complexity. Some, for example Enterobius 
vermicularis, are principally dependent upon their human host, 
while others, such as the hepatic and intestinal flukes, require 
two intermediate hosts to complete their life cycle. Pathological 
effects in humans may be caused by the adult worms, egg depo-
sition in tissues, or migration and death of larvae or microfilariae. 
Most infections are asymptomatic. Clinical disease is more likely in 
those who are immunologically naive following substantial initial 
exposure, in heavy infections and in people who are immunosup-
pressed or malnourished.

Helminthic infections are a major cause of morbidity and mor-
tality worldwide and are prominent among the so-called neglected 
tropical diseases (NTDs).1 The NTDs include schistosomiasis and 
the ‘soil transmitted helminths’ (STH), a group of parasites whose 
life cycle usually depends on a period of development outside 
the human host, typically in moist, warm soil. The most important 
STH are Ascaris lumbricoides, Trichuris trichiura and the hookworms 
(Necator americanus and Ancylostoma duodenale). Unprecedented 
efforts are now being made to control or eradicate these infections 
by means of health education, improved hygiene and sanitation, 
provision of safe water, vector control, and selective and mass che-
motherapy using a limited repertoire of safe and effective anthelm-
intic agents (Table 64.2).

Recently, nitazoxanide, a thiazolide compound, has been 
shown to be well tolerated and effective in the treatment of a wide 
range of helminthic and other gastrointestinal infections, includ-
ing Ascaris lumbricoides, Strongyloides stercoralis, Trichuris trichiura, 
Enterobius vermicularis, Taenia saginata, Hymenolepis nana and 
Fasciola hepatica.2

INTESTINAL HELMINTHS

INTESTINAL NEMATODE INFECTIONS

 ASCArIASIS

Ascaris lumbricoides, the most common roundworm infection in 
humans, affects over 1 billion people worldwide. The peak prev-
alence and intensity of infection are among children aged 3–8 
years. Infection follows ingestion of eggs contaminating vegeta-
bles, soil or dust. Larvae, liberated as the eggs pass through the 
stomach and small intestine, penetrate the intestinal mucosa and 
enter blood and lymphatic vessels. A proportion reaches the lungs 
4–16 days after infection. After penetrating the alveoli and molt-
ing, they migrate via the respiratory tract to the esophagus and 
are carried to the small intestine. Here they develop into adults, 
mate and start producing eggs 6–8 weeks after infection. Adults 
grow to a length of 15–35 cm and may survive for 1–2 years. 
Females are capable of producing 200 000 eggs per day. The eggs 
are excreted in feces and their ova mature into infective embryos 
within 1–4 weeks. Eggs may remain viable in soil for years.

Migration of larvae through the lungs may cause fever, 
cough, dyspnea, wheeze and urticaria. Chest pain and cyanosis 
occur in more severe cases and sputum may be slightly blood-
stained. Chest radiographic abnormalities range from discrete 
densities to diffuse interstitial, or more confluent, infiltrates. 
Ascaris pneumonitis, when accompanied by eosinophilia, is 
known as Löffler’s syndrome. The episode usually subsides 
spontaneously within 10 days.

Adult intestinal worms are rarely noticed unless passed 
in the stool. In heavy infections the worms may intertwine 
to form a bolus, causing intestinal obstruction, volvulus or  
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anthelmintic agent Frequent side effects Occasional side effects rare side effects

Albendazole   Abdominal pain, reversible alopecia, increased 
transaminases, headache

Leukopenia, rash, renal toxicity, fever 

Diethylcarbamazine 
citrate

Mazzotti reaction with 
onchocerciasis

Gastrointestinal disturbances, hypersensitivity 
reactions

Encephalopathy, renal failure (especially in patients with 
loiasis and high microfilaria counts)

Ivermectin   Gastrointestinal disturbances Mazzotti reaction in onchocerciasis, encephalopathy in 
loiasis, transient postural hypotension

Levamisole 
 

Nausea, diarrhea, altered 
taste 

Dermatitis, alopecia, arthralgia, blood dyscrasias, 
myalgia, bone pain, depression, dizziness,  
headache, stomatitis, vomiting

Ataxia, visual disturbance, hepatitis, paresthesia,  
convulsions, tardive dyskinesia, tremors 

Mebendazole  
 

Gastrointestinal disturbances, headache Hypersensitivity reactions, hypospermia, leukopenia, 
agranulocytosis

Niclosamide Gastrointestinal distur-
bances, dizziness, pruritus

    

Nitazoxanide   Abdominal pain, diarrhea, vomiting, headache Hypotension, tachyarrhythmias, hepatitis, anemia, men-
orrhagia, myalgia, urinary symptoms and discoloration

Oxamniquine 
 

  
 

Headache, fever, dizziness, nausea, vomiting, 
 hepatitis, insomnia, hallucinations, orange  
discoloration of urine

Convulsions 
 

Piperazine 
 

  
 

Gastrointestinal disturbances, hypersensitivity 
reactions 

Stevens–Johnson syndrome, angioedema, ataxia 
(‘worm wobble’), drowsiness, confusion, convulsions 
in patients with neurological/renal abnormalities

Praziquantel   Gastrointestinal disturbances, headache,  
dizziness, sedation, fever

Pruritus, rash, edema, hiccups 

Pyrantel pamoate   Gastrointestinal disturbances, dizziness, rash, fever   

Thiabendazole 
 

Gastrointestinal distur-
bances, vertigo, headache,  
drowsiness, pruritus

Leukopenia, crystalluria, rash, neuropsychiatric  
disturbances, erythema multiforme 

Shock, tinnitus, intrahepatic cholestasis, convulsions, 
angioneurotic edema, Stevens–Johnson syndrome 

Table 64.2 Side effects of selected anthelmintic agents

helminth (common name) principal mode of infection

Intestinal helminthes

Nematodes:
 Ascaris lumbricoides (roundworm) Ingestion of egg
 Enterobius vermicularis (pinworm/threadworm) Ingestion of egg
 Trichuris trichiura (whipworm) Ingestion of egg
 Ancylostoma duodenale (hookworm) Larval penetration of skin
 Necator americanus (hookworm) Larval penetration of skin
 Strongyloides spp. Larval penetration of skin

Cestodes:
 Taenia saginata, Taenia solium (beef/pork tapeworm) Ingestion of cyst
 Diphyllobothrium latum (fish tapeworm) Ingestion of plerocercoid larva

Larval helminths

Nematodes:
 Trichinella spp. (trichinosis) Ingestion of cyst
 Toxocara spp. (toxocariasis) Ingestion of egg

Cestodes:
 Taenia solium (cysticercosis) Ingestion of egg
 Echinococcus granulosus (hydatid cyst) Ingestion of egg
 Echinococcus multilocularis (alveolar hydatid) Ingestion of egg

Trematodes (flukes)

Schistosoma spp. (bilharzia) Cercarial penetration of skin
Paragonimus spp. (lung fluke) Ingestion of metacercariae
Fasciolopsis buski (intestinal fluke) Ingestion of metacercariae
Fasciola hepatica, Fasciola gigantica (liver flukes) Ingestion of metacercariae
Opisthorchis sinensis, O. viverrini (oriental liver flukes) Ingestion of metacercariae

Filarial nematodes
Infective larvae from:

Onchocerca volvulus (river blindness) Bite of Simulium (black fly)
Loa loa (loiasis, eye worm) Bite of Chrysops (red fly)
Dracunculus medinensis (Guinea worm) Ingestion of L3 larva within Cyclops
Wuchereria bancrofti, Brugia malayi, Brugia timori (lymphatic filariasis) Bite of various mosquitoes

Table 64.1 Clinically important helminths and their principal modes of infection
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perforation. Migrating worms may obstruct ducts or diver-
ticuli causing biliary colic, cholangitis, liver abscess, pancre-
atitis or appendicitis. A well-known hazard of anesthesia is 
endotracheal tube obstruction by a wandering ascaris. Cases 
of pneumothorax and pericarditis have also been reported.3

Diagnosis and treatment

Ascaris pneumonitis is diagnosed on clinical grounds; the 
presence or absence of eggs in the stools is irrelevant. Larvae 
may be found in the sputum. Stool examination for eggs is 
the standard method for diagnosing established infection, 
although stools may be negative if infection is entirely due to 
male worms. Worms may also be identified on barium studies, 
ultrasonography and endoscopy.

Albendazole 400 mg in a single oral dose eliminates most 
infections. In heavy infections this may need to be repeated for 
2–3 days. The recommended dose in children aged 1–2 years 
is 200 mg. Mebendazole 100 mg orally every 12 h for 3 days is 
also effective, although use in children under 2 years is not rec-
ommended by the manufacturer. There are also reports of ecto-
pic migration of Ascaris following the use of mebendazole.

Piperazine 75 mg/kg (to a maximum of 3.5 g for adults and 
children over 12 years and a maximum of 2.5 g for children aged 
2–12 years) is also effective. As side effects are relatively com-
mon and may be serious, piperazine should be used only if safer 
alternatives are unavailable. Pyrantel pamoate (11 mg/kg up to a 
maximum of 1 g) can be given as a single dose. Pyrantel and 
piperazine have antagonistic effects and should never be pre-
scribed concurrently.

Levamisole 2.5–3 mg/kg (max. 150 mg) for children 1 
month to 18 years, 120–150 mg for adults, as a single dose 
is also highly effective. Nitazoxanide given orally every 12 h  
for 3 days is also effective in the following doses: adults 
and children  >12 years, 500 mg; children aged 4–11 years,  
200 mg; children aged 1–3 years, 100 mg.

Intestinal ascariasis should be treated with an anthelm-
intic agent. Intestinal obstruction may respond to conservative 
management with nasogastric aspiration, intravenous fluids 
and antispasmodics, followed by an anthelmintic when the 
obstruction has subsided. Laparotomy is required if this fails 
or if the patient is seriously ill. Manipulation of the worms 
through the ileocecal valve may be possible without having 
to open the bowel. Surgical or endoscopic removal of single 
worms blocking ducts should be reserved for patients who fail 
to respond to anthelmintic treatment and those with persisting 
pain or raised serum amylase.4 Ascaris pneumonitis is generally 
managed symptomatically using bronchodilators and steroids 
if indicated. The use of anthelmintics is questionable as symp-
toms of pneumonitis may be exacerbated by larval death.

 TrICHurIASIS

Trichuris trichiura, the whipworm, infects about 900  million 
people worldwide. Following ingestion of eggs in contami-
nated soil, food or fomites, larvae emerge in the cecum,  

penetrate the crypts of Lieberkün and migrate within the 
mucosal epithelium. The adult matures and remains partly 
embedded in the mucosa of the cecum and ascending colon, 
or throughout the colon in heavy infections.

Most infections go unnoticed; however, heavy infections 
may cause severe gastrointestinal symptoms. The friable 
mucosa bleeds easily, resulting in iron deficiency anemia in 
children on marginal diets. Chronic trichuris colitis is associ-
ated with growth retardation. Severe trichuris dysentery syn-
drome frequently leads to rectal prolapse.

Diagnosis and treatment

Diagnosis may be obvious on identifying adult worms attached 
to the mucosa of prolapsed bowel. In less dramatic circum-
stances, the characteristic eggs may be identified in the stool, 
by concentration techniques if necessary for light infections. 
Trichuriasis may cause a significant eosinophilia.

A single oral dose of mebendazole 500 mg appears to be 
more effective than albendazole 400 mg.5 Severe infections 
require either mebendazole 100 mg every 12 h for 3 days or 
albendazole 400 mg/day for 3 days. Single-dose combination 
treatment using albendazole 400 mg plus ivermectin 200 μg/kg 
is also highly effective.6

 HOOkwOrM

Ancyl. duodenale and Necator americanus are the principal 
hookworms infecting humans, affecting 900 million people 
worldwide. Both species are widely distributed in tropical 
Africa and Asia. N. americanus is the most common species in 
the Americas; Ancyl. duodenale also occurs in the Middle East, 
North Africa, southern Europe, the Caribbean, and Central 
and South America.

Hookworm eggs passed in the feces hatch in soil in warm, 
moist conditions, liberating rhabditiform larvae. These sub-
sequently develop into filariform larvae, which inhabit the 
surface layer of soil. When these larvae come into contact 
with the skin of the human host, they penetrate via fissures 
or hair follicles and are carried in the venous circulation to 
the lungs. Here they penetrate the alveoli and migrate to the 
pharynx. They are then carried into the small intestine where 
they mature into adults. Rarely, infection with Ancyl. duode-
nale may occur following ingestion of larvae on contaminated 
vegetables. Infantile hookworm disease has been described in 
China and attributed to transmammary transmission, laying 
infants on contaminated soil, or using nappies made of cloth 
bags stuffed with infected soil.

Adult hookworms attach themselves to the upper half of 
the small intestine and feed on blood. An adult Ancyl. duode-
nale may consume between 0.15 and 0.26 mL/day; N. ameri-
canus consumes a relatively modest 0.03 mL/day. Blood loss 
also occurs at the site of attachment. Loss of plasma proteins 
may result in hypoproteinemia. In Africa and Asia, 30–54% 
of moderate and severe anemia in pregnancy is due to hook-
worm infection.
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Initial infection is usually asymptomatic. Ground itch at 
the site of larval penetration when severe may be associated 
with the development of vesicles or pustules. Cutaneous larva 
migrans is sometimes seen. Larval migration through the 
lungs may give rise to a pneumonitis similar to that in ascari-
asis. Nausea, vomiting, pharyngeal irritation, cough, dyspnea 
and hoarseness (Wakana syndrome) may follow oral ingestion 
of Ancyl. duodenale larvae.

Occasionally, 4–6 weeks after infection, abdominal symp-
toms occur, including discomfort, flatulence, anorexia, nausea, 
vomiting and diarrhea, which may contain blood and mucus in 
heavy infections. Rarely, life-threatening gastrointestinal hemor-
rhage occurs in young children with severe primary infections.

Most chronic infections are asymptomatic. Problems arise 
when iron intake is low or demands are high. A gradually 
worsening iron deficiency anemia develops, often associated 
with hypoalbuminemia and edema, and eventually progresses 
to cardiac failure.

Diagnosis and treatment

Diagnosis is made by identification of the characteristic eggs 
in the stool. Concentration techniques may be necessary for 
lighter infections. Culture techniques similar to those used for 
strongyloides may also be helpful. If stool samples are left for 
a few days before examination, eggs may hatch liberating lar-
vae that may be mistaken for strongyloides, although they are 
morphologically distinct. Mixed infections may also occur.

Albendazole 400 mg as a single dose is more effective than 
mebendazole 100 mg every 12 h for 3 days.7 Pyrantel pamo-
ate 11 mg/kg (maximum 1 g) as a single dose is also effec-
tive. Treatment for iron-deficiency anemia may be indicated. 
Transfusion is rarely essential.

 OTHEr HOOkwOrM INFECTIONS

Cutaneous larva migrans

Humans are accidental hosts in this infection caused by the 
larvae of the dog or cat hookworm, most commonly Ancyl. 
braziliense. Larvae penetrate the skin and migrate in the der-
mis, their progress mapped by an itchy, erythematous, serpigi-
nous rash. Blistering sometimes occurs. Unable to complete 
their life cycle, they wander about in the dermis for several 
weeks or months until they eventually die. Rarely, infection 
may trigger hypereosinophilia and pneumonitis.

Topical thiabendazole may suffice for infections involving a 
limited area. A paste made by grinding one 0.5 g thiabendazole 
tablet in 5 g of petroleum jelly is applied every 8–12 h over the 
track, extending 1–2 cm beyond the leading edge. An occlusive 
dressing containing thiabendazole paste enhances the effect. Oral 
thiabendazole was previously recommended for more severe 
infections; however, this has been superseded by albendazole 
400 mg/day for 3 days. More recently, ivermectin 200 μg/kg as 
a single dose has been shown to be more effective and less toxic 
than albendazole. Repeated doses are sometimes required.8

eosinophilic enteritis

This has been described in Australia following infection with 
the immature adult dog hookworm, Ancyl. caninum, which 
provokes an allergic reaction resulting in edema of the gut 
wall, ascites and regional lymphadenopathy. Ulceration may 
occur at the site of the hookworm bite. Enterobiasis and ani-
sakiasis may also cause eosinophilic enteritis.

 STrONgyLOIDIASIS

Strongyloidiasis affects 50–100 million people worldwide, 
occurring in warm, wet, tropical and subtropical regions and in 
suitable niches in temperate regions, where conditions are moist 
and sanitation poor. Strongyloides stercoralis is the predominant 
species affecting humans, although Strongyloides füllebomi, prin-
cipally a parasite of primates, has also been found in humans in 
Africa and Papua New Guinea. Human infection follows cuta-
neous penetration by filariform larvae contaminating soil, in a 
similar manner to hookworm. Indeed, both parasites may be 
present in the same habitat. Filariform larvae are carried in the 
venous circulation to the lungs where they penetrate the alveoli, 
migrate to the pharynx and then travel to the small intestine. 
There they develop into adults that penetrate the duodenal and 
jejunal mucosa. Fertilized females produce embryonated eggs 
resembling those of hookworm, but these are rarely seen as they 
hatch in the intestinal mucosa, releasing the first-stage rhabditi-
form larvae characteristically found in the stool. In favorable 
soil conditions, the excreted rhabditiform larvae transform into 
infectious filariform larvae within 24–48 h, remaining viable in 
soil for a few weeks.

Autoinfection may occur if rhabditiform larvae rap-
idly transform into infectious dwarf filariform larvae in the 
lumen of the bowel. These penetrate the gut mucosa (internal 
autoinfection) or the perianal skin (external autoinfection). 
Infection may thus persist for decades without further exter-
nal exposure. Person-to-person transmission has also been 
described.9

Larval penetration of the skin may result in ground itch, 
and an urticarial, serpiginous rash is sometimes observed.

Pneumonitis may be associated with larval migration. 
Initial invasion of the small bowel mucosa by adult worms 
may cause abdominal pain and, in heavy infections, vomit-
ing, malabsorption and paralytic ileus. Chronic infection may 
be asymptomatic or cause intermittent episodes of abdomi-
nal discomfort, sometimes associated with diarrhea and urti-
caria. Some patients develop malabsorption. Larva currens 
(‘creeping eruption’) may appear transiently as an intensely 
itchy serpiginous wheal, usually on the trunk or buttocks. 
Strongyloides may also cause episodes of pneumonitis and, 
rarely, a reactive arthritis.

Strongyloides hyperinfection syndrome occurs as a result 
of massive autoinfection. Risk factors include immuno-
suppression associated with organ transplants, cytotoxic 
drug therapy, corticosteroid therapy,10 ribavirin therapy for  
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hepatitis C,11 malignancies (particularly leukemia and lym-
phoma), severe malnutrition and severe infections. HIV 
infection does not appear to predispose to strongyloides 
hyperinfection syndrome, although hyperinfection may 
occur in debilitated patients with advanced AIDS. Human 
T-cell leukemia virus type 1 (HTLV-1) infection does, how-
ever, appear to be a significant risk factor for strongyloides 
hyperinfection syndrome.12 Rarely, hyperinfection syndrome 
occurs in an immunocompetent individual. A severe pro-
tein-losing enteropathy may develop in debilitated patients. 
More commonly, in patients who are abruptly immuno-
suppressed, hyperinfection syndrome presents with severe 
diarrhea, often with blood. Bowel inflammation may be 
associated with microperforations and give rise to paralytic 
ileus accompanied by Gram-negative septicemia caused by 
enteric organisms. The condition is usually fatal if effective 
chemotherapy is delayed. Complications include meningitis, 
often caused by Escherichia coli and/or larvae of S. stercora-
lis; both organisms are often detected in cerebrospinal fluid 
(CSF). Larvae may be widely disseminated in the central 
nervous system (CNS) and elsewhere, causing microinfarcts. 
Additional complications include peritonitis, endocardi-
tis and pneumonitis. All patients with a history of possible 
exposure should be screened for strongyloides before immu-
nosuppression. Patients at high risk should be treated empir-
ically even if investigations are negative.13

Diagnosis and treatment

Rhabditiform larvae may be difficult to identify in feces. 
Various concentration techniques have been advocated and 
fecal culture on damp charcoal or Harada–Mori culture on 
vertical strips of damp filter paper may be helpful, although 
culture on nutrient agar plates is now emerging as the pre-
ferred technique.14 Larvae may be identified in duodenal aspi-
rates or using the string capsule technique (Enterotest).

Serological tests (indirect fluorescent antibody test or 
enzyme-linked immunosorbent assay (ELISA)) are useful for 
patients who are not normally resident in an endemic area; 
however, cross-reactions with filarial antigens remain a prob-
lem. Strongyloidiasis in immunocompetent individuals is 
usually accompanied by an eosinophilia. Diagnosis in patients 
who are immunocompromised is more difficult. Eosinophilia 
is less likely and its absence is associated with a poorer prog-
nosis. Serological tests are likely to be negative. It is essen-
tial to search carefully for larvae in feces or bowel aspirates. 
Larvae may also be found in sputum, CSF and urine.

Ivermectin is the drug of choice for strongyloidiasis. An oral 
dose of 200 μg/kg per day for 2 days gives excellent cure rates 
with few side effects.15 Thiabendazole 25 mg/kg (maximum 
1.5 g) orally every 12 h for 3 days is also effective, although it 
is advisable to repeat this after 1 week because of the difficulty 
in confirming eradication of infection. Side effects are com-
mon and may be serious. Albendazole has fewer side effects 
than thiabendazole. A course of 400 mg every 12 h for 7 days 
has been used with encouraging results.

Hyperinfection syndrome poses therapeutic difficulties. 
In patients who are able to absorb oral treatment, ivermectin 
given in a multidose schedule offers the greatest promise of 
success. Patients who are unable to absorb oral therapy pres-
ent a difficult challenge as no parenteral preparations of thi-
abendazole, albendazole or ivermectin are licensed for use in 
humans. However, parenteral ivermectin, available as a vet-
erinary preparation, has been administered subcutaneously 
in the successful treatment of two patients with strongyloides 
hyperinfection.16 Patients with hyperinfection syndrome may 
also require treatment for Gram-negative septicemia.

 ENTErObIASIS

Enterobius vermicularis, the pinworm or threadworm, occurs 
worldwide and is the most common helminthic infection in 
Western Europe and the USA, although, strictly speaking, it 
is not a soil transmitted helminth. Infection follows ingestion 
of the egg on contaminated food or fomites. Autoinfection 
occurs when perianal irritation caused by migration of gravid 
female worms results in scratching and transmission of eggs 
from anus to mouth on fingertips. Secondary bacterial infec-
tion may occur at the site of excoriation. Vulvovaginitis, 
enuresis, urinary tract infection and appendicitis may also be 
associated with E. vermicularis. Infection may be accompanied 
by mild eosinophilia.

Diagnosis and treatment

Diagnosis is usually made by collecting eggs from the perianal 
region using adhesive tape or a moist cotton swab. Eggs may 
appear in urine samples from girls.

Mebendazole, albendazole and piperazine all achieve cure 
rates above 90%. Mebendazole 100 mg is given as a single 
oral dose, repeated 2–4 weeks later. Albendazole 400 mg as 
a single oral dose is repeated after 7 days for adults and chil-
dren over 2 years. A dose of 100 mg should be used in chil-
dren aged less than 2 years. Piperazine is effective but must 
be given daily for 7 days and repeated after 2–4 weeks. It has 
been superseded by mebendazole and albendazole. Pyrantel 
pamoate 11 mg base/kg (maximum dose 1 g) orally as a single 
dose repeated after 2 weeks is also effective.

Family members and other close contacts are likely to 
be infected and it is usual to recommend their treatment 
simultaneously, except for pregnant women during the first 
trimester.

INTESTINAL CESTODE INFECTIONS 
(TAPEwOrMS)

Tapeworms are flattened, segmented, hermaphroditic worms 
ranging in length from 10 mm to 20 m. The head (scolex) 
attaches to the intestinal mucosa by means of suckers or hook-
lets. All, with the exception of Hymenolepis nana, require a 
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secondary intermediate host in which the larvae develop into 
cysts, usually in muscle. Human infection follows consump-
tion of undercooked meat or fish. Larval cestode infections 
may also occur in humans following the ingestion of the egg, 
the most important being cysticercosis.

 TAENIASIS

Taenia saginata, the beef tapeworm, and Taenia solium, the 
pork tapeworm, are the most common tapeworms affecting 
humans. Infection follows consumption of undercooked beef 
or pork containing cysts. T. saginata cysts may occur in other 
domestic bovines and a closely related Asian species has been 
shown to infect pigs, ungulates and monkeys. T. solium cysts 
also occur in dogs and cats. A third species of human Taenia, 
T. asiatica, which is also transmitted in pigs, has recently been 
described in Asia where prevalence rates of up to 20% have 
been documented among Indonesian villagers.

Most infections are asymptomatic, the host only becom-
ing aware when a proglottid segment is noticed in feces or 
felt as it passes through the anus. Gastrointestinal symptoms 
may include loss of appetite, nausea or vague abdominal pain.  
A patient who is vomiting profusely, for whatever reason, may 
be further distressed when several meters of tapeworm appear 
in the vomit. Rarely, complications arise following migration 
of proglottids to unusual sites, such as the appendix or pan-
creatic and bile ducts.

 DIPHyLLObOTHrIASIS

The most common of the 13 or more species of fish tape-
worm affecting humans is Diphyllobothrium latum. Human 
infection follows ingestion of undercooked or raw fish or roe. 
Most infections involve a single worm and are asymptomatic 
or associated with vague, non-specific abdominal symptoms. 
Megaloblastic anemia may occur, resembling pernicious ane-
mia in severe cases.

  HyMENOLEPIASIS AND 
DIPyLIDIASIS

Hymenolepis nana, the dwarf tapeworm, occurs worldwide, 
principally among children. Most infections are asymptom-
atic, but heavy infections may cause abdominal pain, nausea, 
vomiting, pruritus ani and diarrhea, sometimes contain-
ing blood. Headache, dizziness, sleep and behavior distur-
bances are frequent. Convulsions have also been reported. 
Autoinfection is common.

Hymenolepis diminuta, the rat tapeworm, may affect 
humans who ingest the intermediate host, usually a weevil, 
flea or cockroach. Most infections are asymptomatic and of 
short duration.

Dipylidium caninum infection may occur in humans, usu-
ally young infants, following accidental ingestion of a flea, the 
intermediate host of this cestode whose usual host is a dog 
or other carnivore. Most infections are asymptomatic. Some 
children experience abdominal pain, diarrhea, pruritus ani 
and urticaria.

Diagnosis and treatment

Diagnosis is usually made by identification of characteristic 
eggs or proglottids in feces. There may be a variable eosino-
philia, minimal in cases of T. saginata and often reaching 
5–10% in hymenolepiasis.

Praziquantel is the drug of choice for all of the above intes-
tinal cestode infections. A single oral dose of 10 mg/kg is usu-
ally effective. H. nana requires 25 mg/kg as a single dose. 
Praziquantel should be used with caution in populations in 
which cysticercosis is common, as there is a possibility of pre-
cipitating or aggravating symptoms. Niclosamide, given as a 
single oral dose of 2 g for adults, is also effective. Doses for 
children are 500 mg if <10 kg, 1 g if 11–34 kg and 1.5 g if 
>34 kg. Tablets should be chewed well and swallowed with 
water. There is no clinical evidence to justify the routine use 
of purgatives and antiemetics in patients with T. solium before 
cestocidal treatment, in order to prevent retrograde peristalsis 
of eggs and possible risk of cysticercosis.

LArVAL HELMINTHIC INFECTIONS

CySTICErCOSIS

Neurocysticercosis is the most common parasitic infection of 
the CNS and the main cause of adult-onset epilepsy world-
wide. Cysticercosis occurs following ingestion of eggs of  
T. solium and can occur in strict vegetarians or those who avoid 
eating pork for religious reasons. The onchosphere is liberated 
in the upper intestinal tract, penetrates the mucosa and enters 
the mesenteric vessels and lymphatics. Dissemination then 
occurs throughout the body and cysts develop in the tissues.

Living cysts usually provoke little or no immunological 
reaction. Clinical symptoms are more likely to arise as a result 
of the inflammatory response to dying cysticerci. Calcification 
eventually occurs at the site of dead cysticerci. Two forms of 
cysticerci – parenchymal and racemose – are found in the 
CNS. Racemose cysticerci are uncommon in children and are 
associated with a poorer prognosis.

Most infections are asymptomatic. The most common clin-
ical presentations occur with neurocysticercosis and include 
epilepsy, symptoms of raised intracranial pressure, psychi-
atric disturbances, dementia, encephalitis, chronic menin-
gitis, cranial nerve palsies and symptoms due to spinal cord 
lesions. Learning difficulties, behavior changes and psycho-
motor involution may be additional presenting symptoms in 
children.17 Cysticerci may develop in the eye, most commonly 
in the retina, but sometimes are free floating in the anterior 
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or posterior chamber. Subcutaneous cysticerci are present 
in about 50% of cases of neurocysticercosis. Cysticerci in 
muscles may result in increased muscle bulk and weakness. 
Cardiac involvement may also occur.

Diagnosis and treatment

Serological diagnosis is possible using an enzyme-linked 
immunoelectrotransfer blot (EITB) or ELISA.18,19 CSF may 
be normal or white cells (lymphocytes or eosinophils) raised 
to a variable extent. Glucose may be reduced. Total protein 
and IgG may be elevated and the EITB may be positive. 
Single ring-enhancing intracranial lesions are often nega-
tive using currently available immunodiagnostic techniques. 
Subcutaneous nodules can be biopsied. Ophthalmoscopy 
may reveal ocular cysts. Calcified cysts may be evident on 
X-ray films in muscle and other tissue. MRI is superior to CT 
in diagnosing neurocysticercosis if cysts are still viable. CT is 
better for demonstration of calcified cysts.

Praziquantel (50–100 mg/kg per day in three divided doses 
for 15 days) and albendazole (400 mg every 12 h for adults 
or 15 mg/kg every 12 h for children for 8–30 days) may be 
used alone or in combination in the treatment of viable cysts. 
The inflammatory response to dying cysticerci may precip-
itate or exacerbate symptoms. Simultaneous administration 
of steroids is usually advised to mitigate the inflammatory 
response.20 The bioavailability of albendazole and praziquan-
tel are increased with cimetidine.21,22

A recent meta-analysis showed that treatment with cysti-
cidal drugs results in better resolution of enhancing lesions 
and cysts, lower risk of recurrence of seizures in patients with 
enhancing lesions, and a reduction in the rate of generalized 
seizures in patients with viable cysts.23 Therefore, a full course 
anthelmintic therapy is now recommended for patients with 
active parenchymal neurocysticercosis. Single-dose praziqu-
antel treatment may be adequate for patients who have sin-
gle brain-enhancing lesions and positive serology.24 Patients 
with inactive parenchymal disease do not require anthelm-
intic treatment. In either circumstance, anticonvulsants may 
be indicated and, in some cases, neurosurgical intervention 
may be required. Extraparenchymal cysts may require treat-
ment with combinations of antiparasitic drugs, steroids and, 
possibly, surgery, depending on the number, size, location and 
complications.

Ophthalmic cysticercosis is usually treated surgically. 
Muscular and subcutaneous cysticercosis infections generally 
do not require treatment. However, if anticysticercal drugs 
are used, steroids or non-steroidal anti-inflammatory drugs 
may also be required.

HyDATIDOSIS

The larval stage of the canine tapeworm, Echinococcus granu-
losus, causes cystic hydatid disease in humans. The disease is 
prevalent in sheep-rearing areas throughout the world. Dogs 

and other carnivores are the definitive host for the adult tape-
worm. Sheep and other domestic livestock become infected 
after ingesting ova shed in dog feces, following which hydatid 
cysts develop in the viscera of the infected animal. The cycle is 
completed when dogs ingest cysts in offal and other infected 
tissues. Human infection follows the accidental ingestion of 
eggs in dog feces. The ingested egg releases an onchosphere 
which penetrates the intestinal wall and is carried in the circula-
tion to a variety of tissues, most commonly the liver and lungs.

Symptoms are usually either due to a mass effect produced 
by the growing cyst or occur as a result of leakage of fluid 
from a cyst. Hepatic cysts are more frequent in the right lobe 
and are usually asymptomatic until they become large. A non-
tender mass may be evident on examination. Secondary bac-
terial infection of a cyst may mimic a liver abscess. Rupture 
may be spontaneous, traumatic or occur during surgery, pre-
cipitating a hypersensitivity reaction ranging from urticaria, 
pruritus and fever to fatal anaphylaxis. Rupture into the peri-
toneal cavity may lead to seeding and the development of sec-
ondary cysts. Rupture into the biliary tree may cause colic, 
urticaria and obstructive jaundice, sometimes complicated by 
secondary bacterial infection.

Most lung cysts are asymptomatic, often being found inci-
dentally on a chest radiograph. Patients may experience fever, 
dyspnea, chest pain and cough, sometimes with hemoptysis or 
productive of clear salty-tasting liquid. Collapsed cysts have 
a characteristic ‘water lily’ appearance on chest radiographs. 
Patients may cough up the soft, white outer membrane of the 
cyst. Rupture into the lung may cause a hypersensitivity reac-
tion, or result in pneumothorax and empyema. A lung abscess 
may develop at the site of a cyst. Seeding of pulmonary cysts 
is uncommon.

Hydatid cysts occur at a variety of other sites including 
spleen, bone (causing pain and pathological fracture), brain 
(causing convulsions or a mass effect) and eye (causing prop-
tosis and chemosis).

Diagnosis and treatment

Abdominal ultrasound is useful for detecting abdominal 
cysts; radiography, CT or MRI may be useful for detecting 
cysts elsewhere. Of the serological tests available, the specific 
IgG ELISA AgB (antigen-B-rich fraction) is the most sensi-
tive.25 Others include an EITB assay and the double diffu-
sion test for arc 5 (DD5). All lack sensitivity for extrahepatic 
cysts and DD5 may give false-positive results in patients with 
cysticercosis. Urine antigen detection tests are promising.26 
Eosinophilia may follow leakage or rupture of a cyst.

Until recently, surgical removal was the preferred method 
of managing accessible cysts and remains the recommended 
treatment for cysts >10 cm diameter, for infected cysts and for 
cysts in the brain, lung or kidney.27 Surgical removal of hydatid 
cysts requires great care to avoid spillage. Before removal, large 
cysts are carefully aspirated and the aspirate replaced with an 
equivalent volume of hypertonic saline, a scolicide. Puncture, 
aspiration, injection and reaspiration (PAIR) of cysts under 
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ultrasound control is now used increasingly as an alternative 
to surgery.28 Following initial aspiration, hypertonic saline is 
injected into the cyst and reaspirated after 20 min. PAIR plus 
chemotherapy is associated with lower morbidity, mortality 
and disease recurrence rates, and shorter hospital stays.29

Small cysts can be surgically removed intact. Laparoscopic 
treatment of hydatid cysts of the liver and spleen is also 
effective.30

Albendazole, either alone or in combination with prazi-
quantel, should be given for 1–3 months prior to surgery or 
PAIR. Patients undergoing surgery or percutaneous aspira-
tion should receive concomitant albendazole, either alone or 
in combination with praziquantel. PAIR should be followed 
by an 8-week course of albendazole. Anthelmintic treatment 
may reduce the need for surgery in patients with uncompli-
cated pulmonary cysts.31

Albendazole is useful for patients with inoperable, wide-
spread or numerous cysts and in patients who are unfit for 
surgery. The recommended regimen is a now 400 mg every 
12 h for adults, or 5–7.5 mg/kg every 12 h for children, for 
3–12 months depending on response. Monthly treatment 
interruptions are no longer recommended.32 Absorption of 
albendazole is enhanced when taken with fatty meals. A com-
bination of albendazole and praziquantel has been shown to 
have greater protoscolicidal activity in animal studies and in 
vitro than either drug alone.33,34 Combination therapy has 
been used with success in treating inoperable spinal, pelvic, 
abdominal, thoracic and hepatic hydatidosis.35

ALVEOLAr HyDATID DISEASE

Echinococcus multilocularis is a tapeworm of foxes, wild canines, 
dogs and cats. Rodents are the usual intermediate hosts. 
The disease is endemic in North America, Europe, Siberia 
and China. Human infection follows ingestion of the egg in 
a similar manner to infection with E. granulosus. Unlike cys-
tic hydatid disease, lesions caused by E. multilocularis are ill 
defined and more solid than cystic, developing in the man-
ner of a slowly growing, invasive malignant tumor: it may be 
30 years before a patient becomes symptomatic. The primary 
site of tissue invasion is usually the liver, although metastatic 
lesions may occur in other tissues.

Clinical presentation is usually with right upper quadrant 
pain, hepatomegaly and a palpable mass. Complications as a 
result of local invasion or due to metastatic lesions involving 
brain, lung or mediastinum occur in around 2% of patients. 
Untreated, 90% of patients die within 10 years of presenta-
tion; however, a 90% 10-year survival rate is possible with 
early diagnosis and appropriate treatment.

Diagnosis and treatment

Ultrasonography, CT and serology are useful in establishing 
the diagnosis. Histology provides confirmation. Surgical exci-
sion is the treatment of choice for the primary lesion. Pre- and 

postoperative treatment with albendazole is recommended. 
Treatment with albendazole 10–15 mg/kg is recommended 
postoperatively and for inoperable patients. In practice, 
a dose of 400 mg every 12 h is usual for adults. The opti-
mal duration of treatment remains uncertain; patients often 
remain on treatment for more than 12 months. Albendazole 
at these doses has been used for up to 20 years; higher doses of  
20 mg/kg per day have been used for up to 4.5 years.32 
Mebendazole, 40–50 mg/kg per day, has also been used exten-
sively, sometimes for up to 10 years. Serology may remain 
positive for several years following successful treatment.

TrICHINOSIS

Several species of Trichinella cause disease in humans, affect-
ing about 50 million worldwide. The best known, Trichinella 
spiralis, occurs widely; most of the others are limited to partic-
ular geographical niches. Human infection follows consump-
tion of larval cysts in raw or undercooked meat, especially pork. 
Larvae liberated in the stomach pass into the duodenum, where 
they burrow into the mucosa and develop into adults. Female 
worms produce larvae which seed throughout the body, partic-
ularly in skeletal and cardiac muscle, and form cysts invoking 
an inflammatory response. Cysts begin to calcify within 6–12 
months, resulting in death of the encysted larvae.

Clinical symptoms may occur at the time of initial larval 
invasion and development in the intestinal mucosa. Early symp-
toms are more likely with heavy infection and include abdomi-
nal pain, anorexia, nausea, vomiting and diarrhea, sometimes 
accompanied by fever, headache and malaise. Systemic symp-
toms tend to occur a week or more after infection, when seed-
ing of larvae in the tissues is associated with fever, headache, 
myalgia and malaise. Urticaria, conjunctivitis, periorbital and 
facial edema may be evident. Muscles become swollen and ten-
der. Patients may experience cough, hoarseness, dyspnea and 
dysphagia. Splinter hemorrhages may be present. Myocarditis 
may develop 4–8 weeks after infection. Pericardial effusions 
are the most common manifestation of cardiac involvement.36 
Congestive cardiac failure and arrhythmias also occur. Larvae 
migrating through the CNS may cause a wide range of focal 
or generalized neurological symptoms including meningoen-
cephalitis and psychosis. Convalescence may be prolonged 
with persisting myalgia, fatigue and headaches.

Diagnosis and treatment

There is usually a marked eosinophilia and raised creatinine 
phosphokinase, lactic dehydrogenase, aldolase and amin-
otransferase levels, reflecting muscle damage. Myocarditis 
should not be assumed on the basis of elevated creatinine phos-
phokinase isoenzyme-MB as this has been found in patients 
without clinical or other evidence of cardiac involvement. 
The most useful serological test for clinical purposes is the 
ELISA–IgG. Tissue diagnosis can be made from skeletal mus-
cle biopsy using compression and histological techniques.
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Either mebendazole 100 mg every 12 h for 5 days or 
albendazole 400 mg/day for 3 days is effective in the early 
intestinal stage of infection. Patients with severe symptoms 
associated with larval seeding should be treated with predni-
solone 40–60 mg/day plus either albendazole 400 mg every  
12 h for 8–14 days or mebendazole 200–400 mg every 8 h for 
3 days, then 400–500 mg every 8 h for 10 days.

TOXOCArIASIS

Toxocara canis and Toxocara cati are parasitic roundworms 
of dogs and cats. Infection in humans is most common in 
young children, who ingest eggs in sand or soil contaminated 
by dog or cat feces. Clinical disease is relatively uncommon 
and depends on the intensity of infection and the organs 
involved.

Visceral larva migrans is caused by migrating larvae and 
includes symptoms of pneumonitis, fever, abdominal pain, 
myalgia, sleep and behavior disturbances, and focal or general-
ized convulsions. Lymphadenopathy and hepatosplenomegaly 
may be evident. Eosinophilia, anemia, hypergammaglobuline-
mia and elevated titers of blood group isohemagglutinins are 
common. Serological diagnosis may be established by ELISA. 
The drug of choice is albendazole 5–10 mg/kg or, for adults, 
400 mg, every 12 h for 5 days. Alternatively, mebendazole 
100–200 mg every 12 h for 5 days may be used but is inferior 
to albendazole. Symptomatic treatment with bronchodilators, 
steroids or antihistamines may also be indicated.

Ocular larva migrans is more likely to occur in light infec-
tions. A single larva invades the eye, provoking a granuloma-
tous reaction, usually in the retina. This may result in visual 
disturbance or blindness in the affected eye, which may go 
unnoticed or present as strabismus. The diagnosis is some-
times made by chance on routine ophthalmoscopy. The usual 
appearance is of chorioretinitis with a mass lesion, sometimes 
mistaken for a retinoblastoma. Serology is usually positive. 
Antibody detection in vitreous fluid is more sensitive and spe-
cific. Management of acute ocular larva migrans is directed 
at suppressing the inflammatory response with topical or sys-
temic steroids. Anthelmintics are often used concurrently, 
although there is no consistent evidence of additional benefit. 
Destruction of the larva is possible using laser photocoagula-
tion. Steroids may be useful in exacerbations of chronic ocu-
lar larva migrans. Surgery is often required for adhesions.

MISCELLANEOuS TISSuE HELMINTHS

gNATHOSTOMIASIS

Gnathostoma spinigerum and related species occur principally 
in South East Asia. Human infection follows ingestion of lar-
vae in raw or undercooked flesh from certain fish, frogs, snails, 
snakes, chicken and pigs. Infection can also be acquired from 
contaminated water. Acute gnathostomiasis is associated with 

fever, abdominal pain, tender hepatomegaly, pneumonitis, 
rashes (including a serpiginous rash resembling cutaneous 
larva migrans) and painless or pruritic subcutaneous swellings 
caused by migrating immature adult worms. Eosinophilia is 
usually marked. Invasion of the eye may result in subconjunc-
tival hemorrhage and edema. Eosinophilic myeloencephalitis 
is an important and characteristic complication arising when 
the worm migrates along a large nerve trunk and invades the 
CNS, causing a radiculomyelitis, radiculomyeloencephalitis 
or subarachnoid hemorrhage. Migratory CNS lesions can be 
detected using MRI.37 CSF may be bloody or xanthochro-
mic with a raised white cell count, of which >20% are usually 
eosinophils. Highly sensitive and specific immunodiagnos-
tic tests are available for use with serum or CSF, including 
ELISA and Western blot. Definitive diagnosis requires identi-
fication of the worm.

Albendazole 400 mg every 12 h for 21 days may be use-
ful. Anti-inflammatory analgesics are helpful for symptomatic 
relief. Steroids may be required for patients with neurological 
complications. Cerebral gnathostomiasis is associated with a 
high case-fatality rate.

ANgIOSTrONgyLIASIS

 Angiostrongylus MENINgITIS

Infection with Angiostrongylus cantonensis occurs most com-
monly in South East Asia following consumption of larvae 
in salads contaminated with slug or snail slime, or in under-
cooked snails, crabs or prawns. Clinical disease is usually mild 
and self-limiting. However, the parasite is an important cause 
of eosinophilic meningitis, cranial nerve palsies and cerebral 
abscesses. CSF abnormalities include raised protein, normal 
or low glucose and a white cell count of 100–5000 cells, up 
to 90% of which may be eosinophils. Specific antibodies in 
serum or CSF may be detected by ELISA. In the past, treat-
ment of Angiostrongylus meningitis with anthelmintics was not 
recommended because of concern that death of the parasites 
may lead to worsening of symptoms. Therefore, management 
was mainly based on the use of analgesics, corticosteroids and 
repeat lumbar punctures. However, a recent trial in Thailand 
has shown that albendazole 15 mg/kg per day is safe and is 
effective in reducing the duration of headache.38 A combina-
tion of mebendazole 15 mg/kg every 12 h and prednisolone 
60 mg/day for 2 weeks has also been shown to be safe and 
effective.39

  AbDOMINAL 
ANgIOSTrONgyLIASIS

Infection with Angiostrongylus costaricensis follows consump-
tion of food contaminated with slug slime. Cases have been 
reported in the Americas, the Caribbean and Central Africa. 
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Children commonly present with an eosinophilic enteritis 
resembling acute appendicitis or with an ileocecal mass in 
chronic cases. Testicular infection may mimic torsion. Eggs 
and larvae are absent from the stool. An ELISA is available for 
serological diagnosis. Thiabendazole and diethylcarbamazine 
have been used in treatment; however, the role of anthelmint-
ics remains uncertain. Surgery is sometimes required.

TrEMATODES

Trematodes include the intestinal, liver and lung flukes and 
the schistosomes (blood flukes). About 750 million people are 
at risk worldwide. Common to all of their life cycles is the 
involvement of various species of fresh-water snail, which act 
as intermediate, amplifying hosts liberating millions of cer-
caria. Schistosomiasis occurs as a result of cercarial penetra-
tion, usually via the skin. The other flukes require a second 
intermediate host (animal or vegetable) for the development 
of the metacercarial stage infectious to humans. The adult 
parasites develop in their human host, mate and produce 
eggs, which are shed in feces, urine or sputum. On contact 
with water, the egg releases the miracidium, which infects the 
preferred snail, thus completing the cycle.

Most infections could be prevented by public health mea-
sures promoting sanitation and safe preparation of food. 
Praziquantel is the anthelmintic of choice for all fluke infec-
tions, with the exception of Fasciola hepatica and Fasciola 
gigantica, where the drug of choice is now triclabendazole.

SCHISTOSOMIASIS

The three most common species of schistosome affecting 
humans are Schistosoma haematobium (endemic in most of 
Africa and parts of the Middle East), Schistosoma mansoni 
(endemic in most of Africa, part of the Middle East, and 
in some areas of the Caribbean and South America) and 
Schistosoma japonicum (endemic in East and South Asia and 
parts of Indonesia and the Philippines). Schistosoma mekongi 
and Schistosoma intercalatum are of lesser importance and are 
confined to parts of South East Asia and Africa, respectively.

In endemic regions, most of the population becomes infected 
at some time, peak prevalence usually occurring in older chil-
dren and teenagers. Most infections are mild or asymptomatic. 
As immunity develops, egg production diminishes and even-
tually ceases in most of those infected. Susceptibility to long-
term complications may be genetically mediated.

Cercarial dermatitis (‘swimmer’s itch’) occurs within 24 h 
at the site of cercarial penetration, more commonly in indi-
viduals who are newly exposed. The papular, pruritic rash 
usually resolves spontaneously within a few days. Cercarial 
dermatitis may also occur following exposure to avian schisto-
somes. Cercariae develop into schistosomula, which migrate 
via the heart and lungs. Heavy initial infections may be associ-
ated with a transient pneumonitis at this stage.

The schistosomula pass through the liver, where they mature 
into adults without causing pathology. They then migrate to the 
vesical venous plexus in the case of S. haematobium, or to the 
mesenteric plexus in the case of S. mansoni and S. japonicum. 
Adult worms do not provoke any reaction and may survive for 
up to 7 years. Egg production and deposition in the tissues 
does, however, result in an immunopathological response, giv-
ing rise to the major clinical consequences of schistosomiasis.

Acute schistosomiasis, or Katayama fever, may occur 4–8 
weeks following exposure. It is more likely in non-immunes fol-
lowing heavy infection and is more common with S. japonicum 
and S. mansoni, coinciding with the onset of egg deposition 
in the tissues. Symptoms include fever, cough, wheeze, urti-
caria, headache and malaise. Generalized lymphadenopathy 
and hepatosplenomegaly may be present. Investigations usu-
ally reveal an eosinophilia; however, parasitological diagnosis 
may be difficult as eggs are unlikely to be found in stool or 
urine unless sought by special techniques and serology is usu-
ally negative during the initial stages.

The intestine and liver are the principal sites of pathology in 
all types of human schistosomiasis apart from S. haematobium. 
Egg deposition in the intestinal mucosa may lead to abdomi-
nal pain, diarrhea, dysentery and malaise. Colonoscopy may 
reveal hyperemia, erosions, ulceration or polyps, evident on 
barium studies as filling defects. Egg deposition in the liver 
occurs in the perisinusoidal radicles of the portal vein, pro-
voking a granulomatous reaction and, eventually, periportal 
fibrosis and portal hypertension. Hepatomegaly is followed 
by splenomegaly and hypersplenism as portal hypertension 
increases. Bleeding may occur from esophageal varices and 
ascites is common in advanced disease. Increase in portal 
pressure may open collaterals into the pulmonary circula-
tion with egg deposition, granuloma formation and periar-
teritis leading to pulmonary hypertension and cor pulmonale. 
Rarely, pulmonary hypertension may also occur with S. hae-
matobium. Liver function tests are usually normal until fibro-
sis is advanced. Abnormal liver function tests should raise the 
possibility of co-infection with hepatitis B or C, in which case 
the prognosis is likely to be worse.

Chronic S. haematobium infection principally affects the 
urogenital system. The most common symptoms are dysuria, 
frequency, terminal hematuria and hematospermia. Bladder 
outlet and vesicoureteric obstruction may lead to hydroureter 
and hydronephrosis. Secondary bacterial infections may 
occur, including pyelonephritis. In due course, chronic renal 
failure may develop. Cystoscopy may reveal ‘sandy patches’ 
on the mucosal surface, mucosal hypertrophy or polyps. 
Squamous carcinoma of the bladder is a well-documented 
long-term complication. Involvement of the female genital 
tract may cause cervicitis, salpingitis and infertility. These 
may also occur with S. japonicum and S. intercalatum. Rarely, 
patients with S. haematobium complain of rectal passage of 
blood and mucus.

Neurological complications occur if schistosome eggs lodge 
in the brain or spine, leading to symptoms such as focal or gen-
eralized convulsions and transverse myelitis. Subcutaneous 
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egg deposition, often in the perineal region, may result in the 
development of painful papules.

A number of clinical conditions have been described arising 
from co-infection of schistosomes and salmonellae, including 
recurrent Salmonella bacteremia, nephrotic syndrome associ-
ated with co-infection with S. mansoni and Salmonella typhi, 
and chronic urinary carriage of Salmonella typhi associated with 
S. haematobium infection. HIV and HTLV-1 infection are both 
associated with increased susceptibility to schistosomiasis.12

Diagnosis and treatment

Characteristic eggs may be identified in urine, semen or feces, 
by use of concentration techniques if necessary. Eggs of all 
species may be identified on rectal biopsy. Serological diagno-
sis is problematic as it takes 6–12 weeks for titers to become 
positive, positive titers persist for years following cure, and 
false-positive results may be caused by exposure to other hel-
minths. Serology may be useful in returning travelers but not 
for residents in endemic areas. S. mansoni antibody detec-
tion in oral fluids appears to be as sensitive as serology.40 
Antigen from viable eggs can now be detected in serum and 
urine, offering new possibilities for diagnosis and monitoring 
of response to treatment.41–43 Ultrasonography is useful for 
assessing patients with hepatic and urinary tract disease.

Praziquantel is the drug of choice for all species: 40 mg/kg  
as a single dose is usually sufficient for S. haematobium, 
S. mansoni and S. intercalatum. S. japonicum and S. mekongi 
require a larger dose: either 50 mg/kg as a single dose or three 
doses of 20 mg/kg 8 h apart. Side effects are uncommon. 
Praziquantel is regarded as safe for treatment of schistosomia-
sis in pregnant and lactating women.44 Although resistance to 
praziquantel has been observed,45 this is not a significant clin-
ical problem at present. Apparent S. mansoni resistance may 
be partly attributable to a higher worm burden and intense 
transmission.46 Oxamniquine 15–30 mg/kg for 1–2 days may 
be used as an alternative for the treatment of S. mansoni; how-
ever, side effects are more common and serious compared to 
praziquantel. Concomitant use of steroids is recommended 
in the management of patients with neurological disease to 
reduce inflammation around granulomata.

Katayama fever is managed with non-steroidal anti-inflam-
matory drugs or steroids depending on the severity, together 
with praziquantel.

No prophylactic drug is currently recommended for schis-
tosomiasis. Artesunate and artemether are potential prophy-
lactic agents, but a major concern is the risk of promoting 
resistance in Plasmodium falciparum.47,48

INTESTINAL FLukES

The most important intestinal fluke in humans is Fasciolopsis 
buski, which is widely distributed from India to South East 
Asia, particularly among pig-rearing communities. Human 
infection follows ingestion of metacercariae attached to an 

edible water plant, such as the water caltrop. The metacer-
cariae excyst and attach to the mucosa of the duodenum and 
jejunum, where they develop into adults, causing inflamma-
tion and ulceration. Most infections are asymptomatic. Heavy 
infections result in epigastric pain and diarrhea, initially 
alternating with constipation, but later becoming persistent. 
Wasting and ascites may develop in severe cases.

Echinostome species, principally found in Asia, may also 
infect humans, causing symptoms similar to F. buski.

Heterophyes, the smallest of the intestinal flukes affecting 
humans, cause milder gastrointestinal symptoms than F. buski. 
However, ectopic eggs may be carried to other organs, partic-
ularly the CNS, causing a mass effect, and to the heart result-
ing in myocarditis or valve damage.

Diagnosis and treatment

Characteristic eggs, and sometimes adult flukes, can be identi-
fied in feces. Adult flukes may also appear in vomit. Intestinal 
flukes respond to treatment with praziquantel 15–40 mg/kg as 
a single or divided dose.

LIVEr FLukES

Fasciola hepatica and Fasciola gigantica are widely distributed, 
occurring in sheep- and cattle-rearing areas throughout the 
world. Human infection follows ingestion of metacercariae on 
water vegetables, for example watercress. Acute clinical symp-
toms may develop after 6–12 weeks, including abdominal pain, 
intermittent fever, weight loss, malaise, urticaria and respira-
tory symptoms. The liver may be enlarged and tender and liver 
enzymes are sometimes mildly elevated. Ectopic flukes may 
lead to granuloma or abscess formation in various organs. 
Migrating erythematous cutaneous nodules, another form of 
cutaneous larva migrans, may also occur. Mature flukes tend 
to migrate to the bile ducts, initially causing fever, anorexia 
and abdominal pain. This usually subsides spontaneously.  
A minority of patients develop chronic symptoms associated 
with recurrent cholangitis or intermittent biliary obstruction.

Diagnosis and treatment

Eosinophilia is common and pleural effusions, if present, may 
contain eosinophils. Ultrasound is usually normal, although 
CT scans of the liver may reveal numerous hypodense 
lesions. Peripheral, branched hypodense hepatic lesions, best 
seen on CT with use of contrast, are relatively specific for 
fascioliasis.

Serological tests are helpful in diagnosing F. hepatica infec-
tions towards the end of the acute phase when eggs are unlikely 
to be present in feces. Serology is less reliable for F. gigantica. 
In chronic disease, eggs may be present in feces or in bile 
aspirate. Concentration techniques may be helpful. Fasciola 
excretory–secretory (FES) antigen detection in feces is useful 
both in pre-patent and patent infections with F. hepatica.
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Praziquantel is unreliable in the treatment of fasciolia-
sis. Bithionol 30–50 mg/kg per day in three divided doses 
on alternate days for 10–15 days has been recommended in 
the past. Side effects include mild gastrointestinal upset and 
pruritus. A benzimidazole, triclabendazole, is simpler to use, 
has few side effects and has now become the drug of choice. 
A single dose of 10 mg/kg taken with food is usually effec-
tive. Severe infections require a second dose after 12 h.49 The 
expulsion of dead or dying parasites after 3–5 days may result 
in biliary colic requiring treatment with an antispasmodic. 
Unfortunately, triclabendazole resistance has been reported 
in Ireland, the UK and Australia.50 Nitazoxanide 500 mg 
every 12 h for 6–7 days has been used successfully in treating 
F. hepatica with cure rates of 49–87%.51 Artesunate has been 
shown to compare favorably with triclabendazole in the treat-
ment of F. hepatica, although the outcome at 3 months was 
less favorable.52

OrIENTAL LIVEr FLukES

Clonorchis sinensis (also known as Opisthorchis sinensis) and 
Opisthorchis viverrini affect about 20 million people in China 
and South East Asia. A related species, Opisthorchis felineus, 
occurs in Eastern Europe and Russia. Human infection fol-
lows consumption of metacercariae in raw or undercooked 
freshwater fish. Metacercariae excyst in the small bowel and 
migrate along the common bile duct to colonize the bil-
iary tree. Most infections are asymptomatic. Patients with 
heavy initial infections may present with an illness similar to 
Katayama fever. In established infections patients may present 
with vague right upper quadrant abdominal pain and hepato-
megaly. Recurrent episodes of ascending cholangitis, jaundice 
and pancreatitis may occur. Chronic infection may lead to bil-
iary cirrhosis and, rarely, cholangiocarcinoma.

Diagnosis and treatment

Ultrasound may reveal abnormalities of the biliary tree and 
gallstones. Other imaging techniques, such as endoscopic ret-
rograde cholangiopancreatography, are useful. Diagnosis is 
established by identifying characteristic eggs in feces with the 
aid of concentration techniques, or in biliary aspirate. A fecal 
antigen test is now available for O. viverrini.53 Serological tests 
are not widely available and generally lack specificity.

Treatment is with praziquantel 40 mg/kg as a single dose 
or 25 mg/kg every 8 h after meals. A 3-day course is advisable 
for heavy infections.

LuNg FLukES

Eight species of Paragonimus cause disease in humans, the 
most important being Paragonimus westermani. Paragonimiasis 
is widespread in Asia and also occurs in regions of Africa, 
Central and South America. Human infection follows ingestion  

of metacercariae attached to undercooked or raw crab, cray-
fish and shrimp, or, rarely, following consumption of larvae in 
undercooked wild boar. Most infections are initially asymp-
tomatic. An acute illness may occur as the parasite excysts, 
penetrates the gut wall and migrates through the diaphragm 
into the pleural cavity and then to the lungs. Symptoms of 
abdominal pain and diarrhea 2–15 days after infection may 
be followed by cough, dyspnea, fatigue, fever and urticaria 
a few days later. This episode sometimes lasts several weeks. 
Pleuritic chest pain may occur, sometimes associated with an 
effusion. Adult flukes form cysts in the lung tissue and pro-
duce eggs, provoking an inflammatory response. Cavitatory 
or nodular, sometimes calcified, lesions develop which may be 
noticed incidentally on a chest radiograph as the first indica-
tion of infection in asymptomatic patients. Early symptoms of 
pulmonary paragonimiasis include cough, initially non-pro-
ductive, later productive of gelatinous, rusty or bloodstained 
sputum. Pulmonary paragonimiasis may be mistaken for 
tuberculosis and both infections may coincide.

Cerebral paragonimiasis is the most important form of 
extrapulmonary paragonimiasis. Most patients are children. 
About one-third present with a clinical picture resembling 
acute meningoencephalitis, but more commonly presenta-
tion is insidious with a wide variety of neurological symptoms 
and signs depending on the area of the brain or spinal cord 
affected.

Wandering flukes may cause painless, migratory subcuta-
neous swellings, subcutaneous nodules or a variety of other 
symptoms depending on the site involved.

Diagnosis and treatment

Diagnosis can be confirmed by identifying characteristic eggs 
in sputum, feces or, rarely, pleural effusion. Eosinophilia is 
usual and should alert one to the possibility of paragonimiasis 
in patients presenting with a clinical picture mimicking tuber-
culosis. Serological tests are available, including ELISA and 
a complement fixation test. Paragonimus-specific IgM is use-
ful for diagnosing patients with extrapulmonary disease and 
pleurisy.54

Praziquantel 25 mg/kg every 8 h for 2–3 days is highly 
effective. A higher dose may be required for treatment of cere-
bral paragonimiasis and steroid cover is advisable. Two doses 
of triclabendazole 10 mg/kg administered on the same day is 
also highly effective in treating pulmonary paragonimiasis.55

FILArIAL INFECTIONS

Insect vectors play a role in the transmission of all of the 
medically important parasitic filarial nematodes, with the 
exception of Dracunculus medinensis. Both the parasite and 
the insect vector depend on favorable climatic and environ-
mental conditions that occur naturally in certain regions of 
the tropics. Human infections occur when the insect vector 
feeds, introducing infective larvae. These mature into adult 
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worms, which produce microfilariae, which in turn infect the 
insect vector. Clinical disease is caused by the adult worms, 
the microfilariae, or both.

Recently, significant progress has been made in the 
community control of onchocerciasis and lymphatic filari-
asis. However, one of the obstacles facing these programs 
is the longevity of the adult worms and their relative lack 
of response to antihelminthic agents. It is now evident that 
the development, motility and fertility of the adult worms 
depend on intracellular, endosymbiotic bacteria of the genus 
Wolbachia. These organisms also play an important role in 
the pathogenesis of these diseases and are susceptible to tet-
racyclines and several other antibiotics, offering fascinating 
new possibilities in the management and control of filarial 
infections.56–58

LyMPHATIC FILArIASIS

Wuchereria bancrofti, Brugia malayi and Brugia timori are trans-
mitted by various species of mosquito. W. bancrofti is distributed 
widely in the tropics, whereas B. malayi and B. timori are endemic 
in South East Asia and Indonesia. The adult worms develop 
in the lymphatics and range in length from 20 to 100 mm.  
Their microfilariae enter the general circulation via the tho-
racic duct. Recent developments, particularly with regard to 
the role of Wolbachia, have led to significant changes in our 
understanding of the pathogenesis of lymphatic filariasis. 
Inflammatory episodes are likely to be multifactorial involv-
ing responses to different stages of the parasite, secondary 
bacterial infection and inflammatory mediators associated 
with Wolbachia.59

Lymphatic filariasis affects about 120 million people. 
Most infections are asymptomatic. Acute symptoms typically 
occur 8–16 months following infection and often recur sev-
eral times a year. A first episode of acute filarial fever has been 
reported more than 15 years following exposure. Several clini-
cal presentations are recognized. Acute filarial fever without 
lymphadenitis is non-specific and must be distinguished from 
malaria and other causes of fever in the tropics. Acute filarial 
lymphangitis is characterized by a circumscribed inflamma-
tory nodule or cord with centrifugal lymphangitis that occurs 
following the death of the adult worm (whether spontaneous 
or following treatment). Acute dermatolymphangioadenitis, 
severe local inflammation resembling cellulitis or erysipelas, 
is frequently associated with secondary bacterial infection and 
impaired lymphatic flow, ascending lymphangitis and limb 
edema. This may eventually progress to elephantiasis.

Chronic lymphatic filariasis may develop months or years 
after the acute symptoms, or without a history of acute dis-
ease. Lymphatic obstruction leads to lymphedema of the 
affected extremity and, eventually, to elephantiasis. The sites 
most commonly affected are the legs, scrotum, arms and 
breast. Recurrent secondary bacterial skin infections, often 
streptococcal, may cause acute episodes of pain and fever and 
lead to glomerulonephritis.

Other presentations of chronic lymphatic filariasis include 
hydrocele, lymph scrotum, acute epididymitis and funiculi-
tis. Chyluria, chylous diarrhea and chylous ascites may also 
occur with considerable loss of fat-soluble vitamins and pro-
tein, resulting in malnutrition and vitamin deficiencies.

Diagnosis and treatment

Eosinophilia is common during the acute stages. Parasitological 
diagnosis may be made by examination of a Giemsa-stained 
thick blood film taken at the peak of microfilarial period-
icity according to the species (usually 22.00 h–02.00 h for  
W. bancrofti). However, this is relatively insensitive other 
than for high microfilaremias (>100 microfilariae/mL). 
Concentration techniques greatly improve sensitivity. Tests 
for circulating W. bancrofti antigen are now available, includ-
ing an ELISA and a rapid immunochromatographic card test, 
and these may replace microscopy.60 Polymerase chain reac-
tion (PCR) assays have also been developed for W. bancrofti 
and B. malayi.61,62 Scrotal ultrasound demonstrating live adult 
worms in the ‘filarial dance sign’ may be useful either for diag-
nostic purposes or for follow-up of response to treatment.63

Treatment of individual patients with lymphatic filariasis is 
possible using a combination of anthelmintic agents and anti-
biotics. If co-infection with onchocerciasis is present or possible, 
a combination of doxycycline 200 mg/day for 6 weeks plus a 
dose of ivermectin 150 μg/kg on completion of the course of 
doxycycline, is recommended unless contraindicated (age <9 
years, pregnancy, breastfeeding). In the absence of co-infection 
with onchocerciasis, a combination of doxycycline 200 mg/day 
for 6 weeks plus a dose of diethylcarbamazine (DEC) 6 mg/kg 
on completion of the course of doxycycline is  recommended 
unless contraindicated.64

In either of the above situations, if co-infection with Loa 
loa is present, particularly if associated with a high Loa loa 
microfilaremia, it is essential to reduce the microfilaremia 
using albendazole prior to treatment with DEC or ivermectin 
as either of the latter may provoke a fatal encephalopathy. This 
is discussed in more detail in the section on Loa loa.

Management of lymphoedema involves elevation, massage, 
exercise and bandaging of affected limbs. Careful hygiene, use 
of disinfectant soap and water, and general skin care (including 
early and effective treatment of any wounds or abrasions) are 
also important. Antibiotic prophylaxis with penicillin is useful 
for recurrent streptococcal infections. Hydrocele requires sur-
gical management. Chyluria requires bed rest, nutrition and, 
in some cases, surgery.

Community control of lymphatic filariasis is based on 
vector control plus mass treatment annually with a two-
drug regimen tailored to the region. Within Africa, because 
of the risk of onchocerciasis and/or Loa loa, a single dose of 
ivermectin, usually 150 µg/kg, is given with a single dose of 
albendazole 400 mg. Annual treatment should continue for 
at least 30 years. Caution is advised in regions where Loa 
loa is endemic and high risk foci of Loa loa are currently 
excluded from ivermectin programs. Outside Africa, DEC 
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in single dose of 6 mg/kg is given annually, together with a 
single dose of albendazole 400 mg. Annual treatment should 
continue for at least 20 years.64,65

TrOPICAL PuLMONAry EOSINOPHILIA

Tropical pulmonary eosinophilia occurs in areas endemic for 
lymphatic filariasis, particularly Sri Lanka and Southern India. 
Microfilarial death triggers a high eosinophilia associated with 
gradually worsening, non-productive cough and wheeze, and 
sometimes fever and malaise. Symptoms are worse at night. 
Chest radiography shows diffuse infiltrates. Pulmonary func-
tion tests may reveal restrictive, obstructive or mixed defects. 
IgE is elevated and filarial serology positive. The diagnosis is 
supported by a prompt response to treatment with DEC.

LOIASIS

Loa loa is transmitted by flies of the genus Chrysops that breed 
in tropical forests of Africa. Larval parasites migrate in the 
subcutaneous tissues, where they mature into adults over the 
course of a year. Clinical symptoms include urticaria, pruri-
tus, arthralgia and malaise. Transient, migratory angiedema 
(Calabar swelling) occurs most commonly on the extremities 
where trauma to a migrating adult worm provokes a local-
ized inflammatory reaction. Subconjunctival migration causes 
pain and inflammation. If instruments are readily to hand, the 
worm can be removed from the eye after applying local anes-
thetic. Other complications include proteinuria in up to 30% 
of patients, hematuria and, less commonly, neurological com-
plications (particularly meningoencephalitis). Rare presenta-
tions include pulmonary infiltrates, pleural effusions, arthritis, 
lymphangitis and hydrocele. Hypereosinophilia is common 
and Loa loa has been implicated in the etiology of endomyo-
cardial fibrosis, although this condition is well described in 
association with numerous other causes of hypereosinophilia.

Diagnosis and treatment

Diagnosis of loiasis is often indicated by the history, particu-
larly if an ‘eye worm’ has made an appearance. Dead, calcified 
worms are sometimes seen on radiography.

Microfilaremia peaks between 10.00 h and 15.00 h. 
Parasites can be identified in thick blood films with Giemsa or 
Wright stains, or by concentration techniques. Assessing the 
microfilarial load is useful in determining the likelihood of an 
adverse reaction to treatment. Serological tests are available 
and may be helpful for diagnosis in travelers from endemic 
areas, but other filarial parasites cross-react. A specific recom-
binant antigen test has recently been developed that may be 
useful in the diagnosis of patients with low microfilaremia.66

DEC 2 mg/kg orally every 8 h for 7–10 days is commonly 
used in the treatment of loiasis, although some prefer 12 days. 
The course is repeated at intervals of 2 or 3 months if the 

patient remains symptomatic. Ivermectin 150 μg/kg as a sin-
gle dose before treatment with DEC will reduce the likelihood 
of a Mazzotti reaction in patients who also have onchocer-
ciasis. Caution is needed in managing patients with loiasis 
who have high microfilarial loads (>2500 microfilariae/mL) 
as treatment with DEC or ivermectin may precipitate menin-
goencephalitis or renal failure due to massive release of anti-
gens from dying microfilariae.67 Plasmapheresis has been 
used successfully to reduce microfilarial load in heavy infec-
tions before treatment with DEC under steroid cover; how-
ever, albendazole 200 mg every 12 h for 3 weeks causes a 
gradual reduction in microfilaremia, usually without serious 
adverse effects.68 The currently recommended strategy for 
managing patients with high microfilaremia is administration 
of albendazole 200 mg every 12 h for 3 weeks, followed by 
a course of DEC or ivermectin.69 Prednisolone, 20 mg/day, 
given for 3 days before and for 3 days following the start of 
anthelmintic treatment, may reduce the risk of encephalopa-
thy. This may well become the preferred strategy for manag-
ing patients with high microfilaremia.

ONCHOCErCIASIS

Onchocerciasis is one of the most important causes of blind-
ness in the tropics. The disease is endemic in tropical Africa, 
the Arabian peninsula and parts of Latin America. Over 37 mil-
lion people are infected, of whom almost 1 million are blind or 
visually impaired. The parasite is transmitted by blackflies of 
the genus Simulium that breed along fast flowing rivers: hence 
the common name ‘river blindness’. Humans are the only 
definitive host for Onchocerca volvulus. Larvae injected when 
an infected blackfly feeds migrate in the subcutaneous tissues 
and mature into adults. Adult worms, measuring up to 80 cm 
in length, intertwine and become encapsulated in the subcuta-
neous tissues, forming painless nodules measuring up to 3 cm 
in diameter. These may be palpable over bony prominences but 
otherwise cause few clinical symptoms. Microfilariae produced 
by the adult worms are responsible for the most serious clinical 
effects of onchocerciasis, principally affecting the skin and eye.

Onchodermatitis initially presents as an intensely itchy 
papular rash. A chronic papular dermatitis ensues with grad-
ual loss of elasticity in the skin and subcutaneous tissues, 
resulting in a prematurely aged appearance. Depigmentation, 
sparing sweat glands and hair follicles, leads to the ‘leopard 
skin’ appearance, most commonly seen on the shins. Enlarged 
inguinal and femoral lymph nodes may hang in apron-like 
folds of inelastic skin, the so-called ‘hanging groin’ appear-
ance. Rarely, elephantiasis may occur. ‘Sowda’, a lichenified 
dermatitis, presents as intensely pruritic, hyperpigmented 
papules and plaques, usually affecting one limb and accom-
panied by edema and enlargement of the regional nodes.

Ocular onchocerciasis results from microfilarial invasion of 
the eye. Live microfilariae may be visible in the anterior cham-
ber or aqueous humor on slit-lamp examination. They pro-
voke a reversible inflammatory reaction, resulting in punctate 
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keratitis or ‘snowflake’ corneal opacities. Microfilarial death in 
longstanding cases results in more severe and irreversible dam-
age, including sclerosing keratitis, iridocyclitis, uveitis, chori-
oretinitis and optic atrophy. Glaucoma and cataract may also 
occur. Eye complications are more likely to occur in patients 
who have onchocercal nodules on the head or upper body.

Onchocerciasis may increase the risk of seroconver-
sion in HIV-1 infections and treatment of onchocerciasis 
appears to be associated with reduced HIV-1 viral replica-
tion. Onchodermatitis also appears to be more severe in HIV-
positive patients.70

Diagnosis and treatment

The most common method for diagnosis is examination for 
the emergence of microfilariae from a skin snip placed in a 
drop of saline. Nodules may be excised and examined for 
adult worms. In the past, for diagnosis of patients with nega-
tive skin snips, DEC was used in a dose of 25–50 mg to pro-
voke a Mazzotti reaction with considerable worsening of the 
rash and pruritus in the ensuing 24 h. Application of topical 
DEC under an occlusive dressing produces a similar, local-
ized effect and is less distressing and safer for the patient. As 
a severe Mazzotti reaction may be precipitated by either the 
DEC provocative test or the DEC patch test, the use of these 
diagnostic approaches is seldom indicated.

Skin-snip microscopy is less sensitive than newer diag-
nostic methods, including skin-snip PCR, ELISAs, enzyme 
immunoassays and antigen detection. Recent advances 
include the development of a serum antibody test card using 
recombinant antigen to detect O. volvulus-specific IgG4 in 
finger-prick whole-blood specimens, a triple-antigen indirect 
ELISA rapid-format card test, and a highly sensitive and spe-
cific urine antigen dipstick test.71–75 Antibody detection may 
be useful for screening populations, whereas PCR and antigen 
detection in serum and urine are potentially more useful for 
diagnosing active infection in individuals and for monitoring 
the success of therapy.

Both the treatment and the community control of onchocer-
ciasis have been greatly improved following the introduction 
of ivermectin. A single oral dose of 150 μg/kg clears microfi-
lariae for several months and suppresses microfilaria produc-
tion, but does not kill adult worms.76 Mass administration of 
ivermectin annually in Africa, or on alternate years elsewhere, 
is the basis of community control of onchocerciasis, with the 
exclusion of pregnant women. Assuming a minimum of 65% 
coverage and ongoing efficacy of treatment, the time scale 
required for elimination of onchocerciasis in affected com-
munities is a daunting 25–30 years.77

Ivermectin should be used with caution in Loa loa-endemic 
areas as it may precipitate meningoencephalitis in patients 
with high Loa loa microfilarial loads. In these circumstances, 
it is advisable to prescribe a course of albendazole before 
treatment with ivermectin. In the past, nodulectomy was 
advised for head nodules, possibly reducing the likelihood 
of eye infection, but is not required for nodules elsewhere. 

Treatment of individual patients has been revolutionized in 
recent years following research on the role of Wolbachia in the 
pathogenesis and persistence of infection. The current recom-
mendation, unless contraindicated (age <9 years, pregnancy, 
breastfeeding), is doxycycline 100–200 mg/day for 4–6 weeks, 
the duration depending on whether interruption of embryo-
genesis or a macrofilaricidal effect is intended, plus a single 
dose of ivermectin 150 μg/kg after 4–6 months.64

guINEA wOrM

Dracunculus medinensis is acquired by swallowing a tiny 
copepod, Cyclops, harboring the larval stage of the parasite. 
Following digestion of Cyclops, the liberated larva penetrates 
the intestinal mucosa, migrates to loose connective tissue and 
develops into an adult worm. After mating, the female worm 
continues to mature with an enlarging gravid uterus and 
migrates in search of a site suitable for discharge of her larvae. 
Clinical symptoms occur as the worm prepares to emerge. 
Patients often complain of prodromal symptoms including 
rashes, gastrointestinal symptoms, weakness and fever. The 
emergence of the worm is heralded by the development of a 
large, indurated erythematous papule with a vesicular center. 
Over the next few days this develops into a painful, pruritic 
blister, which the patient seeks to immerse in water for relief. 
The larvae are thus discharged and, in suitable conditions, 
complete the cycle by infecting another Cyclops. The site of 
the blister tends to ulcerate and secondary bacterial infection 
may occur, including tetanus.

Migrating adult worms may penetrate and perish in other 
tissues, including the spinal cord, peritoneal cavity, pan-
creas, pericardium and lung, causing symptoms due to focal 
inflammation.

Management of guinea worm infection has changed little 
since ancient times. Emerging worms are encouraged to dis-
charge their uterine contents by immersion of the affected 
part in water. At this stage, the tip of the worm begins to 
emerge and can be gently and gradually wound onto a match-
stick, a few centimeters each day, until the entire worm has 
been removed. The process can take several days as female 
worms may exceed 1 m in length. Administration of oral met-
ronidazole or mebendazole may facilitate extraction. Surgical 
intervention is often required in the management of disease 
caused by ectopic worms. A highly successful program for the 
global eradication of guinea worm, based on the provision of 
safe drinking water or the use of fine filters to trap Cyclops, 
has resulted in a dramatic fall in the incidence of infection in 
recent years.

CONCLuSION

Helminth infections affect approximately one billion of 
the world’s poorest people, mainly in tropical developing 
countries. These diseases are now receiving unprecedented 
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attention as evidence accumulates that highly cost-effective 
community interventions can control and, possibly, eliminate 
many of these infections, and stimulate long-term economic 
growth and development.1

The integration of onchocerciasis, filariasis, schistosomiasis 
and soil transmitted helminth control programs offers a cost-
effective strategy for controlling these infections.78,79 Regular 
anthelmintic treatment of schoolchildren in developing coun-
tries is being promoted by the World Health Organization as 
a means of improving anemia, nutritional status and cognitive 
development in anticipation of long-term benefits to health 
and economic development.80–82 The control of onchocercia-
sis has progressed rapidly in the past 30 years, largely due to 
successful international public–private partnerships fostered 
through the Onchocerciasis Control Programme (1974–
2002), the African Programme for Onchocerciasis Control 
(1995–present) and the Onchocerciasis Elimination Program 
for the Americas (1991–present).1,77,83 Similarly, the Global 
Alliance for the Elimination of Lymphatic Filariasis, created in 
2000, is an international public–private partnership that aims 
to eliminate lymphatic filariasis as a public health problem.59 
The Global Network for Neglected Tropical Diseases, estab-
lished in 2006, is a major international initiative promoting an 
integrated NTD control strategy. The Network is comprised 
of international non-profit organizations, the World Health 
Organization, pharmaceutical companies and ministries of 
health in disease-endemic countries. The Network is promot-
ing the introduction of a ‘rapid impact package’ to treat seven 
of the most common NTDs (ascariasis, trichuriasis, hook-
worm, schistosomiasis, lymphatic filariasis, onchocerciasis 
and trachoma) using a combination of four drugs (albenda-
zole–mebendazole, DEC–ivermectin, praziquantel, azithro-
mycin) for just 50 cents per person per year, including drugs, 
delivery, equipment, training, health promotion, monitoring 
and evaluation.84 Mass treatment for helminthic infections 
is proving to be a highly effective public health interven-
tion, with wider benefits in strengthening health systems and 
affording opportunities for synergy with other initiatives, such 
as malaria and tuberculosis control. However, as mass treat-
ment carries with it the risk of emergence of drug resistance, 
careful monitoring is essential, as is a greater investment in 
the development of anthelmintic drugs.

In order to achieve the goal of community control and, ulti-
mately, the elimination of helminthic infections, investment 
is required for research and development of new diagnostic 
agents, drugs, insecticides and vaccines.1 However, between 
1975 and 2004, of the 1556 new pharmaceuticals that were 
marketed, only four were anthelmintics.85 Many of the most 
useful anthelmintic agents available to us today were origi-
nally developed for veterinary use. Although some of these 
drugs have been generously donated for use in developing 
countries, economic imperatives dictate that there is greater 
profit in developing anthelmintic drugs for the treatment of 
animals than there is in addressing the needs of impoverished 
human beings. ‘The poor must be grateful for a mouthful of 
crumbs, fallen from the table where the rich feed their dogs.’
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duration of treatment 111–112

Antibacterial agents (commonly called 
‘antibiotics’) (Continued)

early history 4
eye 668
failure of therapy 113
intensive care unit 532
interactions 75–79, 76t
mode of action 10, 10t
nephrotoxicity 64

acute interstitial nephritis 66
urolithiasis 66

penicillin see penicillin
pregnancy/breastfeeding 702–705
prescribing 111

interventions changing 128
quality and safety 127–128

prophylactic use 112–113, 707
reference groups 119
renal failure

drugs to avoid 61–62
suitable drugs 61, 62t

resistance see Resistance
route of administration 111
selection of 111
serum level monitoring 66, 66t
single vs combined therapy 112
see also individual drugs

Antibiosis 4
Antibiotics (antibacterial agents) see 

Antibacterial agents
Antibiotic breakpoint committees 119
Antibiotic formularies 113–114
Antibiotic lock 546
Antibiotic policies 126–141

cost-effectiveness 138
development, dissemination and 

implementation 133–134, 136b
evaluation 139
legal implications 136–138
monitoring of compliance 134–136, 137f
restrictive implementation strategies 139
secondary aims 131

control of collateral damage 132–133, 
133f, 134f

impact on clinical outcome 133
reduced healthcare costs 131–132

stimuli for 127, 127t
cost 127
narrowing range of drugs prescribed 

127
quality/safety of prescribing 127–128
resistance and cross-infection 128

Antibiotic-associated diarrhoea 596
Anticoagulants, interactions 72t
Antifungal agents 8, 366–382

interactions 79–81, 80t
mode of action 18
pregnancy/breastfeeding 705
see also individual drugs

Antihelminthics see Anthelminthics
Antiherpesvirus agents, interactions 92, 93t
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Antilymphocyte globulins, infection risk 
515b

Antimalarial (antiplasmodial) agents 
816–818

children 818–819
choice of 809–810
combination therapy 811
interactions 94–100, 97t
mode of action 19–20
pregnancy/breastfeeding 819
resistance 810–811

clinical assessment 812
prevention 811

see also individual drugs
Antimicrobial drugs see Antibacterial 

agents
Antimicrobial venous catheters 546
Antimotility agents 598
Antimycobacterial agents 13, 383–394

antimicrobial activity 383–384
clinical uses 386
formulations 386
pharmacokinetics 385
resistance 384–385, 384t, 385f
targets 384t
toxicity/side effects 385–386
see also Antituberculosis agents

Antiparasitic agents 8
Antiprotozoal agents 406–426

biguanides 415
diamidines 413
interactions 100, 101t
mode of action 19
organometals 406
quinolines 408–409
sesquiterpene lactones 416
see also individual drugs

Antiretroviral agents (in HIV disease), 
427–451, 556–566

baseline assessment 559
children 563
choice of regimen 559
classification 428
early therapy 558b
highly experienced patients 563
initiation of 557
interactions 82, 82t, 92, 428
pregnancy 563, 711–713, 711t
toxicity/side effects 561
treatment aims 557–558
treatment failure 562, 562b

subsequent treatment 562–563
sustained viral load rebound 562
transient increase in viral load  

562
treatment interruption 563
treatment monitoring 561
treatment-naive patients 558–561
virological failure 563–564
see also individual drug classes

Antisecretory agents 598
Antisense drugs, mode of action 22

Antithrombin III in sepsis
reduced levels 475
replacement therapy 478t, 479

Antituberculosis agents
amikacin 758t
p-aminosalicylic acid 758t
amoxicillin-clavulanate 758t
azithromycin 758t
capreomycin 758t
ciprofloxacin 758t
clarithromycin 758t
clofazimine 758t
corticosteroids 755
cycloserine 758t
ethionamide see Ethionamide
gatifloxacin 758t
interactions 94, 95t
isoniazid see Isoniazid
kanamycin 758t
levofloxacin 758t
linezolid 758t
meropenem 758t
moxifloxacin 758t, 762
ofloxacin 758t
protionamide see Protionamide
resistance 43–44

multidrug 43–44, 385f, 758, 758t
see also individual drugs

rifampicin see Rifampicin
short-course 753t
streptomycin see Streptomycin 
see also Antimycobacterial agents

Antiviral agents 8, 452–469
interactions 92
modes of action 21
retroviruses see Antiretroviral agents
see also individual classes and drugs

Apalcillin 201t, 223
Aplastic anemia 502
Appendicectomy 496
Arbekacin 145t, 162
Arcanobacterium haemolyticum 30
Area under concentration-time curve (AUC) 

49–50, 50f
Arsenicals, mode of action 20
Arteether 816–818
Artemether 815, 816–818

dose 813t
Artemether-lumefantrine (benflumetol) 814

dose 813t
interactions 97t

Artemisinin/qinghaosu (and derivatives; 
sesquiterpene lactones) 8, 416–417, 
816–818

antimicrobial activity 416
clinical uses 417, 810, 815
mode of action 20
pharmacokinetics 417, 417t
preparations and dosage 417b
rectal formulations 817–818
resistance 416
toxicity/side effects 417

Artemotil 817
Artesunate 815, 816–818

clinical uses, fascioliasis 853
dose 813t

Artesunate-mefloquine 814
Arthritis

Lyme 804
septic 662–663

Arthroplasty see Prosthetic joint infections
Ascariasis (A. lumbricoides) 842–844, 843t

diagnosis and treatment 844
ASEPSIS score 485
Aspergilloma 781t, 782
Aspergillus (and aspergillosis) 4, 773, 780

chronic necrotizing 781–782
invasive 780–781

neutropenia 511–512
resistance 774t
treatment 781t

Aspoxicillin 201t, 223
Astemizole, interactions 71t
Astromicin 145t, 168–169
Atazanavir (BMS 232632) 441–442

antiviral activity 441
clinical uses 442, 559
as enzyme inhibitor 74t
interactions 86t
mode of action 21
pharmacokinetics 441, 441t

absorption 441
distribution 441
excretion 441
metabolism 441

pregnancy/breastfeeding 711t
preparations and dosage 431
renal failure 62t
resistance 441
toxicity/side effects 442

Athlete’s foot 772
moccasin-type 772t
treatment 772t

Atopic blepharitis 674
Atovaquone 8, 417–418

antimicrobial activity 417
clinical uses 418

babesiosis 837
pneumocystic pneumonia 791
toxoplasmosis 823–824

interactions 72t, 97t, 101t
mode of action 20
pharmacokinetics 417–418, 417t
preparations and dosage 418b
resistance 417, 811
toxicity/side effects 418

Atovaquone-proguanil 810, 815
dose 813t
malaria prophylaxis 820t

Auditory toxicity see Ototoxicity/auditory 
toxicity

Autolysins 13
Avermectin 20
Avoparcin 265, 268
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Azalides 276t, 287
Azathioprine

infection risk 515b
interactions 518t
transplant patients 512–513

Azelaic acid, topical 629t
Azetidinone, structure 226f
Azidocillin (d-azidobenzylpenicillin) 201t
Azithromycin 7, 287

antimicrobial activity 277t, 287
clinical uses

babesiosis 837
bronchitis 575, 576t
Campylobacter 599t
cellulitis 623t
chancroid 729
chlamydia 720
cholera 599t
community-acquired pneumonia 581t
cryptosporidiosis 836
diarrhea 598t
donovanosis 731
enteric fever 599t
erysipelas 623t
erythema migrans 804
gangrene 623t
impetigo 622t, 623t
keratitis 679
Lyme borreliosis 623t
non-specific urethritis 720
pneumonia 526
salmonellosis 599t
syphilis 708, 728
tuberculosis 758t

hemodialysis 64t
intracellular concentration 278t

respiratory tissue 279t
M. genitalium 724
pharmacokinetics 287, 287t
pregnancy/breastfeeding 720
preparations and dosage 287b
renal failure 62t
resistance 720
toxicity/side effects 287

Azlocillin 7, 201t, 223
antimicrobial activity 220t

Azoles 367–368
interactions 368
mode of action 19
prosthetic valve endocarditis 543
see also Benzimidazoles; Nitroimidazoles 

and individual drugs
AZT see Zidovudine
Aztreonam 7, 237–238

antimicrobial activity 232t, 237–238
clinical uses 238

peritonitis 492, 528
pneumonia 527
solid organ transplantation 530
UTI 529

hemodialysis 63t
mode of action 13

Aztreonam (Continued)
pharmacokinetics 238, 238t

absorption and distribution 238
metabolism and excretion 238

preparations and dosage 238b
toxicity/side effects 238

B

B viruses 22
Babesia bovis 837
Babesia divergens 837
Babesia microti 837
Babesiosis 837
Bacampicillin 218

preparations and dosage 205
Bacillary angiomatosis 623t, 628, 803
Bacillary peliosis hepatitis 803
Bacille Calmette-Guérin (BCG) 759
Bacillus (rod-shaped bacteria), Gram-

negative
β-lactams, resistance 230
cell wall synthesis inhibition 10, 10t, 

11–13, 11f, 12f
meningitis 644
multiresistant 534
skin/soft-tissue infections 630

Bacillus (rod-shaped bacteria), Gram-
positive, skin/soft-tissue infections 
621

Bacillus anthracis 623t, 627, 799
see also Anthrax

Bacillus brevis 4, 5t
Bacillus cereus 602

bacterial gastroenteritis 594t
chemoprophylaxis 124

Bacillus circulans 5t, 30
Bacillus licheniformis 5t
Bacillus polymyxa 5t
Bacitracin 363

discovery and source 5t
eye drops 669t
mode of action 10t, 12
topical 629t, 669b

Bacteremia
in diagnosis of sepsis 472–473
intensive care patients 524t, 529t
sources of 473t

Bacteria
antibiotic resistance see antibiotic 

resistance
antibiotic-induced changes 106
cell envelope permeability 27–28
clinical resistance 24
clinical susceptibility 24
clinically intermediate 24
microbiologically resistant 24
toxin-secreting 602

Bacterial infections
CNS 633–649
gastrointestinal 599–604, 599t
neutropenic patients 504–505

Bacterial infections (Continued)
ocular 673
prophylaxis, neutropenia 504–505
and tissue damage 484
transplant patients 513–515, 515b
zoonotic 797–808

Bacterial protein synthesis 13–14, 14f
Bacterial protein synthesis inhibitors 10t, 

13–16, 14f
Bacteriuria 549, 694t

asymptomatic 700
see also Urinary tract infection

Bacteroides spp.
chorioamnionitis 706
nitroimidazole resistance 293

Bacteroides fragilis 33
susceptibility, aminoglycosides 146t

Bacteroides ureolyticus, hospital-acquired 
pneumonia 584

Balanitis, candidal 737
Balantidium coli 605

diarrhea 594
Balofloxacin 316
Bartonella spp. 802
Bartonella bacilliformis 802
Bartonella clarridgeiae 802
Bartonella elizabethae 802
Bartonella grahamii 802
Bartonella henselae 623t, 628, 802, 803
Bartonella quintana 623t, 628, 802, 803
Bartonella vinsonii 802
Bartonella washoensis 802
Bartonellosis 802
BCG (bacille Calmette-Guérin) 759
Bekanamycin 163
Benflumetol-artemether see Artemether-

lumefantrine
Benzathine penicillin 201t

preparations and dosage 206b
Benzimidazoles 395

resistance 395–396
Benznidazole 294–295

antimicrobial activity 294
clinical uses 295

T. cruzi infection 832, 833
pharmacokinetics 294, 294t
preparations and dosage 295b
toxicity/side effects 294

Benzoyl peroxide, erythrasma 623t
Benzylpenicillin (penicillin G) 200, 201, 201t, 

204–206
antimicrobial activity 204, 204t
clinical uses 206

anthrax 623t, 800t
bacterial meningitis 636–637, 640t
brain abscess 646t
cat bite 623t
cellulitis 623t
community-acquired pneumonia 581t
diphtheria 623t
endocarditis 589–590
erysipelas 623t
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Benzylpenicillin (penicillin G) (Continued)
erysipeloid 623t
erythema migrans 804
folliculitis 623t
gangrene 623t
gas gangrene 623t
hematogenous osteomyelitis 660t
impetigo 621t, 623t
leptospirosis 804
listeriosis 623t
Lyme borreliosis 623t
meningococcemia 623t
rat-bite fever 623t
surgical prophylaxis 487t

compounds liberating 206
CSF penetration 635t
eye drops 669t
pharmacokinetics 205, 205t

absorption 205
distribution 205
metabolism and excretion 205

preparations and dosage 206b
resistance 205
toxicity/side effects 205–206

Bephenium 405
Bepridil, interactions 71t
Besifloxacin 324
β-blockers, interactions 72t
β-lactam antibiotics 7, 226–244

clinical uses
bronchitis 576t
community-acquired pneumonia 

581t
endocarditis 589–590
neutropenia 504, 508

mode of action 12–13
nephrotoxicity 65
resistance 29–30
see also penicillins

β-lactamases (penicillinases) 26, 228
characteristics 229t
classification 228–230, 229t
extended-spectrum 39, 533
general properties 228
group 3 penicillins stable against 208
group 6 penicillins stable against 224
inducible 534
inhibitors 239
metallo-β-lactamases 231
penicillin resistance and 201–202

benzylpenicillin 204
plasmid-encoded 230–231
Staph. aureus 230
tests for 120

Biapenem 236
Bifonazole 373

preparations and dosage 373
Biguanides 415

see also Polyhexamethylene biguanide
Biliary pseudolithiasis, ceftriaxone 187
Biliary tract surgery, prophylaxis 494

Biofilms 538
antibiotic resistance 538–539
eye infections 671
micro-organisms causing 671–672
on ophthalmic biomaterials 672–673

intraocular lens implants 673
punctal plugs 673
retinal surgery explants 673
sutures 673

Biomaterials see Prosthetic joint infections
Bites 799–800

cat 623t
dog 623t
human 623t
management/prophylaxis 800
rat 623t, 800–801

Bithionol, fascioliasis 853
Blastocystis hominis 605

diarrhea 594
Blastomyces dermatitidis 787
Blastomycosis 787

CNS 788
extrapulmonary 788
immunosuppressed patients 788
pulmonary 787–788

Blepharitis 673–674
anterior 673
atopic 674
posterior 673–674
rosacea 674

Blistering distal dactylitis 623t, 626
Blood culture, community-acquired 

pneumonia 578
Blood disorders, drug-induced see 

Hematologic toxicity
Blood-ocular barrier 667–668, 668f
BMS 232632 see Atazanavir
Boceprevir, hepatitis C 596
Boils (furuncles) 622
Bone and joint infections 659–666

intensive care patients 524t
osteomyelitis 659
prosthetic joint infections 539–542, 

663–665, 664f
septic arthritis 662–663
tuberculosis 755

Bone marrow toxicity (myelotoxicity)
chloramphenicol 247
ganciclovir 460
interferon-α 454–455
pyrimethamine 251

Bone marrow transplantation 502
toxoplasmosis 824–825
see also Stem cell transplantation

Borrelia burgdorferi 623t, 630, 804
see also Lyme borreliosis

Borrelia crocidurae 805
Borrelia duttonii 805
Borrelia recurrentis 805
Botryomyces caespitosus 790
Bovine spongiform encephalopathy (BSE) 651

Bowel see Gastrointestinal tract
Bowel preparation 484, 488–489
Bowenoid papulosis see human 

papillomavirus
Brain infections

abscess 645–647, 646t
intensive care patients 524t
toxoplasmosis 825
see also Central nervous system infections

Breakpoints (in susceptibility tests) 57
Breastfeeding/lactation

antibiotics 720, 723
antimalarials 819
bacterial vaginosis 732
brucellosis 798
chancroid 730
chlamydia 720
gonorrhea 723
lymphogranuloma venereum 726
Mycoplasma genitalium 724
syphilis 728
vaginosis 732

Brodimoprim 254
Bronchitis

acute 574
diagnosis 575
etiology/epidemiology 574
pathogenesis 574
symptoms 575
treatment 575

chronic, acute exacerbation 575
etiology/epidemiology 575

diagnosis 576
symptoms 575–576
treatment 576–577, 576t

Brucella spp., endocarditis 798
Brucella canis 797
Brucella cetaceae 797
Brucella melitensis 797
Brucella ovis 797
Brucella pinnipediae 797
Brucella suis 797
Brucellosis 797

children 798
HIV patients 798
laboratory-acquired, prevention 798–799
neurobrucellosis 798
pregnancy/breastfeeding 798
spinal 798
treatment 797–798

Brugia malayi 843t, 854
Brugia timori 843t, 854
Burkholderia cepacia, antibiotic resistance 43
Buspirone, interactions 69
Butenafine hydrochloride 381

preparations and dosage 382
Butirosin, discovery and source 5t
Butoconazole 373

clinical uses, vulvovaginal candidiasis 775t
pregnancy/breastfeeding 705
preparations and dosage 373
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C

C-reactive protein test 570, 571
Calymmatobacterium granulomatis 337, 

730
Campylobacter spp. 602

antibiotic resistance 41
treatment 599t

Canaliculitis 676
Candida and candidiasis/candidosis  

719t, 736
diagnosis 737
epidemiology 736
hepatosplenic 778t, 779
invasive 777

treatment 778t
management 737
meningitis 778t, 779
mucosal 774

vulvovaginal/genital  
see Vulvovaginal candidiasis

neutropenic patients 511
ocular 780
osteomyelitis 778t, 779–780
pathogenesis 737
recurrent 737
transplant patients 515
vaginal 715

Candida albicans 19, 719t
ocular infection 691
paronychia 773
susceptibility 779t

Candida glabrata 719t
resistance 774t
susceptibility 779t

Candida krusei 737
resistance 774t
susceptibility 779t

Candida lusitaniae
resistance 774t
susceptibility 779t

Candida parapsilosis
resistance 774t
susceptibility 779t

Candida tropicalis, susceptibility,  
779t

Candidemia 777, 778t
Candins see Echinocandins
Cannula (catheter)-associated infections 

544–546
diagnosis 544–545
intensive care patients 524t, 529–530, 

529t
microbiology 544
neutropenic patients 503t, 510–511
pathogenesis 544, 545f
prevention 546

antimicrobial locks 546
antimicrobial venous catheters 546

treatment 545–546
see also Catheters

Capreomycin 392
clinical uses, tuberculosis 758t
interactions 95t
preparations and dosage 392b
resistance 384t
targets 384t

Carbacephem, structure 226f
Carbapenams 226

clinical uses, prosthetic joint infections 541
structure 226f

Carbapenems 7, 226, 231
clinical uses

bacterial meningitis 638
neutropenia 508

interactions 76t
resistance 39, 40f

Carbenicillin 201t, 223–224
Carboxypenicillins 220

antimicrobial activity 220, 220t
clinical uses 220–221
pharmacokinetics 220
resistance 220

Carbuncles 622, 623t
Cardiobacterium hominis see HACEK bacteria
Cardiovascular surgery

heart transplantation 530
implanted devices 490–491
prophylaxis 490
vasculature 491

Carrion’s disease 802
Carumonam 238

preparations and dosage 238b
Caspofungin 8, 375–376

antimicrobial activity 376
clinical uses 376

aspergillosis 780–781, 781t
candidal infections 511
endocarditis 592
fungal infections 511
peritoneal dialysis catheter-related 

infection 550
interactions 72t, 80t, 376
mode of action 19
pharmacokinetics 376, 376t

distribution 376
metabolism and excretion 376

pregnancy/breastfeeding 705
preparations and dosage 376b
renal failure 62t
resistance 376
toxicity/side effects 376

Cat bite 623t
Cat-scratch disease 623t, 628

complicated 803
uncomplicated 803

Cataract surgery 682–683
Catheters

antimicrobial 546
peritoneal dialysis, infection of 549–550
urinary tract, infection of 548–549
see also Cannula-associated infections

Cathomycin see Novobiocin
Cecropins 360
Cefacetrile (cephacetrile) 171t, 175
Cefaclor 171t, 176–177

antimicrobial activity 176, 177t
clinical uses 177

impetigo 622t
hemodialysis 63t
pharmacokinetics 177, 177t

absorption 177
distribution 177
metabolism and excretion 177

preparations and dosage 177b
toxicity/side effects 177

Cefadroxil (p-hydroxycefalexin) 171t, 178
antimicrobial activity 177t
clinical uses, impetigo 622t
hemodialysis 63t

Cefalexin (cephalexin) 171t, 178–179
antimicrobial activity 177t, 178
clinical uses 179

impetigo 622t
hemodialysis 63t
mode of action 13
pharmacokinetics 178–179, 178t

absorption and distribution 178
metabolism and excretion 179

preparations and dosage 179b
toxicity/side effects 179

Cefaloridine 7
Cefaloridine (cephaloridine) 171t, 175
Cefalothin see Cefalotin
Cefalotin (cefalothin, cephalothin) 171t, 

173–174
antimicrobial activity 173, 173t
clinical uses 173–174, 173t

distribution 173–174
pharmacokinetics, metabolism and 

excretion 174
preparations and dosage 174b
toxicity/side effects 174

Cefamandole (cephamandole) 171t, 
175–176

antimicrobial activity 173t
clinical uses, impetigo 622t
hemodialysis 63t

Cefapirin (cephapirin) 171t, 176
hemodialysis 63t

Cefatrizine 171t, 180
antimicrobial activity 177t

Cefazolin (cephazolin) 171t, 174–175
antimicrobial activity 173t, 174
clinical uses 175

cellulitis 623t
gas gangrene 623t
hepatectomy 493
impetigo 622t

hemodialysis 63t
pharmacokinetics 174–175, 174t

distribution 174
metabolism and excretion 174–175
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Cefazolin (cephazolin) (Continued)
preparations and dosage 175b
toxicity/side effects 175

Cefbuperazone 171t, 184
antimicrobial activity 181t

Cefcapene 171t, 192
Cefdinir 171t, 192

antimicrobial activity 190t
hemodialysis 63t

Cefditoren 171t, 189–190
antimicrobial activity 189, 190t
clinical uses 190
pharmacokinetics 190, 190t
preparations and dosage 190b
toxicity/side effects 190

Cefepime 171t, 193–194
antimicrobial activity 193, 194t
clinical uses 194

bacterial meningitis 634t
brain abscess 646t
community-acquired pneumonia  

581t
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 

587t
impetigo 622t
P. aeruginosa infection 623t
peritonitis 492

hemodialysis 63t
pharmacokinetics 193–194, 193t
preparations and dosage 194b
toxicity/side effects 194

Cefetamet 171t, 193
Cefixime 171t, 190–191

antimicrobial activity 190t, 191
clinical uses 191

gonorrhea 722, 723
impetigo 622t

hemodialysis 63t
pharmacokinetics 191, 191t

absorption and distribution 191
metabolism and excretion 191

pregnancy/breastfeeding 723
preparations and dosage 191b
toxicity/side effects 191

Cefmenoxime 7, 171t, 188
antimicrobial activity 186t

Cefmetazole 171t, 184
antimicrobial activity 181t

Cefminox 171t, 184
antimicrobial activity 181t

Cefodizime 171t, 188
antimicrobial activity 186t

Cefonicid 171t, 176
Cefoperazone 171t, 196

antimicrobial activity 194t
clinical uses

impetigo 622t
neutropenia 508

hemodialysis 63t
Ceforanide 171t, 176

Cefoselis 637–638
Cefotaxime 7, 171t, 185–186

antimicrobial activity 185, 186t
clinical uses 186

bacterial meningitis 634t, 640t
brain abscess 646t
community-acquired  

pneumonia 581t
gonorrhea 722, 723
impetigo 622t
leptospirosis 804
peritonitis 492
pneumonia 527
Vibrio infections 623t

CSF penetration 635t
hemodialysis 63t
pharmacokinetics 185–186, 185t

distribution 185–186
excretion 186
metabolism 186

preparations and uses 186b
resistance 185, 580
toxicity/side effects 186

Cefotetan 171t, 184–185
antimicrobial activity 181t
clinical uses

impetigo 622t
pelvic inflammatory disease 725b
peritonitis 492, 528
surgical prophylaxis 487t

hemodialysis 63t
Cefotiam 171t, 185

antimicrobial activity 181t
Cefoxitin 7, 171t, 181–182

antimicrobial activity 181–182, 181t
clinical uses 182

cholecystitis 494
gas gangrene 623t
gonorrhea 722
human bites 623t
impetigo 622t
pelvic inflammatory disease 725b
peritonitis 492, 528
solid organ transplantation 530

pharmacokinetics 182, 182t
absorption 182
distribution 182
metabolism and excretion 182

preparations and dosage 182b
resistance 182
toxicity/side effects 182

Cefozopran 171t, 196
Cefpimizole 171t, 196–197
Cefpiramide 171t, 196–197

antimicrobial activity 194t
Cefpirome 171t, 197

antimicrobial activity 194t
Cefpodoxime 171t, 191–192

antimicrobial activity 190t, 191
clinical uses 192

gonorrhea 722

Cefpodoxime (Continued)
impetigo 622t

hemodialysis 63t
pharmacokinetics 192, 192t

absorption and distribution 192
metabolism and excretion 192

preparations and dosage 192b
toxicity/side effects 192

Cefprozil 171t, 179–180
antimicrobial activity 177t, 179
clinical uses 180
hemodialysis 63t
pharmacokinetics 179, 179t

absorption and distribution 179
metabolism and excretion 179

preparations and dosage 180b
toxicity/side effects 179

Cefradine (cephradine) 171t, 180
hemodialysis 63t
mode of action 13
preparations and dosage 180b

Cefroxadine 171t, 180–181
Cefsulodin 171t, 197

antimicrobial activity 194t
Ceftaroline 171t, 199

antimicrobial activity 198t
Ceftazidime 7, 171t, 194–195

antimicrobial activity 194–195, 194t
clinical uses 195

bacterial meningitis 634t
brain abscess 646t
erythema gangrenosum 623t
eye infections 671t
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 

587t
impetigo 622t
neutropenia 508
peritonitis 492
pneumonia 527
UTI 529
Vibrio infections 623t

CSF penetration 635t
half-life, and glomerular filtration rate 

61f
hemodialysis 63t
nephrotoxicity 65
pharmacodynamics 51f, 55f, 55t,  

56f
pharmacokinetics 195, 195t

distribution 195
metabolism and excretion 195

preparations and dosage 195b
toxicity/side effects 195

Cefterem 171t, 193
Ceftibuten 171t, 193

antimicrobial activity 190t
preparations and dosage 193b

Ceftizoxime 7, 188
antimicrobial activity 186t
clinical uses
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Ceftizoxime (Continued)
gonorrhea 722, 723
Lyme borreliosis 623t
peritonitis 492

Ceftobiprole 171t, 197–198
antimicrobial activity 198, 198t
clinical uses 198
pharmacodynamic target 56t
pharmacokinetics 198, 198t
preparations and dosage 198b
resistance 198
toxicity/side effects 198

Ceftriaxone 7, 171t, 187
antimicrobial activity 185, 186t, 187
clinical uses 187

bacterial meningitis 634t, 640t
brain abscess 646t
chancroid 729
cholecystitis 494
community-acquired pneumonia 581t
diarrhea 598t
donovanosis 722
endocarditis 591t
enteric fever 599t
erythema migrans 804
gonorrhea 722, 723
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t
impetigo 622t
leptospirosis 804
Lyme borreliosis 623t
meningococcemia 623t
pelvic inflammatory disease 725b
peritonitis 492
pneumonia 527
syphilis 708, 728

CSF penetration 635t
half-life, renal failure 61
hemodialysis 64t
pharmacokinetics 187, 187t

distribution 187
metabolism and excretion 187

pregnancy/breastfeeding 723
preparations and dosage 188b
protein binding 61
renal failure 62t
resistance 187
toxicity/side effects 187

Cefuroxime 7, 183
antimicrobial activity 181t, 183
clinical uses 183

cat bite 623t
cholecystitis 494
community-acquired pneumonia 581t
CSF shunt infections 548
eye infections 671t
gonorrhea 722
impetigo 622t
peritonitis 492
pneumonia 526, 527
solid organ transplantation 530

Cefuroxime (Continued)
surgical prophylaxis 487t

eye drops 669t
hemodialysis 63t
pharmacokinetics 183, 183t

absorption 183
distribution 183
excretion 183

preparations and dosage 184b
toxicity/side effects 183

Cell wall
antibacterials acting on 10, 10t, 11–13, 

11f, 12f
lethal event 13

synthesis 11f
Cellulitis 623t, 626–627

clostridium 623t, 628–629
gangrenous 623t, 627
orbital 684

CEM 101 289
Central nervous system infections

bacterial 633–649
blastomycosis 788
histoplasmosis 786
tuberculosis 755
viral 650–658

diagnosis 652–653
epidemiology 650–651
pathogenesis 651–652
treatment 653–654

see also Brain infections
Cephacetrile see Cefacetrile
Cephalexin see Cefalexin
Cephaloridine see Cefaloridine
Cephalosporins (cephems) and cephamycins 7

antimicrobial activity 171
classification 170, 171t
clinical uses 172

bacterial meningitis 637–638
CSF shunt infections 547
gangrene 623t
impetigo 622t
pneumonia 526, 527
prosthetic joint infections 541
scarlet fever 623t

CSF penetration 636b
discovery and source 5t
group 1 170, 171t, 172, 173
group 2 170, 171t, 172, 176

bronchitis 576t
group 3 170, 171t, 172–173, 181
group 4 170, 171t, 172–173, 185
group 5 170, 171t, 173, 189
group 6 170, 171t, 173, 193
group 7 170, 171t, 173, 197
immunomodulatory effects 108–109
interactions 76t
mode of action 10t
pharmacokinetics 171–172
pregnancy/breastfeeding 703
resistance 171

Cephalosporins (cephems) and 
cephamycins (Continued)

structure 226f
toxicity/side effects 172

cross-reactions with penicillins 203
hematologic toxicity 172
hypersensitivity 172

Cephalosporinases, chromosomal,  Gram-
negative bacteria 230

Cephalosporium spp. 5t
Cephalosporium acremonium 170
Cephalothin 7
Cephamandole see Cefamandole
Cephamycins see Cephalosporins
Cephems see Cephalosporins
Cephradine see Cefradine
Cercarial dermatitis 851
Cercopithecine herpes infection 655
Cerebrospinal fluid

antimicrobial penetration 153, 635–636, 
635t, 636b

aminoglycosides 636b
cephalosporins 636b
fluoroquinolones 636b
polymyxins 548
sulfonamides 636b
tetracyclines 636b

Cerebrospinal fluid shunt infections 
547–548, 547f

diagnosis 547
microbiology 547
prevention 548
treatment 547–548

Cesarean section, antibiotic prophylaxis  
707

Cestodes (tapeworms) 843t, 846–847
Cethromycin (ABT 773) 289

antimicrobial activity 277t
Chagas’ disease see Trypanosoma cruzi
Chalazion 674
Chancroid 719t, 728

contact tracing 730
diagnosis 729
follow-up 730
investigations 729
management 729–730
pathogenesis 729
pregnancy/breastfeeding 730

Chemoprophylaxis 123–125
animal bites 800
endocarditis 123–124
fungal infections see Antifungal agents
HIV infection of child of infected mother 

710–714
immune deficiency 124–125, 124t
leprosy 749
leptospirosis 803
Lyme borreliosis 804
malaria 819–821, 820t, 821f
meningococcal disease 124, 641–642
neutropenia 503–507, 507t
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Chemoprophylaxis (Continued)
bacterial 504–505
fungal 505–506
viral 506–507

pacemaker-associated infections 490–491
plague 802
prevention of travelers’ diarrhea 124
rickettsioses 806
surgical 123, 124t
transplant patients 516–517
travelers’ diarrhea 124
UTIs 700

Chemotaxis 104–105
Chemotherapy (general) 2

adaptation of existing drugs 6–7
alkaloids 2
antibiotics 3, 4–6
future prospects 6–7
scope of 6, 8–9
synthetic compounds 3
three eras of 2–4

Chest X-ray, community-acquired 
pneumonia 578

Chickenpox see Varicella-zoster virus
Children

brucellosis 798
chloramphenicol toxicity 247–248
enteroviral infections 617
exanthems 617, 617t
malaria 818–819
tuberculosis 756
see also Neonates

Chlamydia 105, 718
diagnosis 720
epidemiology 718
investigations 720
management 720–721
multidrug resistance 720–721
pathogenesis 719
pregnancy/breastfeeding 720
screening 721
sexual partners 721

Chlamydia trachomatis 719t
conjunctivitis 674, 718

neonatal (ophthalmia neonatorum) 
675, 708

pregnancy 708–709
trachoma 675–676

Chlamydophila abortus 709
Chlamydophila pneumoniae 718
Chloramphenicol 245–248

antimicrobial activity 245–246, 246t
clinical uses 248

cellulitis 623t
ehrlichiosis 623t
enteric fever 124, 599t
eye infections 671t
gas gangrene 623t
meningococcemia 623t
plague 623t
rat-bite fever 623t

Chloramphenicol (Continued)
Rocky Mountain spotted fever 623t
tularemia 623t

CSF penetration 635t, 636b
discovery and source 5t
as enzyme inhibitor 74t
as enzyme substrate 74t
eye drops 669t
hemodialysis 64t
interactions 72t, 76t, 247
mode of action 10t, 14
pharmacokinetics 246–247, 246t

absorption 246
distribution 247
excretion 247
metabolism 247

pregnancy/breastfeeding 704
preparations and dosage 248b
renal failure 62t
resistance, acquird 246
topical 629t, 669b
toxicity/side effects 247–248

bone marrow 247
children 247–248
gray baby syndrome 247–248,  

704
Chloramphenicol acetyltransferase 27
Chlorguanide see Proguanil
Chlorhexidine

cannula-associated infections 530,  
546

eye drops 669t
Chloroquine 409, 809, 812–813

antimicrobial activity 409
clinical uses

amebic liver abscess 835
malaria 409, 809, 812–813
malaria prophylaxis 820t

dose 813t
hemodialysis 64t
interactions 97t
mode of action 19–20
pharmacokinetics 409, 409t
preparations and dosage 409b
resistance 409, 811, 814
toxicity/side effects 409

Chlortetracycline 347
antimicrobial activity 347, 347t
clinical uses 347
discovery and source 5t
pharmacokinetics 347, 347t
preparations and dosage 347b
topical 669b
toxicity/side effects 347

Cholera 599, 599t
treatment 599t

Chorioamnionitis 705–706
Chromoblastomycosis 790
Ciclacillin (cyclacillin) 201t, 219
Ciclopirox 381

preparations and dosage 382

Ciclosporin
infection risk 515b
interactions 69, 71t, 518, 518t
transplant patients 512–513

Cidofovir (hydroxypropoxymethyl 
cytosine), 466

antiviral activity 466
clinical uses 466

chemoprophylaxis 507
interactions 93t
mode of action 21
pharmacokinetics 466, 466t
preparations and dosage 462b
resistance 466
toxicity/side effects 466

Cilastatin
half-life, renal failure 61
protein binding 61
see also Imipenem-cilastatin

Cinchonism 815
Cinoxacin 306t, 311

antimicrobial activity 307–308
preparations and dosage 311b

Ciprofloxacin 7, 306t, 312–313
antimicrobial activity 307t, 312
clinical uses

anthrax 623t, 799t, 800t
cat-scratch disease 623t
cellulitis 627t
chancroid 729
chemoprophylaxis 507t
cholera 599t
community-acquired pneumonia 581t
diarrhea 598t
enteric fever 599t
erythema gangrenosum 623t
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 587t
human bites 623t
peritonitis 492
pneumonia 527
salmonellosis 599t
shigellosis 599t
surgical prophylaxis 487t
tuberculosis 758t
UTI 529
Vibrio infections 623t

CSF penetration 635t
as enzyme inhibitor 74t
eye drops 669t
hemodialysis 64t
immunomodulatory effects 105, 107
MIC 118f
pharmacodynamics ratio 52f
pharmacokinetics 312–313, 312t

absorption 313
distribution 313
metabolism and excretion 313

preparations and dosage 313b
resistance 580
toxicity/side effects 313
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Cisapride, interactions 71t
Citrobacter spp. 39
Cladosporium carrionii 790
Clarithromycin 7, 279–280

antimicrobial activity 277t, 280
clinical uses

bronchitis 575, 576t
Campylobacter 599t
cellulitis 623t
community-acquired pneumonia 581t
diarrhea 598t
erysipelas 623t
erythema migrans 804
gangrene 623t
impetigo 622t, 623t
leprosy 747
Lyme borreliosis 623t
pneumonia 526
surgical prophylaxis 487t
tuberculosis 758t

as enzyme inhibitor 74t
as enzyme substrate 74t
hemodialysis 63t
interactions 72t, 76t, 762t
intracellular concentration 278t

respiratory tissue 279t
pharmacokinetics 280, 280t

absorption and distribution 280
metabolism and excretion 280

preparations and dosage 280b
renal failure 62t
toxicity/side effects 280

Classification and regression tree analysis 
(CART) 52

Clavam (oxapenem) 7, 226
structure 226f

Clavulanic acid 239
antimicrobial activity 239
β-lactamase inhibition 239
structure 226f

Clavulanic acid-amoxicillin see Amoxicillin-
clavulanate

Clavulanic acid-ticarcillin see Ticarcillin-
clavulanate

Clemizole penicillin 201t, 206–207
Clindamycin 272

antimicrobial activity 272–274, 273t
clinical uses 274

acne 623t
actinomycosis 623t
babesiosis 837
bacterial vaginosis 732
blistering distal dactylitis 623t
boils 623t
cellulitis 623t
community-acquired pneumonia 582
dog bite 623t
ecthyma 623t
endophthalmitis 684
erysipeloid 623t
erythrasma 623t

Clindamycin (Continued)
eye infections 671t
gangrene 623t
gas gangrene 623t
group A streptococcus 569
hematogenous osteomyelitis 660t
human bites 623t
impetigo 623t
MRSA 533
necrotizing fasciitis 623t
paronychia 623t
pelvic inflammatory disease 725b
peritonitis 492, 528
pneumocystic pneumonia 791
prosthetic joint infections 541
surgical prophylaxis 487t
Toxoplasma retinochoroiditis 685
toxoplasmosis 823

CSF penetration 636b
as enzyme substrate 74t
hemodialysis 64t
pharmacokinetics 273–274, 273t

absorption 273
distribution 273
excretion 273–274
metabolism 273

pregnancy/breastfeeding 704
preparations and dosage 274b
renal failure 62t
resistance 272–273
topical 629t
toxicity/side effects 274

Clinical and Laboratory Standards Institute 
(CLSI) 24, 55–56

Clioquinol, topical 629t
Clofazimine 386–387

antimicrobial activity 387
clinical uses 387

leprosy 745t, 746
tuberculosis 758t

pharmacokinetics 387
preparations and dosage 387b
resistance 384t
targets 384t
toxicity/side effects 387

Clonorchis sinensis see Opisthorchis sinensis
Clostridium spp., nitroimidazole resistance 293
Clostridium botulinum 602
Clostridium difficile 602–603

treatment 603t
Clostridium perfringens 602

cellulitis 623t, 628–629
chemoprophylaxis 124

Clotrimazole 373
clinical uses

candidiasis 737
keratitis 679
oculomycosis 687
tinea cruris 772t
tinea pedis 772t
vulvovaginal candidiasis 775t

Clotrimazole (Continued)
as enzyme inhibitor 74t
eye drops 669t
mode of action 19
pregnancy/breastfeeding 705
preparations and dosage 374

Cloxacillin 201t, 209–210
antimicrobial activity 208, 208t, 209–210
clinical uses 209, 210

hematogenous osteomyelitis 660t
impetigo 621t

hemodialysis 64t
pharmacokinetics 209, 210, 210t

absorption and distribution 210
metabolism and excretion 210

preparations and dosage 210b
resistance 208–209, 210
toxicity/side effects 209, 210

Clozapine, interactions 69
Clue cells 731
CMV see Cytomegalovirus
Co-amoxiclav see Amoxicillin-clavulanate
Co-resistance 26
Co-trimazine 258
Co-trimoxazole see Trimethoprim-

sulfamethoxazole
Coagulase-negative staphylococci 36
Coagulation cascade in sepsis 474–475

therapeutic modulation 479–480
Coccidioidal meningitis 787
Coccidioides immitis 786
Coccidioidomycosis 786

chronic pulmonary 786–787
disseminated 787
immunocompromised patients 787
primary (valley fever) 786

Cockroft and Gault formula 61f
Codeine 598

interactions 72t
Colistimethate sodium 363
Colistin

clinical uses 363
multiresistant Acinetobacter baumannii 

534
interactions 76t
mode of action 18

Colitis, pseudomembranous see Clostridium 
difficile

Colloids, in sepsis 477–478
Colony forming units 50–51, 51f
Colorectal surgery 495
Combination therapy see Multidrug therapy
Common cold (coryza) 567

antibiotics in 567
treatment 567

Community-acquired pneumonia 525–526, 
577

clinical manifestations 577–578
diagnosis 578–579

chest X-ray 578
clinical evaluation 578
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Community-acquired pneumonia 
(Continued)

invasive procedures 579
laboratory assessment 578
microbiological assessment 578–579

etiology/epidemiology 525t, 577
pathogenesis 577
treatment 526, 579

antimicrobial resistance 579–580
site of care decision 579
therapeutic regimens 580–582, 581t

unusual pathogens 582
Compensatory anti-inflammatory response 

syndrome 474
Compliance 134–136 137f
Condyloma acuminatum see human 

papillomavirus
Conjunctivitis 674–675

causes 674b
clinical presentation 674–675
diagnosis and treatment 675
neonatal see Ophthalmia neonatorum
viral 676

Contact lenses
biofilms 672
keratitis 672–673

Contact(s)
STDs 730
tuberculosis 760–761

Contagious echthyma 620
Contagious pustular dermatitis 620
Cornea see entries under Kerat-
Corticosteroids

clinical uses
bacterial meningitis 639–640
septic shock 478t
transplant patients 512–513
tuberculosis 755

infection risk 515b
Corynebacterium diphtheriae,  

conjunctivitis 674
Corynebacterium minutissimum 627
Cost(s), economic

of drugs 138
policies reducing 127
prescription decisions 127

Coumarins 364
Cox regression 52
COX-2 inhibitors, interactions 72t
Coxiella burnetii 172, 805

endocarditis 592
see also Q-fever

Creatinine clearance
calculation of 62f
Cockroft and Gault formula 61f

Creutzfeldt-Jakob disease 651
Critical care patients see Intensive care 

patients
Cross-infection 128
Cross-resistance 26
Croup 569

Cryptococcal pneumonia 783, 783t
Cryptococcosis 782

HIV-infected patients 784
non-HIV patients 783–784
treatment 783t

Cryptococcus neoformans, ocular infection 
691

Cryptosporidiosis 836–837
Cryptosporidium parvum, diarrhea 594
Crystalloids, in sepsis 477
CSF see Cerebrospinal fluid
Cutaneous problems see Skin/soft-tissue 

infections
Cyclacillin see Ciclacillin
Cyclic peptides

resistance 384t
targets 384t

Cycloguanil 254
Cycloserine 393

clinical uses, tuberculosis 758t
discovery and source 5t
interactions 95t
mode of action 10t, 12
preparations and dosage 393b
resistance 384t
targets 384t

Cyclospora cayetanensis 605, 837
Cyclosporin see Ciclosporin
CYP3A inhibitors, interactions 71t
Cyst

alveolar hydatid 849
amebic, asymptomatic passage  

835
Cystic fibrosis

aminoglycosides 149
β-lactams 161
gentamicin 153, 155
netilmicin 155
penicillins 209
tobramycin 53f

Cysticercosis see Taeniasis
Cystitis 695t

etiology 696t
treatment 698–699, 698t

toxicity/side effects 699t
see also Urinary tract infection

Cytochrome P
450

, drugs affecting 74t
Cytokines

production of 107–109
sepsis 474–475

Cytomegalovirus (CMV) 619
encephalitis 655
eye infections 689–690

intraocular delivery 690
systemic therapy 690

foscarnet see Foscarnet
ganciclovir/valganciclovir 655, 690
ocular 690
pneumonitis 511
pregnancy 709–710
transplant patients 515–516

D

d4T see Stavudine
Dacryocystitis 676–677
Dalbavancin 270

antimicrobial activity 267t
Dalfopristin-quinupristin see Quinupristin-

dalfopristin
Damage-associated molecular patterns 

(DAMPs) 474
Danofloxacin 307
Dapsone 387–388

antimicrobial activity 388
clinical uses 388

leprosy 745–746, 745t
pneumocystic pneumonia 791
rosacea 623t

as enzyme substrate 74t
interactions 72t
pharmacokinetics 388, 388t
preparations and dosage 388b
resistance 384t, 388
targets 384t
toxicity/side effects 388

Daptomycin 361
clinical uses

endocarditis 591, 591t
implant-associated infections 539
pneumococcal meningitis 642
prosthetic valve endocarditis 543

hemodialysis 63t
interactions 76t
mode of action 10t, 18, 18f
pharmacokinetics 361, 361t
preparations and dosage 361b
toxicity/side effects 361

Darunavir 442–443, 562
antiviral activity 442
clinical uses 443, 559
interactions 86t
pharmacokinetics 442, 442t
pregnancy/breastfeeding 711t
preparations and dosage 443b
resistance 442
toxicity/side effects 442, 559

DdC see Zalcitabine
DdI see Didanosine
Deafness see ototoxicity/auditory toxicity
Defensins 360
Deferasirox, zygomycosis 782
Dehydration 595, 596t
Dehydroemetine 418

amebic liver abscess 835
Delafloxacin 306t, 325
Delavirdine 436

antiviral activity 436
clinical uses 436
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 72t, 84t
mode of action 21
pharmacokinetics 436, 436t
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Delavirdine (Continued)
absorption and distribution 436
metabolism and excretion 436

preparations and dosage 436b
resistance 436
toxicity/side effects 436

Demeclocycline 348
antimicrobial activity 347t, 348
clinical uses 348
pharmacokinetics 348, 348t

absorption 348
distribution and excretion 348

preparations and dosage 347t
topical 629t
toxicity/side effects 348

Dental surgery, chemoprophylaxis 123–124, 
541–542,  
543

2-Deoxystreptamine-containing 
aminoglycosides 145, 145t,  
148t

Dermatology see Skin/soft tissue infections
Dermatophytoses 771, 772t

see also Tinea
Diagnosis, laboratory role 113
Dialysis see Hemodialysis;  

Peritoneal dialysis
Diamidines 413
Diamine SQ109 763
Diaminopyrimidine-sulfonamide 

combinations 255–256
Diaminopyrimidines 250–258

mode of action 10t, 17
Diarrhea

acute watery 595, 595t
antibiotic-associated 596

cephalosporins 172, 183, 187
gastroenteritis 595, 595t
persistent 596
travelers’ 124, 596–597
treatment 598t

Diazepam, interactions 69
Dibekacin 145t, 163
Dibromopropamidine ointment 669b
Dicloxacillin 201t, 210–211

antimicrobial activity 210
clinical uses

blistering distal dactylitis 623t
boils 623t
cellulitis 623t
ecthyma 623t
erysipelas 623t
folliculitis 623t
impetigo 621t, 623t

hemodialysis 64t
nephrotoxicity 65
pharmacokinetics 210–211, 210t

absorption 210
metabolism and excretion 211

preparations and dosage 211b
toxicity and clinical uses 211

Didanosine (ddI; 2',3’-dideoxyinosine) 429–430
antiviral activity 430
clinical uses 430, 560
hemodialysis 63t
interactions 82t, 564
mode of action 21
pharmacokinetics 430, 430t

absorption 430
distribution 430
excretion 430
metabolism 430

pregnancy/breastfeeding 711t
preparations and dosage 430b
resistance 430
toxicity/side effects 430

2’3’-Dideoxycytidine see Zalcitabine
2’3’-Dideoxyinosine see Didanosine
Dientamoeba fragilis 605

diarrhea 594
Diethylcarbamazine (DEC) 398

anthelminthic activity 398
clinical uses 398

loiasis 855
lymphatic filariasis 854

interactions 101t
mode of action 21
pharmacokinetics 398, 398t
preparations and dosage 399b
toxicity/side effects 398, 843t

Difloxacin 307
Digestive tract see Gastrointestinal tract
Digitoxin, interactions 72t
Digoxin interactions 69, 72t
Dihydroartemisinin 815

dose 813t
Dihydroartemisinin-piperaquine 814

dose 813t
Dihydrofolate reductase 17
Dihydrofolate reductase-thymidylate 

synthase 810
Dihydropteroate synthase 38, 251, 810
Diiodohydroxyquin see Iodoquinol
Diloxanide 418–419

antimicrobial activity 418
clinical uses 419

amebic dysentery 834
amebic liver abscess 835

pharmacokinetics 418–419
preparations and dosage 419b
resistance 418
toxicity/side effects 419

Diltiazem, interactions 69
Diminazene, babesiosis 837
Diphenoxylate 598
Diphtheria 569, 623t
Diphyllobothrium latum (and 

diphyllobothriasis) 843t, 847
Dipylidiasis 847
Dipylidium caninum 847
Directly observed therapy (DOT), 

tuberculosis 760

Dirithromycin 284
antimicrobial activity 277t
intracellular concentration 278t

respiratory tissue 279t
Disopyramide, interactions 69
Distribution see individual drugs/classes
DNA gyrase 16, 31–32
DNA probes/amplification 579
Docosanol 468–469
Dog bites 623t
Donovanosis 719t, 730

diagnosis 730
epidemiology 730
investigations 730
management 731
pathogenesis 730

Doripenem 231–233
antimicrobial activity 232, 232t
clinical uses 233
hemodialysis 63t
pharmacokinetics 232, 232t

absorption and distribution 232
metabolism and excretion 232

preparations and dosage 233b
toxicity/side effects 232–233

Doxycycline 349–350
antimicrobial activity 347t, 349
clinical uses 350

acne 623t
anthrax 623t, 799t, 800t
bacillary angiomatosis 628t
bronchitis 575
cat bite 623t
chlamydia 720
cholera 599t
community-acquired pneumonia  

581t
donovanosis 731
erhlichiosis 623t
gas gangrene 623t
leptospirosis 804
Lyme borreliosis 623t
lymphatic filariasis 854
lymphogranuloma venereum 726
malaria prophylaxis 820t
non-specific urethritis 724
pelvic inflammatory disease 725b
plague 623t
Q fever 806
rat-bite fever 623t
Rocky Mountain spotted fever 623t
rosacea 623t
syphilis 728
tularemia 623t
Vibrio infections 623t

CSF penetration 636b
hemodialysis 64t
interactions 72t, 76t

transplant patients 518t
pharmacokinetics 349, 349t

absorption 349
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Doxycycline (Continued)
distribution 349
metabolism and excretion 349

pregnancy/breastfeeding 720
preparations and dosage 350b
renal failure 62t
resistance 720
toxicity/side effects 349

Dracunculus medinensis 843t, 853–854, 856
Drug elimination in renal failure 60
Drug interactions see Interactions
Drug-modifying enzymes 26–27

location and regulation of expression 27 
see also individual enzymes

Drunavir, renal failure 62t
Duration of treatment 111–112
Dysentery

amebic 834–835
gastroenteritis 595–596
treatment 598t

Dystrophic onychomycosis 773

E

Ear see Otitis; Ototoxicity
Echinocandins 374

clinical uses
aspergillosis 511–512
candidiasis 511, 778t, 779t
chemoprophylaxis 506

mode of action 19
resistance 774t

Echinococcosis see Hydatidosis
Echinococcus granulosus 843t, 848–849
Echinococcus multilocularis 843t, 849
Econazole 373

clinical uses
candidiasis 737
oculomycosis 687
vulvovaginal candidiasis 775t

preparations and dosage 374
Economics see Cost
Ecthyma 622, 623t

contagious 620
Eczema herpeticum 618
Efavirenz 436–437

antiviral activity 437
clinical uses 437, 560

HIV/tuberculosis co-infection 564
as enzyme inducer 74t
as enzyme inhibitor 74t
interactions 72t, 84t, 762t
mode of action 21
pharmacokinetics 437, 437t

absorption and distribution 437
metabolism and excretion 437

pregnancy/breastfeeding 711t
preparations and dosage 437b
renal failure 62t
resistance 437
toxicity/side effects 437, 560, 561

Efflux system 28–29, 28t, 29f
major facilitatory superfamily 28
multidrug and toxic compound extrusion 

family 28
resistance-nodulation-cell division family 

28
Eflornithine 8, 419–420

antimicrobial activity 419
clinical uses 419–420

T. brucei gambiense infection 829,  
830

mode of action 20
pharmacokinetics 419, 419t
preparations and dosage 420b
resistance 419
toxicity/side effects 419

Efungumab, candidal infections 511
Ehrlich, Paul 3
Ehrlichiosis 623t, 806

diagnosis 807
treatment 807

Eikenella corrodens see HACEK bacteria
Elimination see individual drugs/classes
Elongation factor G, modification of,  

33
Elvitegravir, interactions 762t
Embricitabine

clinical uses, hepatitis B 600–601
hemodialysis 63t

Emetine 2
amebic liver abscess 835

Emtricitabine 431
antiviral activity 431
clinical uses 431, 560

HIV/HBV co-infection 564
interactions 82t
pharmacokinetics 431, 431t

absorption and distribution 431
metabolism and excretion 431

pregnancy/breastfeeding 711t
preparations and dosage 431b
resistance 431
toxicity/side effects 431

Encephalitis 654
ADEM/postinfectious 656
cytomegalovirus 655
rabies 651, 656
varicella zoster 654

Encephalitozoon (Septata) intestinalis,  
837

Encephalopathies
BSE 651
transmissible spongiform 653

Endocarditis 589–592
antibiotic therapy 589

aminoglycosides 590
β-lactams 589–590
glycopeptides 590

Brucella 798
empirical therapy 590, 590t
enterococcal 591–592, 591t

Endocarditis (Continued)
fungal 592, 778–779

treatment 778t
intensive care patients 524t
laboratory investigations 589
prevention 592
prophylaxis 123–124
prosthetic heart valves 542–543, 590
staphylococcal 590–591, 590t
streptococcal 591, 591t

Endonyx 773
Endophthalmitis 681–683

acute 681–682
cataract surgery 682–683
chronic 682
diagnosis/treatment 681–682
intraocular foreign body 683, 684b
postoperative prophylaxis 682
treatment 778t

Endotoxins (lipopolysaccharides) 106–107, 
474

Endovascular infections, intensive care 
patients 524t

Enfuvirtide 448–449
antiviral activity 448
clinical uses 449
interactions 92, 762t
pharmacokinetics 448–449, 448t

absorption and distribution 449
metabolism and excretion 449

pregnancy/breastfeeding 711t
preparations and dosage 449b
resistance 448
toxicity/side effects 449, 561

Enoxacin 7, 306t, 316
antimicrobial activity 307t
preparations and dosage 316b

Enrofloxacin 307
Entamoeba histolytica 604–605, 834

amebic dysentery 834–835
amebic liver abscess 835
asymptomatic cyst passage 835
diarrhea 594
see also Amebiasis

Entecavir 458–459
clinical uses, hepatitis B 602
hemodialysis 63t

Enteric fever 596, 600
treatment 599t
see also Salmonella enterica

Enteric infections see Gastrointestinal tract
Enterobacter spp.

antibiotic resistance 39–40
UTI 696t

Enterobacter aerogenes 40
hospital-acquired pneumonia 584

Enterobacter cloacae 39
hospital-acquired pneumonia 584

Enterobacteriacea, antibiotic resistance 
 110t

Enterobiasis 846
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Enterobius vermicularis (pinworm) 843t, 846
Enterococcus (enterococci)

antibiotic resistance 36–37, 110t
glycopeptides 30–31
vancomycin 37

endocarditis 591–592, 591t
resistant 533
UTI 696t

Enterococcus faecalis 37
susceptibility, aminoglycosides 146t

Enterococcus faecium 37, 148
penicillin-binding proteins 30

Enterocytozoon bieneusi 837
Enteroviruses 617

enterovirus 70-associated conjunctivitis 
674, 676

meningitis 656
Entry inhibitors 448
Enzymes

drug-metabolizing 74t
drug-modifying 26–27, 148t

aminoglycosides 26–27, 147–149,  
148t

location and regulation of expression 
27

inhibitors 74t
see also specific enzymes/types

Eosinophilia, tropical pulmonary 855
Eosinophilic enteritis 845
Epicillin 201t, 219
Epidemic typhus 805
Epidermophyton floccosum 771–772, 773
Epididymo-orchitis 725
Epidural abscess 647

intensive care patients 524t
intracranial 647
spinal 647

Epiglottitis 569
Epstein-Barr virus (EBV) 619

transplant patients 516
Ergot alkaloids, interactions 71t
Eritoran, in sepsis 478
Ertapenem 233

antimicrobial activity 232t, 233
clinical uses 233

cholecystitis 494
hospital-acquired pneumonia 586t
peritonitis 492

hemodialysis 63t
pharmacokinetics 233, 233t
preparations and dosage 233b
toxicity/side effects 233

Erysipelas 623t, 626
Erysipeloid (Erysipelothrix rhusiopathiae 

infection) 623t, 627–628
Erythema gangrenosum 623t
Erythema infectiosum 617, 617t
Erythema migrans 804
Erythema nodosum leprosum 747–749

treatment 748–749
Erythrasma 623t, 627

Erythromycin 280–283
antimicrobial activity 277t, 281
clinical uses

acne 623t
anthrax 623t
blistering distal dactylitis 623t
boils 623t
bronchitis 575
cellulitis 623t
chancroid 729
chlamydia 720
cholera 599t
diphtheria 623t
donovanosis 731
ecthyma 623t
erysipelas 623t
erysipeloid 623t
erythema migrans 804
erythrasma 623t
folliculitis 623t
gangrene 623t
gas gangrene 623t
group A streptococcus 569
impetigo 622t, 623t
lymphogranuloma venereum 726
non-specific urethritis 724
paronychia 623t
pneumonia 526
rat-bite fever 623t
rosacea 623t
syphilis 708, 728

CSF penetration 636b
discovery and source 5t
as enzyme inhibitor 74t
as enzyme substrate 74t
hemodialysis 64t
interactions 76t, 282, 518

transplant patients 518t
intracellular concentration 278t

respiratory tissue 279t
pharmacokinetics 281–282, 281t

absorption and metabolism 281
distribution 282
excretion 282

pregnancy/breastfeeding 720
preparations and dosage 283b
renal failure 62t
resistance 281, 580, 720
topical 629t, 669b
toxicity/side effects 282–283, 282b

Erythromycyclamine, intracellular 
concentration 278t

Escherichia coli 601–602
antibiotic resistance 28t, 39
bacterial gastroenteritis 594t
chemoprophylaxis 124
susceptibility, aminoglycosides 146t
UTI 695–696, 696t

Esophagitis
fungal 780
treatment 778t

Etest® 117
Ethambutol 388–389, 752–753

antimicrobial activity 389
clinical uses 389
CSF penetration 636b
interactions 95t
mode of action 10t, 13
pharmacokinetics 389, 389t
pregnancy/breastfeeding 705
preparations and dosage 389b
renal failure 62t
resistance 384t

management 757t, 758
targets 384t
toxicity/side effects 389

Ethionamide 393
clinical uses, tuberculosis 758t
CSF penetration 636b
interactions 95t
mode of action 13
preparations and dosage 394b
resistance 384t
targets 384t

Etravirine 438
antiviral activity 438
clinical uses 438
interactions 72t, 84t, 762t
pharmacokinetics 438, 438t
preparations and dosage 438b
resistance 438
toxicity/side effects 438

Eumycetoma (maduromycosis) 790
European Committee for Antimicrobial 

Susceptibility Testing (EUCAST) 24, 
55–56, 117, 118f, 119

European Medicines Agency 119
European Society of Clinical Microbiology 

and Infectious Diseases (ESCMID) 119
Everolimus, interactions 69
Evolution of antimicrobic drugs 2
Exanthem subitum see human 

herpesvirus-6
Exanthems, childhood 617, 617t
Exotoxins 106–107
Explants for retinal surgery 673
Exposure-response relationships 49–50
Extensive drug resistance 26
External quality assessment 121
External ventricular drain-associated 

infection 548
Eye

antibiotic delivery 668
blood-ocular barriers 667–668, 668f
foreign body 683, 684b
pharmacokinetics 667
surface defenses 667

Eye infections 667–693
AIDS-related 689
bacterial 673
biofilms 671
fungal 780
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Eye infections (Continued)
intravitreal injection 670–671
larva migrans 850
Loa loa see Loa loa
microbial 673
neonatal see Ophthalmia neonatorum
onchocerciasis 685–686, 855–856
periocular injection 670
systemic medications 671
topical preparations 668–670, 669b, 669t
toxoplasmosis 690, 823
viral 687

CMV 689–690
HSV 674, 687–689

F

Famciclovir
clinical uses

genital herpes 733, 734
herpes simplex virus 620t
necrotizing herpetic retinopathy 688b

hemodialysis 63t
interactions 93t
mode of action 21
pregnancy/breastfeeding 710

Faropenem 236–237
antimicrobial activity 232t
structure 226f

Fasciola gigantica 843t, 852
Fasciola hepatica 843t, 852
Fasciolopsis buski 843t, 852
Fentanyl, interactions 72t
Fenticonazole 373

clinical uses
candidiasis 737
vulvovaginal candidiasis 775t

preparations and dosage 374
Fetus

syphilis 707
see also Pregnancy

Fever
African tick bite 805
neutropenia 509–510, 510f
puerperal 3, 3f
urinary catheter-related infections see 

Urinary tract infection
Fibroblasts 105
Fidaxomicin 364
Filariasis 853–854

lymphatic 854–855
Filatov-Duke’s disease 617, 617t
FK506 see Tacrolimus
Fleming, Alexander 3
Fleroxacin 316

antimicrobial activity 307t
Flomoxef 171t, 189

hepatectomy 493
Florid plaques 653
Flubendazole 397

preparations and dosage 397b

Flucloxacillin 201t, 211
antimicrobial activity 211
clinical uses

endocarditis 590t
hematogenous osteomyelitis 660t
impetigo 621t
prosthetic joint infections 541
surgical prophylaxis 487t

pharmacokinetics 211, 211t
absorption and distribution 211
metabolism and excretion 211

preparations and dosage 211b
toxicity/side effects 211

Fluconazole 8, 368–369
antimicrobial activity 368
clinical uses 369

candidiasis 737, 778t, 779t
cannula-associated infections 546
chemoprophylaxis 506, 517
cryptococcosis 783t, 784
endocarditis 592
oculomycosis 687
paracoccidioidomycosis 788
peritoneal dialysis catheter-related 

infection 550
sporotrichosis 789
vulvovaginal candidiasis 775t

as enzyme inhibitor 74t
as enzyme substrate 74t
hemodialysis 63t
interactions 72t, 80t, 368, 518

transplant patients 518t
pharmacodynamics 53f
pharmacokinetics 368, 368t

absorption 368
distribution 368
metabolism and excretion 368

pregnancy/breastfeeding 705
preparations and dosage 369b
resistance 368, 774t
toxicity/side effects 368

Flucytosine (5-fluorocytosine) 380
antimicrobial activity 380
clinical uses 380

candidiasis 779t
endocarditis 592
keratitis 679
peritoneal dialysis catheter-related 

infection 550
eye drops 669t
hemodialysis 63t
interactions 80t, 380

transplant patients 518t
mode of action 19
pharmacokinetics 372b, 380
pregnancy/breastfeeding 705
preparations and dosage 381b
resistance 380, 774t
serum level monitoring 66t
toxicity/side effects 380

Fludarabine, neutropenia 502

Flukes see Trematodes
Flumequine 306t, 311–312

preparations and dosage 312b
5-Fluorocytosine see Flucytosine
Fluoroquinolone acetyltransferase 27
Fluoroquinolones (group 2-4 quinolones) 

306t, 312, 316, 319
clinical uses 309

bronchitis 576t
chemoprophylaxis 504
dog bite 623t
pneumonia 526
prosthetic joint infections 541
skin/soft-tissue infections 627t

CSF penetration 636b
group 2 quinolones 306t, 312, 316
group 3 quinolones 306t, 319, 320
group 4 quinolones 306t, 321, 323–324
interactions 76t
resistance 580

Flurithromycin 284
intracellular concentration 278t

Folate synthesis, antibacterials acting on 10t
Folinic acid, Toxoplasma retinochoroiditis 685
Folliculitis 622, 623t

Malassezia 772
Fomivirsen 467

clinical uses 467
mode of action 22
preparations and dosage 467b

Fonsecaea compacta 790
Fonsecaea pedrosoi 790
Foot

diabetic 661
fungal infection (athlete’s foot) 772

moccasin-type 772t
treatment 772t

osteomyelitis 661–662
Foreign body

eye 683, 684b
implanted see Implant-associated 

infections
Fosamprenavir

clinical uses 559
interactions 86t
pregnancy/breastfeeding 711t
renal failure 62t

Foscarnet 467–468
antiviral activity 467
clinical uses 468

chemoprophylaxis 507
cytomegalovirus encephalitis 655
necrotizing herpetic retinopathy 688b

interactions 93t, 468
mode of action 21
pharmacokinetics 468, 468t

absorption and distribution 468
metabolism and excretion 468

preparations and dosage 468b
resistance 467
toxicity/side effects 468
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Fosfomycin (phosphonomycin) 259–261
antimicrobial activity 259, 260t
mode of action 10t, 12
pharmacokinetics 260, 260t

absorption 260
distribution 260
metabolism and excretion 260

preparations and dosage 260b
resistance 259–260
toxicity/side effects 260–261

Fosmidomycin 261
antimicrobial activity 260t, 261
clinical uses 261
pharmacokinetics 261, 261t
toxicity/side effects 261

Framycetin
discovery and source 5t
topical 669b

Francisella tularensis 623t, 631, 801
see also Tularemia

Fungal infections
agents used see Antifungal agents
aspergillosis see Aspergillosis
candidiasis see Candidiasis
endocarditis 592, 778–779, 778t
esophagitis 778t, 780
eye 780
liver 778t, 779
meningitis 778t, 779
mucosal 774
nails 773
neutropenia 511
neutropenic patients 505–506
osteomyelitis 778t, 779–780
in pregnancy 705
prophylaxis, neutropenia 505–506
systemic 777–796
transplant patients 515

treatment 517
treatment see Antifungal agents 
see also individual conditions

Funguria 700–701
Furazolidone 356–357

antimicrobial activity 356, 357t
chemistry 356
clinical uses 357

giardiasis 835
interactions 101t
pharmacokinetics 357
preparations and dosage 357b
resistance 357
toxicity/side effects 357

Furuncles 622
Fusariosis 789–790
Fusarium spp. 773

resistance 774t
Fusidanes (other than fusidic acid) 262–264
Fusidic acid 262–263

antimicrobial activity 262, 263t
clinical uses 263

Clostridium difficile infection 603

Fusidic acid (Continued)
hematogenous osteomyelitis 660t
MRSA 533

CSF penetration 636b
discovery and source 5t
gel 669t
hemodialysis 64t
immunomodulatory effects 108
mode of action 10t, 16
pharmacokinetics 263, 263t

absorption 263
distribution 263
metabolism and excretion 263

preparations and dosage 263b
resistance 33, 262–263
topical 629t
toxicity/side effects 263

Fusidium coccineum 5t
Fusobacterium spp., hospital-acquired 

pneumonia 584

G

G-CSF see Granulocyte-colony-stimulating 
factor

Ganciclovir 459–461
antiviral activity 459–460
clinical uses 460–461

chemoprophylaxis 506, 507, 507t, 517
cytomegalovirus encephalitis 655
necrotizing herpetic retinopathy 688b
ocular cytomegalovirus 690

hemodialysis 63t
interactions 93t

transplant patients 518t
mode of action 21
pharmacokinetics 460, 460t

absorption 460
distribution 460
metabolism and excretion 460

preparations and dosage 461b
resistance 460
toxicity/side effects 460

Gangrenous cellulitis 623t, 627
Gardnerella vaginalis 17

chorioamnionitis 706
Garenoxacin 306t, 323–324

antimicrobial activity 319t
pharmacodynamics ratio 52f
preparations and dosage 324b

Garrod, Lawrence Paul 2
Gas gangrene 623t
Gastroduodenal surgery 493
Gastroenteritis 595

syndromes 595–597
antibiotic-associated diarrhoea 596
diarrhea 595
dysentery 595–596
enteric fever 596
travelers’ diarrhea 596–597

treatment

Gastroenteritis (Continued)
antibiotics 598, 598t
antimotility/antisecretory agents 598

Gastrointestinal tract
infections 593–607

bacterial 599–604, 599t
epidemiology 593
flukes 852
helminthic 842
intensive care patients 524t
pathogenesis 593–594, 594t
protozoal 604–605
viral 604

selective decontamination 484, 488–489
intensive care patients 531–532

surgery 491
Gatifloxacin 306t, 320

antimicrobial activity 319t
clinical uses

cellulitis 627t
healthcare-associated pneumonia 583
pneumonia 526
tuberculosis 758t

pharmacodynamics ratio 52f
Gefitinib, interactions 69
Gemifloxacin 306t, 321–322

antimicrobial activity 319t, 321
clinical uses 322, 322b

community-acquired pneumonia  
581t

pharmacokinetics 322, 322t
absorption and distribution 322
metabolism and excretion 322

preparations and dosage 322b
toxicity/side effects 322

Gene cassettes 34–35
Genital infections

herpes see Herpes genitalis
intensive care patients 524t
vulvovaginal candidiasis 774–775, 775t
warts 719t, 734

diagnosis 735
epidemiology 734
management 735
pathogenesis 734
see also Sexually transmitted diseases

Gentamicin 145, 145t, 151–154
antimicrobial activity 152
clinical uses 151, 154

chemoprophylaxis 517
CSF shunt infections 548
donovanosis 722
endocarditis 590, 590t, 591t
endophthalmitis 684
eye infections 671t
hospital-acquired pneumonia 586t, 

587t
P. aeruginosa infection 623t, 630t
pelvic inflammatory disease 725b
peritonitis 492, 528
plague 623t
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Gentamicin (Continued)
selective decontamination of digestive 

tract 531
surgical prophylaxis 487t
tularemia 623t

CSF penetration 153, 635t
discovery and source 5t
eye drops 669t
hemodialysis 63t
MIC 146t
modifying enzymes 147, 148t
pharmacokinetics 152–153, 152t

absorption 152–153
distribution 153
excretion 153

preparations and dosage 154b
resistance 152
topical 629t, 669b
toxicity/side effects 153–154, 164t

nephrotoxicity 153–154
ototoxicity 153

Germanin 3
Giardiasis (G. lamblia) 604, 835–836

diarrhea 594
Gingivitis, necrotizing ulcerative 

(Vincent’s angina) 294,  
297, 298

Glomerular filtration 60, 61f
measurement of 60
renal failure 61
and serum half-life 61f

Glucocorticoids, interactions 69
Glycopeptides 265–271

antimicrobial activity 265
clinical uses

bacterial meningitis 638
CSF shunt infections 548
endocarditis 590

nephrotoxicity 65
pregnancy/breastfeeding 705
resistance 30–31, 265

detection of 266
enterococci 265
staphylococci 266

serum level monitoring 66t
GM-CSF see Granulocyte-macrophage 

colony-stimulating factor
Gnathostoma spinigerum 850
Gnathostomiasis 850
Gonorrhea see Neisseria gonorrhoeae
Graft-versus-host disease 502, 505f
Gram stain, sputum 578
Gram-negative bacteria

meningitis 644
multiresistant 534
skin/soft-tissue infections 630

Gram-positive bacteria, skin/soft-tissue 
infections 621

Gramicidin 364
eye drops 669t
topical 629t, 669b

Granulocyte transfusions, neutropenia  
512

Granulocyte-colony-stimulating factor, 
clinical uses

neutropenia 512
transplant patients 517

Granulocyte-macrophage colony-
stimulating factor, clinical uses

neutropenia 512
transplant patients 517

Granuloma inguinale see Donovanosis
Gray baby syndrome 247–248, 704
Grepafloxacin, pharmacodynamics  

ratio 52f
Griseofulvin 381

antimicrobial activity 381
clinical uses 381

tinea capitis 771, 772t
discovery and source 5t
interactions 381
mode of action 18
pharmacokinetics 381
pregnancy/breastfeeding 705
preparations and dosage 381b
toxicity/side effects 381

Group A streptotocci 568–569
Group B streptococci, pregnancy 709
Growth factors, neutropenia 512
Guinea worm 843t, 853–854, 856
Gut see Gastrointestinal tract

H

HAART see Antiretroviral agents
Habekacin see Arbekacion
HACEK bacteria 592
Haemophilus (as part of HACEK group) see 

HACEK bacteria
Haemophilus ducreyi (and chancroid) 719t
Haemophilus influenzae 27, 105

antibiotic resistance 38, 110t
β-lactamase-negative, ampicillin-resistant 

strains 38
conjunctivitis 674
hospital-acquired pneumonia  

584
meningitis 643
penicillin-binding proteins 30
susceptibility, aminoglycosides 146t

Halofantrine 8, 420
antimicrobial activity 420
clinical uses 420, 810
pharmacokinetics 420
preparations and dosage 420b
resistance 420
toxicity/side effects 420

Haloperidol, interactions 69
Haloprogin 381

preparations and dosage 382
Hand hygiene 532
Hantavirus infections 807

Head and neck surgery, prophylaxis 489
Healthcare-associated pneumonia 582

diagnosis 583
etiology/epidemiology 582
pathogenesis 582–583
symptoms 583
treatment 583

Hearing loss see Ototoxicity; ototoxicity/
auditory toxicity

Heart
endocardial infection see Endocarditis
pacemakers see Pacemaker infections
prosthetic valves (including endocarditis) 

542–543, 590
surgery see Cardiovascular surgery
transplantation 530

toxoplasmosis 824
Helicobacter pylori 17, 604

resistance 41–42
nitroimidazoles 293

Helminths (worms) 842–859, 843t
intestinal 842

cestodes 846–847
nematodes 842–846

larval 847
treatment see Anthelminthics

Hematologic toxicity
cephalosporins 172
dapsone 388
ganciclovir 460
linezolid 303–304, 303t
metronidazole 296–297
nitrofurantoin 358–359
quinolones 309
rifampicin 330
tetracycline 353

Hematopoietic stem cell transplantation 
see Stem cell transplantation

Hemodialysis 63, 63t, 64t
Hemofiltration/hemodiafiltration,  

63–64, 64t
Hemolytic-uremic syndrome 601
Heparin, and biofilm formation 548
Hepatitis 608–616, 735

bacillary peliosis 803
post-transplant 516
pregnancy 714

Hepatitis A 593, 719t
prevention 593–594

Hepatitis B 595, 719t
acute 596
animal models 596
chronic 596–597
epidemiology 595–597
genotypes 596
HIV co-infection 564
natural history 595
pregnancy 714
prevention 603
treatment

candidates for 597
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Hepatitis B (Continued)
immunomodulation 599
interferons 598
nucleoside/nucleotide analogs 

599–604
planning 602–603
response to 598

viral variants 595–596
wild-type virus 595–596

Hepatitis C 604, 719t
acute 604–605
chronic 604
epidemiology 604
HIV co-infection 564
natural history 604
treatment 604

Hepatotoxicity
see individual drugs/classes
Herpes genitalis (genital herpes) 618,  

719t 732
diagnosis 733
epidemiology 732
investigations 733
management 733–734
pathogenesis 733
pregnancy 734
recurrent 733–734

Herpes gladiatorum 618
Herpes simplex virus (HSV) 618,  

719t
diagnosis 618
encephalitis 654
eye disease 674, 687–689
genital infection see  

herpes genitalis
meningitis 654
pregnancy 710
prophylaxis 688–689
transplant patients 516
treatment 620t, 688

Herpes viruses 618
Herpes zoster 619

eye infections 674, 689
ophthalmicus 691

HHVs see Human herpesvirus
Highly effective antiretroviral therapy 

(HAART) see Antiretroviral agents
Hill equation 50–51, 51f
Hip replacement 539–542
Histoplasmosis 784

acute pulmonary 784
complications 784–785

chronic pulmonary 785
CNS 786
disseminated 785–786

AIDS patients 785–786
HIV-negative patients 785
neonates 786

treatment 785t
Historical aspects 2–9

evolution of antimicrobic drugs 2

HIV
co-infection

hepatitis B 564
hepatitis C 564
leishmaniasis 828–829
leprosy 749
syphilis 728
tuberculosis 564, 761–762

drugs acting against see Antiretroviral 
agents

perinatal (vertical) transmission to infant/
child 710–714

in pregnancy 710–714
HIV disease (and AIDS) 719t

asymptomatic 558
chronic infection 557–558
opportunistic infections

blastomycosis 788
brucellosis 798
coccidioidomycosis 787
cryptococcosis 784
eye 689
histoplasmosis 785–786
toxoplasmosis 825

primary infection 557, 557b
replicative cycle 427f
symptomatic infection 558
treatment-naive patients 558–561
viral load increase 562

HMG-CoA reductase inhibitors, interactions 
69

Hookworms 843t, 844–845
diagnosis and treatment 845

Hospital-acquired pneumonia 583
diagnosis 585
etiology/epidemiology 583–584
pathogenesis 584
symptoms 585
treatment 585–587

drug-related factors 586–587, 586t, 587t
pathogen-related factors 585–586
patient-related factors 585

Host resistance 484
HPV see Human papillomavirus
HSV see Herpes simplex virus
5-HT

3
 antiemetics, interactions 69

Human bites 623t
Human herpesvirus-6 (roseola) 617, 617t, 619

transplant patients 516
Human herpesvirus-7 619
Human herpesvirus-8 (Kaposi’s sarcoma) 

620
transplant patients 516

Human papillomavirus 620–621, 620t, 719t
genital warts 719t, 734

Hycanthone 405
Hydatid cyst, alveolar 849
Hydatidosis 848–849
p-Hydroxy ampicillin see Ampicillin
Hydroxyamino propionyl gentamicin B see 

Isepamicin

Hydroxychloroquine, Q fever 806
Hydroxypropoxymethyl cytosine see 

Cidofovir
Hygiene, hand 532
Hymenolepiasis 847
Hymenolepsis dimunata 847
Hymenolepsis nana 846–847
Hypersensitivity see Allergy and 

hypersensitivity;  
Anaphylaxis

I

Ibafloxacin 307
Ibuprofen, septic shock 478t
Iclaprim 254
ICU see Intensive care
Idoxuridine 464
Imatinib, interactions 69
Imidazoles see Benzimidazoles; 

Nitroimidazoles
Imipenem 7, 234–235

antimicrobial activity 232t, 234
clinical uses 235

cellulitis 623t
cholecystitis 494
community-acquired pneumonia 581t
CSF shunt infections 547
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 

587t
half-life, renal failure 61
interactions 76t
pharmacokinetics 234–235, 234t

absorption and distribution 234
excretion 235
metabolism 234

preparations and dosage 235b
resistance 234
toxicity/side effects 235

Imipenem-cilastatin
clinical uses

multiresistant Acinetobacter baumannii 
534

multiresistant Gram-negative bacilli 534
necrotizing fasciitis 623t
peritonitis 492, 528
pneumonia 527
UTI 529

hemodialysis 63t
Imiquimod 469
Immune system (and non-specific 

defenses) 104–109
antibiotic-induced bacterial changes 106
cell proliferation 107–109
chemotaxis 104–105
cytokine production 107–109
endotoxin/exotoxin release 106–107
host-cell interactions 104f
intracellular effects 105–106
phagocytosis and killing 105
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Immunodeficiency
chemoprophylaxis 124–125, 124t 
see also HIV

Immunoglobulins, neutropenia 512
Immunoglobulin G, intravenous 

polyspecific, in sepsis 479
Immunological reactions see Allergy and 

hypersensitivity
Immunosuppressive therapy

infection risk 515b
transplant patients 512–513

Impetigo 621–622, 623t, 626
treatment 621t, 622t

Implanted devices/biomaterials (including 
prostheses) 490–491, 538–555

antibiotic prophylaxis/treatment 539
biofilms 538

antibiotic resistance 538–539
catheter-associated UTIs 548–549
CSF shunts 547–548
external ventricular drains 548
intravascular devices see Cannula-

associated infections
orthopedic implants 539–542
pacemaker-associated 543–544
pathogenesis 538
prosthetic heart valves 542–543

Indinavir 443
antiviral activity 443
clinical uses 443
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 86t
mode of action 21
pharmacokinetics 443, 443t

absorption and distribution 443
metabolism and excretion 443

pregnancy/breastfeeding 711t
preparations and dosage 444b
renal failure 62t
resistance 443
toxicity/side effects 443

Integrase inhibitors 450
interactions 762t
pregnancy/breastfeeding 711t

Integrons 34–35
Intensive (critical) care 524–537

cannula-associated infections 524t, 
529–530, 529t

infection prevention 531
effective antimicrobial use 532
hand hygiene 532
selective decontamination of digestive 

tract 531–532
intra-abdominal infection 527–528
nosocomial infections 525t
pneumonia 525

community-acquired 525–526, 525t
diagnosis 526–527
nosocomial 526–527
treatment 526, 527

Intensive (critical) care (Continued)
ventilator-associated 526, 532

resistant infections 532–534
enterococci 533
extended-spectrum β-lactamase-

positive K. pneumoniae 533
MRSA 533
multiresistant Acinetobacter 

baumannii 534
multiresistant Gram-negative  

bacilli 534
sinusitis 530
solid organ transplantation 530–531
source of infections 524t
treatment, sepsis modulators 531
UTI 524t, 528–529

Interactions, drug-drug 69–103
anti-tuberculosis agents 94, 95t
antimalarials 94–100, 97t
antiprotozoals and anthelminthics  

100, 101t
antiretroviral agents 82, 82t, 92
clinically significant 74–75

antibiotics 75–79, 76t
antifungals 79–81, 80t

pharmacodynamic 74
pharmacokinetic 69–74
renal 60–67
transplant patients, infections 518t
see also individual drugs

Interferons 454
hepatitis B 595

Interferon-α 454–455
antiviral activity 454
clinical uses 455

hepatitis C 604–605
interactions 454
pharmacokinetics 454, 454t
preparations and dosage 460t
toxicity/side effects 454–455, 593b

Interferon-γ, in sepsis 474–475
Interleukins, in sepsis 474–475
Internal quality control 121
Intestine (bowel) see Gastrointestinal 

tract
Intracranial epidural abscess 647
Intracranial infections see Brain;  

Central nervous system
Intraocular foreign body 683, 684b
Intraocular lens implants, biofilms 673
Intravascular device-related infections 

see Cannula (catheter)-associated 
infections

Intravenous rehydration 597, 597t
Intravitreal injection 670–671
Intrinsic resistance 33
Iodoquinol (diiodohydroxyquin) 413
Ipecacuanha root 2
Isepamicin 145t, 156
Isoconazole nitrate 373

preparations and dosage 374

Isoniazid 389–390, 752–753
antimicrobial activity 390
clinical uses 390

chemoprophylaxis 507t
CSF penetration 636b
as enzyme inducer 74t
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 95t, 390
mode of action 10t, 13
pharmacokinetics 390, 390t

absorption and distribution 390
excretion 390
metabolism 390

pregnancy/breastfeeding 705
preparations and dosage 390b
resistance 384t, 390, 756

combined 758
management 757–758, 757t

serum level monitoring 66t
targets 384t
toxicity/side effects 390

Isospora belli 837
Itraconazole 8, 369–370

antimicrobial activity 369
clinical uses 370

aspergillosis 780–781, 781t
candidiasis 737, 778t, 779t
chemoprophylaxis 506, 507t, 517
coccidioidomycosis 786, 787
cryptococcosis 783t
histoplasmosis 785t
leishmaniasis 826
oculomycosis 687
paracoccidioidomycosis 788
sporotrichosis 789
tinea capitis 771, 772t
tinea corporis 772t
tinea cruris 772t
vulvovaginal candidiasis 775t

as enzyme substrate 74t
interactions 72t, 80t, 370, 518

transplant patients 518t
pharmacokinetics 369, 369t

absorption 369
distribution 369
metabolism and excretion 369

preparations and dosage 370b
renal failure 62t
resistance 369
toxicity/side effects 370

Ivermectin 8, 20, 399
anthelminthic activity 396t, 399
clinical uses 399

cutaneous larva migrans 845
onchocerciasis 685, 856
strongyloidiasis 846

interactions 101t
pharmacokinetics 399, 399t
preparations and dosage 399b
toxicity/side effects 399, 843t
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J

Janeway lesions 542
Japanese B encephalitis 651
Jarisch-Herxheimer reaction 707–708, 728
Joints

disorders see Arthritis
prosthetic replacement see Implanted 

devices/biomaterials
Josamycin 286

antimicrobial activity 277t
discovery and source 5t
intracellular concentration 278t

respiratory tissue 279t
resistance 720

K

Kanamycin 145, 145t, 159–160
antimicrobial activity 159
clinical uses 160

tuberculosis 758t
discovery and source 5t
MIC 146t
modifying enzymes 148t
pharmacokinetics 159, 159t
preparations and dosage 160b
resistance 159
toxicity/side effects 159–160, 164t

Kanamycin B see Bekanamycin
Kanendomycin see Bekanamycin
Kaolin/opiate formulations 598
Kaplan-Meier analysis 52
Kaposi’s sarcoma see Human herpesvirus-8
Katayama fever 851
Kawasaki syndrome 623t, 626
Keratitis

Acanthamoeba 679–681
contact lens-associated 672–673

prevention 672–673
diagnosis 677–678, 678f
disciform 688
epithelial 688
herpes simplex 687–689
microbial 677–678, 677b
refractive surgery-associated infectious 681
stromal 688
treatment 678–681, 679b

Keratoconjunctivitis
adenovirus 689
microsporidial 691
neonatal see Ophthalmia neonatorum 

see also Conjunctivitis
Ketoconazole 370–371

antimicrobial activity 370
antiprotozoal activity 425
clinical uses 371

candidiasis 737
chemoprophylaxis 506
coccidioidomycosis 786, 787
oculomycosis 687

Ketoconazole (Continued)
paracoccidioidomycosis 788

as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 371, 518

transplant patients 518t
pharmacokinetics 370–371, 370t
pregnancy/breastfeeding 705
preparations and dosage 371b
renal failure 62t
resistance 370, 774t
toxicity/side effects 371

Ketolides 276t, 288
mode of action 15–16

Kidney see Renal
Kingella kingae see HACEK bacteria
Kitasamycin (leucomycin) 286
Klebsiella spp.

antibiotic resistance 39–40
UTI 696t

Klebsiella granulomatis 719t
Klebsiella oxytoca 39
Klebsiella pneumoniae

carbapenem-resistant 40f
conjunctivitis 674
extended-spectrum β-lactamase-positive 

533
susceptibility, aminoglycosides 146t

Knee arthroplasty, infection risk 539–542
Koplik’s spots 617

L

Laboratory
diagnostic role 113
therapeutic role 115–122

Lactation see Breastfeeding/lactation
Lamivudine (2’3’-thiacytidine) 432, 461

antiviral activity 432
clinical uses

chemoprophylaxis 517
hepatitis B 600
HIV/HBV co-infection 564

combined therapy
abacavir 560
didanosine 560
zidovudine 561

hemodialysis 63t
interactions 82t
mode of action 21
pharmacokinetics 432, 432t

absorption 432
distribution 432
metabolism and excretion 432

pregnancy/breastfeeding 711t
preparations and dosage 432b, 461b
resistance 432
toxicity/side effects 432

Lanosterol, mode of action 19
Lantibiotics 360
Larva currens 845

Larva migrans
cutaneous 845
ocular 850
visceral 850

Lassa fever 807
Latamoxef (moxalactam) 7, 171t, 189

antimicrobial activity 186t
neutropenia 508
structure 226f

Legionnaires’ disease (Legionella pneumophila 
and other spp.), 105, 172

hospital-acquired pneumonia 584
transplant patients 515
urinary antigen test 579

Leishmaniasis 825
cutaneous 825–826

diffuse 826
New World 826
Old World 825–826

mucosal 826
visceral 826–828

HIV-co-infection 828–829
Lenampicillin 218
Lenses

contact see Contact lenses
intraocular implants 673

Leprosy (and M. leprae) 743–751
chemoprophylaxis and immunotherapy 

749
clinical features and disease spectrum 

743–745, 744f, 744t
diagnosis 745

bacteriological/histological 
examination 745

serological tests and polymerase chain 
reaction 745

epidemiology 743
erythema nodosum leprosum 747–749
and HIV 749
pathogenesis 743
prevalence 744f
reversal reactions 747–749
treatment 745, 745t

chemotherapy 745–749
multidrug therapy 745–747
nerve damage 747
reactions 747–749, 748t
single-dose therapy 747

tuberculoid 743, 744t, 745
Leptospirosis 803

prophylaxis 803
treatment 804

Leukopenia, penicillins 203
Levamisole 400

anthelminthic activity 396t, 400
clinical uses 400

ascariasis 844
interactions 101t
pharmacokinetics 400, 400t
preparations and dosage 400b
toxicity/side effects 400, 843t
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Levofloxacin 306t, 319–320
antimicrobial activity 319, 319t
clinical uses 320, 320b

anthrax 623t
boils 623t
cellulitis 623t, 627t
chemoprophylaxis 504–505, 507t
community-acquired pneumonia 581t
endophthalmitis 684
healthcare-associated pneumonia 583
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 

587t
keratitis 679
pneumonia 526
tuberculosis 758t

eye drops 669t, 670f
hemodialysis 63t
pharmacodynamics 51f, 52f
pharmacokinetics 319–320, 319t
preparations and dosage 320b
toxicity/side effects 320

Levonadifloxacin 325
Levothyroxine, interactions 69
Lice 632
Lincomycin 274–275

antimicrobial activity 273t, 274
clinical uses 275
discovery and source 5t
pharmacokinetics 274–275, 274t

absorption 275
distribution 275
metabolism and excretion 275

preparations and dosage 275b
resistance 274
toxicity/side effects 275

Lincosamides 272–275
mode of action 10t, 15–16 see also 

Macrolide-lincosamide- 
streptogramin B resistance

Linezolid 301–304
antimicrobial activity 301–302, 302t
clinical uses 304, 304b

cellulitis 623t
community-acquired pneumonia 581t, 

582
CSF shunt infections 548
endocarditis 591
enterococcal infection 533
hospital-acquired pneumonia  

586t, 587t
MRSA 533
neutropenia 509
prosthetic joint infections 541
prosthetic valve endocarditis 543
surgical prophylaxis 487t
tuberculosis 758t

interactions 76t
mode of action 10t, 16
pharmacodynamics 303
pharmacokinetics 302–303, 302t

Linezolid (Continued)
absorption 302
distribution 302–303
excretion 303
metabolism 303

preparations and dosage 304b
renal failure 62t
resistance 32, 302
toxicity/side effects 303–304, 303t

Lipid-associated formulations of 
amphotericin B see AmBisome

Lipopolysaccharides (endotoxins) 106–107, 474
Liposomal formulations see Lipid-associated 

formulations
Listeria spp. 105
Listeria monocytogenes 623t, 629

conjunctivitis 674
meningitis 645

Listeriosis 623t, 629
pregnancy 709

Liver
abscess 493–494

amebic 835
flukes 852–853

oriental 853
fungal infection 778t, 779
surgery 493
transplantation, toxoplasmosis 824

Loa loa see Loiasis
Löffler’s syndrome 842
Loiasis (Loa loa) 843t, 855

conjunctivitis 674
Lomefloxacin 317

antimicrobial activity 307t
preparations and dosage 309–310

Loperamide 598
Lopinavir 444

antiviral activity 444
clinical uses 444, 559
mode of action 21
pharmacokinetics 444, 444t

absorption and distribution 444
excretion 444
metabolism 444

preparations and dosage 444b
renal failure 62t
resistance 444
toxicity/side effects 444, 561

Lopinavir-ritonavir
as enzyme inhibitor 74t
interactions 86t
pregnancy/breastfeeding 711t

Loracarbef 171t, 181
antimicrobial activity 177t
clinical uses, impetigo 622t
structure 226f

Lorazepam, interactions 69
Losartan, interactions 69
Lovastatin, interactions 71t
Lower respiratory tract infections 574–588

acute bronchitis 574

Lumefantrine 421
antimicrobial activity 421
clinical uses 421
pharmacokinetics 421
preparations and dosage 421b
resistance 421
toxicity/side effects 421

Lumefantrine-artemether see Artemether-
lumefantrine

Lung
flukes 853
infections see Respiratory tract infections
transplantation 530

LY333328 see Oritavancin
Lyell’s syndrome, sulfonamides 338
Lyme arthritis 804
Lyme borreliosis 623t, 630, 804

ocular involvement 684
post-disease syndromes 805
prophylaxis 804
treatment 804–805

Lyme carditis 804
Lyme meningitis 804
Lymecycline 355

preparations and dosage 355b
Lymph node tuberculosis 755
Lymphatic filariasis 854–855
Lymphogranuloma venereum 719t, 725

diagnosis 725–726
epidemiology 725
investigations 726
management 726
pathogenesis 725
pregnancy/breastfeeding 726

Lymphoid cell defects 503t
Lymphopenia 503
Lymphoproliferative disorder, post-

transplant 517–518

M

Macrolide-lincosamide-streptogramin B 
resistance 32

Macrolide(s) 276–289
antibacterial activity 276–277, 277t
clinical uses 279

chemoprophylaxis 505
community-acquired pneumonia  

581t
pneumonia 526
scarlet fever 623t

group 1 (14-membered ring) 276t, 279
group 2 (16-membered ring) 276t, 285
group 3 (16-membered ring) see Azalides
group 4 see Ketolides
interactions 278–279
intercellular concentration 278
mode of action 10t, 15–16
pharmacokinetics 278
pregnancy/breastfeeding 704
resistance mechanisms 32, 277–278
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Macrolide(s) (Continued)
see also Macrolide-lincosamide-

streptogramin B resistance
toxicity/side effects 279

Macrophage colony-stimulating factor, 
neutropenia 512

Macrophage migration inhibitory factor in 
sepsis 474–475

Macrophages, antibiotic effects 105
Madurella spp., resistance 774t
Maduromycosis 790
Mafenide 342–343
Magainins 360
Major facilitator superfamily (MFS) 28
Malaria 809–822

children 818–819
mortality 817f
P. falciparum

chloroquine-resistant 814
multidrug-resistant 814–816
severe 816
uncomplicated 813–814

pregnancy 715, 819
prophylaxis 819–821, 820t, 821f
treatment

response 815–816
uncomplicated malaria 812 
see also Antimalarials

uncomplicated 812 
see also Plasmodium spp.

Malassezia spp.
folliculitis 772
resistance 774t

Maraviroc 449–450
antiviral activity 449
clinical uses 450, 561
as enzyme substrate 74t
interactions 69t, 72t, 92, 762t
pharmacokinetics 449–450, 449t

absorption 449
distribution 449
excretion 450
metabolism 450

pregnancy/breastfeeding 711t
preparations and dosage 450b
resistance 449
toxicity/side effects 450

Marbofloxacin 307
Mastoiditis, prevention 571
Maytansines 326
Measles (rubeola) 617, 617t
Mebendazole 397

anthelminthic activity 396t
clinical uses 397

alveolar hydatid cyst 849
ascariasis 844
enterobiasis 846
toxocariasis 850
trichinosis 850
trichuriasis 844

hookworm 845

Mebendazole (Continued)
interactions 101t
pharmacokinetics 397
preparations and dosage 397b
renal failure 62t
toxicity/side effects 397, 843t

Mechanism of action see Mode of action
Mecillinam (amdinocillin) 7, 201t, 218–219

antimicrobial activity 215t, 218
clinical uses 219
hemodialysis 63t
mode of action 13
pharmacokinetics 219, 219t

absorption 219
metabolism and excretion 219

preparations and dosage 219b
resistance 219
toxicity/side effects 219

Mediastinitis
intensive care patients 524t
prophylaxis 489–490

Medical devices, implanted see Implanted 
devices/biomaterials

Mediterranean spotted fever 805
Mefloquine 8, 410–411, 809

antimicrobial activity 410
clinical uses

malaria 411
malaria prophylaxis 820t

dose 813t
hemodialysis 64t
interactions 72t, 97t
pharmacokinetics 411, 411t
preparations and dosage 411b
renal failure 62t
resistance 410
toxicity/side effects 411

Mefloquine-artesunate see Artesunate-
mefloquine

Meglitinides, interactions 72t
Meglumine antimonate 408

clinical uses 408
preparations and dosage 408b

Melarsoprol 406–407
antimicrobial activity 406
clinical uses 407

T. brucei gambiense infection 829
T. brucei rhodesiense infection 831t

pharmacokinetics 407
preparations and dosage 407b
resistance 406
toxicity/side effects 407

Membrane permeability, antibacterials 
affecting 10t, 18

Meningeal infection
intensive care patients 524t
sporotrichosis 789

Meningitis, bacterial 633
chemoprophylaxis 124
coccidioidal 787
cryptococcal 783–784

Meningitis, bacterial (Continued)
diagnosis and treatment 633–635, 634t, 

635t, 636–639, 640t
duration of treatment 640
experimental studies 636
Gram-negative bacillary 644
Haemophilus 643
Listeria monocytogenes 645
Lyme 804
meningococcal 641–642

prophylaxis 641–642
neonatal 644–645
pathogen-directed therapy 641–644
pharmacokinetics 635–636, 636b
pneumococcal 642–643
staphylococcal 643–644
Streptococcus agalactiae 645
Streptococcus suis 644

Meningitis, non-bacterial
Angiostrongylus 850
enterovirus 656
fungal 779

treatment 778t
herpes simplex 654
viral see Viral infections, CNS

Meningococcemia 623t, 630
Meningococcus see Neisseria meningitidis
Meningoencephalitis 783t, 785t
Mepacrine (quinacrine) 421–422

antimicrobial activity 422
clinical uses 422

giardiasis 835
pharmacokinetics 422, 422t
preparations and dosage 422b
resistance 422
toxicity/side effects 422

Mepartricin 379
preparations and dosage 380

Meropenem 235–236
antimicrobial activity 232t, 235
clinical uses 236

bacterial meningitis 634t
cholecystitis 494
community-acquired pneumonia  

581t
CSF shunt infections 547
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t,  

587t
P. aeruginosa infection 623t
peritonitis 492
tuberculosis 758t

CSF penetration 635t
hemodialysis 63t
pharmacokinetics 236, 236t

absorption and distribution 236
metabolism and excretion 236

preparations and dosage 236b
resistance 580
toxicity/side effects 236

Mesalamine (mesalazine) 343
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Metabolic bypass
glycopeptide resistance 30–31
mupirocin resistance 32
sulfonamide and trimethoprim resistance 

32–33
Metabolism

interactions involving 70, 70f, 71, 71t, 72t, 
74t

see also individual drugs/classes
Metallo-β-lactamases 231
Metallo-carbapenemases 26
Methacycline 355

preparations and dosage 355b
Methadone, interactions 72t
Methenamine 365

preparations and dosage 365b
Methicillin 201t, 213

antimicrobial activity 208, 208t
clinical uses 209
pharmacokinetics 209
resistance 208–209
toxicity/side effects 209

Methicillin-resistant bacteria, Staphylococcus 
aureus see MRSA

Methyl partricin see Mepartricin
Metrifonate 400–401

anthelminthic activity 400, 401t
clinical uses 401
pharmacokinetics 400
preparations and dosage 401b
toxicity/side effects 400–401

Metronidazole 295–297
antimicrobial activity 293t, 295
clinical uses 297, 297b

amebic dysentery 834
amebic liver abscess 835
bacterial vaginosis 732
brain abscess 646t
cellulitis 623t
Clostridium difficile infection 603t
giardiasis 835
necrotizing fasciitis 623t
pelvic inflammatory disease 725b
peritonitis 492, 528
rosacea 623t
surgical prophylaxis 487t
T. vaginalis infection 836
Trichomonas vaginalis 736

CSF penetration 636b
as enzyme inhibitor 74t
hemodialysis 63t
interactions 72t, 76t
mutagenicity/carcinogenicity 297
pharmacokinetics 295–296, 295t

absorption 295
distribution 295–296
excretion 296
metabolism 296

precautions 296
pregnancy/breastfeeding 704
preparations and dosage 297b
renal failure 62t

Metronidazole (Continued)
resistance 33, 295
topical 629t
toxicity/side effects 296–297

Mezlocillin 7, 201t, 224
clinical uses, impetigo 621t
renal failure 62t

MIC 24, 25f, 49–50, 116–119
agar disk diffusion 117
automated systems 116–117
breakpoint methods 116
gradient methods 117
and pharmacodynamic data 56

MIC and zone diameter breakpoints 
117–119, 118f, 119f

Micafungin 8, 376–377
antimicrobial activity 377
clinical uses 377

candidal infections 511
chemoprophylaxis 506

interactions 80t, 377
pharmacokinetics 377, 377t

distribution 377
metabolism and excretion 377

preparations and dosage 377b
toxicity/side effects 377

MICE 117
Miconazole/miconazole nitrate 373

antiprotozoal activity 425
clinical uses

candidiasis 737
oculomycosis 687
tinea cruris 772t
vulvovaginal candidiasis 775t

as enzyme inhibitor 74t
as enzyme substrate 74t
mode of action 19
pregnancy/breastfeeding 705
preparations and dosage 374

Micromonospora inyoensis 156
Micromonospora myosensis 5t
Micromonospora olivoasterospora 168
Micromonospora purpurea 5t, 151
Micromonospora rosaria 5t
Micronomicin 145t, 156
Microsporidiosis 837

keratoconjunctivitis 691
Microsporum canis 771, 773
Midazolam, interactions 69, 71t
Midecamycin 286

antimicrobial activity 277t
Milbemycin 20
Milker’s nodule 620
Miltefosine 422–423

antimicrobial activity 422
clinical uses 423

leishmaniasis 825–826
pharmacokinetics 422
preparations and dosage 423b
resistance 422
toxicity/side effects 423

Minimal inhibitory concentration see MIC

Minocycline 350–351
antimicrobial activity 347t, 350
clinical uses 351

acne 623t
bacillary angiomatosis 628t
cannula-associated infections 530
leprosy 746
meningococcemia 623t
nocardiosis 623t
rosacea 623t

hemodialysis 64t
pharmacokinetics 350–351, 350t

absorption 350
distribution 350
excretion 350–351
metabolism 350

preparations and dosage 351b
toxicity/side effects 351

Minocycline-rifampicin, cannula-associated 
infections 530, 546

Miokamycin 286–287
intracellular concentration 279t

Mode of action 10–23
anthelminthics 20–21
antibacterial agents 10, 10t
antifungals 18
antiprotozoals 19
antivirals 21
see also individual drugs

Mode of delivery 111
Modithromycin (EDP 420) 289
Molluscum contagiosum 620, 719t, 735
Monobactams (sulfazecins) 7, 226, 237

structure 226f
Monoclonal antibodies, septic shock 478t
Monte Carlo simulations 55, 56f
Moraxella spp., conjunctivitis 674
Morganella morganii, UTI 696t
Morphine, interactions 72t
Moxalactam see Latamoxef
Moxidectin 20
Moxifloxacin 306t, 322–323

absorption and distribution 323
antimicrobial activity 319t, 322–323
clinical uses 323, 323b

cellulitis 627t
community-acquired pneumonia 581t
healthcare-associated pneumonia 583
hospital-acquired pneumonia 586t
keratitis 679
leprosy 747
pneumonia 526
tuberculosis 758t, 762

eye drops 670
M. genitalium 724
metabolism and excretion 323
pharmacokinetics 323, 323t
preparations and dosage 323b
toxicity/side effects 323

MRSA 7, 35, 473
β-lactam resistance 201
eye infections 684
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MRSA (Continued)
geographical distribution 36f
intensive care patients 533
MecA gene 30

Mucocutaneous lymph node (Kawasaki) 
syndrome 623t, 626

Mucormycosis (zygomycosis) 782
Mucosa

fungal infections 774
leishmaniasis 826

Mucosal candidiasis 774
oropharyngeal 774
vulvovaginal 774–775

Multidrug efflux system see Efflux system
Multidrug resistance/multiple resistance 

(MDR) 26
Chlamydia 720–721
leprosy 745–747
malaria 814–816
Streptococcus pneumoniae 37–38
tuberculosis 43–44, 385f, 758, 758t

Multidrug therapy (combination therapy)
aspergillosis 781t
eye drops and ointments 669t
hepatitis C 604
leprosy 745–747
malaria 814–816
resistance see Multidrug resistance/

multiple resistance
tuberculosis 759–760

Multidrug and toxic compound extrusion 
(MATE) family 28, 28t

Multiple organ dysfunction syndrome 488–489
Multiple organ failure 488–489
Mupirocin (pseudomonic acid) 290–291

antimicrobial activity 290–291, 290t
clinical uses 291

folliculitis 623t
impetigo 623t

mode of action 10t, 16
pharmacokinetics 291
preparations and dosage 291b
resistance 32, 290
topical 629t
toxicity/side effects 291

Murein 13
Murine typhus 805
Musculoskeletal infections see bone and 

joint infections
Mutagenicity, metronidazole 297
Mutational resistance 33–34
Mycobacterial infections 752–770

leprosy see Leprosy
Mycobacterium bovis 754
opportunist mycobacteria 765–767, 766t
treatment 754

short-course chemotherapy 752–754, 
753t

tuberculosis see Tuberculosis
Mycobacterium abscessus 766t
Mycobacterium avium, susceptibility, 

aminoglycosides 146t

Mycobacterium avium intracellulare 766t
Mycobacterium bovis 754

BCG 759
Mycobacterium chelonae 766t
Mycobacterium fortuitum 766t
Mycobacterium gordonae 766t
Mycobacterium kansasii 766t
Mycobacterium leprae see Leprosy
Mycobacterium malmoense 766t
Mycobacterium marinum 766t
Mycobacterium tuberculosis 13, 105

antibiotic resistance 43–44
susceptibility, aminoglycosides 146t 
see also Antituberculosis agents; 

Tuberculosis
Mycobacterium xenopi 766t
Mycophenolate mofetil

infection risk 515b
transplant patients 512–513

Mycoplasma genitalium 719t, 723
diagnosis 724
epidemiology 723–724
investigations 724
management 724
pathogenesis 724
pregnancy/breastfeeding 724
sexual partners 724

Mycoplasma hominis 719t
chorioamnionitis 706

Mycoplasma pneumoniae 172
Mycoses see Antifungal agents;  

Fungal infections
Myelodysplasia syndrome 502
Myeloid bodies 64
Myelotoxicity see Bone marrow toxicity

N

Nadifloxacin 325
preparations and dosage 325b

Nafcillin 201t, 212
antimicrobial activity 208, 208t, 212
clinical uses 209, 212

cellulitis 623t
erysipelas 623t
impetigo 621t
staphylococcal scalded skin syndrome 

623t
toxic shock syndrome 623t

hemodialysis 64t
pharmacokinetics 209, 212, 212t

absorption and distribution 212
metabolism and excretion 212

preparations and dosage 212b
resistance 208–209
toxicity/side effects 209, 212

Naftifine 366
mode of action 19
preparations and dosage 366b

Nail disease, fungal 773
Nalidixic acid 306t, 309–310

antimicrobial activity 307–308, 310

Nalidixic acid (Continued)
clinical uses 310, 310b

cellulitis 627t
pharmacokinetics 310, 310t
preparations and dosage 310b
toxicity/side effects 310

Natamycin (pimaricin) 379
clinical uses

keratitis 679
oculomycosis 687

eye drops 669t
preparations and dosage 380

Nebramycins, discovery and source 5t
Necator americanus 843t, 844–845
Necrotizing retinopathies 688, 688b
Necrotizing ulcerative gingivitis 294, 297, 298
Neisseria gonorrhoeae (gonococcus) 719t, 721

antibiotic resistance 28t, 38, 110t
conjunctivitis 674
conjunctivitis/keratoconjunctivitis, 

neonatal (ophthalmia neonatorum), 
675, 708

diagnosis 722
epidemiology 721
investigations 722
management 722–723

disseminated infection 723
pharyngeal infection 723
uncomplicated infections 722–723

pathogenesis 721–722
penicillin-binding proteins 30
pregnancy 708–709, 723
sexual partners 723
susceptibility, aminoglycosides 146t

Neisseria meningitidis (meningococcus) 
623t, 630

antibiotic resistance 38, 110t
conjunctivitis 674
penicillin-binding proteins 30
susceptibility, aminoglycosides 146t

Nelfinavir 445
antiviral activity 445
clinical uses 445
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 86t
mode of action 21
pharmacokinetics 445, 445t

absorption and distribution 445
metabolism and excretion 445

pregnancy/breastfeeding 711t
preparations and dosage 445b
resistance 445
toxicity/side effects 445

Nematodes (roundworms) 842–846, 843t
anthelminthics 8, 395–405
filarial see Filariasis

Nemonoxacin 306t, 325
Neomycin 145t, 163–164

antimicrobial activity 163
clinical uses 164
discovery and source 5t
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Neomycin (Continued)
eye drops 669t
MIC 146t
modifying enzymes 148t
pharmacokinetics 164, 164t
preparations and dosage 164b
resistance 163
topical 629t, 669b
toxicity/side effects 164, 164t

Neonates
histoplasmosis 786
meningitis 644–645
ophthalmia neonatorum 675, 708 see also 

Chlamydia trachomatis
trichomoniasis 836

Nephrotoxicity 64
aminoglycosides 64–65, 65t, 150–151

amikacin 158
gentamicin 153–154
kanamycin 160
tobramycin 161–162

amphotericin B 65–66
β-lactams 65
glycopeptides 65
polymyxin B 65

Nerve damage in leprosy 743–745, 744f, 
744t

Netilmicin 7, 145t, 154–156
antimicrobial activity 155

MIC 146t
clinical uses 156

peritonitis 492
hemodialysis 63t
modifying enzymes 148t
pharmacokinetics 155, 155t

distribution 155
excretion 155

preparations and dosage 156b
resistance 155
toxicity/side effects 155–156

Neuraminidase inhibitors 455, 456
mode of action 22

Neurobrucellosis 798
Neurocysticercosis see Taeniasis
Neuromuscular blockade, streptomycin 

167
Neurotoxicity (peripheral and CNS)

amantadine 453
cephalosporins 172
didanosine 430
eravirenz 437, 560, 561
ganciclovir 460
isoniazid see Isoniazid
melarsoprol 407
metronidazole 296–297
nitrofurantoin 358–359
polymyxins 362–363
quinolones 309
tetracyclines

minocycline 351
tetracycline 353

Neutropenia 502–523
causes 502

cefazolin 175
fludarabine 502
non-malignant 502b
penicillins 203

chemoprophylaxis 503–507, 507t
bacterial 504–505
fungal 505–506
viral 506–507

febrile 509–510, 510f
infections in 502

causative organisms 503, 504b
predisposing factors 503, 503t

treatment
empirical 507–509, 508b, 509t
granulocyte transfusions 512
growth factors 512
immunoglobulins 512

Nevirapine 438–439
antiviral activity 439
clinical uses 439, 559–560

HIV/tuberculosis co-infection 564
as enzyme substrate 74t
interactions 72t, 84t, 439, 762t
mode of action 21
pharmacokinetics 439, 439t

absorption and distribution 439
metabolism and excretion 439

pregnancy/breastfeeding 711t
preparations and dosage 439b
resistance 439
toxicity/side effects 439, 559–560

New World cutaneous leishmaniasis 826
Newborns see Neonates
Niclosamide 401

anthelminthic activity 401
clinical uses 401

cestode infection 847
pharmacokinetics 401
preparations and dosage 401b
toxicity/side effects 401, 843t

Nifedipine, interactions 69
Nifuratel 359

preparations and dosage 359b
Nifurtimox 359–360

clinical uses
T. brucei gambiense infection 830–831
T. cruzi infection 832, 833

preparations and dosage 360b
Nifurtoinol 360
Nilvadipine, interactions 69
Nimorazole (nitrimidazine) 299

preparations and dosage 299b
Niridazole 405
Nisin 360
Nitazoxanide 423, 423b

antimicrobial activity 423
clinical uses 423

amebic dysentery 834–835
ascariasis 844

Nitazoxanide (Continued)
Clostridium difficile infection 603
cryptosporidiosis 836
fascioliasis 853
giardiasis 836
microsporidiosis 837
T. vaginalis infection 836

pharmacokinetics 423
resistance 423
toxicity/side effects 423, 843t

Nitrimidazine see Nimorazole
Nitrocefin test 120
Nitrofuran(s) 356

antimicrobial activity 357t
chemistry 356
mode of action 10t, 17

Nitrofurantoin 358–359
antimicrobial activity 357t, 358
chemistry 358
clinical uses 359
pharmacokinetics 358, 358t

absorption 358
distribution 358
metabolism and excretion 358

pregnancy 704
preparations and dosage 359b
resistance 33, 358
toxicity/side effects 358–359

Nitrofurazone (nitrofural) 360
antimicrobial activity 357t
topical 629t

Nitrofurol see Nitrofurazone
Nitroimidazoles/5-nitroimidazoles  

292–300
antimicrobial activity 292, 293t

bacteria 292
factors affecting 292
protozoa 292

clinical uses 294
amebiasis see Amebiasis
giardiasis see Giardiasis

mode of action 10t, 17
pharmacokinetics 293
resistance 292

Bacteroides and Clostridium  
spp. 293

Helicobacter spp. 293
protozoa 292–293

toxicity/side effects 294
Nocardiosis 623t
Non-nucleoside reverse transcriptase 

inhibitors (NNRTIs), 435–436
choice of 559–560
combined therapy 561
as enzyme substrate 74t
interactions 82–84, 84t, 762t
mode of action 21
monotherapy 563
pregnancy/breastfeeding 711t
treatment failure 562–563
see also individual drugs
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Norfloxacin 7, 306t, 314
antimicrobial activity 307t, 314
clinical uses 314, 314b

cystitis 698t
donovanosis 731

as enzyme inhibitor 74t
pharmacokinetics 314, 314t

absorption and distribution 314
metabolism and excretion 314

preparations and dosage 314b
toxicity/side effects 314

Normothermia, perioperative 486–488
Nortriptyline, interactions 69
Nosocomial pneumonia see Hospital-

acquired pneumonia
Novobiocin (cathomycin; streptonivicin)

discovery and source 5t
mode of action 10t, 17

Nucleic acids
amplification tests 720
synthesis inhibitors 10t, 16–17

Nucleoside analogs (anti-HIV/nucleoside 
reverse transcriptase inhibitors; 
NRTIs), 428

choice of 559
interactions 82, 82t, 762t
mode of action 21
pregnancy/breastfeeding 711t

Nucleoside analogs (non-HIV) 457, 464–465
hepatitis B 599–604

Nucleotide analogs 434, 465
choice of 560–561
clinical uses, hepatitis B 599–604
mode of action 21

Nucleotide reverse transcriptase inhibitors
interactions 82, 82t
pregnancy/breastfeeding 711t

O-Nucleotidyltransferases 147
NXL103 336

antimicrobial activity 334t
Nystatin 379

clinical uses
chemoprophylaxis 505, 517
vulvovaginal candidiasis 775t

discovery and source 5t
mode of action 19
pregnancy/breastfeeding 705
preparations and dosage 380

O

Obesity, reduced immunity in 484
Ocular see Eye
Oculomycosis 686–687, 686f
Oerskovia turbata 30
Ofloxacin 7, 306t, 315

antimicrobial activity 307t, 315
clinical uses 315, 315b

cellulitis 627t
chlamydia 720
diarrhea 598t

Ofloxacin (Continued)
enteric fever 599t
leprosy 746–747
shigellosis 599t
tuberculosis 758t

eye drops 669t, 670
hemodialysis 63t
pharmacokinetics 315, 315t

absorption and distribution 315
metabolism and excretion 315

preparations and dosage 316b
resistance 720
toxicity/side effects 315

Old World cutaneous leishmaniasis  
825–826

Oleandomycin 285
antimicrobial activity 277t
discovery and source 5t
intracellular concentration 279t

Oligonucleotides 467
Onchocerca volvulus 685–686, 843t, 855
Onchocerciasis 855–856

ocular 685–686, 855–856
Onchodermatitis 855
Onychocola canadensis 773
Onychomycosis 773

distal subungual and superficial 773
totally dystrophic 773

OPC-67683 763
Ophthalmia neonatorum (neonatal 

conjunctivitis) 675, 708 
see also Chlamydia trachomatis

Opisthorchis sinensis 843t, 853
Opisthorchis viverrini 843t, 853
Opportunistic infections

HIV see HIV disease (and AIDS)
mycobacterial 765–767, 766t see also 

Immunodeficiency
Oral contraceptives, interactions 69
Oral rehydration 595, 596t

solutions for 597, 597t
Orbifloxacin 307
Orbital cellulitis 684
Orf 620
Organ transplantation see Transplants
Organometals 406
Oritavancin 270–271

antimicrobial activity 267t
Ornidazole 299

antimicrobial activity 293t
preparations and dosage 299b

Oropharyngeal candidiasis 774
Oroya fever 802
Orthopedic implants see Prosthetic joint 

infections
Oseltamivir 455–456

antiviral activity 455
clinical uses 456

healthcare-associated pneumonia  
583

interactions 94t

Oseltamivir (Continued)
mode of action 22
pharmacokinetics 455, 455t
preparations and dosage 456b
resistance 455
toxicity/side effects 455

Osler’s nodes 542
Osteomyelitis

classification 659
foot 661–662
fungal 779–780

treatment 778t
hematogenous 659–661, 660t
osteosynthesis-associated 661

Otitis media, acute 570
antibiotic treatment 570–571
diagnosis 570
prevention of mastoiditis 571

Otitis externa see Otomycosis
Otomycosis (otitis externa) 775
Ototoxicity/auditory toxicity (incl. hearing 

loss/deafness)
aminoglycosides 150

amikacin 158
gentamicin 153
kanamycin 160
neomycin 164
sisomicin 157
streptomycin 167
tobramycin 161

Oxacephem, structure 226f
Oxacillin 201t, 212–213

antimicrobial activity 213
clinical uses

cellulitis 623t
erysipelas 623t
folliculitis 623t
impetigo 621t, 623t
staphylococcal scalded skin syndrome 

623t
toxic shock syndrome 623t

pharmacokinetics 213, 213t
absorption and distribution 213
metabolism and excretion 213

preparations and dosage 213b
resistance 213
toxicity/side effects 213

Oxamniquine 401–402
anthelminthic activity 401t, 402
clinical uses 402

schistosomiasis 852
pharmacokinetics 402
preparations and dosage 402b
toxicity/side effects 402, 843t

Oxapenem see Clavam
Oxazolidinones 301–305

investigational 304–305
Oxiconazole 373

preparations and dosage 374
Oxolinic acid 306t, 312

preparations and dosage 312b
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Oxygenation, supplemental perioperative 
488

Oxytetracycline 351–352
antimicrobial activity 347t, 351
clinical uses 352
discovery and source 5t
pharmacokinetics 351–352, 351t
preparations and dosage 352b
toxicity/side effects 352

P

P-glycoprotein, drugs affecting 74t
P

450
 enzymes see Cytochrome P

450

PA-824 763
Pacemaker infections 543–544

diagnosis 543–544
microbiology 543
prevention 544
prophylaxis 490–491
treatment 544

Paecilomyces spp., resistance 774t
Paludrine, hemodialysis 63t
Pan-drug resistance 26
Pancreatitis 494–495
Panipenem 237
Panton-Valentine leukocidin 35, 582
Paracoccidioidomycosis 788
Paragonimus spp. 843t, 853
Paragonimus westermani 853
Paranasal sinus infection see Sinusitis
Parasitic infections 631

see also Anthelminthics; Antiprotozoal agents
Paromomycin (aminosidine) 145t, 165

clinical uses 165
giardiasis 836
leishmaniasis 825–826, 827

discovery and source 5t
preparations and dosage 165b
topical 629t

Paronychia 622–625, 623t, 773
Candida 773

Pasteurella multocida 631
Pathogen-associated molecular patterns 

(PAMPs) 474
Pattern recognition receptors 474
Paucimycin 165
Pazufloxacin 306t, 317

preparations and dosage 317b
Peak concentration 49–50
Pediculosis 632
Pefloxacin 306t, 317–318

antimicrobial activity 307t
preparations and dosage 318b

Pelvic inflammatory disease 724–725, 725b
Penams see Penicillin(s)
Penciclovir 461–462

antiviral activity 461
clinical uses 462
mode of action 21
pharmacokinetics 462, 462t

Penciclovir (Continued)
pregnancy/breastfeeding 710
preparations and dosage 462b
resistance 461
toxicity/side effects 462

Penems 226, 231
structure 226f

Penicillanic acid sulfones 226
Penicillin(s) (penams) 3, 4–5, 200–225, 226

classification 200–201
clinical uses

chemoprophylaxis 505
diptheria 569
endocarditis 590t, 591t
group A streptotoccus 569
impetigo 621t
scarlet fever 623t
surgical prophylaxis 487t
syphilis 707–708

CSF penetration 636b
group 1 201, 201t, 204
group 2 201, 201t, 207
group 3 201, 201t, 208
group 4 201, 201t, 214
group 5 201, 201t, 220
group 6 201, 201t, 224
hemodialysis 63t, 201t
interactions 76t
mode of action 10t, 201
pregnancy 704
resistance 201–202, 580

β-lactamases and see β-lactamases
efflux-mediated 202
impermeability 202
toxicity/side effects 202
hypersensitivity 202–203

structure 226f
toxicity/side effects

allergens 203
cross-reactions with cephalosporins 203
detection and control 203

see also β-lactams
Penicillin G see Benzylpenicillin
Penicillin V see Phenoxymethylpenicillin
Penicillin-binding proteins 13, 29–30
Penicillinases see β-lactamases
Penicilliosis 788–789
Penicillium spp. 4

resistance 774t
Penicillium chrysogenum 5–6
Penicillium funiculosum 5–6
Penicillium griseofulvin Dierckx 5t
Penicillium janczewski 5t
Penicillium marneffei 788
Penicillium notatum 4–5, 5t, 200
Pentamidine 414

antimicrobial activity 414
clinical uses 414

chemoprophylaxis 506
leishmaniasis 826
T. brucei gambiense infection 829

Pentamidine (Continued)
interactions 101t

transplant patients 518t
mode of action 20
pharmacokinetics 414, 414t
preparations and dosage 414b
resistance 414
toxicity/side effects 414

Peptide antibiotics 360
Peptidoglycan 11
Peptidoglycan hydrolases 13
Peramivir 456
Pericardial tuberculosis 755
Periocular injection 670
Peripheral blood stem cell transplant 502
Peritoneal dialysis (incl. continuous 

ambulatory) 62–63
catheter infection 549–550

diagnosis 550
microbiology 549–550
prevention 550
treatment 550

Peritonitis 491–493
continuous ambulatory peritoneal 

dialysis 524t
intensive care patients 527–528
peritoneal dialysis catheter-associated 

549
primary 491–492
secondary 492, 492b
tertiary 492–493

Peritonsillar abscess 568
PF-00422602 305
Phaeohyphomycoses 790
Phagocytosis 105
Pharmacodynamic indices 49–50
Pharmacodynamic targets 50–53

animal vs human infections 53, 54t
attainment of 54, 54f

dose regimen selection 56
probability of attainment 54–56, 55f, 

55t
binomial outcome 52
delineation of 57
optimization of therapy 53–56
(semi)-continuous outcome 52–53, 53f
variance in exposure 53

Pharmacodynamics 49–59, 111
animal models 50–51
breakpoints 57
exposure-response relationships 49–50

serum concentration vs infection site 
concentration 58, 58f

population to be treated 57
toxicity 58

Pharmacokinetic interactions 69–74
absorption 69
drug metabolism 70, 70f, 71, 71t,  

72t, 74t 
excretion 73–74
protein binding 69
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Pharmacokinetics 111
main classes of antibiotics

aminoglycosides 149
cephalosporins 171–172
macrolides 278
sulfonamides 337–338
tetracyclines 344

see also individual drugs
Phenethicillin (phenoxyethylpenicillin) 201t
Phenoxyethylpenicillin see Phenethicillin
Phenoxymethylpenicillin (penicillin V) 201t, 

207–208
antimicrobial activity 204t, 207
clinical uses 208

actinomycosis 623t
blistering distal dactylitis 623t
cat bite 623t
diphtheria 623t
folliculitis 623t
gangrene 623t
impetigo 621t, 623t

pharmacokinetics 207–208, 207t
absorption 207
metabolism and excretion 208

preparations and dosage 208b
toxicity/side effects 208

Phenytoin, interactions 72t
Phialophora verrucosa 790
Phosphonic acids 467

mode of action 21
Phosphonomycin see Fosfomycin
O-Phosphotransferases 147
Pimaricin see Natamycin
Pimozide, interactions 71t
Pinworm see Enterobius vermicularis
Pipemidic acid 306t, 311

antimicrobial activity 307–308
preparations and dosage 311b

Piperacillin 7, 201t, 221
antimicrobial activity 220t, 221
clinical uses 221

erythema gangrenosum 623t
impetigo 621t
surgical prophylaxis 487t

eye drops 669t
hemodialysis 63t
pharmacokinetics 221, 221t
preparations and dosage 222b
resistance 221
toxicity/side effects 221

Piperacillin-tazobactam 243
antimicrobial activity 243
clinical uses 243

cholecystitis 494
community-acquired pneumonia  

581t
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 

587t
human bites 623t
impetigo 621t

Piperacillin-tazobactam (Continued)
P. aeruginosa infection 623t
peritonitis 492, 528

hemodialysis 63t
pharmacokinetics 243, 243t

absorption and distribution 243
metabolism and excretion 243

preparations and dosage 243b
toxicity/side effects 243

Piperaquine 413
Piperaquine-dihydroartemisinin see 

Dihydroartemisinin-piperaquine
Piperazine 402

anthelminthic activity 396t, 402
clinical uses 402

ascariasis 844
enterobiasis 846

interactions 101t
pharmacokinetics 402
preparations and dosage 403b
toxicity/side effects 402, 843t

Piromidic acid 306t, 312
Pityriasis versicolor 772
Pivampicillin 218
Plague 623t, 631, 802

pneumonic 802
prophylaxis 802
treatment 802

Plasmapheresis, infection risk 515b
Plasmids 34
Plasmodium falciparum 8, 20, 813–814

chloroquine-resistant 814
multidrug-resistant 814–816

Plasmodium malariae 812–813
Plasmodium ovale 812–813
Plasmodium vivax 812–813
Pleconaril 469
Plesiomonas spp. 602
Pleuromutilins 364

mode of action 10t, 16
Pneumococcus see Streptococcus pneumoniae
Pneumocystis jirovecii (formerly Pneumocystis 

carinii) 8, 19
ocular infection 691

Pneumocystosis 790–791
Pneumonia

chronic cavitary 785t
community-acquired see Community-

acquired pneumonia
cryptococcal 783, 783t
healthcare-associated see Healthcare-

associated pneumonia
hospital-acquired see Hospital-acquired 

pneumonia
intensive care patients 525

diagnosis 526–527
treatment 526, 527
ventilator-associated 526, 532

nosocomial 526–527
treatment 527

pneumocystis 790–791

Pneumonia (Continued)
Pneumocystis jirovecii see Pneumocystis 

jirovecii
Pseudomonas aeruginosa 584

Pneumonic plague 802
Pneumonitis, cytomegalovirus 511
Polyenes 377

mode of action 19
Polyhexamethylene biguanide 413, 669t, 

672, 677
Polymerase chain reaction 117, 148, 579, 

745
B. malayi 854
chlamydial infection 720

conjunctivitis 675
CSF 634–635
hepatitis C virus 516
HPV 620
pneumonia 583
Strep. moniliformis 801
T. cruzi 832–833
W. bancrofti 854

Polymyxins 361–363
antimicrobial activity 362
clinical uses 363

CSF shunt infections 548
selective decontamination of digestive 

tract 531
CSF penetration 636b
mode of action 10t
pharmacokinetics 362, 362t

absorption 362
distribution 362
metabolism and excretion 362

preparations and dosage 363b
resistance 362
topical 629t
toxicity/side effects 362–363

Polymyxin B
clinical uses

chemoprophylaxis 517
multiresistant Acinetobacter 

baumannii 534
septic shock 478t

discovery and source 5t
eye drops 669t
interactions 76t
mode of action 18
nephrotoxicity 65
topical 629t, 669b

Polyomavirus, transplant patients 516
Polysaccharide intercellular adhesion  

538
Porins 10
Posaconazole 371–372

antimicrobial activity 371
antiprotozoal activity 425
clinical uses 372

aspergillosis 781t
candidiasis 778t, 779t
chemoprophylaxis 506, 507t
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Posaconazole (Continued)
fungal infections 511
zygomycosis 782

as enzyme substrate 74t
interactions 80t, 372
pharmacokinetics 371–372, 371t

absorption 371
distribution 371
metabolism and excretion 371–372

preparations and dosage 372b
renal failure 62t
resistance 371
toxicity/side effects 372

Post-transplant lymphoproliferative 
disorder 517–518

Postnatal period see Puerperium
Postoperative infection see Surgical site 

infection
Postpartum period see Puerperium
Potassium antimony tartrate 405
Poxviruses 620
Praziquantel 8, 403

anthelminthic activity 401t, 403
clinical uses 403

cestode infection 847
cysticercosis 848
hydatidosis 849
intestinal flukes 852
liver flukes 853
lung flukes 853
schistosomiasis 852

interactions 72t, 101t
pharmacokinetics 403, 403t
preparations and dosage 404b
renal failure 62t
resistance 403
toxicity/side effects 403, 843t

Prednisolone
leprosy 748
loiasis 855

Prednisone, interactions 518t
Pregnancy, infections in 702–717

bacterial vaginosis 732
brucellosis 798
chancroid 730
Chlamydia trachomatis 708–709
Chlamydophila abortus 709
genital herpes 734
gonorrhea 708–709, 723
group B streptococci 709
hepatitis 714
HIV 710–714
listeriosis 709
lymphogranuloma venereum 726
malaria 715, 819
Mycoplasma genitalium 724
outcomes 703t
physiological changes 704t
prescribing 702, 703t

antibacterial agents 702–705,  
720

Pregnancy, infections in (Continued)
antifungals 705
antiretroviral agents 563

preterm labor/rupture of membranes 
706–707

syphilis 707–708, 728
therapeutic problems 705
toxoplasmosis 714
trichomoniasis 714–715
tuberculosis 755
vaginal candidiasis 715
viruses 709–714 see also Fetus; 

Puerperium
Prescribing (antibacterials and other 

antibiotics) 111
cost decisions 127
interventions 128, 129f

evaluation of interventions 129, 132t
tactics for intervention 128–129, 130t
type of intervention 129, 131t

pregnancy/breastfeeding 703t
antibacterial agents 702–705, 720
antifungals 705
antiretroviral agents 563

quality and safety 127–128
Preterm labor/rupture of membranes 

706–707
Prevention of infection see 

Chemoprophylaxis
Prevotella melaninogenica, hospital-acquired 

pneumonia 584
Primaquine 411–412

antimicrobial activity 411
clinical uses 412

malaria 812–813
malaria prophylaxis 820t

as enzyme inhibitor 74t
interactions 97t
mode of action 20
pharmacokinetics 411, 411t
preparations and dosage 412b
renal failure 62t
resistance 411
toxicity/side effects 412, 813

Prion diseases see Transmissible spongiform 
encephalopathies

Pristinamycin 336
antimicrobial activity 334t
preparations and dosage 336b

Pro-inflammatory mediators in sepsis 474
inhibition 479

Procaine penicillin 201t, 207
preparations and dosage 207b

Proguanil (chlorguanide) 415–416
antimicrobial activity 415
clinical uses 416
interactions 97t
pharmacokinetics 415, 415t
preparations and dosage 416b
resistance 415
toxicity/side effects 415

Prontosil 3
antibacterial action 4
synthesis of 3

Propafenone, interactions 69
Propamidine 415

eye drops 669t
Propicillin 201t
Propionibacterium acnes 623t, 628
Prostatitis 695

treatment 700
see also Urinary tract infection

Prosthetic joint infections 539–542, 
663–665, 664f

classification and staging 540
diagnosis 540
microbiology 540
prevention 541–542
treatment 540–541

Prosthetic valve endocarditis 542–543,  
590

classification 542
diagnosis 542
prevention 543
treatment 542–543

Protease inhibitors, HIV 439–440
choice of 559
combined therapy

NNRTRIs 561
NRTIs 559

as enzyme substrate 74t
interactions 72t, 85–92, 86t, 762t
mode of action 21
pregnancy/breastfeeding 711t
treatment failure 562
see also individual drugs

Protein binding, interactions 69
Protein C, activated, in sepsis

reduced levels 475
replacement therapy 478t, 479

Proteus spp.
conjunctivitis 674
UTI 696t

Proteus mirabilis 39
hospital-acquired pneumonia 584

Proteus vulgaris, hospital-acquired 
pneumonia 584

Protionamide (prothionamide) 393
clinical uses, tuberculosis 758t
preparations and dosage 394b
resistance 384t
targets 384t

Protozoal infections 823–841
drugs used see Antiprotozoal  

agents
gastrointestinal 604–605

Providencia stuartii 148
Prulifloxacin 306t, 318

preparations and dosage 318b
Pseudallescheria boydii see Scedosporium 

apiospermum
Pseudomonas spp., UTI 696t
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Pseudomonas aeruginosa 4, 27, 623t, 630
antibiotic resistance 28t, 42, 110t
biofilms 538–539
conjunctivitis 674
hospital-acquired pneumonia 584
penicillins active against (group 5 

penicillins) 220
Pseudomonic acid see Mupirocin
Puerperium

drug use in 702
fever 3, 3f
infection 707 
see also Breastfeeding/lactation

Pulmonary infection see Respiratory tract 
infection

Punctal plugs, biofilms 673
Pyelonephritis 695t

etiology 696t
treatment 699–700 
see also Urinary tract infection

Pyocyanase 4
Pyrantel/pyrantel pamoate 404

anthelminthic activity 396t, 404
clinical uses 404

ascariasis 844
enterobiasis 846

interactions 101t
pharmacokinetics 404
preparations and dosage 404b
toxicity/side effects 404, 843t

Pyrazinamide 391, 752–753
antimicrobial activity 391
clinical uses 391
CSF penetration 636b
interactions 95t
mode of action 13
pharmacokinetics 391, 391t
preparations and dosage 391b
renal failure 62t
resistance 384t, 391

management 757t, 758
targets 384t
toxicity/side effects 391

Pyrexia see Fever
Pyridoxine, use with isoniazid 705
Pyrimethamine 251–252, 809

antimicrobial activity 251
clinical uses 252

Toxoplasma retinochoroiditis 685
toxoplasmosis 823

pharmacokinetics 251, 251t
absorption 251
distribution 251
metabolism and excretion 251

preparations and dosage 252b
resistance 251
toxicity/side effects 251

Pyrimethamine-sulfadoxine
dose 813t
interactions 97t
toxoplasmosis 824

Pyronaridine 424
antimicrobial activity 424
clinical uses 424
pharmacokinetics 424
preparations and dosage 424b
resistance 424
toxicity/side effects 424

Pyrrole LL-3858 Sudoterb 763
Pyrvinium 405
Pyuria 697

Q

Q fever (Coxiella burnetti infection) 806
clinical manifestations 806
diagnosis 806
treatment 806

Qinghaosu see Artemisinin
Quality assurance 120–121
Quinacrine see Mepacrine
Quinidine

clinical uses 818
dose 813t
interactions 69

Quinine 2, 412–413
antimicrobial activity 412
clinical uses 412–413, 815, 818

babesiosis 837
dose 813t
as enzyme substrate 74t
hemodialysis 64t
interactions 72t, 97t
mode of action 19
pharmacokinetics 412, 412t
preparations and dosage 413b
renal failure 62t
resistance 412
toxicity/side effects 412, 818

Quinolines 408–409
mode of action 19–20

Quinolones 7, 306–325
antimicrobial activity 307–308, 307t
classification 306–307, 307t
clinical uses 309

chemoprophylaxis 504
cholecystitis 494
implant-associated infections 539
prosthetic joint infections 541

group 1 76t, 306t, 309
clinical uses 309

groups 2-4/fluorinated see 
Fluoroquinolones

interactions 308
investigational 325
mode of action 10t, 16–17
pharmacokinetics 308

absorption 308
distribution 308
elimination 308–309

pregnancy 704
resistance 31–32, 308

Quinolones (Continued)
epidemiology 308
mechanisms 308

topical infections 324
toxicity/side effects 309

Quinsy 568
Quinupristin-dalfopristin 334–335

antimicrobial activity 334t, 335
clinical uses 335

enterococcal infection 533
neutropenia 509

as enzyme inhibitor 74t
hemodialysis 64t
interactions 76t, 335
pharmacokinetics 335, 335t
preparations and dosage 336b
resistance 335
toxicity/side effects 335

R

Rabies, encephalitis 651, 656
Radezolid 305
Raltegravir 450–451

antiviral activity 450
clinical uses 451, 561
as enzyme substrate 74t
interactions 72t, 92, 762t
pharmacokinetics 451, 451t

absorption and distribution 451
metabolism and excretion 451

pregnancy/breastfeeding 711t
preparations and dosage 451b
resistance 450
toxicity/side effects 451

Ramoplanin, mode of action 10t, 12
Rapamycin, infection risk 515b
Rapid antigen detection tests 568, 569
Rashes see Skin/soft-tissue infections
Rat-bite fever 623t, 631, 800–801
Ravuconazole, antiprotozoal  

activity 425
Receptor for advanced glycation end-

products (RAGE) 474–475
Red-man syndrome 269
Rehydration

intravenous 597, 597t
oral 595, 596t, 597, 597t

Rehydration therapy 597, 597t
Relapsing fever 805

treatment 805
Renal drug interactions 60–67
Renal failure

antibiotics suitable in 61, 62t
antibiotics to avoid 61–62
drug elimination 60
hemodialysis 63, 63t, 64t
hemofiltration/hemodiafiltration  

63–64, 64t
peritoneal dialysis 62–63

Renal function and age 60
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Renal transplantation, toxoplasmosis 824
Resistance 24–48, 110t, 128

biofilms 538–539
biological cost of 33–34
co-resistance 26
in community-acquired pneumonia 

579–580
control and prevention 45–46
cross-resistance 26
definition of 24–25
detection of 116
developing countries 126
emergence of 57
epidemiology 44–45, 44f
extensive 26
gene detection 120
genetic basis 33

intrinsic resistance 33
mutational resistance 33–34

mechanisms of 25–26
alterations in target molecules  

29–33
bacterial cell envelope permeability 

27–28
drug efflux 28–29, 28t, 29f
drug-modifying enzymes 26–27
target protection 33

multidrug 26
pan-drug 26
public health and social impact 45
therapeutic problems 34–35

plasmids 34
staphylococcal cassette chromosome 

35
transferable, transposons 34–35
see also individual drugs and classes

Resistance nodulation-cell division family 
(RND) 28

Respiratory syncytial virus 574
Respiratory tract infections

blastomycosis 787–788
coccidioidomycosis 786–787
histoplasmosis 784, 785
intensive care patients 524t
lower respiratory tract 574–588
neutropenia 511
sporotrichosis 789
transplant patients 517
tuberculosis see Tuberculosis
upper respiratory tract 567–573

Retapamulin 364
preparations and dosage 364b
topical 629t

Retinal surgery, explants for 673
Retinochoroiditis, Toxoplasma 685
Retinopathy, necrotizing herpetic 688,  

688b
Reversal reactions in leprosy 747–749

treatment 748
Rheumatic fever 568
Rhinocladiella aquaspersa 790

Ribavirin (tribavirin) 21, 462–463
antiviral activity 462
clinical uses 463

hepatitis C 605
lassa fever 807

interactions 564
pharmacokinetics 463, 463t

absorption 463
metabolism and excretion 463

preparations and dosage 463b
resistance 462
toxicity/side effects 463, 564

Ribosomal modification
aminoglycoside resistance 31
linezolid resistance 32

Ribosomes, antibacterials acting  
on 10t

Ribostamycin, discovery and source 5t
Rickamicin see Sisomicin
Rickettsia spp. 105
Rickettsia prowazekii 805
Rickettsia rickettsii 631
Rickettsioses 805

diagnosis 805
prevention 806
treatment 806

Rifabutin (ansamycin) 326, 327–328
antimicrobial activity 327, 327t
clinical uses 327–328, 327b

HIV/tuberculosis co-infection 564
tuberculosis 758t

as enzyme inducer 74t
hemodialysis 64t
interactions 71t, 95t, 327, 762t
pharmacokinetics 327

absorption and distribution 327
metabolism and excretion 327

preparations and dosage 328b
resistance 327
toxicity/side effects 327

Rifalazil 720
Rifamide 326, 333

preparations and dosage 333b
Rifampicin (rifampin) 326, 328–330, 

752–753
antimicrobial activity 327t, 328, 328t
clinical uses 330, 330b

bacterial meningitis 640t
cannula-associated infections 530
chemoprophylaxis 505
community-acquired pneumonia 582
CSF shunt infections 547, 548
endocarditis 590t
hematogenous osteomyelitis 660t
HIV/tuberculosis co-infection 564
implant-associated infections 539
leprosy 745t, 746
MRSA 533
prosthetic joint infections 541
prosthetic valve endocarditis 543

CSF penetration 636b

Rifampicin (rifampin) (Continued)
as enzyme inducer 74t
hemodialysis 64t
immunomodulatory effects 108
interactions 72t, 95t, 330, 518, 762t

antimicrobial 329
transplant patients 518t

mode of action 10t, 17
pharmacokinetics 329–330, 329t

absorption 329
distribution 329
excretion 329–330
metabolism 329

pregnancy/breastfeeding 705, 755
preparations and dosage 331b
renal failure 62t
resistance 32, 329, 756

management 757t, 758
topical 669b
toxicity/side effects 330

daily/intermittent therapy 330
intermittent therapy 330

Rifampicin-minocycline see Minocycline-
rifampicin

Rifampin see Rifampicin
Rifamycin(s) (in general) 326–333

discovery and source 5t
Rifamycin SV 326, 333

preparations and dosage 333b
Rifapentine 326, 331–332

antimicrobial activity 331
clinical uses 332, 332b
as enzyme inducer 74t
interactions 332
pharmacokinetics 331–332, 331t

absorption 331
distribution 331
excretion 332
metabolism 331

preparations and dosage 332b
toxicity/side effects 332

Rifater® 759–760
Rifaximin 326, 332–333

antimicrobial activity 332
clinical uses 333
pharmacokinetics 332
preparations and dosage 333b
toxicity/side effects 332

Rimantadine 453–454
antiviral activity 453
clinical uses 454
interactions 94t
mode of action 22
pharmacokinetics 453, 453t

absorption and distribution 453
excretion 453
metabolism 453

preparations and dosage 454b
toxicity/side effects 453–454

Ringworm see Tinea
Ritipenem acoxil 698t
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Ritonavir 446, 559
antiviral activity 446
clinical uses 446
as enzyme inducer 74t
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 86t
mode of action 21
pharmacokinetics 446, 446t

absorption and distribution 446
metabolism and excretion 446

pregnancy/breastfeeding 711t
preparations and dosage 446b
renal failure 62t
resistance 446
toxicity/side effects 446, 561

Ritonavir-tipranavir see Tipranavir-ritonavir
Rituximab, infection risk 515b
RNA III inhibiting peptide 539
RNA polymerase, modification 32
Rochalimaea quintana see Bartonella quintana
Rocky Mountain spotted fever 623t, 805
Rod-shaped bacteria see Bacillus
Rokitamycin 286–287

intracellular concentration 278t
Rolitetracycline 355

preparations and dosage 355b
Rosacea 623t

blepharitis 674
Rosaramicin, discovery and source 5t
Roseola see human herpesvirus-6
Roth’s spots 542
Roundworms see Nematodes
Route of administration 111
Roxithromycin 283–284

antimicrobial activity 277t, 283
interactions 284
intracellular concentration 278t

respiratory tissue 279t
pharmacokinetics 283, 283t

absorption 283
distribution 283
metabolism and excretion 283

preparations and dosage 284b
toxicity/side effects 284

Rubella 617, 617t
Rubeola (measles) 617, 617t
Rufloxacin 306t, 318

antimicrobial activity 307t
preparations and dosage 318b

RWJ-416457 305

S

Saccharomyces boulardii 603
Safety 127–128

prescribing 127–128
see also Toxicity

Sagamicin see Micronomicin
Salmonella spp. 105

antibiotic resistance 41, 110t

Salmonella enterica
chemoprophylaxis 124
enteric fever 600

Salmonellosis 601
treatment 599t

Salvarsan 3
Saquinavir 446–447

antiviral activity 447
clinical uses 447, 559
as enzyme substrate 74t
interactions 86t
mode of action 21
pharmacokinetics 447, 447t

absorption and distribution  
447

metabolism and excretion 447
pregnancy/breastfeeding 711t
preparations and dosage 447b
renal failure 62t
resistance 447
toxicity/side effects 447

Sarafloxacin 307
Scabies 631–632
Scalded skin syndrome, staphylococcal 

623t, 625
Scarlet fever 617, 617t, 623t, 627
Scedosporiosis 790
Scedosporium apiospermum 790

aspergilloma 782
resistance 774t

Scedosporium prolificans 790
resistance 774t

Schistosoma spp. 843t
Schistosoma haematobium 851
Schistosoma intercalatum 851
Schistosoma japonicum 851
Schistosoma mansoni 851
Schistosomiasis 851–852

praziquantel see Praziquantel
Scopulariopsis brevicaulis 773
Screening

agar disk diffusion test 117
chlamydia 721
tuberculosis, pretreatment 760

Scrub typhus 805
Scytalidium dimidiatum 773
Scytalidium hyalinum 773
Seborrheic dermatitis 772
Secnidazole 300

clinical uses
amebic dysentery 834
T. vaginalis infection 836

preparations and dosage 300b
Selamectin 20
Sepsis 472–482

abdominal, intensive care patients 
527–528

catheter-associated see Cannula-
associated infections

clinical signs 476b
diagnosis 476–477

Sepsis (Continued)
epidemiology 472
pathophysiology 474–476, 475f
superantigens 474, 623t
treatment 477

Sepsis modulators 531
Septic arthritis 662–663

see also Bone and joint infections
Septic shock, treatment 478t
Septicemia 473–474

shock in see Septic shock
Serous fluids/exudates, gentamicin in 153
Serratia spp., antibiotic resistance 39–40
Serratia marcescens 39, 148

hospital-acquired pneumonia 584
Sertaconazole nitrate 373

preparations and dosage 374
Sertraline, interactions 69
Sesquiterpene lactones see Artemisinin
Sexual partners/contacts 730
Sexually transmitted diseases 718–742, 719t

bacterial vaginosis 719t, 731
candidiasis 719t, 736
chancroid 719t, 728
chlamydia 718
donovanosis 719t, 730
epididymo-orchitis 725
genital herpes 618, 719t, 732
genital warts 719t, 734
gonorrhea 719t, 721
lymphogranuloma venereum 719t, 725
molluscum contagiosum 620, 719t, 735
Mycoplasma genitalium 719t, 723
non-specific urethritis 724
pelvic inflammatory disease 724–725, 725b
syphilis 719t, 726
Trichomonas vaginalis 719t, 735
see also Hepatitis

Shigella spp. 105
antibiotic resistance 40–41, 110t
bacterial endocarditis 594t
chemoprophylaxis 124

Shigella dysenteriae 40–41, 600
Shigella flexneri 40–41
Shigella sonnei 40–41
Shigellosis 600–601

treatment 599t
Shingles see Herpes zoster; Varicella zoster 

virus
Shock in sepsis see Septic shock
Shunts, CSF see Cerebrospinal fluid shunt 

infections
Sildenafil, interactions 71t
Silver sulfadiazine 343

clinical uses, cannula-associated 
infections 530, 546

preparations 343b
topical 629t

Silver-platinum, cannula-associated 
infections 546

Simvastatin, interactions 71t
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Sinusitis 530
acute 569

antibiotic treatment 569–570
Sirolimus, interactions 71t
Sisomicin (sillomicin; rickamicin) 145t, 

156–157
discovery and source 5t
modifying enzymes 148t

Sitafloxacin 306t, 324
preparations and dosage 324b

Site of action see Mode of action
Skeletal infections see Bone and joint 

infections
Skin/soft-tissue infections 617–632

childhood exanthems 617, 617t
cutaneous larva migrans 845
fungal 774
Gram-negative organisms 630
Gram-positive organisms 621
herpesviruses 618
human papillomavirus 620–621, 620t
intensive care patients 524t
parasites 631
poxviruses 620

Sleeping sickness see Trypanosomiasis
Small bowel overgrowth 604
Small multidrug resistance family  

(SMR), 28
Smallpox 620
Sodium antimony tartrate 405
Sodium fusidate

clinical uses
endocarditis 590t
prosthetic joint infections 541

Sodium stibogluconate 407–408
antimicrobial activity 407
clinical uses 408

leishmaniasis 825–826, 827
pharmacokinetics 408
preparations and dosage 408b
resistance 407–408
toxicity/side effects 408

Soft-tissue infections see Skin/soft-tissue 
infections

Solid organ transplants 505f, 530–531
Sore throat 568

antibiotic treatment 568, 569
diptheria 569
epiglottitis 569
quinsy 568
rheumatic fever 568
streptococcal infection 568–569

South American trypanosomiasis see 
Trypanosomiasis

Sparfloxacin 306t, 320–321
antimicrobial activity 319t
clinical uses, cellulitis 627t
preparations and dosage 321b

Spectinomycin 145t, 167–168
antimicrobial activity 168
clinical uses

Spectinomycin (Continued)
chancroid 729
gonorrhea 723
P. aeruginosa infection 630t

discovery and source 5t
hemodialysis 64t
MIC 146t
mode of action 15
pharmacokinetics 168, 168t
pregnancy/breastfeeding 723
preparations and dosage 168b
resistance 168
toxicity/side effects 168

Spine/vertebral column
brucellosis 798
epidural abscess 647
tuberculosis 755

Spiramycin 285–286
antimicrobial activity 277t, 285
clinical uses, toxoplasmosis 823
discovery and source 5t
intracellular concentration 279t
pharmacokinetics 285, 285t
preparations and dosage 286b
toxicity/side effects 286

Spirillum minus 800–801
Splenectomy 496, 503t
Spongiform encephalopathies, 

transmissible see Transmissible 
spongiform encephalopathies

Sporothrix schenckii 789
Sporotrichosis 789

lymphocutaneous 789
meningeal 789
osteoarticular 789
pulmonary 789

Spotted fevers, Rocky Mountain 623t, 805
Sputum, gentamicin in 153
Staphylococcal cassette chromosome 35
Staphylococcal endocarditis 590–591, 590t
Staphylococcal scalded skin syndrome 623t, 

625
Staphylococcus spp.

coagulase-negative 36
skin/soft-tissue infections 621–626

Staphylococcus aureus 105, 602
antibiotic resistance 28t, 35–36, 110t
biofilms 538
blepharitis 673
chemoprophylaxis 124
conjunctivitis 674
meningitis 643–644
methicillin-resistant see MRSA
susceptibility, aminoglycosides 146t
vancomycin-intermediate see VISA

Staphylococcus epidermidis, biofilms 538
Staphylococcus saprophyticus, UTI 695, 696t
Stavudine (d4T) 432–433

antiviral activity 433
clinical uses 433
hemodialysis 63t

Stavudine (d4T) (Continued)
interactions 82t
mode of action 21
pharmacokinetics 433, 433t

absorption and distribution 433
metabolism and excretion 433

pregnancy/breastfeeding 711t
preparations and dosage 433b
resistance 433
toxicity/side effects 433, 561

Stem cell transplantation 503
toxoplasmosis 825
see also Bone marrow transplantation

Stenotrophomonas maltophilia 26
antibiotic resistance 43

Sternotomy wound infection 489–490
Steroids see Corticosteroids
Stevens-Johnson syndrome

cefalexin 179
sulfonamides 338

Stibogluconate sodium see Sodium 
stibogluconate

Stomach see Gastrointestinal tract
Streptobacillus moniliformis 623t, 631, 

800–801
Streptococcal endocarditis 591, 591t
Streptococcus spp., skin/soft-tissue 

infections 626–627
Streptococcus agalactiae, meningitis 645
Streptococcus gallolyticus (bovis), 

endocarditis 591
Streptococcus pneumoniae (pneumococcus)

antibiotic resistance 110t
conjunctivitis 674
endocarditis 591
multidrug resistance 37–38
penicillin susceptibility 202t
penicillin-binding proteins 29–30

Streptococcus pyogenes (group A 
streptococci)

antibiotic resistance 44, 110t
conjunctivitis 674
susceptibility, aminoglycosides 146t

Streptococcus suis, meningitis 644
Streptogramins 334–336

antimicrobial activity 334t
mode of action 15–16
see also Quinupristin-dalfopristin 

combination
Streptomyces ambofaciens 5t
Streptomyces antibioticus 5t
Streptomyces aureofaciens 5t
Streptomyces erythreus 5t
Streptomyces flavopersicus 5t
Streptomyces fradiae 5t
Streptomyces gaeryphalus 5t
Streptomyces griseus 5t
Streptomyces kanamyceticus 5t
Streptomyces lavendulae 5t
Streptomyces lincolnensis 5t
Streptomyces mediterranei 5t
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Streptomyces narvonensis var. 
josamyceticus 5t

Streptomyces niveus 5t
Streptomyces noursei 5t
Streptomyces orchidaceus 5t
Streptomyces orientalis 5t
Streptomyces ribosidificus 5t
Streptomyces rimosus 5t
Streptomyces spheroides 5t
Streptomyces tenebraeus 5t
Streptomyces venezuelae 5t
Streptomycin 145, 145t, 165–167, 752–753

antimicrobial activity 165–166
clinical uses 167

endocarditis 591t
P. aeruginosa infection 630t
plague 623t
tuberculosis 758t
tularemia 623t

discovery and source 5t
MIC 146t
mode of action 15
pharmacokinetics 166, 166t

absorption 166
distribution 166
excretion 166

pregnancy/breastfeeding 755
preparations and dosage 167b
resistance 166, 756

combined 758
management 757, 757t

toxicity/side effects 164t, 166–167
allergy 167
neuromuscular blockade 167
ototoxicity 167

Streptonivicin see Novobiocin
Streptovaricins 326
Strongyloides füllebomi 845
Strongyloides stercoralis 845
Strongyloidiasis (S. stercoralis) 845–846

diagnosis and treatment 846
hyperinfection syndrome 845–846

Styes 674
Sulbactam 241–242

antimicrobial activity 241
β-lactamase inhibition 241–242
structure 226f

Sulbenicillin 224
Sulconazole 373

clinical uses, tinea cruris 772t
preparations and dosage 374

Sulfacetamide 341
eye drops 669t
topical 669b

Sulfadiazine 4, 339–340
antimicrobial activity 338t, 339
clinical uses 340, 340b

paracoccidioidomycosis 788
Toxoplasma retinochoroiditis 685
toxoplasmosis 823

pharmacokinetics 339, 339t

Sulfadiazine (Continued)
absorption and distribution 339
metabolism and excretion 339

preparations and dosage 340b
toxicity/side effects 339
see also Silver sulfadiazine

Sulfadimethoxine 341
Sulfadimidine 341

antimicrobial activity 338t
Sulfadoxine 340

antimicrobial activity 340
clinical uses 340
pharmacokinetics 340, 340t
preparations and dosage 340b
toxicity/side effects 340

Sulfadoxine-pyrimethamine see 
Pyrimethamine-sulfadoxine

Sulfafurazole 342
Sulfaguanidine 342
Sulfaloxate 342
Sulfamerazine 342
Sulfamethizole 342
Sulfamethoxazole 341

antimicrobial activity 338t, 341
clinical uses 341

CSF shunt infections 548
as enzyme inhibitor 74t
hemodialysis 63t
pharmacokinetics 341, 341t
toxicity/side effects 341

Sulfamethoxazole-trimethoprim see 
Trimethoprim-sulfamethoxazole

Sulfamethoxydiazine 342
Sulfamethoxypyridazine 342
Sulfametopyrazine 342
Sulfamezathine see Sulfadimidine
Sulfanilamide 4
Sulfapyridine 4
Sulfasalazine (sulfapyridine-5-aminosalicylic 

acid; salicylazofulfapyridine) 343
preparations 343b

Sulfathiazole 4, 342
Sulfazecins see Monobactams
Sulfisomidine 342
Sulfisoxazole

antimicrobial activity 338t
hemodialysis 63t

α-Sulfobenzylpenicillin see Sulbenicillin
Sulfonamides 3–4, 337–343

antimicrobial activity 337, 338t
clinical uses 339
CSF penetration 636b
interactions, transplant patients 518t
mode of action 10t, 17
pharmacokinetics 337–338
pregnancy/breastfeeding 705
renal failure 62t
resistance 32–33, 38, 337
toxicity/side effects 338–339

Sulfonylureas, interactions 72t
Sulpha- see entries under Sulfa-

Superantigens in sepsis 474, 623t
Suramin 404, 424–425

antimicrobial activity 425
clinical uses 425

T. brucei gambiense infection 829
T. brucei rhodesiense infection 831t

mode of action 20
pharmacokinetics 425, 425t
preparations and dosage 425b
resistance 425
toxicity/side effects 425

Surgery
appendicectomy 496
biliary tract 494
cardiac 490
colorectal 495
dental 123–124, 541–542, 543
eye

explants for retinal surgery 673
keratitis 678–681, 679b
toxoplasmosis 690, 823

gastroduodenal 493
gastrointestinal 491
head and neck 489
implanted devices see Prosthetic joint 

infections
liver 493
peripheral vascular 491
splenectomy 496
thoracic 489
trauma 496–497

Surgical site infection 483, 623t
bacterial contamination  

483–484
definition 485
incidence and surveillance 484–485
patient-related factors 485
post-discharge surveillance 484–485
prevention of 484

antibiotic prophylaxis 485–486,  
487t

perioperative normothermia  
486–488

perioperative supplemental 
oxygenation 488

selective decontamination of digestive 
tract 484

sternal wounds 489–490
Susceptibility

bacteria 24
categorization of 115–116
testing 115

breakpoints 57 
see also Resistance individual organs

Sutures, biofilms on 673
Swimmer’s itch 851
Synercid see Quinupristin-dalfopristin
Synthetic compounds 3
Syphilis (T. pallidum infection) 719t, 726

congenital 728
diagnosis 727
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Syphilis (T. pallidum infection) (Continued)
epidemiology 726
HIV-positive patients 728
investigations 727
Jarisch-Herxheimer reaction 728
management 727–728
pathogenesis 727
pregnancy 707–708, 728

Systemic inflammatory response syndrome 
(SIRS) 476b

T

Tacrolimus
infection risk 515b
interactions 69, 71t, 518
transplant patients 513

Tadalafil, interactions 71t
Taenia asiatica 847
Taenia saginata 843t, 847
Taenia solium 843t, 847
Taeniasis (and cysticercosis; 

neurocysticercosis), 847–848
Tafenoquine 413
TAK-242, in sepsis 479
Talampicillin 218
Tamoxifen-toremifene, interactions 69
Tapeworms see Cestodes
Target infection 111
Target protection 33
Tazobactam 242–243

antimicrobial activity 243
β-lactamase inhibition 243

Teicoplanin 266–268
antimicrobial activity 266, 267t
clinical uses

Clostridium difficile infection 603
endocarditis 590
hematogenous osteomyelitis 660t
surgical prophylaxis 487t

hemodialysis 63t
mode of action 10t, 12
pharmacokinetics 267, 267t

absorption 267
distribution 267
metabolism and excretion 267

pregnancy/breastfeeding 705
preparations and dosage 270b
resistance 266–267
toxicity/side effects 267–268

nephrotoxicity 65
Telaprevir, hepatitis C 596
Telavancin 271

antimicrobial activity 267t
mode of action 10t, 12

Telbivudine 463–464
antiviral activity 464
clinical uses 464

hepatitis B 601
hemodialysis 63t
pharmacokinetics 464, 464t

Telbivudine (Continued)
preparations and dosage 464b
resistance 464
toxicity/side effects 464

Telithromycin 288
antimicrobial activity 277t, 288
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 76t
intracellular concentration 278t

respiratory tissue 279t
pharmacokinetics 288, 288t
preparations and dosage 288b
resistance 288
toxicity/side effects 288

Temocillin 201t, 224–225
antimicrobial activity 220t, 224–225
clinical uses 225
mode of action 13
pharmacokinetics 225, 225t

absorption and distribution 225
metabolism and excretion 225

preparations and dosage 225b
toxicity/side effects 225

Tenofovir 434–435, 466–467
antiviral activity 435
clinical uses 435, 467, 560

hepatitis B 602
HIV/HBV co-infection 564

interactions 82t
pharmacokinetics 435, 435t

absorption and distribution 435
metabolism and excretion 435

pregnancy/breastfeeding 711t
preparations and dosage 435b, 467b
resistance 435
toxicity/side effects 435, 561

Tenofovir disoproxil, hemodialysis 63t
Terbinafine 8, 366–367

antimicrobial activity 367
clinical uses 367

sporotrichosis 789
tinea capitis 771, 772t
tinea corporis 772t
tinea cruris 772t
tinea pedis 772t

interactions 367
mode of action 19
pharmacokinetics 367, 367t
preparations and dosage 367b
resistance 367
toxicity/side effects 367

Terconazole 373
clinical uses, vulvovaginal candidiasis 

775t
pregnancy/breastfeeding 705
preparations and dosage 374

Terfenadine, interactions 71t
Tetrachloroethylene 405
Tetracycline (specific drug) 352–353

antimicrobial activity 347t, 352

Tetracycline (specific drug) (Continued)
clinical uses 353

non-specific urethritis 720
rosacea 623t

eye drops 669t
pharmacokinetics 352–353, 352t

absorption 352
distribution 352
excretion 353
metabolism 353

preparations and dosage 353b
topical 669b
toxicity/side effects 353

Tetracyclines (the class) 344–355
antimicrobial spectrum 344
clinical uses 346, 346t

acne 623t
bacillary angiomatosis 628t
cellulitis 623t
prosthetic joint infections 541

CSF penetration 636b
hemodialysis 64t
interactions 76t
mode of action 10t, 15
pharmacokinetics 344

absorption 344–345
distribution 345
excretion 345

pregnancy/breastfeeding 705
resistance 344
topical 629t
toxicity/side effects 345–346

Tetroxoprim 255
Thalidomide

leprosy 748–749, 749b
microsporidiosis 837

Thellazia californensis, conjunctivitis  
674

Thellazia capillaris, conjunctivitis 674
Theophylline, interactions 69
Thiabendazole 398

clinical uses
cutaneous larva migrans 845
strongyloidiasis 846

interactions 101t
preparations and dosage 398b
toxicity/side effects 843t

Thiacetazone
clinical uses, tuberculosis 758t
resistance 384t
targets 384t

2’3’-Thiacytidine see Lamivudine
Thiamphenicol 248–249

antimicrobial activity 246t, 248–249
pharmacokinetics 249
preparations and dosage 249b
resistance 249
toxicity/side effects 249

Thiazolidinediones, interactions 72t
Thienamycins, structure 226f
Thioacetazone 394
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Thioamines
resistance 384t
targets 384t

Thoracic surgery, prophylaxis 489
Thoracocentesis 579
Threadworms 843t
Tiabendazole see Thiabendazole
Ticarcillin 201t, 222–223

antimicrobial activity 220t, 222
clinical uses 222–223

impetigo 621t
hemodialysis 63t
pharmacokinetics 222, 222t

absorption and distribution 222
metabolism and excretion 222

preparations and dosage 223b
resistance 222
toxicity/side effects 222

Ticarcillin-clavulanate 240–241
antimicrobial activity 241
clinical uses 241

cholecystitis 494
human bites 623t
impetigo 621t
necrotizing fasciitis 623t
peritonitis 492
pneumonia 527

pharmacokinetics 241, 241t
preparations and dosage 241b
toxicity/side effects 241

Tick-borne diseases
Lyme borreliosis (B. burgdorferi infection) 

623t, 630, 804
relapsing fever 805
rickettsioses 805

Tigecycline 354
antimicrobial activity 347t, 354
clinical uses 354

implant-associated infections 539
multiresistant Acinetobacter 

baumannii 534
E. coli inhibition zone diameter 119f
interactions 76t
pharmacokinetics 354, 354t

distribution and excretion 354
preparations and dosage 354b
renal failure 62t
toxicity/side effects 354

Tinea (ringworm)
capitis 771

treatment 772t
corporis 772

treatment 772t
cruris 771–772

treatment 772t
pedis 772

moccasin-type 772t
treatment 772t

Tinidazole 298
antimicrobial activity 293t, 298
clinical uses 298, 298b

Tigecycline (Continued)
amebic dysentery 834
amebic liver abscess 835
bacterial vaginosis 732
giardiasis 835
T. vaginalis infection 836
Trichomonas vaginalis 736

pharmacokinetics 298, 298t
absorption and distribution 298
metabolism and excretion 298

preparations and dosage 298b
renal failure 62t
toxicity/side effects 298

Tioconazole 373
clinical uses

onychomycosis 773
vulvovaginal candidiasis 775t

preparations and dosage 374
Tipranavir 447–448, 562

antiviral activity 447
clinical uses 448
pharmacokinetics 448, 448t

absorption and distribution 448
metabolism and excretion 448

pregnancy/breastfeeding 711t
preparations and dosage 448b
renal failure 62t
resistance 447–448
toxicity/side effects 448

Tipranavir-ritonavir, interactions 86t
TMC-207 763
TMC-278, interactions 762t
Tobramycin 145t, 160–162

antimicrobial activity 160
clinical uses 151

erythema gangrenosum 623t
hospital-acquired pneumonia 586t, 587t
P. aeruginosa infection 623t, 630t
peritonitis 492, 528
selective decontamination of digestive 

tract 531
discovery and source 5t
eye drops 669t
hemodialysis 63t
MIC 146t
modifying enzymes 148t
pharmacodynamics 53f
pharmacokinetics 160–161, 160t

β-lactam inactivation 161
distribution 161
excretion 161

preparations and dosage 162b
resistance 160
toxicity/side effects 161–162, 164t

nephrotoxicity 161–162
ototoxicity 161

Tocainide, interactions 69
Toll-like receptors 474, 484
Tolnaftate 381

preparations and dosage 382
Tolypomycins 326

Topical preparations 629t
eye 668–670, 669b, 669t

Topoisomerases, alterations to 31–32
Tosufloxacin 306t, 321

antimicrobial activity 319t
preparations and dosage 321b

Toxic epidermal necrolysis, cefalexin 179
Toxic shock syndrome 623t, 625–626
Toxicity (and adverse/unwanted/side 

effects) 58
macrolides 279
main classes of antibiotics

aminoglycosides 150
cephalosporins see Cephalosporins
nitroimidazoles 294
penicillins 203
quinolones see Quinolones

neurotoxicity see Neurotoxicity
see also individual drugs and classes

Toxins
endotoxins 106–107, 474
exotoxins 106–107
secretion of 602

Toxocara spp. 843t
Toxocara canis 850

ocular involvement (larva migrans) 685
Toxocara cati 850
Toxocariasis 850
Toxoplasmosis (Toxoplasma gondii 

infection) 823
cerebral 825
HIV co-infection 825
immunocompromised patients 824–825

bone marrow transplantation 824–825
cardiac transplantation 824
hematopoietic stem cell 

transplantation 825
hepatic transplantation 824
renal transplantation 824

ocular 690, 823
pregnancy 714
retinochoroiditis 685, 685b

Trachoma 675–676
treatment 676

Transferable resistance 34–35
Transmissible spongiform encephalopathies 

653
Transplants/grafts, solid organ 502–523

chemoprophylaxis 516–517
graft rejection 513
immunosuppressive therapy 512–513
infection risk 504b

and immunosuppressive regimen 515b
infections in 512, 516

bacterial 513–515, 515b
fungal 515, 783t
sequence of 513–516, 514f
treatment 517
viral 515–516

lymphoproliferative disorder 517–518
solid organ transplants 505f, 530–531
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Transplants/grafts, stem cell/bone marrow 
see Bone marrow transplantation; 
Stem cell transplantation

Transposons 34–35, 35f
Trauma surgery 496–497
Travelers, malaria prophylaxis 819–821, 

820t, 821f
Travelers’ diarrhea 596–597

prevention 124
treatment 598t

Trematodes (flukes) 843t, 851
intestinal 852
liver 852–853

oriental 853
lung 853

Treponema pallidum see Syphilis
Triazolam, interactions 69, 71t
Triazoles, aspergillosis 511–512
Tribavirin see Ribavirin
Trichinella spp. 843t, 849–850
Trichinella spiralis 849
Trichinosis 849–850
Trichomonas vaginalis (and trichomonal 

vaginitis) 719t, 735, 836
diagnosis 736
epidemiology 736
management 736
pathogenesis 736

Trichomoniasis 719t
pregnancy 714–715

Trichophyton erinacei 773
Trichophyton interdigitale 773
Trichophyton rubrum 771–772

onychomycosis 773
Trichophyton soudanense 771, 773
Trichophyton tonsurans 771, 773
Trichophyton violaceum 771, 773
Trichosporon spp., resistance 774t
Trichuriasis (T. trichiura; whipworm) 594, 

843t, 844
Triclabendazole, clinical uses

fascioliasis 853
lung flukes 853

Triclosan, reduction of biofilms 548
Trifluorothymidine see Trifluridine
Trifluridine (trifluorothymidine) 464–465
Trimethoprim 252–254

antimicrobial activity 252–253, 252t
clinical uses 254

keratitis 679
prosthetic joint infections 541

CSF penetration 636b
eye drops 669t
hemodialysis 63t
interactions, transplant patients 518t
pharmacokinetics 253, 253t

absorption and distribution 253
metabolism and excretion 253

pregnancy/breastfeeding 705
preparations and dosage 254b
resistance 32–33, 253

Trimethoprim (Continued)
topical 669b
toxicity/side effects 253–254

Trimethoprim-sulfamethoxazole 256–257
antimicrobial activity 252t, 256
clinical uses 257

cat-scratch disease 623t
chemoprophylaxis 504, 506, 507t, 516
CSF shunt infections 548
diarrhea 598t
dog bite 623t
donovanosis 731
hematogenous osteomyelitis 660t
human bites 623t
listeriosis 623t
nocardiosis 623t
rosacea 623t
salmonellosis 599t
toxoplasmosis 824

as enzyme inhibitor 74t
interactions 72t, 76t

transplant patients 518t
pharmacokinetics 256–257, 256t

absorption 256
distribution 256
metabolism and excretion 257

preparations and dosage 257b
resistance 256, 580
toxicity/side effects 257

Trimetrexate 255
Tropheryma whipplei see Whipple’s disease
Tropical pulmonary eosinophilia 855
Trovafloxacin 306t, 324

antimicrobial activity 319t
clinical uses, cellulitis 627t
preparations and dosage 324b

Trypanosomiasis 3, 829
T. brucei gambiense/African sleeping 

sickness 20, 829–831
T. brucei rhodesiense 831–832, 831t
T. cruzi (S. American trypanosomiasis; 

Chagas’ disease) 832–834
Tuberculoid leprosy 743, 744t, 745
Tuberculosis (M. tuberculosis and M. bovis) 3

bone/joint 755
clinical trials 762–763
CNS 755
drug-resistant 756

combined 758
epidemiology 756–757
molecular basis 756
treatment 757–758, 757t

HIV co-infection 564, 761–762
intestinal 604
latent, treatment 763

HIV-negative persons 764–765, 764b
HIV-positive persons 765
multidrug-resistant tuberculosis 765
regimens 763–765

lymph node 755
multidrug-resistant 43–44, 385f, 758, 758t

Tuberculosis (M. tuberculosis and M. bovis) 
(Continued)

non-pulmonary 754–755
notification and contact tracing 760–761
pericardium 755
pregnancy 755
pretreatment screening 760
transplant patients 515
treatment 756

adherence monitoring 759
combination tablets 759–760
delivery 759
directly observed therapy (DOT) 760
drugs in development 762–763
short-course 753t

Tularemia 631, 801
treatment 801–802

Tumor necrosis factor-α, in sepsis 474–475
Typhus

epidemic 805
murine 805
scrub 805

Tyrothricin 4
discovery and source 5t

U

Ulcerative gingivitis see Gingivitis
Ultra-filtered air 542
Unwanted effects see Safety; Toxicity
Upper respiratory tract infections 567–573

acute otitis media 570
acute sinusitis 569
common cold 567
reduced antibiotic use 571
sore throat 568

Ureaplasma urealyticum 719t
chorioamnionitis 706

Ureidopenicillins 220
antimicrobial activity 220, 220t
clinical uses 220–221
pharmacokinetics 220
resistance 220

Urethritis, non-specific 724
Uridine diphosphate glucuronosyltransferase, 

drugs affecting 74t
Urinary tract infection 694–701

catheter-associated 548–549
diagnosis 548–549
microbiology 548
pathogenesis 548
prevention 549
treatment 549

diagnosis 696
clinical 696
laboratory 696–697
radiological 696

epidemiology and pathogenesis 695
etiology 695–696, 696t
frequency of 695t
host factors 695
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Urinary tract infection (Continued)
intensive care patients 524t, 528–529
microbiology 528–529
pregnancy 707
prophylaxis 529, 697, 698t, 700

antibiotic efficiency 697–698, 698t
choice of antibiotic 697
long-term 700
pharmacokinetics 697

treatment, safety 697
virulence factors 695

Urolithiasis 66
UTI see Urinary tract infection

V

Vaccines
anthrax 799
hepatitis A 593–594
hepatitis B 603
Lyme borreliosis 804
Q fever 806
tuberculosis 759

Vaginal candidiasis see Vulvovaginal 
candidiasis

Vaginitis, trichomonal see Trichomonas 
vaginalis

Vaginosis, bacterial 719t, 731
diagnosis 731
epidemiology 731
investigations 731
management 732
pathogenesis 731
pregnancy/breastfeeding 706, 732
prophylaxis 732
test of cure 732

Valaciclovir
clinical uses 458

chemoprophylaxis 506
genital herpes 733, 734
herpes simplex virus 620t

hemodialysis 63t
interactions 93t
pregnancy/breastfeeding 710
preparations and dosage 458

Valganciclovir
hemodialysis 63t
interactions 93t
mode of action 21

Valley fever 786
Van genes 30
Vancomycin 268–269

antimicrobial activity 267t, 268
clinical uses 269

bacterial meningitis 634t, 640t
brain abscess 646t
Clostridium difficile infection 603t
community-acquired pneumonia  

581t
CSF shunt infections 547
endocarditis 590, 590t, 591t

Vancomycin (Continued)
endophthalmitis 684
enterococcal infection 533
eye infections 671t
gangrene 623t
hematogenous osteomyelitis 660t
hospital-acquired pneumonia 586t, 

587t
implant-associated infections 539
MRSA 533
neutropenia 508
prosthetic joint infections 541
solid organ transplantation 530
surgical prophylaxis 487t

CSF penetration 636b
discovery and source 5t
eye drops 669t
hemodialysis 63t
interactions 76t, 269

transplant patients 518t
mode of action 10t, 12
nephrotoxicity 65
pharmacokinetics 268–269, 268t

absorption 269
distribution 269
metabolism and excretion 269

pregnancy/breastfeeding 705
preparations and dosage 268b
resistance 37, 268, 508
toxicity/side effects 269

Vancomycin-resistant enterococci 508
Vardenafil, interactions 71t
Varicella zoster virus 618–619, 654 

see also Herpes zoster
Vascular access device-associated infections 

see Cannula-associated infections
Vasculature, surgery 491
Vasopressor agents in sepsis 478
Ventilator-associated pneumonia 526

prevention 532
Verapamil, interactions 69
Verruga peruana 802
Vibrio spp., ocular infection 691
Vibrio cholerae

bacterial endocarditis 594t
chemoprophylaxis 124
cholera 599

Vibrio parahaemolyticus 602
antibiotic resistance 28t

Vibrio vulnificus 623t, 631
Vinblastine, interactions 71t
Vincent’s angina 294, 297, 298
Vincristine, interactions 71t, 518t
Viomycin 392

resistance 384t
targets 384t

Viral infections
CNS (meningitis/encephalitis)  

650–658
diagnosis 652–653
epidemiology 650–651

Viral infections (Continued)
pathogenesis 651–652
treatment 653–654

drugs used see Antiviral agents
eye 687

CMV 689–690
HSV 674, 687–689

gastrointestinal 604
liver see Hepatitis
neutropenic patients 506–507
ocular 687
pregnancy 709–714
prophylaxis, neutropenia 506–507
transplant patients 515–516
zoonotic 797–808

Virginiamycin 336
VISA 31
Visceral larva migrans see Toxocara
Visceral leishmaniasis 826–828
Vitreous injection 670–671
Volume replacement in sepsis 477–478

see also Fluid replacement
Voriconazole 372–373

antimicrobial activity 372
clinical uses 373

aspergillosis 512, 780–781, 781t
candidiasis 511, 778t, 779t
chemoprophylaxis 506, 507t
endocarditis 592
fungal infections 511
paracoccidioidomycosis 788
peritoneal dialysis catheter-related 

infection 550
as enzyme inhibitor 74t
as enzyme substrate 74t
interactions 72t, 80t, 373, 518
pharmacokinetics 372–373, 372t

absorption 372–373
distribution 373
metabolism and excretion 373

pregnancy/breastfeeding 705
preparations and dosage 373b
renal failure 62t
resistance 372
toxicity/side effects 373

Vulvovaginal candidiasis 774–775, 775t

W

Warts, viral see Human papillomavirus
WCK771 306t
Weil’s disease 803
Whipple’s disease (Tropheryma whippelii 

infection) 603
ocular involvement 684–685

Whipworm see Trichuriasis
Wolbachia spp. 854
Woolsorter’s disease 799
Wound infection, surgical see Surgical site 

infection
Wuchereria bancrofti 843t, 854
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Y

Yersinia spp. 602
Yersinia pestis 623t, 631, 802

Z

Zabofloxacin 306t, 325
Zalcitabine (ddc; 2’3’-dideoxycytidine), 

mode of action 21
Zanamivir 456

antiviral activity 456
clinical uses 456

healthcare-associated pneumonia 
583

Zanamivir (Continued)
interactions 94t
mode of action 22
pharmacokinetics 456
preparations and dosage 456b
renal failure 62t
resistance 456
toxicity/side effects 456

Zidovudine (AZT; azidothymidine) 
433–434

antiviral activity 433
clinical uses 434, 561
as enzyme substrate 74t
interactions 82t
mode of action 21

Zidovudine (AZT; azidothymidine) 
(Continued)

pharmacokinetics 434, 434t
absorption and distribution 434
metabolism and excretion 434

pregnancy/breastfeeding 711t
preparations and dosage 434b
resistance 434
toxicity/side effects 434, 561, 564

Zolpidem, interactions 69
Zone diameter breakpoints 117–119, 118f, 

119f
Zoonoses 797–808

see also Bites
Zygomycosis (mucormycosis), 782
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