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Series Preface from  
Professor Sir Peter J. Morris

This is a new development in surgical publishing; the first two edi-
tions of the Oxford Textbook of Surgery are to be replaced by a series 
of specialty-specific textbooks in surgery. This change was precip-
itated by the ever-increasing size of a single textbook of surgery 
which embraced all specialties (the second edition of the Oxford 
Textbook of Surgery was three volumes), and a decision to adapt 
the textbooks to meet the needs of the audience; firstly, to suit the 
requirements of Higher Surgical trainees and, secondly, to make it 
available online.

Thus, we have produced a key book to deal with the fundamentals 
of surgery, such as Anatomy, Physiology, Biochemistry, Evaluation 
of Evidence, and so forth. Then there are to be separate volumes 
covering individual specialties, each appearing as an independent 
textbook and available on Oxford Medicine Online.

It is planned that each textbook in each specialty will be inde-
pendent although there obviously will be an overlap between dif-
ferent specialties and, of course, the core book on Fundamentals of 
Surgery will underpin the required scientific knowledge and prac-
tice in each of the other specialties.

This ambitious programme will be spread over several years, and 
the use of the online platform will allow for regular updates of the 
different textbooks.

Each textbook will include the proposed requirements for train-
ing and learning as defined by the specialist committees (SACs) of 
surgery recognized by the four Colleges of Surgery in Great Britain 
and Ireland, and will continue to be applicable to a global audience.

This ambitious programme will be spread over several years, and 
the use of the online platform will allow for regular updates of the 
different textbooks.

When completed, the Oxford Textbooks in Surgery series will set 
standards for a long time to come.

Professor Sir Peter J. Morris
Nuffield Professor of Surgery Emeritus, and former 

Chairman of the Department of Surgery and Director of the 
Oxford Transplant Centre, University of Oxford and 

Oxford Radcliffe Hospitals, UK
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Preface

Urology is a rich, diverse, and varied specialty. For certified uro-
logical surgeons, it is becoming increasingly challenging to remain 
updated in such a wide range of assorted conditions with expand-
ing multidisciplinary treatment options, and it is doubly difficult 
for the trainee to understand what they need to know, and gain a 
comprehensive knowledge base which will equip them to become 
certified specialists.

The welcome initiative by Oxford University Press to create 
a series of specialty-specific textbooks mapped to the UK post-
graduate surgical curricula has directly led to the production 
of this textbook. The urology curriculum describes the range of 
knowledge, skills, and behaviours that a trainee is expected to 
have acquired by the time that they are certified. We have taken 
the syllabus from within that urology curriculum in the United 
Kingdom and used it as the template for this textbook, which 
we hope will serve trainees and established colleagues across the 
world.

While the syllabus provides the basic architecture of urological 
surgery, the level of knowledge in each of the chapters goes beyond 
that which will be required for certification. The Oxford Textbook of 
Urological Surgery will be of value not only to trainees, but also to 
established urologists who wish to keep up-to-date with advances 
in urological care in one or more areas specific to their day-to-day 
practice.

We have recruited able expert section editors with an inter-
national reputation in their respective field, who led the develop-
ment and composition of the varying components of this textbook. 
They, in turn, have relied on rich contributions from many national 
and international expert colleagues. The authors were specifically 
mandated to be concise as well as broadly comprehensive in cover-
ing their topic from the basics to the current limits of established 

knowledge, and to highlight areas of controversy, where they exist. 
Whereas detail may be lacking at times due to space constraints, 
the concepts and principles that direct modern urological practice 
are all included.

Urological science progresses continuously and the extent of 
knowledge described in this book is only a snapshot in time. 
However, with modern information technology allowing, we have 
asked all authors to provide frequent updates of their chapter at 
regular intervals for an exciting online version of the textbook, as 
well as future editions. Each chapter is accompanied by a long com-
prehensive reference list, as well as a short one for those interested 
in a specific theme.

We are confident that the Oxford Textbook of Urological Surgery 
will provide a novel, easy-to read, and useful source of knowledge 
and strong foundation both for the practising urologist and for 
trainees seeking to obtain entry into a wonderful specialty that we 
both continue to find challenging, fascinating, and enjoyable.

Freddie C. Hamdy
Nuffield Professor of Surgery and Professor of Urology, 

Chairman, Nuffield Department of Surgical Sciences,  
University of Oxford, Oxford OX3 7DQ,  

Director of Surgery & Oncology,  
Oxford University Hospitals NHS Foundation Trust,  

United Kingdom

Ian Eardley
Consultant Urologist, St James’s Hospital,  

Leeds Teaching Hospitals NHS Trust,  
Former Chairman Joint Committee on Surgical Training,  

Vice-President, Royal College of Surgeons of England
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CHAPTER 1.1

Pathogenesis of urinary 
tract infection
Ased Ali

Introduction to urinary tract infection
Urinary tract infection (UTI) is one of the most common bacterial 
infections to affect humans. Its incidence increases with age and 
the cumulative probability of a woman having had a UTI by the 
age of 50 is approximately 50%.1 The normally sterile urinary tract 
is the site of an ongoing but complex interplay between an evolv-
ing pathogen and a highly developed host immune defence system, 
such that the pathogenesis of a UTI generally requires either greater 
virulence in the pathogen or deficient host defence. Typically, the 
process of infection begins with attachment of the uropathogen to 
the epithelial surface; it subsequently forms colonies, which then 
disseminate and invade through the urothelial tissue. This dissem-
ination may be associated with ascent up the urinary tract, which 
may manifest symptomatically as cystitis (in the bladder) or pyelo-
nephritis (in the kidney). Symptomatic infection indicates a power-
ful immune response and the interplay between pathogen and host 
will continue, influencing the extent and level of invasion, the dur-
ation of infection, and the degree of tissue damage.

An understanding of bacterial pathogenesis and anti- adherence 
defence mechanisms is important for clinicians so that appropriate 
strategies for the management and prevention of UTI are used. This 
section outlines current understanding of the pathogenesis of UTI, 
with particular emphasis on bacterial virulence and interaction 
with host defences, together with other factors which increase sus-
ceptibility to UTI.

Routes of infection
The ascending route is the commonest mode of infection of the 
urinary tract with most bacteria originating from the individual’s 
own lower bowel and subsequently colonizing the periurethral tis-
sue before ascending through the urethra and into the bladder.2 
Colonization of the periurethral mucosa with bowel flora is par-
ticularly problematic in females, where the shorter urethra provides 
a convenient conduit for invading pathogens and rapid entry to the 
lower urinary tract. Even small variations in perineal anatomy in 
females can increase susceptibility; for example, women with an 
anal to urethral distance of less than 4.5 cm are at increased risk of 
UTI.3 These anatomical risks can be further increased by the influ-
ence of external agents such as spermicides, faecal contamination 
of the perineum, and the use of urethral catheters.4,5

Symptomatic UTI is usually confined to the bladder (cystitis), 
but in up to a half of cases there are signs indicating upper urin-
ary tract involvement such as fever and loin pain.6 Pyelonephritis is 

most frequently caused by the ascent of bacteria from the bladder 
up the ureter and into the renal pelvis, with subsequent invasion of 
the renal parenchyma through the collecting ducts and disruption 
of the renal tubules. Certain pathogenic bacterial virulence fac-
tors including P- fimbriae and endotoxins can enhance the ability 
of bacteria to ascend the urinary tract, as can host susceptibility 
factors such as pregnancy and ureteral obstruction, which inhibit 
peristalsis.

Haematogenous infection of the urinary tract is uncommon 
in normal individuals. However, patients with primary foci of 
infection elsewhere in the body involving Staphylococcus aureus, 
Candida spp., Salmonella spp., and Mycobacterium tuberculosis 
can suffer secondary kidney infection. The risk of such infection 
is enhanced when urine drainage from the kidney is obstructed.7 
Infection via the lymphatic route is rare but can be caused by direct 
invasion of bacteria from adjacent organs in conditions that result 
in retroperitoneal sepsis and suppuration. The lymphatic route is 
not thought to play a significant role in the majority of UTIs.

Pathogenic bacterial virulence factors
The interplay between host and pathogen is at the heart of any UTI. 
Uropathogenic Escherichia coli (UPEC) strains for example encode 
a number of virulence factors, which enable the bacterial clone to 
colonize the urinary tract and persist in the face of host defences. In 
recent years, great advances have been made in the understanding 
of these virulence factors. Prior to their migration, these bacteria 
will typically have come from a commensal site, such as the bowel. 
The role of virulence factors is therefore critical in the understand-
ing of how commensals at one site act as pathogens at another.

UPEC strains exhibit a high degree of genetic diversity facili-
tated by the possession of specialized virulence genes located on 
specific transferable genetic elements known as pathogenicity 
islands, which may be as large as 170 kb and can increase the size 
of the pathogen genome by about 20% over a commensal strain.8,9 
Virulence factors may be broadly divided into two groups accord-
ing to whether or not they are involved in bacterial adhesion to host 
epithelium.

Adhesive virulence factors
The presentation of cell surface adhesive organelles (adhesins) by 
UPEC is one of the most significant determinants of pathogenicity. 
UPEC may express several adhesins that allow it to attach to urin-
ary tract tissues and contribute to virulence in different ways which 
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include: directly triggering host and bacterial cell signalling path-
ways; facilitating the delivery of other bacterial products to host 
tissues; and promoting bacterial invasion.10 The best characterized 
group of adhesins are the fimbriae.

Type I fimbriae
Type I  fimbriae are the most commonly expressed fimbriae on 
E. coli (Fig. 1.1.1) and are composed of a helical rod with repeating 
FimA subunits that are bound to a distal tip structure containing 
the FimH adhesin.11 Classically these fimbriae (also called type I 
pili) were shown to mediate haemagglutination of guinea pig eryth-
rocytes12 and the reaction could be inhibited by the addition of 
mannose; mannose- sensitive haemagglutination (MSHA).13,14

However, while type I  fimbriae have been shown to function 
as virulence factors in animal models of UTI where they facili-
tate bacterial colonization, their function in human infection is 
less clear.10,15–17 This uncertainty arises from the observation that 
type I fimbriae are expressed in both pathogenic and commensal 
strains18,19; furthermore, there is no significant difference in the Fim 
gene frequency between more or less virulent strains in the urinary 
tract.20 In the mouse model, type I fimbriae bind to the urothelial 
mannosylated glycoproteins uroplakin Ia (UPIa) and Ib (UP1b) via 
the adhesin subunit FimH, located at the fimbrial tip.21 Uroplakins 
are membrane proteins that are found on the luminal surface of 
the umbrella cells of bladder epithelium. Interaction between FimH 
and uroplakins stimulates signalling pathways involved in bacterial 
invasion and epithelial cell apoptosis and may also contribute to 
mucosal inflammation.17,22–24 In humans, the main evidence for 
the role of type I fimbriae comes from the analysis of urinary bacte-
rial isolates from patients with UTI, which were found to express 
mannose- sensitive adhesins.25

Murine studies show that after binding to the urothelial surface, 
bacteria with FimH adhesins are quickly internalized within the 
epithelium as a result of localized actin rearrangement and engulf-
ment of the bound bacterium by the epithelial cell membrane.26 
Within the superficial urothelium, UPEC is able to establish a 
new niche as a mechanism to avoid host innate immune response. 

Within the epithelial cell, UPEC proliferates in the cytosol to form 
clusters known as intracellular bacterial communities (IBCs).27 
After six to eight hours, the morphology of the bacteria changes to 
an engulfing biofilm phenotype that further protects the uropatho-
gen from the host immune response.28 This process has yet to be 
demonstrated in human cells however.

The biofilm phenotype is characterized by decreased growth rate, 
allowing the formation of a biofilm matrix. This matrix is able to 
prevent attack from neutrophils and is also effective at preventing 
penetration by both host antimicrobials and external antibiotics. 
Animal models also suggest that bacteria at the edge of IBCs are 
able to detach and become motile again to re- enter the urine and 
then re- adhere to the superficial urothelium and reinvade cells to 
form further IBCs.29 Ultimately, after a few days, possibly as a result 
of ongoing immune activity, the invasive bacteria enter a quiescent 
state, but may persist in a dormant state in IBCs before re- emerging 
later to cause recurrent infection.27

P- fimbriae
P- fimbriae (named from their interaction with P- blood group 
antigens) mediate haemagglutination of human erythrocytes 
that is not altered by mannose, which is thus termed mannose- 
resistant haemagglutination (MRHA). P- fimbriae are believed 
to play a key role in ascending UTI and pyelonephritis.30,31 They 
are heteropolymeric fibres made up of various peptides encoded 
by the papA- K gene.32 The adhesin PapG, at the tip of these fim-
briae, recognizes   kidney  glycosphingolipids carrying the α- d- 
galactopyranosyl- (1–4)- β- d- galactopyranoside determinant on 
renal epithelia.30,33,34 The attachment of P- fimbriae leads to the 
release of ceramide, which acts as an agonist of Toll- like receptor 4  
(TLR 4), a receptor involved in activation of the innate immune 
response including antimicrobial peptide and cytokine produc-
tion.35 This then activates an inflammatory response cascade pro-
ducing the symptoms of pyelonephritis.16

P- fimbriae may also work synergistically with type I  fimbriae 
by enhancing early colonization of the tubular epithelium, while 
the latter mediates colonization of the tubular lumen by forming 
a biofilm. This colony then disrupts tubular filtration, leading to 
obstruction of nephron and the symptoms of pyelonephritis.36 
P- fimbriae have also been implicated as one of the key virulence 
factors involved in acute kidney dysfunction in renal transplant 
patients.37

Other adhesins
S- fimbriae and F1C fimbriae have also been shown to play a role 
in UTI. S- fimbriae bind to sialic acid residues via the SfaS adhesin; 
this facilitates bacterial dissemination within host tissues and is 
often associated with E. coli strains that cause sepsis, meningitis, 
and ascending UTIs.10 F1C fimbriae bind to glycosphingolipids 
in renal epithelial cells and induce an interleukin- 8 inflammatory 
response.38 Fimbrial Dr and afimbrial Afa adhesins of E. coli are 
associated with recurrent UTI and UTI during pregnancy.39–42 
Murine models suggest that that Dr and Afa adhesins play a role in 
the development of chronic kidney infection.43,44

Non- adhesive virulence factors
UPEC, in common with other Gram- negative organisms, also has 
cell wall modifications, motility enhancements, and secreted toxins 
that further enhance pathogenicity.

Fig. 1.1.1 Electron micrograph of a uropathogenic E. coli cell bearing 
type 1 fimbriae.
Reprinted from Microbes and Infection, Volume 8, Issue 8, Guido Capitani et al., ‘Structural 
and functional insights into the assembly of type 1 pili from Escherichia coli’, pp. 2284– 2290, 
Copyright © 2006 Elsevier SAS, with permission from Elsevier, http:// www.sciencedirect.com/ 
science/ journal/ 12864579
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Polysaccharides
The bacterial capsule and lipopolysaccharide (LPS) both act as 
virulence factors. The capsule is a polysaccharide covering for the 
bacteria that protect it from the host immune system’s responses, 
particularly phagocytic engulfment and complement- mediated 
attack. Some capsular subtypes, such as K1 and K5 mimic compo-
nents of host tissue, preventing effective immune response.45

LPS is a core component of the cell wall of Gram- negative bac-
teria, and in UPEC is an important activator of pro- inflammatory 
epithelial response via the induction of nitric oxide, as well as 
antimicrobial peptide and cytokine production.46,47 However, the 
systemic immune response evoked by UPEC LPS may also have 
detrimental effects by causing acute kidney injury, particularly in 
renal transplant patients with UTI.48,49

Flagellum
Flagellum, the organelle made up of flagellin protein and responsi-
ble for bacterial motility plays a role in the virulence of many UPEC 
strains for both lower and upper urinary tract infection. Flagella 
activity may allow bacteria to ascend from the bladder and cause 
pyelonephritis. These UPEC strains may invade renal collecting 
duct cells through flagellin acting as an epithelial invasion through 
interaction with the TLR 5 receptor.50 Mice deficient in TLR5 are 
more susceptible to UPEC infection in both the bladder and the 
kidney, suggesting that flagellin may be involved in the original 
ascent into the bladder.51

Secreted factors
Secretion of toxins by UPEC and other Gram- negative bacteria is 
often responsible for inflammatory response and symptoms. The 
most significant toxin is a lipoprotein called α- haemolysin (HlyA) 
which is frequently associated with pyelonephritis and renal scar-
ring.52 α- haemolysin is a pore- forming toxin of the repeats in toxin 

(RTX) family that are common among Gram- negative patho-
gens.53,54 At high concentrations it lyses erythrocytes and host cells, 
enabling bacteria to cross epithelial barriers, damage immune cells, 
and gain access to host iron stores.45,55,56 At low concentrations, it 
can induce apoptosis of host immune cells and promote the exfo-
liation of bladder epithelial cells.57,58 It can also affect intracellular 
calcium levels in renal epithelial cells, with consequent increases in 
IL- 6 and IL- 8 production.59

Cytotoxic necrotizing factor 1 (CNF1) is produced by around 
one- third of all pyelonephritis UPEC strains.60 Experimental data 
suggest that CNF1 disrupts the epithelial cell membrane, allowing 
bacterial invasion.61 In addition, it has been shown to interfere with 
polymorphonuclear phagocytosis and cause apoptosis of bladder 
epithelial cells, thus increasing bladder exfoliation and exposure of 
vulnerable underlying cells.62,63

Other secreted proteins include secreted autotransporter 
toxin (SAT) and Toll/ interleukin (IL- 1) receptor (TIR) domain- 
containing protein (Tcp). In vitro, SAT has toxic activity against 
bladder and kidney cells, suggesting a role in the early pathogenesis 
of UTI.64 Recent work has found that Tcp is able to subvert epithe-
lial Toll- like receptor (TLR) signalling, preventing early initiation 
of the innate immune response, thereby facilitating bacterial sur-
vival and kidney infection (Fig. 1.1.2).65

Host defences against uropathogenic Escherichia coli 
colonization of the urinary tract
The constant challenge of microbial invasion of the urinary tract 
epithelium from the host’s own bowel has mobilized a variety of 
host defensive mechanisms to prevent bacterial colonization and 
survival. The first line of defence is aimed at preventing or limiting 
bacterial adherence to the epithelium. Once adhesion has occurred, 
further responses are activated.
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Fig 1.1.2 Diagram of a uropathogenic E. coli cell bearing type I fimbriae.
Reproduced from Springer, The Atlas of Infectious Diseases, Volume 9, 2004, Chapter 1, Edward S. Wong, Jack Sobel, and Gerald Mandell, Figure: Virulence determinants of uropathogenic 
Escherichia coli, Copyright © 2004. With kind permission from Springer Science+Business Media B.V.
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Constitutive defences
The normal urinary tract has a number of constitutive (continually 
present) physiological and immune defences to prevent or avert 
bacterial colonization. First is the ‘washout’ effect of urine flow. 
This rinses away loosely adherent or non- attached pathogens from 
the epithelial surface.66 Adherence is further limited by the secre-
tion of glucosamines by the urothelium, which form a protective 
layer on the luminal surface. The high urinary osmolality and low 
pH make it difficult for poorly adapted bacteria to survive.

Within the urine there are also a number of larger proteins, 
which have been identified as important in innate urinary immune 
defence. The most characterized is Tamm– Horsfall protein (THP), 
a glycoprotein secreted by the loop of Henlé epithelium present 
at high concentrations in the urine. THP acts as an anti- adhesive 
urinary factor by complexing with UPEC type I fimbriae, which is 
then cleared by voiding.67 THP knockout mice have been shown 
to clear E. coli less rapidly and go on to develop chronic bladder 
wall inflammation suggestive of persistent infection.68 Other renal 
epithelial proteins, such as lactoferrin and lipocalin also show anti-
microbial activity through the sequestering of iron. Cathelicidin 
and defensins; small, highly cationic antimicrobial peptides, are 
also secreted by urothelium in response to pathogens.47 These 
peptides work in a non- specific manner by attachment to the ani-
onic phospholipids on the bacterial cell wall— disrupting their cell 
membrane, increasing cell permeability, and causing cell death.69

Activated responses
Bacteria that overcome these initial defences are able to have pro-
longed contact with the urothelium, resulting in the activation of 
further host immune defence mechanisms. These include epithelial 
exfoliation and the induction of a local and systemic inflammatory 
response.

Exfoliation of infected cells
One of the most notable observations of the host response dur-
ing UTI is disruption of the epithelial barrier by the exfoliation 
of infected cells.70,71 In the absence of infection, the urothelium 
is relatively quiescent, with the umbrella cell layer only renewed 
every few months. However, the normally repressed proliferation 
and differentiation processes are rapidly activated by the FimH 
component of fimbriae, resulting in an exfoliation mechanism that 
involves activation of caspases and cysteine proteases in a pathway 
similar to apoptosis.72,73 Following activation of this pathway, there 
is potential for the umbrella cell layer to regenerate within 24 hours.

Experiments in which the exfoliation mechanism was damp-
ened using a pan- caspase inhibitor showed greatly reduced bacte-
rial expulsion from the bladder. This allowed intracellular bacteria 
to transfer from dying superficial cells to infect other cells.74 In 
mouse studies, a mild exfoliation process in response to UPEC 
was more likely to result in biofilm formation that migrated into 
deeper  layers.27 Consequently, it is clear that rapid exfoliation is a 
key mechanism in the eradication of both attached and internalized 
bacteria from urothelium.

Inflammatory response
Successful bacterial adherence to urothelium triggers a variety of 
other innate immune responses. These are characterized by the 
production of a number of pro- inflammatory mediators, including 

cytokines and chemokines.75–77 Bladder and kidney epithelial cells 
appear to be a major source of interleukin- 6 (IL- 6) and interleukin- 8  
(IL- 8) after infection with UPEC, which are important in the devel-
opment of local tissue damage.78– 79

IL- 6 possesses a variety of pro- inflammatory functions, including 
neutrophil recruitment and production of acute phase proteins.80 
IL- 8 is also a potent neutrophil chemotactic agent. In humans, 
induction of IL- 8 correlates with appearance of neutrophils in the 
urine.75 Neutrophil recruitment to the site of infection has been 
shown to be critical for bacterial clearance from both the blad-
der and kidney, and their presence is a clinical diagnostic for UTI. 
Other immune competent cells, such as macrophages, eosinophils, 
and natural killer cells are also recruited and granulocytes synthe-
size nitric oxide, which can kill invading bacteria.81

Neutrophil migration to the site of infection is initiated by spe-
cific bacterial components, which activate pathogen- associated 
molecular pattern receptors (PAMPs) such as Toll- like receptors 
(TLRs).82,83 This triggers a signalling pathway that initiates epithe-
lial antimicrobial and wider inflammatory responses. The primary 
receptors expressed on urothelium are TLR 2, 4, and 5. TLR 2 is 
activated by peptidoglycan, part of the cell wall of bacteria. TLR 4 
and its co- receptors (CD14 and MD2) recognize bacterial LPS and 
TLR 5 is activated by flagellin. Bacteria can evade these responses 
by expressing virulence factors such as Tcp to inhibit some TLR- 
activated pathways.65,84 The importance of these early interactions 
between bacterium and epithelial cell has been further highlighted 
by the effect of gene polymorphisms. In mice, polymorphisms 
of the TLR 4 gene are associated with reduced sensitivity to LPS, 
absence of neutrophil recruitment, and delayed clearance of bac-
teria from the urinary tract.85 Recently, it was also observed that 
infected mouse urothelial cells were over time able to expel intra-
cellular E.  coli via a TLR 4- initiated and cyclic AMP- mediated 
mechanism.86 In humans, a TLR 4 polymorphism has been shown 
to increase susceptibility to septic shock and Gram- negative bac-
teraemia.87 Other studies have suggested a role for reduced TLR 
4 expression in promoting a clinically beneficial tolerance state in 
asymptomatic bacteriuria, rather than a more harmful situation 
of severe disease.88 In population studies of women with recur-
rent cystitis, a TLR 5 stop- codon polymorphism is associated with 
increased UTI susceptibility.89

Antibody response
Due to the relatively short duration of most UTI and the constantly 
evolving expression profile of invading bacteria, adaptive immunity 
is not thought to play a significant role in host defence. However, 
in ascending infections of longer duration, the adaptive immune 
response is activated with the production of high- affinity antibod-
ies by B and T lymphocytes. In pyelonephritis, there is serum and 
kidney immunoglobulin synthesis with antibodies targeting type 
I and P- fimbriae detectable in serum, and in IgG and SIgA anti-
bodies in the urine.90 Local synthesis of these antibodies enhances 
opsonization and reduces adherence of E.  coli.91 These findings 
have encouraged attempts to create vaccines against fimbrial com-
ponents of UPEC to reduce colonization and ascending infections 
in susceptible female patients.92

Further reading
Ali AS, Townes CL, Hall J, Pickard RS. Maintaining a sterile urinary tract: 

the role of antimicrobial peptides. J Urol 2009; 182(1):21–8.
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CHAPTER 1.2

Antimicrobial agents
Katherine E. Walton and Sally Ager

Introduction to antimicrobial agents
Urinary tract infections (UTIs) are common and they are experi-
enced more frequently by women than men.1 It is estimated that 
up to half of all women will have at least one UTI during their life-
time.1 Healthcare- associated infections (HCAI) are recognized as 
important, potentially preventable causes of morbidity, mortality, 
and healthcare costs. In a recent prevalence survey, UTIs were the 
second commonest type of HCAI in English hospitals.2 Escherichia 
coli is the commonest cause of UTI3 and the urinary tract is the 
commonest source for E. coli bacteraemia (Fig. 1.2.1).4

Important risk factors for the development of UTI include sex, 
age, structural and functional abnormalities of the urinary tract, 
and catheterization or urinary tract instrumentation. Safe uro-
logical practice therefore relies on an understanding of the preven-
tion and management of UTI, including judicious antimicrobial 
prescribing.

Antimicrobial agents are substances that kill or inhibit the 
growth of microorganisms, such as bacteria, fungi, or proto-
zoa. Antibacterial agents affect bacteria. Strictly speaking, the 
term ‘antibiotic’ refers to antimicrobials produced by a micro-
organism, thus excluding synthetic antibacterials, although the 
terms ‘antibiotic’, ‘antibacterial’, and ‘antimicrobial’ are often used 
interchangeably.

Indications for antimicrobial prescribing
Antimicrobial agents are prescribed for the following reasons:
◆ Empirical therapy
◆ Directed therapy
◆ Prophylaxis

Empirical therapy
Antimicrobials are given based on the most likely causative 
organism(s) and local resistance patterns, before confirmation of 
the pathogen’s identity. Empirical therapy is required for severe or 
life- threatening infection; it is important that appropriate, broad- 
spectrum antibiotics are started quickly, ideally within one hour of 
the presumptive diagnosis. Whenever possible, relevant diagnostic 
specimens should be collected prior to starting antimicrobial ther-
apy (Fig. 1.2.2).

Directed therapy
Wherever possible, empirical therapy using broad- spectrum agents 
should be de- escalated to directed therapy using narrow spectrum 
antimicrobials once the identity and sensitivities of the pathogen 
are known. For less severe infections, particularly if the diagnosis 
is uncertain, it may be appropriate to await culture and sensitiv-
ity results before prescribing directed therapy, facilitating targeted 
treatment with narrow spectrum antimicrobials.

Prophylaxis
Prophylactic antimicrobials are given in circumstances where the 
risk or consequences of an infection are sufficiently severe to justify 
preventative action. It should be noted that the use of antibiotics is 
only part of a range of infection prevention measures.

Surgical prophylaxis
Antimicrobial prophylaxis is recommended for surgical procedures 
with a recognized risk of infection; generally, clean- contaminated 
or contaminated operations, and clean surgery involving implant-
ation of prosthetic material.5– 7 Opening of the urinary tract is con-
sidered clean- contaminated surgery.8 Local guidelines are based 
on the likely organisms associated with the procedure and local 
antimicrobial susceptibility patterns. Where possible, narrow spec-
trum agents should be chosen. Many guidelines advise avoidance 
of agents such as cephalosporins, quinolones, and clindamycin to 
minimize the risk of Clostridium difficile infection.9 

In order to achieve maximum serum concentration during 
the procedure, intravenous antimicrobial prophylaxis should be 

Fig. 1.2.1 Escherichia coli (E. coli) growing on chromogenic agar. E. coli is the 
commonest cause of urinary tract infections. Chromogenic media may be used in 
the laboratory to aid identification of potential uropathogens.
With kind permission of Jesmond IT.
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administered at induction of anaesthesia or within 30– 60 minutes 
before the operation starts.5– 8 Single- dose prophylaxis is usually 
adequate. A second dose may be indicated for significant intraop-
erative blood loss (more than 1.5 L) or prolonged operations.5,6,8 
Oral agents with good bioavailability can be considered but this 
may be less reliable and logistically more difficult to administer at 
the appropriate time.6,7

There is good evidence supporting antibacterial prophylaxis for 
transurethral resection of prostate (TURP) and transrectal prostate 
biopsy but there have been few studies for other urologic inter-
ventions.10 Nevertheless, antimicrobial prophylaxis is currently 
recommended for a number of invasive urological procedures (see 
Table 1.2.1).6– 8,11

Post- exposure prophylaxis
Post- exposure prophylaxis may be advised for contacts of certain 
communicable diseases in order to prevent transmission of the 
infection, for example meningococcal meningitis, pertussis, and 
tuberculosis.11

Prophylaxis of special patient groups
Antibacterial prophylaxis may also be recommended for certain 
individuals with factors that put them at higher risk for specific 
infections. For example, asplenic patients may receive phenoxym-
ethylpenicillin in order to prevent pneumococcal infection.11

Prophylactic antibacterials may sometimes be prescribed for 
specific individuals in an attempt to prevent recurrent UTIs, 

for example in children with vesicoureteric reflux. Prophylaxis 
should generally only be considered following a risk assessment if 
other approaches are not possible. Long- term low- dose therapy is 
administered, basing the choice of agent on previous urinary cul-
ture and sensitivity results. Nitrofurantoin or trimethoprim may 
be considered as options.11 Long- term antibiotic exposure may 
result in adverse drug effects and the development of antimicrobial 
resistance.

Principles of antimicrobial prescribing
Antimicrobial stewardship
Careful consideration must be given before antimicrobial agents 
are prescribed. They may cause allergic or other adverse reac-
tions, and harm an individual’s normal protective microbial flora.12 
Broad- spectrum antibacterial use is associated with the acquisition 
of resistant organisms such as extended spectrum beta- lactamase 
(ESBL)- producing Gram- negative bacteria13,14 or methicillin- 
resistant Staphylococcus aureus (MRSA)15– 18 and the development 
of Clostridium difficile infection (CDI).9,19–22 Adverse effects can be 
minimized by the introduction of antimicrobial stewardship pro-
grammes such as ‘Start smart— then focus’.23 Antibacterial drugs 
should not be prescribed unless there is an accepted prophylactic 
indication or clinical evidence of a bacterial infection requiring 
treatment. At the same time, patients with severe or life- threatening 
infections must receive prompt treatment with appropriate, often 

Table 1.2.1 Prophylaxis for urological procedures

Procedure Antibiotic prophylaxis recommended? Likely pathogens

EAU AUA SIGN

Transurethral resection of prostate Yes Yes Yes Enterobacteriaceae and enterococci

Transrectal biopsy of prostate Yes Yes Yes Enterobacteriaceae and enterococci, possibly anaerobes

Transurethral resection of bladder tumour No1 Yes No Enterobacteriaceae and enterococci

Percutaneous nephrolithotomy Yes Yes Yes/ No2 Enterobacteriaceae, enterococci, and staphylococci

Ureteroscopy for stone removal/ fragmentation Yes/ No3 Yes Yes Enterobacteriaceae, enterococci, and staphylococci

Shock wave lithotripsy Yes/ No4 Yes Yes Enterobacteriaceae and enterococci

Cystoscopy/ urodynamic investigation No5 Yes/ No6 No5 Enterobacteriaceae, enterococci, and staphylococci

Clean open or laparoscopic procedures  
(urinary tract not opened, e.g. nephrectomy)

No5 No5 No7 Skin organisms, catheter- associated organisms

Clean- contaminated procedures (urinary or 
gastrointestinal tracts opened, e.g. pyeloplasty, 
vaginal surgery, cystectomy)

Yes Yes Yes Enterobacteriaceae, enterococci, and staphylococci

Implantation of prosthetic device Yes Yes Yes Enterobacteriaceae, enterococci, and skin organisms 
(e.g. staphylococci)

Contaminated open procedures 
(use of bowel segments)

Yes Yes Yes Enterobacteriaceae, enterococci anaerobes, and skin 
organisms (e.g. staphylococci)

EAU = European Association of Urology; SIGN = Scottish Intercollegiate Guidelines Network; AUA = American Urological Association.

1: Consider in cases with high risk factors for UTI and for large necrotic tumours; 2: Recommended for stones 20 mm or greater or with pelvicalyceal dilation (one week preoperative 
fluoroquinolone recommended); 3: Recommended for proximal/ impacted stone. Not recommended for uncomplicated distal stone (but consider in high- risk patients); 4: Not 
recommended for uncomplicated cases. Recommended in cases complicated by stent or nephrostomy catheter; 5: Consider in patients with high risk factors (bacteriuria, indwelling 
catheters, history of urogenital infection/ abnormalities, immunosuppressed/ post- transplant patients, diabetes mellitus, long inpatient stay, poor nutritional status, smoking, recent 
hospitalization, coexistent infection at other sites, older age, obesity); 6: Not if negative urine culture pre- procedure; 7: In children.
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broad- spectrum agents. If indicated, the choice of antimicrobial 
agent should normally be directed by local or national evidence- 
based guidelines and, whenever possible, diagnostic specimens 
should first be collected. Antimicrobial prescriptions should be 
accompanied by a clear record of the clinical indication, route of 
administration, duration, and review date. Oral administration is 
generally preferred, however, if intravenous antimicrobial treat-
ment is required, it should be switched to oral medication as soon 
as this is safe. The duration of therapy depends on the type and 
nature of the infection and the clinical response to treatment. Local 
guidelines should specify standard durations for specific infections 
and courses should generally be kept to the minimum consistent 
with safety. Regular review of clinical progress and microbiology 
results facilitates the de- escalation of therapy, allowing patients 
who were initially commenced on broad- spectrum agents to be 
switched to targeted treatment with narrower spectrum antimi-
crobials. There should be regular review of local antimicrobial 
guidelines and audit of adherence to the key principles of judicious 
antimicrobial prescribing.

Antimicrobial choice
Local antimicrobial guidelines should be evidence- based and refer 
to available national guidelines.23 Antibacterial choice will depend 
on the site and severity of the infection, the likely pathogens, and 
their local antimicrobial resistance patterns. Patient factors should 
also be considered, including age, clinical status, special factors 
such as pregnancy or immunosuppression, co- morbidities, aller-
gies, medication which may result in potential drug interactions, 
previous microbiology results, and antimicrobial treatment history.

Important antimicrobial characteristics include the drug’s 
spectrum of activity, routes of administration, potential side 

effects, and cost. Pharmacokinetics is the study of the effects of 
the body on a drug, including absorption, distribution, metabo-
lism, and elimination, while pharmacodynamics is the study of 
the effect of the drug on the patient. Both factors help to deter-
mine optimal dosing regimens. Some antibacterial agents, such 
as the beta- lactams, are able to kill bacteria (bactericidal), while 
others only inhibit replication (bacteriostatic), for example sul-
phonamides. This may be a consideration when choosing ther-
apy. The minimum inhibitory concentration (MIC) provides an 
assessment of an individual antibacterial agent’s activity against 
a particular organism. Antimicrobials may show time- depend-
ent or concentration- dependent killing. Dosing regimens that 
expose bacteria to drug concentrations above their MIC for 
as long as possible are preferred for time- dependent killing 
(e.g. penicillin therapy). To optimize concentration- depend-
ent killing, peak serum concentrations should exceed the MIC 
of the target bacterium. This is important for aminoglycoside 
treatment.

Combination therapy
Treatment with a single antimicrobial agent is generally preferred, 
however, combination therapy is sometimes indicated. It may pro-
vide a broad spectrum of activity for mixed infections or be used 
for severe infections in immunocompromized patients, empiri-
cal treatment of life- threatening infections, or treatment of seri-
ous, deep- seated infections, such as prosthetic valve endocarditis. 
Combination therapy is also indicated for a few specific infections, 
such as tuberculosis, to prevent the development of resistant bacte-
rial clones.11

Therapeutic drug monitoring
Measurement of serum concentration is advisable for some anti-
microbials in order to minimize toxicity or determine whether 
effective concentrations have been achieved.24 This is particularly 
important for drugs with a narrow therapeutic index, such as ami-
noglycosides, where the therapeutic band between effective and 
toxic concentrations is narrow. The correct timing of the sample 
is important: pre- dose (trough) concentrations are usually meas-
ured, although post- dose (peak) levels may sometime be helpful. 
Therapeutic drug monitoring is required for courses of parenteral 
gentamicin and vancomycin as well as other, less frequently used 
agents.11,25 Local guidelines should be followed and the advice of a 
clinical microbiologist or other infection specialist sought in cases 
of uncertainty.

Prescribing for special patient groups
Patient factors are important when prescribing antimicrobial 
agents. Examples of special considerations for certain patient 
groups are given below:

Children
The pharmacokinetics and pharmacodynamics of drugs are often 
different in children. There may be a greater risk of adverse effects, 
particularly in the neonate, as a result of reduced drug clearance 
and different tissue sensitivities to toxins. Certain antimicrobial 
agents such as tetracyclines are contraindicated in children, while 
others should be used with caution (e.g. ciprofloxacin). When pre-
scribing for children, the doses of antimicrobial agents must be 
carefully calculated.26

Fig. 1.2.2 Specimen of urine and urine test strip. Near- patient testing of urine 
samples, including analysis for the presence of leucocyte esterase, nitrites, protein, 
and blood, may be carried out using urine reagent strips (dipsticks) to give an early 
indication of the likelihood of urinary infection.
With kind permission of Jesmond IT.
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Pregnancy and breast feeding
A risk assessment should be carried out before drugs are prescribed 
during pregnancy as there may be the potential for teratogenic-
ity or other harmful effects on the embryo or foetus. For example, 
tetracyclines, quinolones, and aminoglycosides should be avoided 
throughout pregnancy, trimethoprim should be avoided during the 
first trimester, and nitrofurantoin should be avoided at term.11

It is important to check whether individual antimicrobial agents 
may be safely prescribed to a breast- feeding mother. Some antimi-
crobial agents appear only as trace amounts in breast milk, while 
others reach higher concentrations and are therefore likely to be 
transmitted to the breast- feeding infant.11

The elderly
Serum and tissue concentrations may be increased in the elderly as 
a result of pharmacokinetic changes, such as reduced renal clear-
ance. Older patients may have several co- morbidities and may also 
take multiple drugs, increasing the potential for adverse effects and 
drug interactions.

Hepatic impairment
Hepatic metabolism and elimination of drugs such as metroni-
dazole may be impaired in patients with severe liver disease. In 
addition, drugs associated with dose- related or idiosyncratic hepa-
totoxicity may produce their adverse effects more frequently in 
patients with pre- existing hepatic impairment. For example, flu-
cloxacillin and nitrofurantoin should be used with caution because 
of the risk of cholestatic jaundice. Monitoring of liver function tests 
is advised when some antibacterials (e.g. co- amoxiclav) are pre-
scribed for patients with liver disease.

Renal impairment
Dose adjustment is required if reduced renal excretion may lead 
to drug or metabolite accumulation and toxicity (see Table 1.2.2). 
Aminoglycosides and glycopeptides should be avoided, or used 
with caution and careful therapeutic drug monitoring. Some anti-
microbial agents, such as nitrofurantoin, will be ineffective for the 
treatment of UTIs if renal function is impaired because the drug 
will not achieve therapeutic concentrations in the urine. Expert 
advice should be sought about the appropriate dosing of antimicro-
bial agents in patients receiving renal replacement therapy.

The immunocompromized patient
Immunocompromized patients are at greater risk of severe and 
opportunistic infections. The type and severity of the immunode-
ficiency or immunosuppression determines the spectrum of likely 
infections; for example, neutropenic patients are particularly vul-
nerable to severe bacterial infections, including Gram- negative 
sepsis. Clinical signs and symptoms of infection may appear atypi-
cal as a result of the impaired host immune response. It is there-
fore important to remain vigilant for evidence of infection, obtain 
appropriate diagnostic samples, and institute empirical treatment 
as soon as a clinical diagnosis of severe bacterial infection is made 
(Fig. 1.2.3). Bactericidal agents are generally preferred for the 
treatment of severe infections in immunocompromized patients.

Antibiotic allergy
Before prescribing, it is important to ensure that there is no his-
tory of drug hypersensitivity. Attempts should be made to estab-
lish the nature of the allergic reaction and this should be clearly 
documented in the medical records. Penicillin allergy is relatively 

common, occurring in up to 10% of exposed individuals, however 
anaphylaxis is reported in less than 0.05%.11 All penicillins should 
be avoided by patients allergic to one type of penicillin because of 
the risk of cross- hypersensitivity. Cephalosporins and other beta- 
lactams should also be avoided if there is a history suggesting an 
immediate hypersensitivity reaction to penicillins.11

Clostridium difficile infection (CDI)
Antibiotic exposure should be minimized, and avoided if possi-
ble, in patients with a past history of CDI. The Department of 
Health of England has advised that the use of some antibacterial 
drugs, such as cephalosporins, clindamycin, and ciprofloxacin, 
should be avoided in order to minimize the risk of CDI.9 If anti-
bacterial treatment must be given, then it is preferable to choose 
agents other than these and to keep the course as short as possible.

Colonization or infection with multiresistant bacteria
A history of previous colonization or infection with multi resistant 
organisms such as MRSA, glycopeptide- resistant enterococci (GRE), 
or multiresistant Gram- negative bacteria including ESBL-producers 
and carbapenemase-producing Enterobacteriaceae (CPE) should 
be considered if empirical therapy or prophylaxis is prescribed. It is 
useful to establish the patient’s recent antimicrobial history because 
prolonged antibacterial therapy or exposure to multiple antibiotics, 
particularly in the inpatient setting, may predispose to coloniza-
tion or infection with multidrug resistant bacteria. A travel history 
should be obtained to ascertain if the patient has travelled to coun-
tries or to areas of the UK known to have problems with the spread 
of CPE, and if they were treated in healthcare premises in these 
places. In England, hospital admissions must be risk assessed for 
MRSA and CPE carriage, and high-risk patients should be screened 
and isolated until screening results are available.27,28

Patients colonized with MRSA may be given topical decoloni-
zation therapy.29 Local guidelines will indicate the circumstances 
under which this should be attempted, and the recommended top-
ical agents. Preoperative screening ensures that appropriate anti-
bacterial prophylaxis may be chosen for MRSA- positive patients 
and provides the opportunity to administer perioperative decolo-
nization therapy. 

Extremes of body weight
The 2015 health survey for England found that 27% of adults were 
obese, and the prevalence of morbid obesity was 2% in men and 4% 
in women.30 Although treatment of patients at extremes of body 
weight is an increasing occurrence, there is limited data available 
to guide dosing. The site of infection is important. While the ideal 
body weight may help guide dosing in some circumstances, cal-
culated doses may be inadequate for optimal treatment of certain 
severe infections in morbid obesity, particularly those that involve 
adipose tissue, such as necrotising fasciitis.31

Antibacterial agents
Mechanisms of action
Most antibacterial agents affect one of four targets:
◆ Cell wall synthesis
◆ Protein synthesis
◆ Nucleic acid synthesis
◆ Cell membrane integrity
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Table 1.2.2 Antibacterial agents commonly used in urological practice7,8,11,34

Antibacterial agent Usual dosing regimen Common indications Notes

Nitrofurantoin ◆ Treatment: 50– 100 mg QDS PO or 100 mg BD 
for the modified- release formulation

◆ Prophylaxis: 50– 100 mg PO nocte

Treatment and prophylaxis of lower urinary 
tract infection

◆ Avoid if creatinine clearance 
<45 mL/min/1.73 m2*

◆ �Avoid at term in pregnancy 
(risk of neonatal haemolysis)

Trimethoprim ◆ Treatment: 200 mg BD PO
◆ Prophylaxis: 100 mg nocte PO
◆ Reduce dose in severe renal impairment

Treatment and prophylaxis of lower urinary 
tract infection

Avoid during the first trimester 
of pregnancy

Co- trimoxazole ◆ Treatment: 960 mg BD PO
◆ Reduce dose in severe renal impairment

Consider as second- line directed therapy 
for lower urinary tract infection if pathogen 
sensitive and there is justification for use in 
place of trimethoprim

◆ Avoid in first and third 
trimesters of pregnancy

◆ Coadministration of warfarin 
and co- trimoxazole may 
result in a rise in INR

Amoxicillin ◆ 250– 500 mg TDS PO or 500 mg– 1 g tds IV
◆ Reduce dose in severe renal impairment

Treatment of uncomplicated urinary tract 
infection where uropathogen is known to be 
sensitive

Ampicillin ◆ 250– 500 mg QDS PO or 500 mg QDS IV
◆ Reduce dose in severe renal impairment

Treatment of uncomplicated urinary tract 
infection where uropathogen is known to be 
sensitive

Flucloxacillin ◆ 500 mg QDS PO or 500 mg– 2 g QDS IV
◆ Reduce dose in severe renal impairment 

(eGFR <10 mL/ min/ 1.73 m2)

Treatment of skin and soft tissue infections 
such as surgical wound infections

Co- amoxiclav ◆ 375 mg or 625 mg PO 6– 8 hourly or 1.2 g 8- 
hourly IV

◆ In renal impairment (eGFR <30 mL/ min/ 
1.73 m2), give initial dose, then reduce dose

◆ Second- line agent for treatment of simple 
cystitis caused by bacteria resistant to 
first- line agents

◆ Consider as treatment for complicated 
UTIs including pyelonephritis, depending 
on local antimicrobial sensitivity patterns

◆ Perioperative prophylaxis

(Piv)mecillinam ◆ 400 mg po initial loading dose then 200– 400 
mg TDS PO

◆ Reduce dose in renal impairment if prolonged 
treatment planned

Second- line agent for treatment of 
lower urinary tract infection caused by 
uropathogens resistant to first- line agents

Useful option for oral treatment 
of infections caused by beta- 
lactamase- producing organisms

Piperacillin- 
tazobactam

◆ 4.5 g TDS IV
◆ Increase interval between doses  to 12-hourly in 

severe renal impairment (eGFR <20 mL/ min/  
1.73 m2)

Treatment of complicated UTIs such as 
pyelonephritis and urosepsis

Cefalexin ◆ 250 mg qds or 500 mg TDS PO
◆ Reduce dose in renal impairment

Treatment of uncomplicated lower UTIs Useful option in pregnancy

Cefuroxime ◆ 750 mg– 1.5 g TDS IV
◆ Reduce dose in renal impairment  

(eGFR of less than 20 mL/ min/ 1.73 m2)

◆ Treatment of complicated UTIs, and 
urosepsis including pyelonephritis

◆ May be used as prophylaxis for urological 
procedures

◆ Useful option in pregnancy
◆ May be associated with 

Clostridium difficile infection

Ceftazidime ◆ Treatment: 1–2 g BD or TDS IV
◆ Reduce dose in renal impairment  

(eGFR less than 50 mL/ min/ 1.73 m2)
◆ Prophylaxis: 1 g IV

Treatment of serious, complicated urinary 
infections caused by pathogens resistant to 
first- line agents

May be associated with 
Clostridium difficile infection

(continued )
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Antibacterial agent Usual dosing regimen Common indications Notes

Ertapenem ◆ 1 g OD IV
◆ Reduce dose in renal impairment

Licensed for abdominal infection, acute 
gynaecological infections, community-
acquired pneumonia, and diabetic foot 
infections of skin and soft tissue

◆ �Not active against 
Pseudomonas aeruginosa

◆ �Off-license uses include 
treatment of severe sepsis, 
including complicated UTIs, 
polymicrobial infections, and 
infections caused by multi-
resistant organisms, including 
ESBL producers

Meropenem ◆ �500 mg– 1 g TDS IV
◆ �Reduce dose in renal impairment

Treatment of severe sepsis, including 
complicated UTIs, polymicrobial infections, 
and infections caused by multiresistant 
organisms, including ESBL producers

Has antipseudomonal activity

Aztreonam ◆ �1 g TDS IV
◆ �Reduce dose in renal impairment  

(eGFR less than 30 mL/ min/ 1.73 m2)

Treatment of serious Gram- negative 
infections, including urosepsis, caused by 
sensitive pathogens

Gentamicin ◆ Treatment: 4– 7 mg/ kg IV OD
◆ Monitor serum levels and adjust dose
◆ To avoid excess dosing in obese patients, use 

ideal weight for height to calculate dose
◆ For once- daily dosing, a trough level  

(24- hours post- dose) of <1 mg/ L gentamicin is 
satisfactory

◆ Alternatively, measure serum levels collected 
between 6 and 14 hours post- dose and use a 
nomogram to guide subsequent doses

◆ Prophylaxis: 1.5 mg/ kg IV

◆ Treatment of complicated UTIs including 
pyelonephritis and urosepsis

◆ Prophylaxis for urological surgery

◆ �Has antipseudomonal activity
◆ �Use with caution in patients 

with renal impairment 
(reduce dose)

◆ �Avoid in pregnancy
◆ �Avoid once- daily regimens in 

patients with burns of >20%, 
endocarditis, or creatinine 
clearance of <20 mL/ min

Vancomycin ◆ 1– 1.5 g bd by slow IV infusion
◆ Monitor serum levels and adjust dose
◆ Maintain pre- dose (trough) levels between 

10 and 15 mg/ L— higher trough levels of 
15–20 mg/ L may be required for some specific 
indications

◆ Reduce dose in renal impairment

◆ Treatment of serious infections caused by 
resistant Gram- positive bacteria such as 
MRSA and Enterococcus faecium

◆ Second- line Gram- positive treatment for 
patients with penicillin allergy

Oral vancomycin ◆ 125 mg PO QDS
◆ Dose may be increased up to 500 mg QDS PO 

for severe infections

Treatment of severe or recurrent Clostridium 
difficile infection

Teicoplanin ◆ Weight ≤70 kg: loading dose of 400 mg IV BD 
for three doses, followed by 400 mg OD IV

◆ Weight >70 kg: loading dose of 6 mg/kg IV BD 
for three doses, followed by 6 mg/kg OD IV

◆ Reduce dose in renal impairment

◆ Treatment of serious infections caused by 
resistant Gram- positive bacteria such as 
MRSA and Enterococcus faecium.

◆ Second- line Gram- positive treatment for 
patients with penicillin allergy

Common indications: Treatment 
of Clostridium difficile infection

Fidaxomicin 200 mg PO BD for 10 days Treatment of Clostridium difficile infection Limited clinical data available for 
use in severe or life-threatening 
infection therefore caution 
advised

Ciprofloxacin ◆ 250– 750 mg BD PO or 400 mg BD IV
◆ Reduce dose in renal impairment

◆ Second- line treatment of UTIs caused by 
uropathogens resistant to first- line agents

◆ Treatment of pyelonephritis, prostatitis, 
and epididymo- orchitis

◆ Has antipseudomonal activity 
although resistance may 
develop

◆ Avoid in children and 
pregnancy

◆ May be associated with 
Clostridium difficile infection

Table 1.2.2 Continued
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Cell wall active agents
These include the beta- lactam agents (penicillins, cephalosporins, 
carbapenems, and monobactams) and glycopeptides. They com-
petitively inhibit the carboxypeptidase and transpeptidase enzymes 
(also known as penicillin binding proteins, PBPs) that cross- link 

the bacterial cell wall polymer, peptidoglycan. This results in cell 
wall disruption, bacterial lysis, and death.

Inhibitors of protein synthesis
Mammalian and bacterial ribosomes differ in structure and the use 
of antibacterial agents affecting bacterial protein synthesis exploits 

Antibacterial agent Usual dosing regimen Common indications Notes

Colistin ◆ 1– 2 million units IV TDS for patients over 60 kg
◆ Reduce dose and monitor levels in renal 

impairment

Reserve for the treatment of serious Gram- 
negative infections resistant to other 
antimicrobial agents

Avoid in pregnancy, especially 
during second and third 
trimesters

Linezolid 600 mg BD PO or IV In UK, licensed for complicated skin and soft 
tissue infections and pneumonia— usually 
reserved for treatment of serious infections 
caused by resistant Gram- positive pathogens 
such as MRSA or for treatment of patients 
allergic to first- line agents

◆ A reversible non- selective 
monoamine oxidase 
inhibitor (MAOI)

◆ Use not advised while taking, 
or within two weeks of 
stopping, another MAOI

◆ Treatment usually limited to 
10 days or less to minimize 
risk of adverse effects

Metronidazole ◆ Treatment: 400– 500 mg TDS PO or 500 mg TDS IV
◆ Prophylaxis: 500 mg IV perioperatively
◆ Alternatively, prophylaxis may be given two 

hours prior to the procedure via the oral route 
(400 mg PO) or by the rectal administration of 
a 1 g suppository

◆ Treatment or prophylaxis of anaerobic 
infections

◆ Treatment of Clostridium difficile infection 
of mild or moderate severity (oral 
treatment is preferable to IV)

Disulfiram- like reaction if taken 
with alcohol

BD = 12 hourly; IV = intravenous; eGFR = estimated glomerular filtration rate; TDS = 8 hourly; PO = orally; INR = international normalized ratio; QDS = 6 hourly; nocte = at night;  
UTI = urinary tract infection.
*Nitrofurantoin may be used with caution in adults with eGFR 30–44 mL/min/1.73 m2 for a short course only (3–7 days) to treat uncomplicated UTI caused by suspected/proven  
multiresistant bacteria and only if potential benefit outweighs risk.

Fig. 1.2.3 Automated blood culture system (BioMerieux BacT/ ALERT 3D). Appropriate diagnostic samples, including blood cultures, should be collected from patients 
presenting with serious urinary infections and urosepsis. Whenever possible, these should be taken before antimicrobial therapy is commenced.
With kind permission of Jesmond IT.

Table 1.2.2 Continued
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these differences. Aminoglycosides work by blocking the formation 
of the bacterial initiation complex. Other protein synthesis inhibi-
tors include erythromycin, chloramphenicol, and tetracycline.

Inhibitors of nucleic acid synthesis
Sulphonamides and trimethoprim inhibit DNA synthesis by pre-
venting the formation of purine and thymidine, acting at two 
different stages in the synthesis of folic acid. Sulphonamides are 
competitive agonists of para- aminobenzoic acid and trimethoprim 
inhibits the enzyme dihydrofolate reductase. Fluoroquinolones 
such as ciprofloxacin inhibit bacterial topoisomerases (DNA 
gyrases) that are involved in the supercoiling of DNA during 
nucleic acid synthesis. Metronidazole causes DNA breakage in 
anaerobic microorganisms.

Cell membrane disruption
Colistin is a polymyxin, which has detergent- like properties. It dis-
rupts bacterial cell membranes, causing cell lysis and death.

Mechanisms of resistance
Bacteria may be intrinsically resistant to certain antimicrobial 
agents; for example, enterococcal resistance to cephalosporins, or 
resistance may develop via new mutations or by acquisition of genes 
from other bacteria. This allows rapid spread of resistance, which is 
promoted by antimicrobial selection pressure. Individual drugs may 
be susceptible to inactivation by several resistance mechanisms and 
some bacteria possess more than one mechanism of resistance.

There are five main mechanisms of antimicrobial resistance:

1. Inactivation or destruction;

2. Inhibition of transport into the cell;

3. Alteration of target site;

4. Bypass of affected metabolic pathway;

5. Active efflux.

Inactivation or destruction of the antimicrobial agent
Beta- lactamases are bacterial enzymes that can inactivate beta- 
lactam antibiotics by hydrolysis of the beta- lactam ring. There is a 
wide range of beta- lactamases; their classification is complex, based 
on spectrum of activity and inhibition or molecular structure. 
Extended spectrum beta- lactamase (ESBL) enzymes may be pro-
duced by some strains of E. coli and other coliform organisms, mak-
ing them resistant to penicillins, aztreonam, and cephalosporins.

Inhibition of transport into the cell
Altered bacterial outer membrane proteins in some strains of 
Pseudomonas aeruginosa affect transport of imipenem into the cell, 
leading to resistance.

Alteration of antimicrobial target site
MRSA contains a penicillin binding protein (PBP) with a lower 
affinity for flucloxacillin than the PBP of methicillin- sensitive 
strains of S. aureus. Target site alteration is also a common cause of 
ciprofloxacin resistance and resistance to antimicrobial agents that 
act on the bacterial ribosome, such as erythromycin.

Bypass of affected metabolic pathway
Auxotrophs are strains of bacteria with different nutritional require-
ments from the original or ‘wild strain’. These sometimes allow the 
organism to bypass the adverse effect of an antimicrobial agent. 

Thymidine- dependent bacteria have lost the enzyme thymidilate 
synthetase, and therefore require exogenous sources of thymidine 
for DNA synthesis. Use of pre- formed thymidine bypasses the ear-
lier stages of folic acid production inhibited by trimethoprim and 
sulphonamides, causing resistance.

Active efflux of antimicrobial agent
Certain bacteria can actively pump antimicrobials, such as beta- 
lactams and quinolones, out of the cell causing resistance.

Antimicrobial susceptibility testing
Directed therapy requires culture, identification of potential 
pathogens, and antibacterial susceptibility testing to help to 
assess the likelihood of the infection responding to treatment 
with different antimicrobial agents. Disc diffusion testing by 
internationally standardized methods (e.g. EUCAST32) is widely 
used in diagnostic laboratories, categorizing isolates as sensi-
tive, intermediately sensitive, or resistant to the agents tested 
(Fig. 1.2.4). The Minimum Inhibitory Concentration (MIC) of 
an isolate may be determined by the commercial Epsilometer 
test (Etest), by using automated methods that determine the 
MICs to a panel of agents (e.g. Vitek®) or occasionally by con-
ventional broth dilution testing. Isolates may also be tested for 
resistance determinants such as ESBL production.33

Common antimicrobial agents used 
in urological practice
A summary of usual indications and adult doses of antimicrobial 
agents used in urology and their common or serious adverse effects 
are shown in Tables 1.2.2 and 1.2.3, respectively.7,8,11,34

Nitrofurantoin
Nitrofurantoin affects several different bacterial enzymes, inhibit-
ing ribosomal protein synthesis. It is bactericidal and usually active 
against a range of Enterobacteriaceae (coliform organisms) such as 
E. coli, Klebsiella, and Enterobacter and Gram- positive cocci such as 
enterococci, including GRE, and staphylococci including MRSA. 
Some species, such as Proteus spp. and P. aeruginosa, are intrinsi-
cally resistant.

Fig. 1.2.4 Disc diffusion sensitivity tests carried out on an isolate of Pseudomonas 
aeruginosa.
With kind permission of Jesmond IT.
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Table 1.2.3 Common and serious adverse events associated with antibacterial agents

Antibacterial agent Common/ serious side effects

Nitrofurantoin ◆ Dose- related GI disturbances (anorexia, nausea, vomiting)
◆ Parotitis
◆ Hypersensitivity reactions (rashes, eosinophilia, fever, anaphylaxis)
◆ Neurological toxicity: headache, confusion, peripheral neuropathy
◆ Pulmonary reactions include pneumonitis, BOOP, and interstitial fibrosis
◆ Hepatotixicity (rare)
◆ Risk of neonatal haemolysis if given to pregnant women at term

Trimethoprim/ Co- trimoxazole ◆ GI disturbances: nausea, vomiting, diarrhoea
◆ Hypersensitivity: rash particularly associated with sulphonamide component, including rarely SJS, TEN
◆ Bone marrow depression (inhibition of folic acid pathway), rarely neutropenia/ agranulocytosis 

(sulphonamide- related)
◆ Aseptic meningitis/ encephalitis
◆ Hepatotoxicity (rare)
◆ Warfarin interaction; increase in INR
◆ Teratogenic risk in first trimester of pregnancy (trimethoprim)
◆ Neonatal haemolysis and methaemoglobinaemia in third trimester of pregnancy (sulphonamide)

Amoxicillin,* Ampicillin,* Flucloxacillin*, 
Pivmecillinam*

◆ GI disturbances: nausea, vomiting, diarrhoea
◆ Hypersensitivity reactions (1– 10% of exposed patients), ranging from rash to anaphylaxis (less than 0.05%)
◆ Rarely— interstitial nephritis, haemolytic anaemia, neutropenia and, in high doses, encephalopathy with seizures or 

hepatitis
◆ Cholestatic jaundice or hepatitis may occur up to two months after completion of flucloxacillin treatment
◆ Antibiotic- associated diarrhoea may occur
◆ Pivmecillinam associated with oesophageal stricture formation; advise patients to swallow tablets with plenty of 

fluid during a meal while sitting or standing

Co- amoxiclav*

(amoxicillin/ clavulanate)

◆ GI disturbances (nausea, vomiting, diarrhoea) commoner than with amoxicillin alone
◆ Hypersensitivity reactions, ranging from rash to anaphylaxis
◆ Hepatotoxicity (six times more common than with amoxicillin), especially cholestatic jaundice (usually reversible)
◆ CDI
◆ Blood dyscrasias
◆ CNS toxicity (rare, high doses may cause encephalopathy and seizures)

Piperacillin/ tazobactam* ◆ GI disturbances, especially diarrhoea
◆ Hypersensitivity: rashes, eosinophilia, fever, pruritis
◆ Abnormal LFTs, jaundice
◆ Blood dyscrasias (neutropenia, haemolytic anaemia, pancytopenia)
◆ CDI (it may be less associated with CDI than many other broad- spectrum antibiotics)
◆ CNS toxicity (rarely, high doses may cause encephalopathy and seizures)
◆ Hepatitis

Cephalosporins* ◆ GI disturbances: nausea, vomiting, diarrhoea
◆ Headache
◆ Hypersensitivity, including rash, anaphylaxis
◆ CDI 
◆ Nephrotoxicity rare; may potentiate nephrotoxicity of gentamicin

Carbapenems* ◆ GI upsets: nausea, vomiting, diarrhoea
◆ Hypersensitivity, rashes, eosinophilia, anaphylaxis; there is a low incidence of cross- allergic reactions with penicillins*
◆ Headache
◆ Abnormal LFTs, hepatitis, jaundice
◆ CDI may occur
◆ Ertapenem and imipenem are associated with seizure, rare with meropenem
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Antibacterial agent Common/ serious side effects

Aztreonam* ◆ GI disturbances
◆ Rarely— GI bleeding, thrombocytopenia, neutropenia
◆ Jaundice, hepatitis
◆ Seizures
◆ Flushing, bronchospasm, rash including TEN and erythema multiforme; there is a low incidence of cross- allergic 

reactions with penicillins*

Aminoglycosides ◆ Ototoxicity, usually only with prolonged high levels; vestibular > cochlear toxicity
◆ Nephrotoxicity (ATN), dose related; less likely with once- daily dosing than multiple daily doses
◆ Neuromuscular blockade
◆ Skin rashes and hypersensitivity reactions are rare

Vancomycin and Teicoplanin ◆ Phlebitis
◆ Hypersensitivity, rashes
◆ Nephrotoxicity at high doses with vancomycin
◆ Ototoxicity is rare; high- frequency hearing loss may occur
◆ Rapid infusion of vancomycin may cause ‘red man syndrome’ related to histamine release: hypotension, dypnoea, 

wheeze, pruritis, urticaria, and flushing of the upper body
◆ Both vancomycin and teicoplanin may be associated with leucopenia and thrombocytopenia

Ciprofloxacin ◆ GI disturbances (abdominal pain, nausea, vomiting, diarrhoea)
◆ CNS effects, including headaches, dizziness, seizures (avoid in known epilepsy)
◆ Hypersensitivity reactions; rashes, pruritis, anaphylaxis, photosensitivity
◆ Arthropathy and tendonitis
◆ Renal Impairment, interstitial nephritis
◆ CDI
◆ Haematological side effects (reversible)
◆ Prolonged QT interval

Colistin ◆ Nephrotoxicity
◆ Rash
◆ Parenteral therapy may cause neurotoxicity including apnoea, paraesthesiae (perioral and peripheral), headache, 

vertigo, muscle weakness
◆ Rarer neurotoxic manifestations include confusion, psychosis, visual disturbances, slurred speech, and vasomotor 

instability

Linezolid ◆ GI side effects, taste disturbance
◆ Headache
◆ Pancreatitis, hypertension, dizziness
◆ Leucopenia, thrombocytopenia, eosinophilia, pancytopenia
◆ Electrolyte disturbances
◆ Blurred vision, rash, paraesthesia
◆ Rarely— lactic acidosis, pancytopenia, anaemia
◆ Severe optic neuropathy reported rarely on prolonged therapy

Metronidazole ◆ GI disturbances, taste disturbance, anorexia
◆ Very rarely hepatitis, jaundice, pancreatitis, pancytopenia, thrombocytopenia, erythema multiforme
◆ Peripheral neuropathy, seizures, leucopenia reported during prolonged therapy
◆ Patients advised not to drink alcohol because of risk of disulfiram- like reaction

ATN = acute tubular necrosis; BOOP = bronchiolitis obliterans organizing pneumonia; CDI = Clostridium difficile infection; CNS = central nervous system; GI = gastrointestinal;  
INR = international normalized ratio; LFTs = liver function tests; SJS = Stevens– Johnson syndrome; TEN = toxic epidermal necrolysis.

*In patients who have a hypersensitivity or anaphylactoid reaction to penicillin, there is cross- reactivity with all classes of penicillins (aminopenicillins, piperacillin- tazobactam, 
pivmecillinam) and a low incidence of cross- allergenicity with other beta- lactam antibiotics (cephalosporins, carbapenems, monobactams).

Source: data from the Joint Formulary Committee. British National Formulary. 72 ed. London: BMJ Group and Pharmaceutical Press; 2016: 459–546.

Table 1.2.3 Continued
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Nitrofurantoin is well absorbed after oral administration, but 
serum levels remain low and therapeutic levels are achieved only 
in the urine. Consequently, nitrofurantoin is suitable for treatment 
of simple, uncomplicated lower UTIs. It will not reach therapeu-
tic urinary concentrations and should therefore usually be avoided  
when the eGFR is less than 45 mL/ min/ 1.73 m2 (see Table 1.2.2).11 
As development of resistance is relatively rare, and nitrofurantoin 
is unlikely to affect bowel or vaginal flora, it may be considered as 
long- term prophylaxis for selected patients suffering from frequent 
recurrence of UTI caused by susceptible isolates.7,11 Nitrofurantoin 
can be given in pregnancy, but should be avoided at term because it 
may cause neonatal haemolysis.11

Trimethoprim and co- trimoxazole
Trimethoprim prevents bacterial DNA replication by inhibiting the 
enzyme dihydrofolate reductase, which is involved in bacterial folic 
acid synthesis. Trimethoprim demonstrates synergistic antibacte-
rial activity with sulphonamides, which act earlier in the same met-
abolic pathway. Co- trimoxazole is a combination drug comprising 
trimethoprim and the sulphonamide, sulfamethoxazole.

These drugs are active against coliform organisms such as E. 
coli and staphylococci including Staphylococcus saprophyticus. 
Enterococcal UTIs are felt unlikely to be responsive to either agent 
as they can bypass the inhibition of folate synthesis by utilizing pre- 
formed folic acid found in urine.35 Trimethoprim is only available 
as an oral formulation, while co- trimoxazole is available as oral and 
intravenous preparations. Both drugs have high oral bioavailability 
and reach therapeutic concentrations in the urine.

Trimethoprim is used mainly for the treatment of acute uncom-
plicated bacterial cystitis but it should not be used empirically in 
areas with high resistance rates in E coli.36 Trimethoprim pen-
etrates prostatic tissue and a 28- day course may therefore be used 
for the treatment of acute prostatitis. Long- term, low- dose pro-
phylactic trimethoprim may be considered in selected patients 
with frequent, recurrent UTIs.7,11 In the United Kingdom, 
co- trimoxazole is generally restricted for the treatment of 
Pneumocystis jirovecii (formerly Pneumocystis carinii) pneumo-
nia, toxoplasmosis, and nocardia infections because of the risk of 
serious adverse events including Stevens– Johnson syndrome and 
blood dyscrasias.11 As a folate antagonist, trimethoprim poses a 
risk of teratogenicity and should be avoided during the first tri-
mester of pregnancy.11

Amoxicillin and ampicillin
Penicillins are bactericidal drugs that inhibit the formation of cross- 
links in the peptidoglycan layer of bacterial cell walls, resulting in 
bacterial lysis. Ampicillin and amoxicillin are semi- synthetic peni-
cillins known as aminopenicillins. They have good activity against 
streptococci, many enterococci, and some Gram- negative bacilli, 
including some strains of E. coli and Proteus mirabilis. However, 
aminopenicillins are destroyed by bacterial beta- lactamases and 
are therefore inactive against most staphylococci and many coli-
form organisms. Amoxicillin and ampicillin are both available as 
oral, intravenous, and intramuscular preparations. Both drugs are 
excreted in urine.

Amoxicillin and ampicillin may be used to treat UTIs caused 
by sensitive uropathogens; however, resistance to these agents is 
widespread. In one international study, more than half the strains 
of E.  coli isolated from patients with uncomplicated UTI were 

reported to be amoxicillin resistant.37 For this reason, these agents 
should not be used empirically.

Penicillin hypersensitivity reactions occur in 1– 10% of exposed 
patients, ranging from rash to anaphylaxis, which occurs in less 
than 0.05% of treated patients. There is cross- hypersensitivity 
between aminopenicillins and other penicillins, and a lower cross- 
hypersensitivity rate with cephalosporins and carbapenems. As a 
general rule, these agents should all be avoided in patients with a 
history of anaphylaxis, urticaria, or rash that develops immediately 
following penicillin treatment.11

Flucloxacillin
Flucloxacillin is a semi- synthetic penicillin, which is stable to 
staphylococcal beta- lactamase. It is active against streptococci and 
methicillin- sensitive staphylococci including S. aureus, but its spec-
trum of activity does not extend to MRSA, enterococci, or Gram- 
negative bacteria. Oral and intravenous formulations are available.

Flucloxacillin is used for the treatment of staphylococcal infec-
tions including skin and soft tissue infections such as surgical site 
infections.

Co- amoxiclav 
Co- amoxiclav is a combination of amoxicillin and clavulanic acid 
(a beta- lactamase inhibitor) that protects amoxicillin from enzy-
matic degradation by many bacterial beta- lactamases, broadening 
its spectrum of activity. Co- amoxiclav is active against S. aureus and 
many amoxicillin- resistant coliform organisms, although MRSA 
and P. aeruginosa remain resistant. Oral and intravenous formula-
tions are available.

Therapeutic concentrations of both drugs can be achieved in 
urine. Co- amoxiclav may be used as second- line treatment for sim-
ple cystitis caused by uropathogens resistant to narrow spectrum 
antimicrobial agents. It is also suitable for the treatment of com-
plicated UTIs and some centres use it as perioperative prophylaxis 
for invasive urological procedures such as cystourethroscopy or 
ureteroscopy.7,8

(Piv)mecillinam 
Pivmecillinam is the oral pro- drug of mecillinam, a penicillin that 
is relatively stable to bacterial beta- lactamases, including ESBLs. 
Mecillinam is active against a range of coliform organisms, includ-
ing some multiresistant strains of E. coli, Klebsiella, Enterobacter, 
and Proteus. Pseudomonas species are not susceptible; Morganella 
and Serratia species are often resistant, and mecillinam has little 
activity against Gram- positive organisms such as enterococci.

Pivmecillinam is used to treat lower UTIs and may be particu-
larly useful in the outpatient setting for infections caused by beta- 
lactamase- producing organisms.

Piperacillin- tazobactam 
This is a combination of piperacillin, an antipseudomonal peni-
cillin, and tazobactam, a beta- lactamase inhibitor. Piperacillin- 
tazobactam is an intravenous antibiotic with a broad spectrum 
of activity against most Gram- negative uropathogens, including 
Pseudomonas species, and many Gram- positive and anaerobic bac-
teria. MRSA is resistant to piperacillin- tazobactam and some bacte-
ria produce beta- lactamases that are stable to tazobactam, resulting 
in piperacillin- tazobactam resistance. Piperacillin- tazobactam is 
used for the treatment of complicated UTIs and urosepsis.
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Oral cephalosporins
Cephalosporins are beta- lactam antibiotics, classified into different 
generations according to their spectrum of activity. The oral cepha-
losporins include cefalexin and cefradine, which are relatively nar-
row spectrum first generation cephalosporins, and cefaclor, which 
is a second generation product. First and second generation cepha-
losporins are active against S.  aureus and susceptible strains of 
coliform organisms such as E. coli and Klebsiella pneumoniae, but 
MRSA and Pseudomonas species are resistant, as are many Proteus 
and Enterobacter species. Enterococci are intrinsically resistant.

Oral cephalosporins are used for the treatment of uncompli-
cated lower UTIs. Cephalosporins are safe to use in pregnancy 
and in children. There is a low incidence of cross- hypersensitivity 
with penicillins (0.5– 6.5%);11 however, cephalosporin use should 
still be avoided in patients with a history of anaphylaxis, urti-
caria, or immediate development of rash associated with penicillin 
treatment.

Cefuroxime
Cefuroxime is a second generation cephalosporin. It has the same 
basic structure and mechanism of action as the first generation 
cephalosporins but a broader spectrum of Gram- negative activity. 
Although it is stable to some beta- lactamases, cefuroxime is inacti-
vated by ESBLs. It has no activity against enterococci, P.  aeruginosa, 
or many opportunistic pathogens such as Acinetobacter spe-
cies. Cefuroxime is available in parenteral and oral formulations, 
although the latter is not well absorbed.

Its uses include treatment of urosepsis and complicated UTIs 
including pyelonephritis, and is safe to use in children and preg-
nancy.11 It may be used as prophylaxis for invasive urological pro-
cedures such as transurethral resection of the prostate (TURP).7,8 
The adverse drug reactions of cefuroxime are similar to those of 
other beta- lactams, however, cefuroxime is associated with a rela-
tively high risk of C. difficile infection. Some centres minimize its 
use for this reason.9

Ceftazidime
Ceftazidime is an intravenous third generation cephalosporin. It 
has a broader spectrum of Gram- negative activity than cefuroxime, 
including good activity against P. aeruginosa, but it is not stable to 
ESBL- producing bacteria which are becoming increasingly preva-
lent. Unlike first and second generation cephalosporins, it does not 
provide good antistaphylococcal cover.

In urology, ceftazidime should be restricted for the treatment 
of serious UTIs caused by pathogens resistant to first- line agents. 
It may be considered as prophylaxis for procedures such as TURP 
in areas with a high prevalence of coliform organisms resistant to 
first- line prophylactic agents.7 Side effects of ceftazidime are similar 
to those of other cephalosporins, and include the risk of promoting 
C. difficile infection. Some hospitals therefore limit its use.9

Carbapenems
Carbapenems are broad- spectrum, bactericidal beta- lactams 
with good activity against the majority of Gram- positive and 
Gram- negative pathogens, including ESBL- producing bacteria 
and anaerobes. They are inactive against MRSA and destroyed by 
carbapenemase- producing bacteria. Carbapenems include ertape-
nem, imipenem, meropenem, and doripenem. All except ertapenem 

are active against P. aeruginosa. Ertapenem has a long half- life and 
is therefore suitable for once- daily dosing. Carbapenems are only 
available in parenteral formulations.

As a result of their broad spectrum of activity and stability against 
bacterial enzymes, carbapenems are indicated for the treatment of 
severe sepsis, including complicated UTIs, for polymicrobial infec-
tions and for the treatment of infection caused by multiresistant 
bacteria, including ESBL producers (Fig. 1.2.5). 

There is a low incidence of cross- hypersensitivity with penicil-
lins, so carbapenems should be avoided if the patient has a history 
of an immediate hypersensitivity- type reaction to penicillins.11

Aztreonam
Aztreonam is a monocyclic beta- lactam agent or monobactam. It 
inhibits bacterial cell wall synthesis and is bactericidal. Aztreonam 
is active against a range of Gram- negative bacteria but inhibited 
by some beta- lactamases including ESBLs and considered to have 
reduced activity against Pseudomonas. Gram- positive and anaero-
bic bacteria are resistant. It is available only for parenteral admin-
istration. Effective serum levels of aztreonam are achieved and the 
drug is widely distributed in body tissues and urine.

Aztreonam can be used for the treatment of serious Gram- 
negative infections caused by sensitive pathogens. It is less likely 
than other beta- lactam agents to cause hypersensitivity reactions 
in patients with penicillin allergy and may therefore be used with 
caution.11

Aminoglycosides
Gentamicin, tobramycin, and amikacin are bactericidal antibiotics 
that inhibit bacterial protein synthesis by binding to the 30S ribo-
somal subunit. They have good activity against coliform organisms, 
Pseudomonas species, and staphylococci, but no activity against 
streptococci or anaerobes. Amikacin provides a broader spec-
trum of Gram- negative activity than gentamicin or tobramycin. 
Aminoglycosides are not absorbed after oral administration and 
are usually given intravenously.

Fig. 1.2.5 Gram- stained preparation of a blood culture showing Gram- negative 
rods (×1,000 magnification). This blood culture, which subsequently grew 
Escherichia coli (E. coli), was collected from a patient with urosepsis.
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They are useful for treating complicated UTIs and urosepsis, 
including infections caused by P. aeruginosa and coliform organ-
isms that may be resistant to beta- lactam antibiotics. Single- dose 
aminoglycoside prophylaxis may be administered for urological 
procedures.8 The main adverse drug reactions are dose related. 
These agents are excreted in the urine; they may accumulate in 
renal tissue where, in high doses, they can cause acute tubular 
necrosis. 

Once- daily dosing of aminoglycosides reduces the risk of toxic-
ity without reducing the therapeutic response for most infections.38 
Renal function should be assessed prior to the administration of 
aminoglycosides and regularly during treatment. Therapeutic drug 
monitoring should be carried out because of the narrow therapeu-
tic index.11 Aminoglycosides should be avoided in pregnancy and 
avoided or used with caution in patients with renal impairment.11 
If possible, the concomitant use of other potentially nephrotoxic or 
ototoxic agents such as furosemide should be avoided and treat-
ment courses should not exceed seven days.

Glycopeptides
The glycopeptides, vancomycin and teicoplanin, are bactericidal 
drugs that inhibit bacterial cell wall synthesis by binding to cell 
wall peptidoglycan precursors. They have a broad spectrum of 
Gram- positive activity covering staphylococci including MRSA, 
Clostridium difficile, and enterococci, although glycopeptide- resist-
ant enterococci are now well recognized. Glycopeptides have no 
activity against Gram- negative uropathogens. These drugs are not 
absorbed by mouth and, for systemic use, intravenous administra-
tion is required.

The main use of glycopeptides in urology is for the treatment of 
serious infections caused by resistant Gram- positive bacteria such 
as MRSA and Enterococcus faecium, or as second- line Gram- posi-
tive treatment for patients with penicillin allergy. Oral vancomycin 
is used for the treatment of recurrent or severe Clostridium difficile 
infection including pseudomembranous colitis. Intravenous vanco-
mycin has a narrow therapeutic index and therapeutic drug moni-
toring is used to monitor levels and guide dosing.11 Teicoplanin 
levels are not routinely measured but may be required in order to 
optimize treatment of certain severe infections.

Ciprofloxacin
Quinolones inhibit the bacterial enzyme DNA gyrase, which 
is involved in the folding of DNA during nucleic acid synthesis. 
Ciprofloxacin is the most commonly used fluoroquinolone; oral 
and intravenous preparations are available. In general, ciprofloxacin 
has reasonable activity against coliform organisms, P. aeruginosa, 
and many staphylococci, other than MRSA, although ciprofloxacin 
resistance in both community and hospital settings is an increasing 
problem. It has limited activity against streptococci and enterococci 
and most anaerobes are resistant. Oral ciprofloxacin is very well 
absorbed. Ciprofloxacin penetrates well into tissues including kid-
ney and prostate, and achieves good urine levels in patients with 
normal renal function.

In urology, ciprofloxacin is used to treat pyelonephritis, prostati-
tis, epididymo- orchitis, and UTI caused by isolates resistant to first- 
line agents.7,11 It should be avoided in children and in pregnancy. 
Many centres now restrict the use of quinolones in order to mini-
mize the risk of C. difficile infection.

Colistimethate sodium (colistin)
Colistin is active against a very wide range of Gram- negative bac-
teria including P. aeruginosa and multiresistant isolates such as 
ESBL producers, Acinetobacter baumanii, and carbapenemase- pro-
ducing Klebsiella species. It has no activity against Gram- positive 
pathogens. Oral colistin is not absorbed and remains in the bowel. 
Formulations are available for administration orally, intravenously, 
or by inhalation of a nebulized solution.

The use of intravenous colistin is usually overseen by a medi-
cal microbiologist or other infection specialist and is generally 
reserved for the treatment of serious Gram- negative infections 
resistant to other antimicrobial agents. Nebulized colistin may 
be used as adjunctive topical treatment for patients with cystic 
fibrosis39 and oral colistin may be given as part of a bowel decon-
tamination regimen in certain groups of patients in intensive care 
units.40

Linezolid
Linezolid acts by blocking the initiation of bacterial protein syn-
thesis. It is active against a wide range of Gram- positive bacteria 
including MRSA and GRE, but has no useful Gram- negative activ-
ity. Intravenous and oral preparations are available. It is very well 
absorbed orally, achieving good concentrations in tissue.

In the United Kingdom, linezolid is licensed for the treatment 
of complicated skin and soft tissue infections and pneumonia.11 It 
achieves adequate levels in urine and may sometimes be consid-
ered for the off- licence treatment of serious Gram- positive infec-
tions, where the use of other agents has been precluded by allergy 
or  multidrug resistance.

Metronidazole
Metronidazole is active against anaerobic bacteria and protozoa. 
It is metabolized by nitroreductase enzymes to form active com-
pounds that cause DNA breakage. Oral, intravenous, rectal, and 
topical preparations are available.

Metronidazole is used for the treatment and prophylaxis of 
anaerobic infections. In urological practice, it is used to provide 
anaerobic cover for invasive procedures where the colon may be 
breached, such as transrectal biopsy of the prostate, or cystectomy 
and bladder reconstruction.7,8 Oral metronidazole is the treatment 
of choice for CDI of mild or moderate severity.9,11

Antifungal agents
Fungal infections in urology
Candiduria is usually seen in hospital settings where it may reflect 
contamination of the urine at collection or colonization of a urinary 
catheter or stent (Fig. 1.2.6).41 Removal of predisposing factors, 
such as broad- spectrum antibiotics, urinary catheters, or stents will 
clear candiduria in almost 50% of asymptomatic patients42 and few 
patients require antifungal therapy. Candida species can, however, 
cause lower UTIs or even invasive upper tract infections, including 
pyelonephritis, perinephric abscess, and fungal balls.43,44 Infection 
is more common in people with diabetes, the immunosuppressed, 
and patients with indwelling catheters or stents. Candida albicans is 
the most frequently isolated species, but previous antifungal treat-
ment and hospitalization may alter the spectrum of pathogenic 
yeasts and antifungal susceptibility.45
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Antifungal agents
There are four groups of systemic antifungal agent:

1. Azoles

2. Polyenes

3. Echinocandins

4. Flucytosine

Azoles
Azoles are fungicidal, blocking the synthesis of ergosterol, the main 
sterol in the fungal cell membrane. Fluconazole, itraconazole, vori-
conazole, and posaconazole are triazoles. While most candida spe-
cies are susceptible to fluconazole, some are intrinsically resistant 
and acquired resistance may arise following long- term exposure. 
Fluconazole is available as oral or intravenous preparations. It has 
high oral bioavailability and, unlike the other azoles, achieves good 
urinary concentrations.46 Fluconazole may be used for the treat-
ment of candidal cystitis, pyelonephritis, and candidaemia. Adverse 
effects of fluconazole include gastrointestinal upset, rash, and head-
ache. Hepatotoxicity is more common in patients with pre- existing 
liver abnormalities. Fluconazole inhibits CYP450 isoenzymes in the 
liver leading to important interactions with some drugs, including 
warfarin, antiarrhythmics, and calcineurin inhibitors. The dose of 
fluconazole depends on the clinical indication, and requires adjust-
ment in renal impairment.11

Polyenes
Polyenes bind to ergosterol, the main sterol in the fungal cell mem-
brane, causing increased permeability and cell death. Amphotericin 
B (AMB) has a narrow therapeutic index; liposomal preparations 
(L- AMB) including amphotericin B- lipid complex (ABLC) and lipo-
somal amphotericin (Ambisome) are less nephrotoxic. Intravenous 
amphotericin is used to treat systemic fungal infections, usually 
under the direction of an infection specialist. It should be noted that 
liposomal preparations do not achieve therapeutic levels in urine. 
It has a broad spectrum of antifungal activity including Aspergillus 
fumigatus and most yeasts. Acquired resistance is rare.

Adverse effects include infusion reactions (headaches, fever, 
chills, myalgia), nephrotoxicity, and anaemia. Doses of liposomal 
amphotericin depend on the formulation chosen. If conventional 
amphotericin is used, a test dose of 1 mg is followed by a regimen 
of escalating doses up to a maximum of 1– 1.5 mg/ kg od by intra-
venous infusion.11 Amphotericin should be used with caution in 
patients with renal impairment.

Echinocandins
These include caspofungin, anidulafungin, and micafungin. 
Echinocandins cause fungal lysis by inhibiting the synthesis of glu-
can, a major component of the fungal cell wall. They are active against 
the majority of candida species, and acquired resistance is rare. 
Echinocandins may be used for the treatment of systemic candidal infec-
tions, but therapeutic levels are not achieved in urine. Adverse effects 
include gastrointestinal disturbances, rash, flushing, hypokalaemia, and 
abnormal liver function tests. Echinocandins are given as intravenous 
infusions. Individual doses should be checked before prescription.11

Flucytosine
Flucytosine is a pyrimidine analogue that inhibits fungal DNA syn-
thesis. It is largely excreted unchanged in urine and is active against 
most yeasts. Flucytosine has a narrow therapeutic index, causing 
dose- related myelosuppression. It is usually prescribed under the 
direction of an infection expert and restricted for the treatment of 
severe life- threatening fungal infections, where it is given in combi-
nation with other agents.11 Short course flucytosine monotherapy 
may occasionally be considered as treatment for intractable cystitis 
caused by yeasts resistant to other therapy.46
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Fig. 1.2.6 Gram stain of Candida albicans isolated from a catheter sample of 
urine (×1,000 magnification).
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CHAPTER 1.3

Hospital- acquired urinary 
tract infection
Roger Bayston

Introduction to hospital- acquired urinary 
tract infection
In the United States (USA), over 100,000 hospitalized patients 
suffer a catheter- associated urinary tract infection (CAUTI) 
each year, and many sources state that CAUTI is the common-
est hospital- acquired infection, accounting for 40% of the total.1 
The corresponding figure for the United Kingdom (UK) is 20% 
of hospital- acquired infections.2 However, the distinction between 
catheter- associated asymptomatic bacteriuria (CAASB) and 
CAUTI is not consistently made, and the majority of these cases 
are asymptomatic. Guidelines on diagnosis and treatment of noso-
comial urinary tract infections are available, and the principles 
of prevention of infection, including the role of antimicrobial 
catheters, have been evaluated. Progress is being driven by gov-
ernments and health insurers which are reluctant to pay the extra 
costs associated with hospital- acquired infections that they con-
sider preventable.

Microbiology of urinary tract infection
Uncomplicated urinary tract infection
The spectrum of causative organisms differs in community- 
acquired or uncomplicated urinary tract infection (UTI), and 
complicated or catheter- related UTI. Most community- acquired 
UTI is caused by Escherichia coli, with approximately 10% of 
cases due to Staphylococcus saprophyticus.3– 5 Most community- 
acquired UTI occurs in women. In those infections acquired in 
hospital, both genders are affected and the bacterial spectrum is 
more varied. The normal habitat of E. coli is the large intestine, 
but the majority are not intestinal pathogens. Many strains of 
E. coli have an array of fine fibres, or fimbriae, on their surfaces, 
and these are important in attachment of the bacterial cells to 
various sites. Uropathogenic E. coli strains have specialized fim-
briae, which are able to attach to uroepithelium and aid in col-
onization of the urethra and bladder. E coli strains that do not 
possess uroepithelium- specific fimbriae are mainly associated 
with asymptomatic bacteriuria. Attachment of fimbriated E. coli 
provokes cytokine release and induces an inflammatory response. 
Recently, uropathogenic fimbriated E.  coli strains have been 
shown to impair ureteric peristalsis, leading to reflux.6 S. sapro-
phyticus also possesses specific adhesins for uroepithelium, but it 
is also a strong urease producer, increasing urinary pH, and fur-
ther hampering innate defences.

Catheter- associated urinary tract infection
Urinary catheter use changes the microbial spectrum considerably. 
In one study of short- term catheterization,7 many infections were 
due to mixed organisms, with Pseudomonas aeruginosa, Klebsiella 
pneumoniae, and E.  coli predominating, alone or together. In 
another study of short- term catheterization8 94% were due to sin-
gle organisms, with E. coli and other enteric bacteria contributing 
42% and candida 31%. Candiduria has been associated clearly with 
antibiotic use.9 For patients with long- term catheters, Proteus mira-
bilis is more prominent, causing between 30% and 40% of infec-
tions.10,11 A variety of Gram- positive bacteria, notably Enterococcus 
spp., make up 34% of the remainder. In recent years, enterococci 
have become a major nosocomial pathogen showing increasing 
resistance to antibiotics. Catheterization of the urinary tract has 
been shown to be the strongest risk factor for hospital- acquired 
UTI, with an estimated 80% reduction in numbers of UTI cases if 
catheterization were not performed.12 However, this is not always 
a realistic option. From the point of view of infection, the process 
of urethral catheterization can be considered in two groups: short- 
term and long- term use. The definition of short- term use varies in 
the literature, but is usually less than 28 days.13 Intermittent cath-
eterization should also be considered, but this is often not feasible 
in hospital. Short- term catheters are widely used in hospitals as 
part of patient care around interventions, particularly those which 
are surgical. In arthroplasty, they are used mainly for postopera-
tive urinary retention following epidural anaesthesia, and either 
indwelling or clean intermittent catheterization can be used.14 
Long- term catheters are used when there is no alternative for the 
management of lower urinary tract dysfunction particularly in the 
elderly, in those with spinal injuries, especially where loss of upper 
limb function means that intermittent self- catheterization can-
not be used, and after stroke. Though the introduction of closed 
systems has reduced the infection rate, over 50% of patients with 
long- term catheters will eventually develop an infection,15 and all 
catheters will be colonized within one month16 with 50% colo-
nized after five days.17 However, in most cases this is asymptomatic 
bacteriuria, although 20– 30% of bacteriuric patients will go on to 
develop symptomatic CAUTI.18

Pathogenesis of catheter- associated 
urinary tract infection
The catheter provides a conduit from the environment directly to the 
bladder, and the normal voiding pattern is converted to continual 
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