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General introduction

Epidemiology and burden

Urinary tract infection (UTI) is one of the most commonly encountered bacterial
infections worldwide. Current estimates suggest that UTI affects over 400 million
people annually, which is likely to be an underestimate of the actual global
incidence due to underreporting, particularly in developing countries. [1] In the
United States, UTI accounted for 8.6 million ambulatory care visits in 2007, with
the majority being primary care office visits (59%) and emergency department
visits (23%). [2] Similarly, in the Netherlands, UTI is the most common reason for
a primary care consultation, with 149 office visits per 1000 patients (translating
to 2.6 million office visits) in 2022 alone. [3]

UTI incidence varies by biological sex and age. Premenopausal women are
disproportionately affected, with an incidence as high as 0.7 per person-year in
a cohort of sexually-active university students. [4] A second peak occurs after
the age of 65 years, when incidence increases with advancing age for both men
and women, and is highest in women residing in long-term care facilities (LTCF).
[5, 6] Predictive factors for UTI in this population include cognitive and functional
impairment, previous UTI and urinary incontinence. [6] Among older women,
recurrence rates are high. In a cohort study evaluating one-year recurrence rates in
180 women after an index episode, postmenopausal women had higher recurrence
rates compared with premenopausal women (53% versus 36%). [7] Even higher
one-year recurrence rates (69% and 79%) were found in a larger randomised trial
comparing prophylactic strategies in postmenopausal women. [8]

The high incidence and recurrence rate of UTI place a significant socioeconomic
burden on society. Women with recent or recurrent UTI consistently demonstrate
reduced quality of life scores across both mental and physical domains, with
impairments in activities such as sleep, exercise and sexual intercourse. [9, 10]
Beyond direct medical expenses related to doctor’s visits, laboratory testing and
treatment, there are potential indirect costs if symptoms prevent patients from
carrying out work-related tasks. Older adults significantly contribute to excessive
healthcare costs, as UTI is the second most common suspected infection requiring
hospitalisation in this population. [11] With increasing life expectancy the overall
burden of UTI is expected to rise substantially.
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Chapter 1

Spectrum of disease and definitions

UTI is an umbrella term referring to a wide range of clinical phenotypes that
differ in terms of site of infection, duration and severity of symptoms and signs.
As highlighted in the previous paragraph, UTI occurs in both men and women
of all age groups, and each population is characterised by different risk factors.
This variety in clinical phenotypes and patient populations is reflected in the
various specialties that encounter patients with UTI, including family medicine,
emergency medicine, internal medicine, geriatric medicine, infectious diseases,
microbiology, urology, gynaecology, and paediatrics.

Acute cystitis refers to a UTI presumed to be confined to the bladder. This
phenotype is predominantly observed in women, possibly due to the shorter
distance from the urethra to the perineum. Women typically present with
new-onset lower urinary tract symptoms, such as dysuria, frequency, urgency
and suprapubic pain, while signs of systemic illness, such as fever and rigors,
are absent. Symptoms are self-limiting in the majority of patients (although
antimicrobial treatment is often initiated in clinical practice) and progression to
upper urinary tract infection is rare. [12, 13]

In men, prostatic involvement is common and may occur through bacterial
migration from the urethra, intraprostatic urinary reflux, or from direct
inoculation following urogenital instrumentation or transrectal biopsy. [14] In
addition to urogenital symptoms, men with acute bacterial prostatitis generally
present with systemic signs and symptoms. In a randomised trial evaluating the
optimal treatment duration of acute bacterial prostatitis, 17% of the included
participants had bacteraemia. [15] Approximately 10% of men with acute bacterial
prostatitis develop chronic bacterial prostatitis, which tends to recur despite
prolonged antimicrobial treatment. [16]

Acute pyelonephritis indicates an upper urinary tract infection involving the renal
pelvis and kidney. Population-based studies show that acute pyelonephritis occurs
more frequently in women than in men (annual rate of 15 cases per 10.000 women
when combining in- and outpatients) with a notable peak in women aged 15 -
35 years, and a second, gradually increasing incidence after 65 years. [17] Acute
pyelonephritis typically manifests with systemic signs and symptoms, flank pain
and/or costovertebral angle tenderness, although clinical presentations can vary.
[18] Despite high rates of bacteraemia (25-40%) mortality is generally low, with
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General introduction

exceptions for older hospitalised patients, in whom mortality rates can exceed
30%. [19-22]

At the end of the severity spectrum lies urosepsis, defined as a life-threatening
organ dysfunction caused by a dysregulated host response to UTI. Surviving Sepsis
Campaign data show that urosepsis is the second most common cause of septic
shock, second only to a pulmonary source. [23] Despite antimicrobial therapy and
supportive care, septic shock has a high mortality rate (32%).

Clearly, UTI is not a single type of infection, and as such it has proven difficult
to come up with a single definition. For instance, the Centers for Disease Control
and Prevention [24], the European Medicines Agency [25] and the U.S. Food and
Drug Administration [26, 27] have all proposed definitions with different criteria
and interpretations. The different types of UTI are perhaps more aptly described
as having family resemblances, a concept first described by early 20" century
German philosopher Ludwig Wittgenstein in his book Philosophical Investigations.
He argues that categories and concepts are not defined by a single set of essential
characteristics but rather by a network of overlapping similarities among various
members within a category, e.g. like a family sharing traits. While a single
definition is not always required in clinical practice, it is crucial in research.
The absence of a research definition, also referred to as a reference standard,
introduces bias into estimates of diagnostic accuracy and efficacy, affecting the
internal validity of a study. [28] Additionally, if different definitions are used
across studies, results cannot be readily compared, compromising the external
validity of a study.

Pathophysiology: host versus pathogen

Uropathogenic Escherichia coli (UPEC) is by far the most common pathogen causing
UTI. [29] Other pathogens include Klebsiella pneumoniae, Proteus mirabilis, and
Staphylococcus saprophyticus. Enterococci and group B streptococci are frequently
isolated from midstream urine, but rarely from urine obtained through single
in-out catheterisation, suggesting that these pathogens do not typically cause
UTI. [30]

Infection of the bladder mostly occurs through an exogenous route. Uropathogens
residing in the gut first colonise the (peri)urethra and subsequently migrate
into the bladder. Most research on understanding host-pathogen interactions in
UTI has concentrated on infections caused by UPEC. [29] To invade the bladder,
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UPEC uses adhesins located on the tip of fimbriae or on the bacterial surface
to attach to uroplakins and integrins that coat the most outer layer of the
urothelium, i.e. umbrella cells. Recognition of lipopolysaccharide (present on
the outer membrane of Gram-negative bacteria) through Toll-like receptors on
umbrella cells induces a rapid innate immune response via transcription of pro-
inflammatory cytokines and chemokines. While UPEC in the bladder lumen is
targeted by recruited neutrophils, antimicrobial peptides and iron-sequestering
proteins, internalised UPEC is able to subvert host defences and form intracellular
bacterial communities (IBCs) through multiplication. These IBCs are able to
survive in the bladder environment due to additional virulence factors such as
the toxin o-haemolysin, expediting nutrient acquisition via host cell lysis, and
siderophores which facilitate iron uptake. Upon exfoliation of the urothelium due
to inflammation and a-haemolysin, bacteria can disperse and invade neighbouring
cells. Exfoliation also exposes deeper layers of the bladder epithelium where UPEC
can establish quiescent intracellular reservoirs (QIRs), which can remain viable for
months and may contribute to recurrences. [29] Although the pathophysiological
basis for recurrent UTI in humans remains poorly understood, recent murine
studies show that UTI leads to differential bladder tissue remodelling, depending
on disease outcome, that affects susceptibility to subsequent UTI episodes. [31,
32] Less is known about the role of adaptive immunity in UTI. Mouse models of
bladder infection show that although an adaptive immune response develops,
the bacterial burden is only marginally reduced and UTI frequently recurs. [33]
Secretory IgA can inhibit adhesion of UPEC to epithelial cells, and in children with
acute cystitis, secretory IgA levels in urine are elevated. [34] Recently, sublingual
vaccination with a suspension of whole-cell heat-inactivated E. coli, Klebsiella
pneumoniae, Proteus vulgaris, and Enterococcus faecalis has shown remarkable
efficacy in a placebo-controlled trial including pre- and postmenopausal women
with recurrent UTI. [35] While the exact mechanism of action has not been fully
elucidated, both enhanced innate and adaptive (cellular and humoral) immunity

seem to play a role. [36]

Currently used diagnostics

The diagnostic approach of UTI differs per clinical presentation (typical or atypical
lower urinary tract symptoms, presence of systemic signs), setting (primary care,
outpatient clinic, emergency department), population (age group, biological sex,
underlying risk factors) and country. Some clinicians do not perform additional
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testing in women with classic lower urinary tract symptoms and absence of
systemic signs, as the a priori probability of acute cystitis is high. [37] However,
lower urinary tract symptoms may be caused by other conditions such as
urethritis (Chlamydia trachomatis, Neisseria gonorrhoeae) and vaginitis (Candida spp.,
Trichomonas vaginalis). As such, additional testing for the presence of pyuria (i.e.
leukocyturia) and bacteriuria is often performed to support the diagnosis of UTI.

In clinical practice, particularly in primary care, a urine dipstick is usually applied
first, to screen for pyuria and bacteriuria. Among other analytes, the urine dipstick
provides semi-quantitative results of leukocyte esterase (an enzyme produced by
leukocytes in the urine) and indicates the presence or absence of nitrites. While
a urine dipstick is inexpensive, easy to use and provides quick results, there are
important drawbacks to note. Both leukocyte esterase and nitrite results may be
false-negative due to the presence of other substances such as vitamin C. [38]
Moreover, not all pathogens reduce urinary nitrates to nitrites (e.g. Staphylococcus
saprophyticus, Pseudomonas aeruginosa, Enterococcus spp. do not). Furthermore,
leukocyte esterase results correlate poorly with absolute degrees of pyuria. [39]
Reported diagnostic accuracy estimates of leukocyte esterase and nitrites for
diagnosing UTI vary greatly and are primarily determined by the population under
investigation and the reference standard that is applied. In general, nitrites are
less sensitive than specific, and leukocyte esterase is more sensitive than specific
for UTI. [40-42]

Pyuria can be quantified in different ways. In the late 1960s Mabeck et al. [43]
found that a leukocyte excretion rate of 400,000 per hour could distinguish UTI
from asymptomatic women. This rate corresponds with a cut-off value of 10
leukocytes/mm? in unspun urine. [44] Nowadays, most hospitals quantify pyuria
by direct or automated microscopy of (un)spun urine, generally after initial
dipstick screening. Automated microscopy reduces variability in centrifugation and
resuspension of urine and is more efficient than direct microscopy. [45] In recent
years, an increasing number of laboratories are adopting urine flow cytometry
for quantification of pyuria. Urine flow cytometers classify and quantify cells in
the urine by analysing scattered light emitted by cells passing through a laser
beam. While automated microscopy and urine flow cytometry have relatively short
turnaround times and a high capacity, they are costly and not available to every
clinician. Moreover, reference values for ‘significant’ pyuria vary in the literature
and depend on preanalytic steps in the laboratory, quantification methods and the
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studied population. Finally, pyuria may be caused by conditions other than UTI,
including interstitial nephritis, urolithiasis and urological malignancies.

Bacteriuria can be determined by spreading the urine onto a plate containing a
culture medium and incubating it under various conditions. This approach allows
for pathogen identification and quantification, which usually takes 18-30 hours,
and antimicrobial susceptibility testing, which may take another 24-48 hours,
depending on the use of manual or automated methods. [46] Despite providing
valuable information, long turnaround times are an important drawback of urine
cultures. Additionally, there is an ongoing debate about the optimal threshold for
significant bacteriuria (expressed in colony-forming units (CFU)/mL). While the
traditional cut-off value of 10> CFU/mL is still applied by some laboratories to avoid
misclassification of contamination as UTI, several studies have shown that colony-
counts as low as 102 CFU/mL in midstream urine are indicative of true bladder
bacteriuria (determined by suprapubic aspiration or single in-out catheterisation),
at least in symptomatic women with E. coli as the causative pathogen. [30, 47]
Be that as it may, urine cultures merely indicate bacteriuria, which does not
necessarily equate to UTI.

Challenges in older women

In older women, diagnosing UTI presents specific challenges for several reasons.
Firstly, symptom assessment is hampered by a higher prevalence of cognitive
impairment and indwelling catheters in the older population. The global prevalence
of dementia was estimated to be 57.4 million cases in 2019, with a female-to-
male ratio of 1.69, and a predicted increase to 152.8 million cases in 2050, mainly
driven by population ageing and population growth. [48] Secondly, chronic lower
urinary tract symptoms, such as urgency, frequency and urinary incontinence,
are common in older women and are difficult to distinguish from non-infectious
causes, such as genitourinary syndrome of menopause, and overactive bladder.
[49] Most importantly, 20% of community-dwelling and 50% of institutionalised
older women have asymptomatic bacteriuria (ASB), defined as the presence of
one or more uropathogens = 105 CFU/mL in the absence of signs or symptoms
attributable to UTI. [50-52] While the pathophysiological basis of ASB has not
been completely elucidated, it is thought to arise from an interplay between host
factors (e.g. reduced Toll-like receptor 4 expression [53]) and pathogen-specific
factors (e.g. reduced adhesive capability of certain E. coli strains [54]).
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Over 90% of older women with ASB have concomitant pyuria [55]. Consequently,
the specificity of both pyuria and bacteriuria for UTI is low in this population,
and it can be difficult to distinguish UTI from ASB with current urine diagnostics.
As such, inappropriate antimicrobial treatment of asymptomatic pyuria and
bacteriuria is very common. Gupta et al. [56] showed that 25% of patients with
asymptomatic pyuria on routine preoperative urinalysis (without urine cultures)
were treated with antimicrobials, and that the degree of pyuria predicted
prescribing of antimicrobials. Moreover, in a study performed in long-term
care facility residents with advanced dementia, only 19% of suspected ‘UTT’
episodes that were treated with antimicrobials fulfilled minimum symptom
criteria (suggesting most episodes were actually ASB). [57] In older patients with
cognitive impairment, who have difficulty communicating their symptoms, it may
be tempting for clinicians to ascribe non-specific symptoms such as confusion
or falls to a UTI, especially in the presence of pyuria and bacteriuria. However,
the evidence is growing that these non-specific symptoms do not reliably predict
actual UTI. [58, 59] More likely, these symptoms indicate normal fluctuations in
behaviour or have other causes, such as dehydration and drug-related side effects.
Although antimicrobial treatment of ASB may result in short-term microbiological
cure, it does not improve survival, nor influence the frequency of subsequent
UTI episodes or chronic urinary incontinence in older women. [60-63] In fact,
antimicrobial treatment of ASB can lead to adverse drug reactions, interactions
and toxicity, which is particularly relevant in a population with high rates of
polypharmacy. [62] Moreover, antimicrobial treatment confers an eightfold
increased risk of developing Clostridioides difficile associated diarrhoea, and it
leads to subsequent isolation of multidrug resistant organisms (MDROs) from the
urine. [64, 65] Besides being judicious about urine testing in older women with
ambiguous symptoms, new diagnostic modalities with the ability to distinguish
UTI from ASB are urgently required.

Treatment and prophylaxis in an era of antimicrobial
resistance

UTI is typically treated with a course of antimicrobials. The selection of an
antimicrobial regimen is primarily dependent on the site of infection, i.e. whether
an agent with tissue penetration is required. First-line oral antimicrobials for
empirical treatment of UTI without systemic involvement (acute cystitis) include
nitrofurantoin, fosfomycin, trimethoprim, and, in some countries, pivmecillinam.
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The approach to empirical treatment of UTI with systemic involvement (acute
pyelonephritis with or without urosepsis) generally depends on the severity of
illness. While outpatients may be treated with oral ciprofloxacin or trimethoprim-
sulfamethoxazole, critically ill patients are usually treated parenterally; Dutch
guidelines recommend a second or third generation cephalosporin with the option
of adding aminoglycosides pending culture results. [66] In patients with recurrent
UTI and insufficient efficacy of behavioural modifications, such as increased
hydration [67] or postcoital voiding, oral antimicrobial prophylaxis (either daily
or postcoital) is often initiated. Continuous antimicrobial prophylaxis is effective
in reducing recurrence rates, even in risk groups, such as patients using clean
intermittent catheterisation due to urological or neurological comorbidities.
[8, 68-70] Antimicrobial options include nitrofurantoin 50 mg or 100 mg daily,
and trimethoprim 100 mg daily. However, the most important drawback of
antimicrobial treatment and prophylaxis, already pointed out by Alexander
Fleming in 1945 [71], is the development of antimicrobial resistance (AMR).

AMR is a rising threat to global health. In fact, based on predictive statistical
models, an estimated 4.95 million deaths were associated with bacterial AMR
in 2019 alone, with the highest burdens in resource-limited settings. [72] E. coli
and Klebsiella pneumoniae (K. pneumoniae) were the two pathogens responsible for
the most AMR-attributable deaths, both common causative pathogens of UTI.
AMR surveillance data of 46 European countries, published by the European Centre
for Disease Prevention and Control (ECDC) in 2022, showed highest resistance rates
in southern and eastern regions, compared with northern and western regions.
[73] For E. coli, 46% of countries reported ciprofloxacin resistance rates > 25%
and 11% of countries reported third generation cephalosporin resistance rates
> 50%. Carbapenem resistance was more frequently reported in K. pneumoniae
than in E. coli; 32% of countries reported carbapenem resistance rates > 25%.
Not surprisingly, surveillance data published by the World Health Organization
(WHO) in 2021 showed a wide range of resistance rates for several antimicrobial
classes for E. coli and K. pneumoniae, with low and middle income countries being
disproportionally affected. [74] To support antimicrobial stewardship efforts
and to identify antimicrobials with the highest priorities for surveillance of use,
the WHO created the Access, Watch, Reserve (AWaRe) classification, in which
antimicrobials are categorised into three groups based on the potential to induce
and propagate resistance. [75] Multiple agents commonly used in the treatment of
UTI (e.g. ciprofloxacin and ceftriaxone) are included in the ‘Watch-group’ due to
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increasing resistance rates. Nosocomial UTI is not infrequently caused by one of
the ESKAPE pathogens (i.e. Enterococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp.),
which are often difficult to treat due to their resistance to multiple classes of
antimicrobials. [76] Finally, as the high incidence and recurrence rates of UTI
lead to significant antimicrobial consumption, UTI is an important driver of
the silent epidemic that is AMR. It is evident that alternative strategies for the
treatment and prevention of UTI need to be explored to reduce the global burden
of AMR. In a randomised trial evaluating different management approaches
in women presenting to the primary care office with suspected acute cystitis,
symptom duration and severity were similar with delayed antimicrobial therapy
compared with immediate antimicrobial therapy. [77] In another randomised trial
comparing ibuprofen with fosfomycin (with respective placebo dummies in both
groups) in women with acute cystitis, two thirds of women in the ibuprofen group
recovered without any antibiotics, albeit with a somewhat higher overall symptom
burden in the ibuprofen group. [12] Besides behavioural modifications, other non-
antimicrobial prophylactic strategies for recurrent UTI include vaginal oestrogen
for postmenopausal women, and methenamine hippurate. [78, 79] In one open-
label trial showing non-inferiority of methenamine hippurate to oral antimicrobial
prophylaxis, the proportion of participants demonstrating resistance to at least
one antimicrobial in E. coli isolated from perineal swabs was higher in the oral
antimicrobial prophylaxis group at 6-12 months. [79] As the gut is a known
reservoir for uropathogenic bacteria, Worby et al. [80] collected monthly faecal
samples of women with recurrent UTI and controls for metagenomic analysis,
and found significantly lower gut microbial richness in women with recurrent
UTI. Given that some studies have shown decreased gut microbial richness in
patients with intestinal colonisation of MDRO, ‘gut sparing’ or ‘gut restorative’
interventions have the potential to reduce the frequency of UTI recurrences and
decrease intestinal MDRO colonisation. However, efficacy data for these alternative

modalities are sparse.

Outline of the thesis

The overall aim of this thesis is to address unmet needs in the definitions,
diagnosis and treatment strategies in UTI, which can contribute to improving
health outcomes for individual patients and reducing antimicrobial resistance.
This thesis comprises three parts. The first part focuses on the definition of UTI
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in research. To evaluate the heterogeneity of UTI definitions in recent studies, a
systematic review was performed, which is described in Chapter 2. Given the high
heterogeneity of study definitions and conflicting research guidelines, a Delphi
consensus study involving an international, multidisciplinary panel of UTI experts
was conducted to construct a reference standard for UTI research. This consensus
study is reported in Chapter 3.

The second part of this thesis centres on diagnostic challenges of UTI in older
women. Chapter 4 describes a case-control study including older women with UTI
and ASB, in which the diagnostic accuracy of two pyuria quantification methods
(automated microscopy and urine flow cytometry) for UTI is determined, and an
optimal pyuria threshold for older women is sought. Due to the limitations of
current urine diagnostics in older women, the diagnostic accuracy of twelve novel
urine biomarkers is evaluated in the same study population, which is reported
in Chapter 5.

In the third and last part of this thesis alternative strategies for the treatment and
prevention of UTI are explored. As stated in the previous paragraph, (systemic)
antimicrobial prophylaxis and treatment have important drawbacks. Therefore,
we performed a cohort study, described in Chapter 6, to assess the treatment
satisfaction, long-term safety, and efficacy of a non-systemic antimicrobial
prophylactic strategy, i.e. intravesical aminoglycoside instillations. As intestinal
MDRO colonisation may precede invasive infection and facilitates spread within
communities and hospitals, the efficacy of faecal microbiota transplantation for
MDRO decolonisation was assessed in a systematic review in Chapter 7.

Chapter 8 provides a summary and a discussion of the results, resulting in a
conclusion and views on possible further research.
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