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Abstract: Catheter-associated urinary tract infection (CAUTI) is the most common healthcare-associated infection and cause of
secondary bloodstream infections. Despite many advances in diagnosis, prevention and treatment, CAUTI remains a severe healthcare
burden, and antibiotic resistance rates are alarmingly high. In this review, current CAUTI management paradigms and challenges are
discussed, followed by future prospects as they relate to the diagnosis, prevention, and treatment. Clinical and translational evidence
will be evaluated, as will key basic science studies that underlie preventive and therapeutic approaches. Novel diagnostic strategies and
treatment decision aids under development will decrease the time to diagnosis and improve antibiotic accuracy and stewardship. These
include several classes of biomarkers often coupled with artificial intelligence algorithms, cell-free DNA, and others. New preventive
strategies including catheter coatings and materials, vaccination, and bacterial interference are being developed and investigated. The
antibiotic pipeline remains insufficient, and new strategies for the identification of new classes of antibiotics, and rational design of
small molecule inhibitor alternatives, are under development for CAUTI treatment.
Keywords: catheter-associated urinary tract infection, biofilm, bacterial interference, bacterial competition, chaperone-usher, machine
learning

Introduction and Overview
Urinary tract infections (UTI) are among the most common bacterial infections, and affect about 150 million individuals
annually worldwide.1 UTIs are grouped into uncomplicated and complicated infections.2 Uncomplicated UTIs occur in
female individuals who are not immunocompromised, have no foreign bodies in the urinary tract and have not undergone
urinary tract manipulation recently, and have no anatomical or neurologic abnormalities in the urinary tract. Complicated
UTIs occur in the context of a structural or functional abnormality. Examples include patients with urinary tract
obstruction or urinary retention (due to neurological disease, for example), immunocompromised state, pregnancy, or
those with an indwelling foreign body such as a stone, ureteral stent, or urinary catheter.3,4 UTIs in men are considered
complicated regardless of clinical scenario. In the United States, up to 80% of complicated urinary tract infection are
attributable to indwelling urinary catheters.5 These infections are termed catheter-associated urinary tract infections and
are the focus of this review.

Catheter-associated urinary tract infections (CAUTI) are urinary tract infections occurring in an individual whose
urinary bladder is catheterized or has been catheterized within the past 48 hours. CAUTIs are the most common
nosocomial infections, and account for 1 million cases per year in the United States.6 They are the most common
cause of secondary bloodstream infections. 3–10% of residents in long-term care facilities are managed with chronic
indwelling catheters.7,8 The associated costs of preventable CAUTI are estimated to range from $115 million to
$1.82 billion annually.9 Risk factors for CAUTI include age, female gender, diabetes, and prolonged catheterization
time.10 The duration of catheterization is the most important factor in the development of bacteriuria, with a risk of 3–7%
daily.8 A mean of 3.2 urinary tract infections per 1000 catheter days was reported in long-term care facilities in a US
study11 In the intensive care unit (ICU), where infection rates are 3–5 times higher than other hospital patient care areas,
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the incidence of CAUTI is 7.78 per 1000 catheter days.12 CAUTIs in ICUs are associated with increased lengths of stay,
higher health-care financial expenditure, and antibiotic overuse.13,14

UTIs may be caused by both Gram-negative and Gram-positive bacteria, as well as fungi. Uropathogenic Escherichia
coli (UPEC) is the most common pathogen for both non-complicated and complicated UTI, making up 75% and 65% of
infections, respectively.2 In complicated UTI, wherein CAUTIs make of the majority of cases, the overall most common
causative organisms after UPEC include Enterococcus spp. (11%), Klebsiella pneumoniae (8%), Candida spp (7%),
Staphylococcus aureus (3%), Proteus mirabilis (2%), Pseudomonas aeruginosa (2%), and Group B Streptococcus (2%).
The cornerstone for CAUTI is antibiotics. However, the abiotic surface of the catheter is subject to biofilm formation,
and thus often resistant to antibiotic penetration. Further, antibiotic treatment has known collateral damage in that it
selects for resistant bacterial strains and alters the vaginal and gut microbiota, which in turn may open additional niches
for colonization by resistant organisms. Pili, adhesive virulence-associated factors that contribute to antibiotic evasion,
may also serve to facilitate bacterial colonization of the intracellular niche.15 The rates of antibiotic resistance are
increasing, and in 2013, the CDC declared that the human race is now in a “post-antibiotic era”, and in 2014, the World
Health Organization warned that the antibiotic resistance phenomenon is becoming dire.16,17 Thus, CAUTI preventive
strategies and alternative treatments to antibiotics treatment are critically needed. In this review, we first discuss the
molecular mechanisms associated with CAUTI. Then, the current CAUTI management strategies along with their
challenges and future prospects will be discussed as they pertain to prevention, diagnosis, and treatment.

Mechanisms of Catheter-Associated Urinary Tract Infection
UTIs generally occur through urethral contamination with rectal flora, followed by microbial migration to the bladder,
adhesion, and colonization.2 Invasion of the bladder is then mediated by pili and adhesins, and neutrophil infiltration
commences. Bacteria then multiply and form biofilms, and bacterial proteases and toxins trigger epithelial damage. These
fundamental steps of infection are the same in the presence and absence of a urinary catheter.

Urinary catheters provide a direct conduit from the ambient environment to the urinary bladder (Figure 1). This
conduit, while critical for urinary drainage in some patients, also provides a channel for rectal and periurethral microbe
ascension to the bladder where they may establish a foothold for infection. Catheters bypass the urethral sphincters,
reduce the turbulence associated with spontaneous voiding, and serve as a nidus for infection, thus increasing the risk for
UTI. In addition, catheters may also irritate and traumatize the uroepithelium, thereby disrupting the physiologic
mucopolysaccharide coating, and rendering it susceptible to bacterial adhesion and entry.2,18 The strong immune
response to catheterization leads to fibrinogen accumulation on the catheter, thus providing an optimal environment
for adherence by uropathogens that express fibrinogen-binding proteins. For example, Enterococcus faecalis is unable to
grow in urine or bind catheter material in vitro, but is able to grow in the context of fibrinogen-supplemented urine and
adhere to a fibrinogen-coated catheter.19

Adherence is a key initial step in urinary tract infection.2 In uncomplicated UTI, bacteria may adhere directly to the
uroepithelium of the bladder, allowing them to gain a foothold for infection. However, in the context of a urinary
catheter, whether it be a urethral catheter or suprapubic tube, UTIs may be initiated upon bacterial adherence to the
catheter, with subsequent biofilm formation.20

Biofilms are communities of microbes and their metabolic products adherent to one another and to a surface, such as
a catheter. Specifically, biofilms consist of scaffolds that include extracellular DNA, exopolysaccharides, and microbial
surface structures including pili and flagella.2 Biofilms allow for bacterial evasion of antibiotics and host responses, and
for infection persistence.21 Biofilms serve as reservoirs for microbial seeding of the urinary tract, and are central to the
pathogenesis of CAUTI.22 Biofilm formation is initiated within minutes of catheterization.20 Biofilms then progress as
a function of indwelling time.

Microbial species utilize varied mechanisms for biofilm formation. For example, uropathogenic Escherichia coli
(UPEC), the most common causative organism for CAUTI, utilize pili, antigen 43, and curli to promote interbacterial
attachment, bacterial-surface adhesion, and subsequent biofilm formation.2 Specifically, UPEC catheter biofilm formation
is dependent on type 1 pili UPEC biofilm formation (Figure 1), and is regulated by oxidative stress, iron sensing, and
quorum sensing.23–26 Pseudomonas aeruginosa exhibits biofilm formation on urinary catheters through a number of
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mechanisms including alginate production, quorum sensing and surface hydrophobicity modulation.27 Biofilms con-
tribute to the pathogenicity of P. aeruginosa, and lead to persistent or recurrent infections. Proteus mirabilis is a urease-
producing species, and its hydrolysis of urea increases the urinary pH, thus generating calcium crystals and magnesium
ammonium phosphate precipitates. Together, this leads to the formation of crystalline biofilms on catheters.2 An
understanding of these mechanisms and others has provided a framework for the development of novel inhibitors and
antibiotics to prevent or treat CAUTI, which will be discussed in subsequent sections.

Prevention: Current Strategies and Considerations
General Prevention Strategies
There are multiple fundamental interventions that reduce the risk of CAUTI (Figure 1).28 The duration of catheterization
is the most important factor in the development of bacteriuria with a risk of 3–7% daily, and UTI risk of 0.3% per
catheter day.8 Thus, the most important intervention is to minimize the use of indwelling catheters and remove them as
soon as medically feasible. Thus, daily assessment of catheter presence and consideration for removal is paramount.
Alternative bladder drainage strategies such as clean intermittent catheterization must also be considered. External
catheters are also a viable alternative to indwelling catheters, and are recommended by the CDC.29 For men, condom
catheters may be utilized, and recent advances have led to a viable external alternative for women.30 In order to minimize
catheter use, the infrastructure and program at the hospital level should be in place. Sufficient staffing and staff education,
with access to necessary equipment should be ensured.8,31 Electronic medical record (EMR) documentation of catheter
insertion and removal dates as well as indications and reminders for removal are important. Implementation of “bundles”
in the EMR, which include catheter insertion, management, and surveillance guidelines, was associated with a 37%
reduction of CAUTI rate in the ICU setting in developing countries.32 In a US-based study, bundle implementation
consisting of catheter removal prompts and reminders, nurse-initiated catheter discontinuation protocols, catheter
alternatives, portable ultrasound bladder scanners, and insertion care and maintenance recommendations, reduced

Figure 1 Current and future approaches in the prevention and treatment of catheter-associated urinary tract infections. Schematic depiction of an indwelling urinary
catheter (yellow) with its proximal end within the urinary bladder (Orange). The balloon is shown in blue and the catheter drainage hole in black. Pathogenic bacteria (green)
may proliferate in the form of biofilms on the intraluminal and/or extraluminal surface of the catheter, which can in turn seed the bladder for infection. Adhesive pili (type 1
pili, for example) are indicated on the bacterial surfaces. The catheter connection tubing is shown in the bottom left of the figure in cyan, and empties to the drainage bag
(not shown). Current prevention and treatment techniques are shown in black and blue text, respectively. Green text indicates potential opportunities for both prevention
and treatment. Italicized text indicates approaches that are in development or testing phases. Bacterial interference is shown wherein a nonpathogenic strain of bacteria
(Orange) is administered to outcompete uropathogenic bacteria for a common niche such as a catheter or the urinary tract, to reduce the risk of infection.
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catheter use and CAUTI rate.31,33 A national prevention program that implemented these interventions resulted in
a decrease in adjusted CAUTI rates from 2.40 to 2.05 per catheter day (p = 0.009) and catheter use in non-intensive
care unit settings was reduced from 20.1% to 18.8%.28

Insertion Technique and Drainage Considerations
Aseptic catheter insertion technique is an important element of catheter management to reduce CAUTI. Hand hygiene
should be performed before and after catheter insertion. The Infectious Diseases Society of America (IDSA) provides
guidelines designed to reduce CAUTI following catheter insertion.29 First, a closed drainage system should be
employed.34 If breaks occur in aseptic technique, the closed drainage system, or leaks, the catheter and drainage bag
should be replaced using aseptic technique and new equipment. The drainage bag should be kept below the level of the
bladder and connection tubing.14,35 Positioning of the tubing above the bladder or below the drainage bag level is
associated with an increased risk of bacteriuria.36 Precautions should be taken to minimize urethral trauma during
insertion, and catheter insertion should only be performed by trained personnel, with adequate lubricant, and with the
smallest caliber catheter necessary for its purpose.35 Catheter securement should be performed to minimize urethral
traction and trauma.29 In a randomized controlled clinical trial, the StatLock catheter securement device was associated
with a 45% reduction in CAUTI versus other securement techniques, but due to prohibitively small sample size, this
difference was not statistically significant.37

Catheter Exchange Timing
Timing of catheter exchange is debated. In clinical practice, catheters are generally removed and replaced at least every 4
weeks. In cases of recurrent infection or obstruction, exchange may be performed more frequently, on an individualized
basis. The practice of routine catheter exchange is informed by evidence that increased indwelling time is associated with
a higher CAUTI risk.38 Additionally, microbial biofilms form soon after catheter insertion, and progress over the course
of indwelling time, starting with a lag phase, and then rapid progression at about 3 weeks.20 Despite these findings, due to
lack of conclusive clinical trials, the IDSA guidelines do not recommend changing urinary catheters at set time intervals,
but rather only for causes including infection, obstruction, or breaks in the closed drainage system.29

Catheter Materials and Coatings
In those who require urinary catheters, catheter selection is an additional consideration in CAUTI rate-reduction
(Figure 1).29 Catheter materials have been examined, but there appears to be no difference between CAUTI rates
associated with latex versus silicone, the two most commonly used catheter materials.8 Thus, materials are generally
chosen based on clinical indication (eg, latex allergy) rather than differential CAUTI prevention. There has been
considerable investigation regarding catheter coatings designed to prevent microbial colonization and biofilm formation,
termed “antifouling”.39 Hydrogel and PTFE (Teflon)-coated catheters have been assessed. Hydrogels are a group of
polymers that are insoluble and hydrophilic. When fully swollen, hydrogels are made up of about 90% water. This
provides a hydration layer, which can resist nonspecific adherence. Clinical efficacy, however, is more variable. For
example, in a clinical trial comparing silicone, siliconized latex, and hydrogel catheters, the pure silicone had mildest
degree of urethral inflammation, while the hydrogel catheters prevented encrustation.40 In another study, hydrogel had the
lowest degree of mucosal irritation and bacterial adherence versus PTFE-coated and silicone catheters.41 Silver-alloy
coated catheters have variable clinical data. In a large study that randomized subjects to silver-coated catheters versus
non-silver-coated silicone urethral catheters, rates of bacteriuria in men who did not receive antibiotics were higher in the
silver-coated group relative to the non-silver-coated group (29% versus 8%). Additionally, Staphylococcus spp were
more frequently isolated from the silver-coated catheter group relative to controls. Conversely, in a Cochrane review of
hospitalized individuals requiring short-term catheterization, it was found that silver alloy indwelling catheters were
associated with a risk reduction in CAUTI.42 Additional studies are warranted to further assess the efficacy of silver
catheters relative to controls, particularly with longer indwelling times, and whether they are cost effective. Current
evidence suggests that silver-coated catheters are unlikely to be cost-effective,39,42,43 and this must be weighed against
their benefits.
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Nitrofurazone-impregnated catheters are commercially available. Nitrofurazone inhibits replication of DNA, thus
reducing bacterial growth and biofilm formation.39,44 The in vitro data are promising: nitrofurazone-impregnated
catheters inhibited growth of all tested multidrug resistant and susceptible strains except vancomycin-resistant
Enterococcus faecium45 Clinical results, however, have been variable. In a randomized clinical trial in the kidney
transplant population, there was no difference in asymptomatic bacteriuria between groups with nitrofurazone-
impregnated silicone catheters versus non-impregnated catheters, and there was a higher incidence of side effects in
the nitrofurazone-impregnated group.46 Another trial that included catheters indwelling less than 1 week showed a lower
rate of bacteriuria in the nitrofurazone-impregnated group versus the group with uncoated catheters.47 A Cochrane review
of clinical trials concluded that there was a small reduction in CAUTI in the context of nitrofurazone catheters, but this
may not be clinically significant. Further, it was concluded that they are more expensive and cause more discomfort than
standard catheters.48 Nitrofurazone catheters remain commercially available, but because of mixed results and an FDA
discontinuation of approval on over-the-counter topical nitrofurazone due to its implication as a carcinogen, interest has
moved toward other antimicrobial coatings and other technologies.

Antibiotic Prophylaxis
There is sparse evidence regarding antibiotic prophylaxis in the context of a long-term indwelling catheter. However,
studies have assessed the utility of prophylaxis in the context of short-term catheters. A Cochrane review in 2005
concluded that there is weak evidence for antibiotic prophylaxis to reduce the incidence of CAUTI following abdominal
surgery in female patients wherein a catheter had remained in place for 24 hours, compared to antibiotic administration
only as clinically indicated.49 The review also indicated that those who received antibiotics during the first three
postoperative days or from postoperative day 2 until the time of catheter removal had lower rates of bacteriuria and
other signs of CAUTI. The review also provided weak evidence that prophylactic antibiotics were associated with
reduced bacteriuria in non-surgical patients. However, these latter findings of the study only assessed bacteriuria
incidence, and whether or not this correlated with symptomatic infection was not assessed. In a more recent Cochrane
review in 2013, there was evidence that in surgical patients who undergo catheterization from 24 hours to two weeks,
there was a lower rate of febrile mortality associated with receiving prophylactic antibiotics.50 The same review also
concluded that in non-surgical patients, there was limited evidence that prophylactic antibiotics reduced bacteriuria.
Again, whether this translated to symptomatic UTI was not assessed.

The utility of prophylaxis at the time of catheter removal remains controversial.51 A meta-analysis in 2013 concluded
that those who undergo short-term catheterization might benefit from antibiotic prophylaxis at the time of catheter
removal, as they had an absolute risk reduction of 5.8% relative to controls.52 The number needed to treat to prevent one
CAUTI was 17.

After radical prostatectomy, a urinary catheter is generally placed and left in place for approximately 7 days. About 40%
of patients who undergo prostatectomy have bacteriuria at the time of catheter removal.53 In a prospective randomized trial,
antibiotic prophylaxis with ciprofloxacin at the time of catheter removal following prostatectomy was not associated with
a reduction in CAUTI or Clostridium difficile infection.54 However, in clinical practice, antibiotics are generally given at the
time of catheter removal following radical prostatectomy, and a recent cross-sectional study showed that 60% of urologists
routinely prescribed antibiotics prior to catheter removal.55 In a clinically integrated, cluster, randomized trial, patients were
allocated to 1- or 3-day course of ciprofloxacin at the time of catheter removal.56 There were 0 CAUTIs in the 1 day regimen
and 3 (0.7%) CAUTIs in the 3-day regimen group. It was concluded that the 1 day regimen was noninferior to the 3 day
regimen, and that if surgeons choose to prescribe empiric antibiotic prophylaxis at the time of catheter removal, the duration
should not exceed one day. Exciting surgical advances in prostatectomy such as the robotic single-port transvesical approach
are associated with reduced length of catheterization following surgery.57 The possibility that this approach translates to
reduced CAUTI risk is plausible, and warrants investigation.

Cranberry, Methenamine, D-Mannose, Probiotics
The use of cranberry in UTI treatment and prophylaxis has been well studied, and is currently included in the American
Urological Association (AUA) recurrent uncomplicated UTI in women guidelines.58 The mechanism of action of
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cranberry is likely based on the disruption of adherence of bacteria to the uroepithelium.59 Specifically, proanthocyanins
may disrupt P pilus-mediated adherence. Fructose, another component of cranberry juice, has been shown to inhibit type
1 pilus-mediated E. coli adherence to urothelial cell receptors in vivo.60 A limitation of cranberry as treatment, and its
associated studies, is the variable level of anti-adherence components in different formulations (juice, capsules, powder).
In part because of this variability, its clinical efficacy has been debated.61 There are currently limited data on the use of
cranberry to prevent CAUTI. A Cochrane review in 2012 concluded that there is no benefit associated with cranberry
juice consumption in CAUTI reduction, based on a combination of two studies with a total of 353 participants.62 In 2015,
Foxman et al reported the results of a randomized controlled clinical trial in women who underwent elective benign
gynecologic surgery, wherein cranberry tablets reduced the rate of CAUTI by about 50% relative to placebo controls.63

Another study showed no difference in rates of bacteriuria in those who received cranberry capsules versus placebo in
a population in women patients with hip fracture and indwelling urinary catheter.64 A recent review reached similar
conclusions to that of the 2012 Cochrane review. There remains limited literature on the utility of cranberry juice and
cranberry products on the prevention of CAUTI, and additional investigation is warranted.65

Methenamine is an antiseptic, approved by the US FDA as prophylaxis against recurrent UTIs in those age 6 and
older. Its efficacy has been demonstrated in this population.66 Because methenamine is an antiseptic rather than
antimicrobial compound, it does not select for antibiotic resistant organisms. Methenamine is hydrolyzed into ammonia
and formaldehyde, which has nonspecific bactericidal properties and denatures proteins and nucleic acids of bacteria. Of
note, this reaction only occurs in an acidic environment, at a pH below approximately 6. Thus, the product is formulated
in two salt formulations (hippurate and mandelate) that promote acidification, and treatment regimens frequently include
urine acidifying agents such as ascorbic acid.67 There is evidence for efficacy of methenamine as CAUTI prophylaxis in
individuals with indwelling urinary catheters. Methenamine has been shown to delay the onset of bacteriuria, and reduce
the incidence of CAUTI in a catheterized population68,69 Similarly, methenamine reduced CAUTI and bacteriuria in
those who underwent elective gynecologic surgery and had perioperative urinary catheters.70 Of note, methenamine is
contraindicated in those with renal impairment, renal failure, or severe dehydration, as well as those with severe hepatic
disease.

D-mannose is an inert monosaccharide that is metabolized and excreted in the urine, and inhibits bacterial adhesion to
the uroepithelium70 D-mannose blocks bacterial adhesion in vitro, and antagonizes invasion and biofilm formation.71

FimH, the terminal and adhesive subunit on type 1 pili (the bacterial surface appendages on Escherichia coli responsible
for adhesion to the bladder) ordinarily binds to mannosylated uroplakins of the uroepithelium20 D-mannose competes for
FimH’s binding site, disrupting adhesion. Despite the detailed mechanistic understanding regarding D-mannose, there is
minimal evidence for its utility in CAUTI prevention. In a study including patients with multiple sclerosis and recurrent
UTIs, D-mannose intake twice daily for 16 weeks was associated with a decrease in UTIs in both catheterized and
noncatheterized subgroups, and there were no adverse events reported.72 Of note, the study was small in size, and only
included 12 patients in the catheterized subgroup.

Probiotics, specifically Lactobacillus spp, are gaining increased attention as prophylaxis against recurrent UTIs.
A systematic review concluded that probiotics can be beneficial in preventing recurrent UTIs in women and have
a favorable safety profile, but additional research is needed to confirm these results.73 However, there have been few
studies in patients with indwelling catheters. A randomized controlled clinical trial of 207 patients with neurogenic
bladder and stable bladder drainage management (60% of patients had an indwelling catheter) demonstrated no
difference in UTI associated with probiotics versus placebo.74 A small case series in patients with neurogenic lower
urinary tract dysfunction managed with indwelling catheters demonstrated that there was a significant change in the
microbial composition of catheter biofilms with probiotic administration.75 However, these changes were transient.
Subsequent investigations are warranted to better understand how such targeted alteration of catheter biofilm commu-
nities with probiotics may serve as an adjunct to CAUTI prevention and/or treatment.

Catheter Irrigation/Washout
A Cochrane review analyzed the available evidence regarding catheter irrigation/washout in prevention of blockage
and infection in those with indwelling catheters.76 The authors concluded that 7 trials included were limited and
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generally of poor quality, and the evidence was not substantial enough to make recommendation regarding benefit
and/or risks of washout. The trials reviewed were also heterogenous in that they used different irrigation solutions
such as saline or acidic solution, and different protocols. A subsequent randomized controlled clinical trial of 60
comatose patients in intensive care units demonstrated that daily bladder irrigation with normal saline was effective
in reducing CAUTI risk.77 There is limited evidence for the use of gentamicin or betadine irrigation for UTI
prevention. For example, a retrospective study found that intravesical gentamicin instillation reduced symptomatic
UTI episodes, oral antibiotic use, and the proportion of resistant organisms.78 Another study demonstrated that daily
intravesical povidone-iodine bladder irrigation was associated with a significant reduction in symptomatic UTI in
patients with neurogenic bladder and recurrent UTI who performed clean intermittent catheterization79 Randomized
clinical trials are needed to confirm these findings and determine whether they are generalizable to those with
indwelling catheters.

Asymptomatic Bacteriuria
Current guidelines advise against screening for or treating asymptomatic bacteriuria.80 Two notable exceptions include
pregnant individuals and those who will undergo urologic surgery with risk of mucosal trauma or upper tract manipula-
tion. The IDSA specifically recommends against screening for or treatment of asymptomatic bacteriuria in those with
spinal cord injury, and short- (<30 days) or long-term indwelling catheters. The AUA guidelines also recommend against
treatment of asymptomatic bacteriuria.58,80 As will be discussed in the Diagnosis section, the signs and symptoms of UTI
in those with spinal cord injury or other neurologic pathology are often subtle and different from those without
neurologic pathology. Thus, clinicians should carefully assess signs and symptoms and maintain a high index of
suspicion in this population.

Prevention: Challenges and Future Prospects
Despite the above measures, CAUTIs remain prevalent and costly. Antibiotic resistance continues to increase, and the
World Health Organization recognizes resistance as one of the biggest threats to global public health,81 with antibiotic
usage a primary contributor. In addition, antibiotic usage has collateral damage including dysregulation of the healthy gut
microbiome, which can lead to pathogen overgrowth and toxin translocation82 Thus alternatives to traditional antibiotics
are needed. This has led to intense interest in non-antibiotic prevention measures against CAUTI. This section discusses
opportunities for CAUTI prevention in different stages of development and clinical testing.

Catheter Design and Coating
Many novel catheter fabrications are under development. Few have made it to clinical trials, and even fewer are
commercially available (these are discussed above). In this section, we discuss new technologies and their evidence
for reduction of CAUTI. Thus far, the data associated with these technologies has largely been generated in in vitro
experiments and animal models.

Biofilm Target Locations and Hydrodynamics
A recent study designed to understand the progression of biofilms on urinary catheters sheds light on the importance of
targeting specific areas with anti-bacterial coatings and impregnation strategies.20 In particular, the balloon portion, distal
third, and the intraluminal aspect of the catheters consistently exhibited biofilm predominance, but all aspects of the
catheters were susceptible to biofilms. Catheter biofilms consistently harbored uropathogens, regardless of infection
status. Antibiotic resistance genes were detected in half of the samples. The importance of the intraluminal route was also
supported by an animal model.83 Further, an in vitro study showed the ascension of a Pseudomonas biofilm on a catheter,
even in the presence of antibiotics.84 Together, these findings inform the catheter coating and materials approaches in
development, and highlight the locations of interest for anti-fouling. Others are investigating modifications in catheter
design. For example, Ionescu et al fabricated a catheter with an asymmetric balloon and additional drainage holes with
the goal of reducing residual volume in the bladder and thus reducing CAUTI risk.85 The authors showed that the novel
design was associated with less biofilm formation and a lower residual volume in vitro. The findings will need to be
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tested in clinical trials, but such engineering approaches to improve urine drainage hydrodynamics are promising to
reduce CAUTI risk.

Nanoparticles
Nanoparticles serve as a drug delivery system and may enhance distribution and bioavailability.39,86 Nanoparticles have
been used to deliver silver, gold, copper, and zinc.86 As discussed above, silver-impregnated catheters are associated with
mixed clinical data. To improve their efficacy and minimize host tissue interaction, there has been interest in incorporat-
ing silver into nanoparticles. Silver nanoparticles are less than 100 nm in size and serve to deliver the silver ion where it
can disrupt bacterial membranes, modifying permeability and leading to cell death.87 One study demonstrated that plastic
catheters coated with silver nanoparticles reduced biofilm formation and growth of several uropathogens as compared to
controls.88 In addition, the authors showed that, when implanted subcutaneously in mice, the particles did not induce
inflammation or toxicity, and were mainly excreted in the feces or retained at the site of implant. Another study
corroborated these results, showing that silver nanoparticles embedded in a hydrogel catheter coating reduced the growth
of several uropathogens.89 A novel, green, fabrication wherein silver nanoparticles were synthesized using Spirulina
extract, demonstrated inhibition of Pseudomonas aeruginosa biofilms on catheters.90 While these results are encouraging,
a clinical trial in a central venous catheter impregnated with silver nanoparticles versus controls demonstrated no
difference in colonization, infection, or mortality.91 Indeed, nanoparticle technology has progressed rapidly since that
time, and future clinical trials will be needed to assess safety and efficacy of this technology in the context of the urinary
catheter.

Gold nanoparticles have also been developed and investigated. Their mechanism of action is disruption of membrane
potential and reduction of ATP, and inhibition of transfer ribonucleic acid (tRNA) binding to the ribosome.87,92 An
in vitro study demonstrated efficacy of gold nanoparticles in bacterial growth inhibition of uropathogens at up to 48
hours.93 However, there appeared to be an efficacy reduction at the 48 hour time point relative to the 24 hour timepoint.
Further investigation is needed regarding the safety and efficacy of gold nanoparticles.

Copper enters the bacterial cell and binds DNA-phosphate sites and degrades DNA.39 In turn, this deactivates
enzymes, and disrupts membranes and cell walls. An in vitro study incorporated copper (both by itself and together
with silver) nanoparticles onto catheter surfaces using a novel sputter coating technique, and demonstrated that within
two minutes of interaction between Escherichia coli K12 strain and the copper/silver nanoparticle catheter surface, no
viable bacteria were present.94 This rate was accelerated relative to either copper or silver nanoparticles alone. Zinc-
doped copper oxide nanoparticles have also been investigated. The study showed a reduction of biofilm by over 90% on
catheters in the context of this coating relative to uncoated controls at 24 h in an in vitro model.95 The coating was also
effective in a catheterized rabbit model at 7 days of indwelling time, as confirmed by colony counts and scanning electron
microscopy.

Antimicrobial Peptides
Antimicrobial peptides (AMP) are a group of host defense peptides with broad antimicrobial activity against Gram-
negative and Gram-positive bacteria.39 They have a net positive charge, which interacts with and leads to destabilization
and permeabilization of the bacterial membranes. The mechanism of action is polymodal and also includes autolysin
activation, inhibition of nucleotide and protein synthesis, enzyme inhibition, and immunomodulation.44 One AMP
molecule, CWR11 (CWFWKWWRRRRR-NH2), was studied as tethered to a polydopamine polymer on silicone
surfaces and commercially available urinary catheters.96 The CWR11 coating had antimicrobial activity against both
Gram-negative and Gram-positive bacteria and had decreased microbial adherence. Its antimicrobial activity was present
for at least 21 days, and it had negligible cytotoxicity in urothelial or blood cells in vivo. Another AMP,
RRWRIVVIRVRRC, exhibited broad and long-term antimicrobial activity.97 It prevented 99.9% of bacterial adhesion
of both Gram-negative and Gram-positive bacteria in vitro. In a mouse model, it was highly effective at preventing
infection. It also exhibited good biocompatibility with fibroblasts and uroepithelial cells in culture. Another group
designed and studied AMP Chain201D (KWIVWRWRFKR).98 This AMP, immobilized on a model silicone-based
surface, exhibited high anti-microbial efficacy against Escherichia coli and Staphylococcus aureus isolates. AMPs
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exhibit great potential, but challenges persist and include inadequate AMP surface density, suboptimal coating, altered
AMP orientation, and pH sensitivity. Further, microbial resistance to AMPs is seen, albeit to a lesser extent than
traditional antibiotics.44,99 AMPs require additional study in vivo and in clinical trials.

Bacteriophages
Bacteriophages are viruses that infect and replicate within bacteria. They have been used clinically for decades, and have
demonstrated efficacy in treating a number of bacterial infections.100 Prior to antibiotics, bacteriophages, or phages, were
used to halt outbreaks of dysentery, cholera, and the plague. In the era of antibiotics, enthusiasm for bacteriophages
waned. Now, in the context of increasing antibiotic resistance, there is renewed interest in bacteriophage therapy. Phages
have unique properties that confer advantages over traditional antibiotics. First, phages are extremely specific. Their
specificity makes them less likely to exhibit off-target collateral damage to healthy gut or vaginal flora. Because of their
specificity, phage prophylaxis would likely require a cocktail, or in the case of recurrent CAUTI, a targeted approach to
the previously isolated organism(s) (or the most common causative organisms). Additionally, although phage resistance
is possible, phages co-evolve with bacteria to counter phage resistance. Further, phages invade bacteria through
interaction with bacterial receptors, which often also act as virulence factors. Thus, as bacteria evolve receptors (or
loss of receptors) to resist phages, they often become less pathogenic.100

Bacteriophages reduced biofilm formation in a preclinical catheter mixed-species biofilm model.101 Hydrogel-coated
catheters were pre-treated with phage cocktails designed to target Pseudomonas aeruginosa and Proteus mirabilis.101

The catheters were then challenged with these Pseudomonas and Proteus strains in a continuous flow reactor containing
artificial urine media. The phage pretreatment was associated with a 4 log10 reduction of P. aeruginosa biofilm counts
and a >2 log10 reduction in P. mirabilis biofilm count. Other studies reported phage efficacy in biofilm reduction of
Escherichia coli and Staphylococcus epidermidis.102,103 Conversely, phages have shown to contribute to biofilms as
structural elements, promote wound infection in mice, and be associated with chronic wound infection in humans.104–106

A recent study in men with urinary tract infection who underwent transurethral resection of the prostate demonstrated the
safety of intravesical bacteriophage instillation, as well as its noninferiority to standard-of-care antibiotic treatment.107,108

About 38% of the subjects in this trial had an indwelling catheter prior to intervention. Further work is needed regarding
the utility and safety of bacteriophages in CAUTI prevention.109 Given their specificity, and the multiple causative
organisms of CAUTI, a bacteriophage cocktail may prove to be a promising approach. This may include a general
approach, wherein the cocktail is designed to inhibit the most common causative organisms of CAUTI, or a personalized
precision approach wherein the cocktail is designed for a specific patient based on clinical and microbiological history.

Antibiotics
There has been considerable effort in the development of catheters either coated or impregnated with various antibiotics.
The nitrofurazone catheters are discussed above, as they remain commercially available, but there are multiple others in
preclinical development. For example, catheters coated with gentamicin, a broad spectrum bactericidal aminoglycoside,
reduced incidence and severity of infection in a rabbit model.39,110 Catheters coated with ciprofloxacin, a fluoroquinolone
that blocks bacterial DNA gyrase and blocks DNA replication, delayed CAUTI onset from 3.5 days to 5.3 days in
a rabbit model. Norfloxacin, sparfloxacin, triclosan, and chlorhexidine catheters have also been investigated.39 Most of
such antibiotic coatings and impregnations have yet to be the subject of clinical trials. Given the known contributions of
antibiotics to bacterial resistance,17 and the numerous other technological advances discussed in this section, the utility of
catheters coated with traditional antibiotics in the future clinical landscape remains uncertain.

Bacterial Interference
Bacterial interference, or competition, is the use of native flora or bacteria of low virulence to outcompete pathogenic
bacteria for colonization and infection (Figure 1). As it becomes more accepted that the urinary tract is not physiolo-
gically sterile, there is greater interest in utilizing bacterial interference in the urinary tract to prevent CAUTI. It is
hypothesized that the mechanism of action includes competition for nutrients and attachment sites, regulation of gene
expression, immunomodulation, and production of antibacterial virulence factors.111 In a clinical trial in men with spinal
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cord injury who managed their bladders with clean intermittent catheterization, catheters were pre-inoculated with the
benign strain E. coli 83972 (which was initially isolated from a girl with three years of asymptomatic bacteriuria without
alteration in renal function) for 48 hours. Then, 13 patients were catheterized with these catheters for an indwelling time
of three days. Six weeks after catheter removal, 8 of 13 patients remained colonized E. coli 83972. The colonized patients
had a lower rate of UTI than they did prior to enrollment (0.77 versus 2.27 per patient-year, respectively).112 The same
group subsequently assessed the utility of bacterial interference in the context of long-term indwelling catheters.113 They
used benign E. coli strain HU2117, a derivative of 83972 with a papG deletion (papG codes for the PapG protein, which
adheres to the kidney uroepithelium) as a safety measure, in a population of older adults with chronic indwelling urinary
catheters. A total of 8 of 10 participants became colonized with the E. coli strain, with a mean duration of colonization of
57.7 days. Rates of UTI did not differ before, during, or after the colonization period. Of note, 5 patients had febrile UTI
or urosepsis following inoculation, two of which were caused by E. coli, and in one case E. coli HU2117 was detected at
the time of urosepsis. This highlights the importance of identification and development of avirulent strains of bacteria
that effectively outcompete uropathogens for the urinary tract.

A randomized controlled clinical trial of bacterial competition included adult patients with spinal cord injury and
neurogenic bladder who managed bladder drainage with a urinary catheter and had recurrent symptomatic CAUTI.114 In
patients with positive urine cultures, an antibiotic course was first administered and catheters were changed prior to
inoculation. Then, bladders of participants were inoculated with either E. coli HU2117 or saline via a catheter, which was
then clamped for an hour. This was repeated, and individuals were thus inoculated twice on three successive days. The
average number of symptomatic UTIs was lower in the E. coli HU 2117 group than the control group, and E. coli
HU2117 did not cause symptomatic UTI in this study.

One of the challenges in the use of avirulent E. coli strain 83972 in establishing adherence to withstand urinary tract
turbulence, is that it lacks the fimH gene. fimH codes for the type 1 pilus adhesin FimH, the most distal pilus subunit that
adheres to the uroepithelium.20 In an effort to circumvent this, E. coli 83972 was engineered to express type 1 pili.115

Type 1 pilus forming strains were shown to increase adherence to urinary catheters, increase efficacy in blocking
colonization by virulent E. coli, and importantly did not adhere to shed uroepithelial cells, suggesting they remained non-
pathogenic. It was subsequently shown that the type 1 pili on strain 83972 did not promote inflammation in the human
urinary tract.116 P pili, expressed by the pap operon are associated with upper urinary tract colonization and infection. An
additional genetic modification of E. coli 83972 was made to induce expression of a surface-located P pilus receptor
mimic, which was demonstrated to bind P pilus expressing E. coli.117 The expression of the P pilus receptor mimic
impaired P pilus-mediated adhesion to human erythrocytes and kidney epithelium.118 The strain impaired colonization by
uropathogenic E. coli in a mouse UTI model.

Bacterial interference may also be accomplished through the engineering of pre-established biofilms on urinary
catheters, which may serve as live protective catheter coatings. Establishing bacterial adherence to urinary catheters has
been the subject of several studies. For example, a general method for the biofunctionalization of a silicone material
(polydimethylsiloxane) with mannoside ligands has been developed to optimize adherence.119 Briefly, CO2 plasma was
used to activate the silicone surface and then poly(amidoamine) (PAMAM) dendrimers were attached. This generated an
amino-terminated surface. Carboxy-terminated mannose derivatives were then covalently attached to this surface. On this
surface, dense and stable E. coli 83972 biofilms could be established within 48 hours, and these biofilms reduced
uropathogenic Enterococcus faecalis adhesion by over 100-fold, whereas E. coli 83972 on the unmodified substrate only
reduced E. faecalis adherence by 5.5-fold. In a subsequent report, the group modified their technique and synthesized
a series of structurally heterogenous alkyl and aryl mannosides, and immobilized them on biofunctionalized silicone
surface coated with poly(amidoamine) (PAMAM) dendrimers.120 They showed that fimH + E. coli 83972 adhered rapidly
to biphenyl mannoside surfaces and prevented E. faecalis colonization, even when incubated at the high concentration of
108 CFU/mL, for 11 days. The technique also was associated with similar results in E. coli Nissle 1917, a strain initially
isolated during World War I from a soldier who escaped a diarrheal outbreak, and commercialized for over 90 years as
a probiotic for intestinal disorders.121 Subsequent modifications have been made to streamline and simplify the surface
modification process, and biofilms grown on a preconjugated mannoside ligand tethered to PAMAM dendrimer have
demonstrated robust and stable adherence and reduction of uropathogen colonization by more than 3.2 log10.122
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Bacterial interference is a promising avenue for the prevention of CAUTI. As optimization of adherence and
competition continue, and as clinical trials accrue, a microbial interference-based approach may become a common
standalone or complementary strategy. Basic research continues to define the molecular underpinnings of bacterial
competition and its clinical implications. For example, Ohlemacher et al recently identified a metallopore molecule –
escherichelin – that is produced by both a uropathogenic and a commensal Escherichia coli strain, and has the ability to
inhibit iron uptake by Pseudomonas aeruginosa. This work implicates eschericelin-producing bacterial strains as
potential candidates to prevent P. aeruginosa colonization through niche exclusion.123 Studies such as this will further
inform catheter and irrigant development designed to prevent CAUTI.

Vaccination Strategies and Candidates
Vaccination against UTI is a viable and exciting strategy. Although much of the research in this area has focused on
recurrent uncomplicated UTI, many of the principles are common to CAUTI and vaccine candidates were developed
against Escherichia coli and Enterococcus spp, which are also the most common causative organisms of CAUTI. Thus,
the principles of vaccination against these organisms may be translatable to CAUTI and other complicated UTIs.
Whether vaccination will ultimately play a role as a standalone versus complementary strategy for CAUTI management
remains to be determined. Given the abiotic nature of indwelling catheters, vaccination may work in tandem with other
methods described above that are designed to reduce pathogen colonization. In order for vaccines to be effective and
specific, general ideal components of a vaccine target include: pathogen specificity, antigenicity, surface expression, and
robust production during infection.124 A vaccine based on such a molecule should trigger a robust humoral and cellular
immune response upon microbial breach of the uroepithelium.

OM-89 (Uro-Vaxom; OM Pharma, Myerlin, Switzerland) is a lyophilized 18 uropathogenic E. coli strain membrane
protein cocktail125 It is administered in an oral formulation once daily for one month, and then again month later with
a lower frequency, as a booster. A meta-analysis of 5 studies including a total of approximately 1000 patients found that
the mean number of UTIs, as well as antibiotic usage, was significantly lower in OM-89 treated patients compared to
placebo controls.126 Thus, it has been included in the European Association of Urology (EAU) Guidelines as immuno-
prophylaxis in women with recurrent UTIs.127 The guidelines note that its efficacy in other groups remains to be
established. Other immunostimulant vaccines, generally multi-strain cell lysates, are under development. Their formula-
tions include vaginal, parenteral, and oral, but most have not been tested in a Phase III clinical trial.124

MV-140 (Uromune, Syner-Med Ltd UK; Immunotek S.L. Spain), a sublingual spray, has been evaluated for safety
and efficacy.128 The MV-140 vaccine is composed of inactivated cell lysates of common uropathogens. Specifically, it
contains lysates of E. coli, Klebsiella pneumonia, Proteus vulgaris, and Enterococcus faecalis. In a prospective study that
included 77 women with recurrent UTI (each had 3 or more UTI episodes in the preceding 12 months), the vaccine was
administered for 3 months, and 78% of the population was UTI-free over the 12-month follow-up period.128 In this study,
one patient experienced rash and thus had to stop treatment. The first phase III, randomized, placebo-controlled, double-
blind clinical trial was recently reported.129 The trial included 240 women with recurrent UTI, randomized to either MV-
140 (for 3 or 6 months) or placebo. The median number of UTIs in the 9 months post-vaccination was 3.0 in the placebo
compared to 0.0 in the MV-140 treatment groups. There was a greater UTI-free rate in the MV-140 groups. Five subjects
reported adverse reactions, all of which were non-serious (3 in the treatment groups, 2 in the placebo group). While these
remarkable findings open new prevention avenues for this patient cohort, whether or not they are generalizable to
a population with indwelling urethral catheters remains to be determined.

The above vaccines have generally been developed and tested in the context of uncomplicated UTI, and as discussed,
will require further study in the context of CAUTI. Exciting basic science advances have led to a new understanding of
the pathogenesis of CAUTI specifically, and have identified new potential treatment targets.130 One approach, wherein
a molecule critical for Enterococcus spp colonization of catheters is targeted, holds considerable promise. EbpA, the
minor subunit tip of the sortase-assembled endocarditis- and biofilm-associated (Ebp) pilus, has been shown to be critical
for the colonization of urinary catheters.19 Flores-Mireles et al showed that EbpA is an adhesin, and mediates attachment
to host fibrinogen, which is released from the bladder upon catheterization and deposited on catheters in their CAUTI
mouse model. In the CAUTI model, active immunization with the N-terminal domain of EbpA protected against
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infection. Passive immunity using antibodies against EbpA N-terminal domain also were both preventive and therapeutic
against CAUTI in the model.131 The group also showed that this strategy was effective against other enterococcal clinical
isolates including E. faecalis, E. faecium, E. gallinarum, and vancomycin-resistant enterococci (VRE). Of note, fibrino-
gen binding may be a general phenomenon in Gram-positive and some fungal infections, and has been shown in the case
of Staphylococcus aureus, Staphylococcus epidermidis, Group A streptococci, as well as Candida albicans.132,133

Type 1 pili have been shown to be required for biofilm formation and uropathogenic colonization on catheters.26 This
highlights the importance of vaccines targeted against pili to prevent colonization and subsequent infection. The FimCH
vaccine, which targets the adhesive type 1 pilus tip subunit FimH, has been shown to be protective in mice and
cynomolgus monkey models, with the animals generating antigen-specific long-lasting IgG antibodies.134,135 Similarly,
a FimH construct truncated to contain only its N-terminal adhesin domain, with CpG oligonucleotides used as an
adjuvant, conferred protection against cystitis in mice vaccinated intramuscularly or intranasally.136 The FimH vaccine’s
efficacy was largely due to the generation of antibodies that blocked FimH-mediated colonization of the bladder. The
FimH vaccine (Sequoia Vaccines, St. Louis, Missouri, MO, USA) has completed a phase 1 clinical trial, in which it was
shown to be safe and tolerable and display good immunogenicity.137 The drug product is now undergoing a phase 2
double-blind randomized, placebo-controlled clinical trial. Another candidate against uropathogenic E. coli is the PapDG
vaccine, which targets the adhesive P pilus tip subunit PapG. This vaccine also elicited a specific IgG antibiody response
in cynomolgus monkeys,138 and clinical trials are needed to assess its safety and efficacy. The vaccine development
pipeline in UTIs is promising, and the possibility that the findings translate from the uncomplicated UTI cohort to those
with indwelling catheters is an exciting prospect.

Diagnosis: Current Evidence and Considerations
Diagnosis of CAUTI generally includes two elements. First, the patient must demonstrate signs or symptoms compatible
with UTI. Second, urine culture should grow a bacterial species.127,139 While these two elements are broadly agreed
upon, specifics are debated and CAUTI poses unique diagnostic considerations.

Signs and Symptoms
Signs and symptoms of UTI may include increased bladder sensation, urgency, frequency, dysuria, pain in the urinary
tract, suprapubic tenderness, fever, rigors, altered mental status, malaise, lethargy with no other identified cause, flank
pain, and/or costovertebral angle tenderness.14,127,139,140 In the context of a catheter, these symptoms may be subtle, and
the classic combination of urgency, frequency, and dysuria cannot be relied upon since there is no volitional voiding
(outside the context of a recently removed catheter). Further, subpopulations of individuals with urinary catheters
including those with neurogenic lower urinary tract dysfunction (neurogenic bladder) and those who are critically ill
may exhibit a different symptom complex.141,142 For example, in patients who are spinal cord injured, increased
spasticity, autonomic dysreflexia, and sense of unease are also compatible with CAUTI.14 The ability to detect symptoms
in these populations is limited as sensorium may be impaired. Because of often subtle symptoms and overlap with those
of other etiology, overdiagnosis of CAUTI is common in cases where asymptomatic bacteriuria is truly present.141 As
discussed above in the Prevention subsection: asymptomatic bacteriuria, aside from rare exceptions, culture and/or
treatment should not be performed if no symptoms are present.

Urine Culture
The urine culture as a diagnostic component of CAUTI is wrought with challenges. First, the diagnostic cutoff is
controversial. The IDSA states that CAUTI is defined by symptoms (as above) in the context of a urine culture with
growth of ≥103 colony-forming units (CFU)/mL of ≥1 bacterial species in a single catheter urine specimen, or
a midstream voided specimen in an individual whose catheter was removed in the preceding 48 hours.14 The EAU
also uses a 103 CFU/mL cutoff.127 The Centers for Disease Control (CDC)/National Healthcare Safety Network (NHSN)
uses a cutoff of 105 CFU/mL.143 Of note, the IDSA states that the 103 CFU/mL cutoff represents a compromise between
the sensitivity of detecting CAUTI and the feasibility of laboratory quantitation of organisms. Further, it notes that even
counts below this threshold may indeed represent true bacteriuria and may be interpreted as such by the clinician in
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decision-making regarding treatment in the context of symptoms. For example, one study assessed 47 patients with acute
spinal cord injury and intermittent catheterization, 70% of whom had symptoms that were clearly or possibly related to
CAUTI. In this population, a 102 CFU/mL threshold represented optimal sensitivity and specificity as compared to the
suprapubic aspirate.144 Additionally, the IDSA notes that in the absence of symptoms, >105 CFU/mL may also be
compatible with asymptomatic bacteriuria, and outside the context of symptoms, generally does not warrant treatment.14

Whereas in uncomplicated UTI, pyuria is an important diagnostic criterion, it lacks utility in CAUTI diagnosis.
Pyuria, or the presence of white blood cells in urine, is indicative of inflammation of the urinary tract. It is usually present
in CAUTI as well as asymptomatic bacteriuria. In a study of over 700 recently catheterized patients, the presence of
pyuria for bacteriuria (105 CFU/mL) was 47% and specificity was 90%, with a positive predictive value of 32%.145 In
a study that assessed 177 urinalyses with urine cultures performed in sequence in a cohort of 14 long-term catheterized
patients, both bacteriuria and pyuria were common in asymptomatic episodes, and levels did not change considerably in
the context of symptoms.146 Similarly, testing for leukocyte esterase or nitrites has been demonstrated to lack utility in
establishing CAUTI diagnosis in catheterized patients in the ICU setting.147

Based in part on the above studies, IDSA states that in those with urinary catheters, pyuria should not be diagnostic of
either CAUTI or asymptomatic bacteriuria, should not differentiate the two, and should not be an indication for
treatment.14 However, the absence of pyuria in those with urinary catheters suggests a diagnosis other than CAUTI. In
addition, the presence of cloudy and/or malodorous urine should not be used to differentiate between CAUTI and
asymptomatic bacteria, or as an indication for urine culture or treatment.

When obtaining urine specimens from catheterized individuals, some technical points should be considered.14 First,
the specimen should be obtained prior to initiation of antibiotics. This is due to the wide variety of causative organisms
and differential resistance profiles. Resistance information of the causative organism should be used to guide treatment,
and this data will be obscured or altered following the initiation of antibiotics. In those with short-term indwelling
catheters, it is recommended that specimens be obtained through the catheter port, if available, using aseptic technique.
Another technique suggested by the IDSA is puncturing the catheter tubing with a needle and syringe. Though this
technique is not commonly used in practice, these recommendations are in place to ensure the closed-drainage system
remains intact, which is known to reduce the risk of CAUTI.148 In those with urinary catheters that have been indwelling
for longer duration, the preferred collection method is to replace the catheter and obtain the specimen from the freshly
placed catheter. This is due to the finding that culture results in the context of a catheter with biofilm may not accurately
reflect the status of the infection in the bladder, as culture results from a present versus exchanged catheter may be
discordant.149–151 In the case of those with symptoms suggestive of CAUTI, catheter removal or exchange should be
done immediately prior to starting antibiotics. Culture specimens should not be obtained from the urine drainage bag due
to high risk of contamination, although the CDC notes that large volume urine specimens may be obtained this way for
special analyses other than culture.29

Ancillary Workup
In a typical case of CAUTI (such as in the postoperative setting), additional urologic diagnostic workup, including
cystoscopy and imaging, may not be necessarily indicated. Decisions regarding these modalities should be made in the
context of clinical symptoms, examination, and history, and in atypical cases (eg, wherein a foreign body or renal calculi
are suspected), such workup should not be delayed. Details of such workup are beyond the scope of this review.
Urological consultation should be considered based on the patient history, clinical examination, and all available data.

Diagnosis: Challenges and Future Prospects
Signs and Symptoms
Symptoms of CAUTI may be subtle and atypical, as detailed above. In fact, some question the reliability of the vague
symptoms that often define CAUTI, and propose that reliance on the current definition of CAUTI may lead to a missed
number of nonurinary etiologies of fever, and unnecessary antibiotic prescription.152 Thus, one potential opportunity for
improvement in symptomatic assessment is the development of valid and reliable patient-reported outcome measures, or
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questionnaires. One group has developed a series of questionnaires termed the Urinary Symptom Questionnaires for
People with Neurogenic Bladder (USQNB).153–155 These questionnaires have been validated in the neurogenic bladder
population that uses an indwelling catheter, clean intermittent catheterization, or voids spontaneously. They were
designed to determine whether one’s urinary symptoms are related to urinary tract infection. These questionnaires
were developed recently, and their implementation in the clinic may prove useful in eliciting potential symptoms that
may or may not be attributed to CAUTI.

Biomarkers
The subtlety of CAUTI symptoms and the imperfectness of the urine culture pose the common dilemma of distinguishing
CAUTI from asymptomatic bacteriuria. Thus, there is an urgent need for novel diagnostic biomarkers. Further, since
antibiotic susceptibility testing is based on urine culture, it generally takes at least two days to result. Thus, to improve
antibiotic decision-making prior to the availability of final results, novel and rapid assays and algorithms are needed. As
culture-independent sequencing techniques advance, specific bacteria or patterns of bacteria may serve as CAUTI
biomarkers. Although such techniques have been demonstrated to detect bacteria and resistance genes with high
sensitivity,20 the clinical relevance of this requires further investigation. There has been significantly more study in
biomarkers for uncomplicated UTI.156 Potential candidates include procalcitonin, interleukins, lactoferrin, and IgA. In
addition, urinary cell-free DNA shows promise in monitoring infections of the urinary tract.157 These biomarkers are
associated with varying levels of evidence and predictive value, and require study in the catheterized population.

In an investigation of UTI biomarkers in catheterized patients, Olszyna et al assessed IL-6 and IL-8,158 both of which
had previously been found to be present in those with asymptomatic bacteriuria and pyelonephritis.159,160 IL-8 is
a prototypic member of the CXC chemokine family, primarily targeting neutrophils, which are commonly present in
urine of individuals with UTI.161 The authors found that IL-8 was elevated on the day of UTI diagnosis, and IL-8
remained low in the non-UTI controls. They also found that IL-6 was released 2–4 days before the onset of UTI, but this
increase was also seen in the group that did not develop UTI. Another study, which included a pediatric population with
neurogenic bladder (regardless of bladder drainage management), found that the urinary antimicrobial peptide (AMP)
neutrophil gelatinase-associated lipocalin (NGAL) differed significantly between the UTI group and the group with
asymptomatic bacteriuria with an AUC of 0.82.162 Although NGAL shows promise based on this study, further work is
needed to determine its utility in the adult population with indwelling urethral catheters.

Artificial intelligence (AI) is poised to impact the field of diagnostics in general, and CAUTI is no exception. For
example, machine learning, a branch of AI, is being implemented in biomarker development processes.163 Machine
learning may also assist with rapid antibiotic susceptibility testing. Bhattacharyya et al coupled machine learning with
early antibiotic-induced transcriptional changes together with genetic determinants of resistance. Using this approach, the
group classified resistance with 94–99% accuracy with <4 hours assay time.164 Machine learning has also demonstrated
utility in guiding antibiotic choices prior to final susceptibility results. For example, Kanjilal et al used EMR data in
a population with uncomplicated UTI to train machine learning algorithms to predict probability of antibiotic resistance
of bacteria to first- and second-line antibiotic therapy.165 The algorithms resulted in a 67% reduction in second-line
therapy use relative to clinicians, and reduced inappropriate antibiotic therapy by 18%. Whether such algorithms possess
utility in the population with CAUTI and other complicated UTI requires further study and validation, but the prospect is
promising.

As biomarker and antibiotic resistance assays and algorithm development continues, the medical community remains
reliant on urine culture for the laboratory diagnosis and antibiotic susceptibility of CAUTI, which also may benefit from
AI assistance.166 A common issue with urine culture is that it is frequently subject to contamination, and as discussed this
may be particularly challenging in the context of those who are catheterized, wherein a culture may be obtained
inappropriately (eg, from a drainage bag, or from a catheter that has been indwelling for a long period of time).
Advances in automation and computing have led to the development and implementation of machine learning to assist in
the laboratory diagnosis of positive versus negative versus contaminated urine cultures. In a recent study, a powerful deep
learning model predicted culture result from blood agar plate images with 100% accuracy when compared to laboratory
technologist consensus (the gold standard used in the study).167 A future extension of this work would be in the
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prediction of contamination versus infection in the subpopulation with urinary catheters, and, potentially, identifying
patterns on urine cultures that may be reflective of CAUTI versus asymptomatic bacteriuria. This may be a one
component of a multi-component algorithm that includes symptoms and biomarkers.

Treatment: Current Evidence and Considerations
Catheter Removal or Exchange
The CAUTI treatment paradigm includes catheter removal or exchange together with antibiotics. The catheter should
be removed if no longer needed, or exchanged, prior to initiating antibiotic therapy (a urine culture must also be
obtained prior to initiation of antibiotics, as discussed in the diagnostic section), particularly if it has been in place for
longer than two weeks. A randomized, controlled clinical trial included 54 elderly participants living in nursing
homes with long-term indwelling catheters and CAUTIs.168 The groups were randomized to either catheter replace-
ment or no replacement prior to a course of fluoroquinolone antibiotics. The replacement group had significantly
lower rates of polymicrobial bacteriuria at day 28, a shorter time to afebrile status and clinical improvement, and
a lower rate of CAUTI at 28 days following treatment. Potential disadvantages of replacement include the risk of
mucosal trauma and increased cost,168,169 which may be mitigated with adequate lubrication for insertion and
atraumatic technique.

Antibiotics
Choice of antibiotics generally should be guided by severity of illness, the local antibiotic resistance data (antibiogram), host
factors (including allergies), and sensitivity data of the isolated organisms.127 The EAU provides additional guidance
regarding choice of antimicrobials.127 It should be noted that this guidance is based on regional antibiotic resistance patterns,
and local patterns should be assessed prior to decision-making. The EAU guidelines state that treatment for CAUTI should
follow the recommendations regarding treatment of other complicated UTIs. The guidelines recommend not using amox-
icillin, TMP-SMX, or amoxicillin/clavulanic acid for empiric treatment of complicated UTI. This is based on current
resistance profiles (and thus may vary based on local antibiograms).170 The EAU recommends that in those with systemic
symptoms requiring hospitalization, amoxicillin plus an aminoglycoside, or a second-generation cephalosporin plus an
aminoglycoside, or a third-generation cephalosporin intravenously may be used. The choice among these should be dictated
by local resistance patterns, and the regimen should be tailored based on final culture resistance data. The guidelines
recommend only using ciprofloxacin provided that the local resistance percentages are <10% when the patient is not
seriously ill and it is considered safe to start initial oral treatment, or if the patient has had an anaphylactic reaction to a beta-
lactam antimicrobial. Ciprofloxacin is especially not an optimal choice if the individual is a urology patient or has received
ciprofloxacin in the past 6 months. The risk of tendonitis and tendon rupture, as is indicated in the FDA black box warning
for ciprofloxacin, must also be considered.171 In those with a hypersensitivity to penicillin, a cephalosporin can still be
prescribed according to the guidelines, unless the patient has had systemic anaphylaxis in the past.

Optimal duration of treatment for CAUTIs should be guided by illness severity, treatment response and host factors. The
IDSA states that a seven-day course is the recommended duration for those who have prompt resolution of symptoms, and
a 10- to 14-day regimen is recommended in cases of a delayed response.14 The IDSA states that a 5-day course of
levofloxacin may be considered in those who are not severely ill. Finally, the IDSA states that in women ≤65 years of age
with a CAUTI in whom the catheter has been removed, a three-day course of antibiotics may be considered. These
recommendations are based on the treatment tenet of limiting unnecessary treatment duration to reduce the selective pressure
for drug-resistant organisms. In the context of CAUTI diagnosis and treatment, urologic workup for any relevant pathology
should be pursued and urological abnormalities and/or underlying complicating factors should be addressed.
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Treatment: Challenges and Future Prospects
Antibiotics
Clinical Pipeline
Antibiotics remain the cornerstone of CAUTI treatment, but their use is associated with multiple challenges. First, less
than a century into the antibiotic era, rates of antibiotic resistance have become alarmingly high, raising the possibility of
a post-antibiotic era wherein even common infections could become life threatening.81,172 A major contributor to
antibiotic resistance is clinical antibiotic use, a subset of which is unnecessary or unnecessarily prolonged. Further, the
clinical pipeline of antibiotics remains insufficient to tackle these challenges. Large pharmaceutical companies continue
to exit the development field, and both clinical and preclinical development is dominated by small and medium-sized
companies.173,174 Despite the slow and insufficient antimicrobial pipeline, there are several examples of novel and
effective drugs that have recently undergone FDA approval for complicated UTIs (including CAUTI) caused by multi-
drug resistant organisms.

Cefiderocol (Fetroja, Shionogi, Florham Park, NJ, USA), a novel siderophore cephalosporin, was demonstrated to
have broad activity against Enterobacteriaceae and non-fermenting bacteria, including Pseudomonas aeruginosa and
Acinetobacter baumannii in vitro. Cefiderocol was shown to be safe and effective in phase 2 (versus imipenem-cilastatin)
and Phase 3 clinical trials (versus best available therapy) in patients with complicated urinary tract infection at risk for
multidrug-resistant Gram-negative infections.175,176 It had a significantly higher efficacy (clinical response and micro-
biological eradication at 7 days post-therapy) than high-dose imipenem/cilastatin. It was approved by the FDA in
November 2019 for adults with complicated UTIs caused by susceptible Gram-negative organisms who have limited
or no alternative treatment options.177 Another recently approved treatment for complicated UTI is meropenem-
vaborbactam (Vabomere, Melinta Therapeutics, New Haven, CT, USA).178,179 It was shown to be noninferior to
piperacillin-tazobactam in symptom improvement/resolution paired with microbiological eradication. It was approved
by the FDA in August 2017 for adults with complicated UTI caused by susceptible Escherichia coli, Klebsiella
pneumoniae, and Enterobacter cloacae.180 Plazomicin (Zemdri, Achaogen, San Francisco, CA, USA), an aminoglycoside
antibiotic with bactericidal activity against multidrug resistant Enterobacteriaceae, recently was studied for safety and
efficacy in a phase 3 clinical trial against meropenem, and was shown to be noninferior in the treatment of complicated
UTI caused by Enterobacteriaceae, including multidrug resistant strains.181 It was approved by the FDA in June 2018.182

An additional drug product containing imipenem/cilastatin plus relebactam (Recarbrio, Merck, Kenilworth, NJ, USA) has
been developed. Relebactam is a ß-lactamase inhibitor, and can restore imipenem activity against imipenem non-
susceptible pathogens. In a phase 3 clinical trial that included individuals with complicated UTI, it was shown to be
efficacious and well tolerated, and it was approved by the FDA in July 2019.183,184

One promising novel antibiotic, a synthetic penem termed sulopenem (Iterum Therapeutics, Dublin, Ireland),
demonstrated promise in vitro against Enterobacteriaceae including ESBL-producing strains, and Gram-positive activity
similar to other carbapenems, as well as safety in Phase II clinical trials. However, its phase III trial study in treatment of
complicated UTI did not meet its primary endpoint.185 The randomized, double-blind trial included 1395 patients with
complicated UTI was designed to measure sulopenem’s efficacy, tolerability and safety, with a primary endpoint of
clinical and microbiological response on day 21. Patients were randomized to either IV followed by oral sulopenem, or
IV ertapenem followed by oral ciprofloxacin (or amoxicillin-clavulanate for quinolone-resistant isolates). There was
a lower response rate in the sulopenem group, driven almost entirely by higher rates of asymptomatic bacteriuria detected
at the test of cure visit.

As the armamentarium of antibiotics improves, organisms will continue to develop resistance. Thus, the arms race
between host and microbe continues. Each of the recently approved drugs has its own set of adverse effects and
contraindications. The WHO notes that the newly approved products also generally have limited clinical benefit over
existing treatments. The lack of differentiation from current treatments, together with lack of their inclusion in clinical
guidelines and their higher costs, make their role in the future clinical landscape unclear.173 In addition, the majority of
these new drug products are from existing drug classes wherein multiple resistance mechanisms are present, and thus
there is the possibility of rapid evolution of resistance to these products. Furthermore, the WHO notes that based on
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anecdotal evidence and sales figures, it appears that clinicians are reluctant to use the novel antibiotic agents for the
conditions (including complicated UTI) that were the initial targets for approval. Thus, novel antibiotics from new drug
classes are critically needed.

Novel Methods of Antibiotic Identification and Development
Recent and exciting advances in basic science have led to new opportunities for the identification of novel classes of
antibiotics. Natural products generated by cultured bacteria were a source of many antibiotics for decades, but their use
has dwindled based on high re-discovery rates. Given that only a small fraction of microbes is cultureable, a team set out
to develop a culture-independent discovery platform to identify natural product antibiotics produced by uncultureable
bacteria obtained from soil.186 Using this platform, Hover et al discovered a novel drug class termed malacidins. The
malacidins were active against multi-drug resistant bacteria, were demonstrated to sterilize methicillin-resistant
Staphylcoccus aureus (MRSA) in an animal wound model, and did not contribute to antibiotic resistance under
laboratory conditions. Specifically, even after exposure to sub-lethal levels of malicidin for 20 days, no malicidin-
resistant Staphylococcus aureus were detected. Whether horizontal gene transfer from environmental bacterial strains
could contribute to resistance warrants investigation. The authors note that the scaling and automation of their technique
may allow for the systematic discovery of new natural product antibiotics, which have thus far remained hidden in the
global metagenome, and represents a powerful approach to combat resistance.

A recent advance in antibiotic discovery was driven by the use of artificial intelligence.187 Stokes et al trained a deep
neural network to predict molecules with antimicrobial activity from multiple chemical libraries. They used a training set
of 2335 molecules to predict growth inhibition of Escherichia coli. Then, they applied their model to libraries comprising
>107 million molecules. In doing so, they discovered a molecule termed halicin that had antimicrobial activity against
a wide range of pathogens including Mycobacterium tuberculosis and carbapenem-resistant Enterobacteriaceae.
Importantly, this molecule is structurally dissimilar to other known antibiotics. It demonstrated efficacy against
Clostridioides difficile and pan-resistant Acinetobacter baumannii infections in murine models. Their model also
identified 8 antibacterial compounds that were structurally dissimilar to known antibiotics. Such techniques open new
avenues for novel classes of antibiotic discovery.

Small Molecule Alternatives to Traditional Antibiotics
Small molecule alternatives to traditional antibiotics represent a promising category of molecules to treat infection. They are
less likely to contribute to resistance because they target microbial pathogenic mechanisms, specifically, without disrupting
a central metabolic process. They do not attenuate growth or kill the microbe. Because of this, they are also less likely to have
off-target effects on commensal flora, and thus may not significantly alter the healthy gut or vaginal flora.

Bacterial adhesion is a key early step for colonization and CAUTI. Adhesion is frequently mediated by pili, which
function as virulence factors for many known uropathogens.20 Type 1 pili mediate adhesion to the bladder and have been
shown to be important in biofilm formation, and P pili mediate adhesion to the kidneys. Both type 1 and P pili are
assembled by the chaperone-usher pathway.188 Basic science has shed light on the chaperone-usher pilus structure and
assembly mechanism.189–196 The detailed understanding of the pilus architecture, molecular interfaces, and structure-
function relationships that these studies and others provide, makes pilus adherence and assembly attractive targets for
novel small molecule alternatives to antibiotics.

The first pilus-targeting approach is to disrupt the pilus–receptor interaction between the microbe and the host. In the
case of type 1 pili, the FimH pilus subunit is the adhesive subunit, and located at the most distal position, optimized for
adherence to the host bladder.197 Mannosides, briefly discussed in the Bacterial Interference section, are soluble small
molecule receptor analogs that contain a mannose group. They bind and occupy the FimH binding site, thus preventing
adhesion and colonization of the urinary tract. They have been shown to be orally bioavailable and act against both
established UTI and CAUTI (in a combinatorial fashion with TMP-SMX) in mouse models.26,198,199 Galabiose-based
inhibitors are also the subject of investigation to target the P pilus adherence to host cells.200

Pilus assembly and secretion represents a second major target for small molecule inhibition. Pilicides are a class of
small molecule inhibitors of chaperone-usher pilus assembly that bind to a periplasmic chaperone molecule and thus
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interfere with pilus subunit binding to the outer membrane usher, a bacterial membrane-spanning protein that assembles
adhesive pili from the periplasmic pilus subunits. Pilicides reduce P pilus and type 1 pilus biogenesis, as well as pilus-
mediated adhesion and biofilm formation in vitro201,202 Other pilicides have been developed to have activity against curli,
and have been shown to reduce biofilm formation and colonization in a mouse UTI model.203 New pilicides are being
investigated that attenuate pilus biogenesis through disruption of pilus subunit–subunit interactions, protein folding, and
other aspects of the pilus assembly mechanism.204–206 Coilicides, another category of potential inhibitors, are designed to
prevent uncoiling and recoiling of the pilus rod, and have been shown to lock the rod in a noncompliant form.207

Polyclonal antibodies were similarly shown to reduce the elastic properties of the P pilus rod.208

These novel pilus assembly- and adhesion-targeting therapeutics are moving forward in the development pipeline.
Notably, the mannoside, GSK3882347, is now in phase 1 clinical trials (NCT04488770).209 Although a number of these
small molecules have shown efficacy against biofilm formation in vitro, additional in vivo work and clinical trials will be
needed to establish their safety and efficacy, and whether the findings are generalizable to the population with indwelling
catheters.

Phytotherapy
Several herbal and other alternative therapies for UTIs have been studied. However, there are few studies on herbal
therapies for CAUTI, specifically. For example, BNO-1045 (Canephron® N) is a herbal medicine product containing
centaury powder (Centaurii herba), lovage root powder (Levistici radix) and rosemary leaf powder (Rosmarini
folium). Studies have shown it has anti-inflammatory, spasmolytic, antiadhesive, antinociceptive, and diuretic
properties.210 It has also been shown to preserve the gut microbiome.211 In a phase III clinical trial, BNO-1045
was noninferior to Fosfomycin in uncomplicated UTI treatment.210 Another study suggests that BNO-1045 could
prevent postoperative UTI following surgery in which a catheter was placed.212 Additional trials are needed to
determine whether BNO-1045 if effective in CAUTI and other complicated UTI treatment or prevention. Angocin® is
a herbal medicinal product containing nasturtium and horseradish powder, and an observational study supported its
potential efficacy in treatment and prevention of CAUTI.213 Similarly, trials are needed to further assess its safety and
efficacy.

Conclusions
CAUTIs are the most common healthcare-associated infection and the most common cause of secondary bloodstream
infections, and antibiotic resistance rates are alarmingly high. Diagnosis of CAUTI relies upon both urine culture and
symptoms, both of which are problematic and controversial in the population with indwelling catheters. Catheter
coatings, catheter materials, and vaccination are novel preventive strategies. Another interesting and promising preven-
tion strategy is bacterial interference, wherein nonvirulent microbial strains are designed to outcompete pathogens for the
urinary tract niche to reduce CAUTI risk. Novel diagnostic strategies and treatment decision aids are under development
and include several classes of biomarkers often coupled with artificial intelligence algorithms, cell-free DNA, and others.
Though the antibiotic drug development pipeline is currently insufficient to keep up with resistance rates, new drug
products have recently undergone FDA approval for treatment of multi-drug resistant complicated UTI. Novel alter-
natives to traditional antibiotics are under study. They include inhibitors that specifically target bacterial pathogenesis
mechanisms such as adhesive pilus assembly, to prevent catheter and bladder adherence. These molecules, termed
mannosides and pilicides, target only a pathogenic mechanism rather than a central metabolic pathway. Thus, they are
unique in that they do not select for antibiotic resistance, and are less likely to disrupt healthy gut or vaginal flora. These
strategies are promising and welcome in the era of rampant and increasing antibiotic resistance. Clinical, translational,
and basic sciences are continuing to provide new evidence and insight regarding the pathogenesis, prevention, and
treatment of CAUTI. An understanding of the important challenges in the field coupled with the current evidence will
inform the next generation of CAUTI management.
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