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INTRODUCTION

UTIs are widely recognized as the most frequent types of
bacterial infections in children globally and one of the
most alarming sources of morbidity, health care usage,

Abstract.

Carbapenem resistance in childhood urinary tract
infection (UTIs) is a growing problem around the world
pressing the viability of the last-line antibiotics in
children. UTIs occur in pediatrics in large proportions of
antibiotics and include infants and children with a history
of underlying urology or healthcare exposures. This
review was conducted as a summary of the available
evidence on the problem of -carbapenem-resistant
uropathogens in pediatric UTIs, major patient- and
healthcare-related risk factors, as well as emerging
prescription trends. Increasing resistance is closely
associated with the previous usage of broad-spectrum
antibiotics and further dependence on carbapenems
against serious infections. Urinary tract infections caused
by carbapenem resistance in children are related to
elevated failure rates of treatments, sepsis, renal issues,
extended hospital stay, and high healthcare expenditures.
The review emphasizes the role of early diagnosis,
carbapenem-sparing interventions, and antimicrobial
stewardship to maximize treatment responses and reduce
the risk of additional resistance.

Keywords: Pediatric urinary tract infection; carbapenem
resistance; antimicrobial resistance; risk factors;
prescribing trends; antimicrobial stewardship.

and antibiotic exposure in children. (1) Estimates suggest
that the proportion of girls and boys who develop at least
one UTI in childhood is 7-8 percent and 2 percent
respectively, and the prevalence rates are the highest in
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infants and young children. (2) Urinary tract infections
remain a common reason for pediatric emergency
department presentations, representing nearly 2% of all
pediatric emergency department (ED) visits, and
contribute significantly to health care utilization in
young children. (3) Pediatric urinary tract infections
cause acute illness and long-term consequences,
including recurrent infections and renal scarring, and in
children with anatomical abnormalities may result in
chronic kidney disease or hypertension, underscoring the
need for timely diagnosis and management. (4) Pediatric
urinary tract infections exhibit an uneven global burden,
with  disproportionately  higher incidence and
complications reported in low- and middle-income
countries. (5, 6)

In low and middle income countries, empirical antibiotic
therapy for pediatric urinary tract infections is often
initiated without microbiological confirmation, which
increases the risk of treatment failure and the emergence
of drug-resistant organisms.(7,8) Antibiotic-resistant
pediatric UTIs are associated with increased medical
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costs and longer hospital stays, highlighting a significant
healthcare burden even in high-income countries. (8)
Over the past two decades, antimicrobial resistance has
increasingly affected pediatric UTIs, with traditionally
used antibiotics such as ampicillin, trimethoprim-
sulfamethoxazole, and early-generation cephalosporins
showing high resistance, particularly in Escherichia coli,
largely due to widespread inappropriate antibiotic use.
(9) Children are particularly vulnerable to antimicrobial
resistance due to their developing immune systems,
higher infection rates, frequent early exposure to
antibiotics, and limited pediatric-specific data and
treatment options. (10)

Extended-Spectrum B-lactamse producing E. coli and
Klebsiella are increasingly encountered in pediatric
UTIs, and -carbapenems, including imipenem,
meropenem, and ertapenem, are recommended as
preferred agents for severe or complicated infections
caused by multidrug-resistant organisms. (11)

Mechanism of horizontal gene transfer
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Figure 1 Extended-Spectrum f-Lactamases (ESBL) (12)

Carbapenems are broad-spectrum B-lactam antibiotics
effective against ESBL-producing and resistant
Gram-negative bacteria and are commonly used for
severe infections, including complicated UTIs, sepsis,
neonatal infections, and in immunocompromised
pediatric patients. (13) Although carbapenems are life-
saving, their increasing use raises concerns about the
emergence of resistance. Children are particularly
vulnerable, as repeated or prolonged exposure can
disrupt the developing gut microbiome and promote
colonization by resistant pathogens. (14, 15) In a recent
pediatric surveillance study, the annual incidence of
carbapenem-resistant Enterobacterales (CRE) was 0.47—
0.87 cases per 100,000 children, whereas
extended-spectrum B-lactamase (ESBL) producing
Enterobacterales occurred at much higher rates (19.63—
26.5/100,000), indicating that ESBL organisms remain
substantially more prevalent than CRE in pediatric UTIs.

(16) Carbapenem resistance in Enterobacterales arises
through multiple mechanisms, including the production
of carbapenemases, alterations in outer membrane porins
often coupled with ESBL or AmpC B-lactamases, and the
transfer of resistance genes via horizontal gene transfer.
(17)

In pediatric populations, CRE infections are associated
with multidrug resistance and poorer clinical outcomes;
however, surveillance data indicate that carbapenem
resistance in community-acquired pediatric UTIs
remains relatively rare. (16) Continuous monitoring of
ESBL and carbapenem resistance patterns is therefore
essential to guide empirical therapy and strengthen
antimicrobial stewardship practices. (18) Carbapenem-
resistant Pseudomonas aeruginosa infections in children
are associated with limited therapeutic options, higher
rates of treatment failure, prolonged hospitalization, and
increased mortality. (19) The emergence of carbapenem-
resistant organisms in pediatric UTIs is particularly
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challenging, as treatment options are limited by age-
related safety concerns, incomplete  pediatric
pharmacokinetic and toxicity data, and restricted
approval of agents such as polymyxins, tigecycline, or
newer P-lactam/B-lactamase inhibitor combinations,
making clinical decision-making more complex. (20)
Moreover, resistance patterns and risk factors in children
differ from those in adults due to unique anatomical,
developmental, and  healthcare-related factors,
highlighting the need for separate evaluation and
pediatric-focused antimicrobial stewardship. (21)
Despite the growing clinical importance of carbapenem
resistance, most studies focus on adults, bloodstream
infections, or ICU settings, leaving pediatric UTIs
underrepresented, with prevalence, risk factors, and
prescribing practices varying widely across regions and
healthcare settings. (22) A pediatric-specific review is
urgently needed to summarize carbapenem resistance
prevalence in pediatric UTIs, highlight key risk factors,
and assess emerging prescribing trends, supporting
evidence-based practice, antimicrobial stewardship, and
policy development globally. (23)

Rationale and Objectives

Rationale

Children are a uniquely vulnerable population in the
context of urinary tract infections due to anatomical
abnormalities, functional urinary tract disorders, and
age-related susceptibility that contribute to higher
infection risk in infancy and early childhood. (24, 25)
Young children, especially infants, are particularly
susceptible to urinary tract infections due to immature
immune defenses and underdeveloped urinary tract
anatomy. Congenital  abnormalities, such as
vesicoureteral reflux or other structural anomalies,
further increase the risk of recurrent infections. These
repeated infections often lead to higher exposure to
antibiotics, which can contribute to the development of
antimicrobial resistance in pediatric populations. (2, 26,
27) Early and repeated antibiotic exposure during critical
periods of growth can significantly perturb the
developing gut microbiome. Such disruptions have been
associated with long-term consequences, including
increased risk of metabolic disorders, immune
dysregulation, and propagation of antimicrobial
resistance genes. Evidence from birth cohort studies
demonstrates that infants receiving antibiotics in the first
year of life exhibit persistent alterations in gut microbial
composition and an increased burden of resistance genes,
highlighting the potential for future health impacts and
treatment challenges. (28-30)

Treatment options for multidrug-resistant UTIs in
children are limited due to scarce pediatric safety,
dosing, and pharmacokinetic data for many antibiotics.
Consequently, carbapenems are often reserved as last-
line agents in severe cases, despite concerns about
toxicity, ecological impact, and resistance selection.(31,
32) Carbapenem-resistant uropathogens in children
represent a serious clinical challenge, reducing available
safe and effective treatment options. Children carrying or

infected with these resistant organisms can contribute to
transmission in both community and healthcare settings,
underscoring the importance of antimicrobial
stewardship and judicious prescribing. (16) Although
carbapenem-resistant uropathogens are increasingly
reported in children, pediatric-specific data on their
prevalence, risk factors, and prescribing patterns remain
limited, underscoring the need for focused review and
surveillance to inform clinical practice and antimicrobial
stewardship. (33)

Objectives

This comprehensive review aims to define the current
landscape of carbapenem resistance in paediatric urinary
tract infections, with particular emphasis on
epidemiology, determinants of resistance, and evolving
treatment practices.

Primary Objective:

e To synthesize available evidence on the
prevalence of carbapenem-resistant
uropathogens in pediatric UTIs across diverse
geographic regions and healthcare settings.

Secondary Objectives:

e To identify patient related, microbiological, and
healthcare-associated risk factors contributing
to carbapenem resistance in children.

e To evaluate emerging prescription trends,
including carbapenem utilization, de-escalation
approaches, and carbapenem-sparing strategies
in pediatric practice.

e To highlight clinical and public health
implications, supporting the development of
paediatric-specific treatment guidelines and
strengthening  antimicrobial ~ stewardship
initiatives.

This review consolidates pediatric-specific evidence on
the prevalence, risk factors, and prescribing patterns of
carbapenem-resistant UTIs to inform clinical practice
and antimicrobial stewardship.

METHODS OF THE REVIEW

Search Strategy

A comprehensive and systematic literature search was
conducted to identify relevant studies addressing
carbapenem resistance in pediatric urinary tract
infections. Major electronic databases, including
PubMed/MEDLINE, Scopus, Web of Science, and
Embase, were searched to ensure broad coverage of
biomedical and public health literature. The search
strategy combined Medical Subject Headings (MeSH)
and free-text terms related to pediatric UTIs and
antimicrobial resistance. Key search terms included
“pediatric  urinary tract infection,”  “children,”
“infants,” “carbapenem resistance,” ‘“‘carbapenem-
resistant  Enterobacterales,”  “multidrug-resistant

’
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uropathogens,” and “antibiotic prescribing trends.’
Boolean operators (AND/OR) were used to refine
searches. The timeframe was limited to studies published
between January 2020 and November 2025 to capture
contemporary resistance patterns, diagnostic approaches,
and prescribing practices. Reference lists of eligible
articles and relevant reviews were manually screened to
identify additional studies that may not have been
captured through database searching.

Eligibility Criteria
Research papers that met the following criteria were
considered including:

6))] use of pediatric populations aged
1-18 years.

(i1) Reports of microbiologically
confirmed UTIs

(ii1) Reports of carbapenem
resistance, use, or accompanying
risk factors.

These were observational studies (cross-sectional,
cohort, and case-control) as well as surveillance reports,
interventional or stewardship-related studies which
qualified to be included. Community-acquired and
healthcare-associated UTI were both taken into
consideration. Research that involved adults only or non-
urinary infections or colonization in the absence of
clinical infection was eliminated. Cases that contained
less than five patients, conferences that had no full text
on their abstracts and non-English articles were also
excluded to maintain quality and interpretability of data.

Definitions and Outcomes

Urinary tract infection was characterized based on the
standard pediatric requirements, such as the presence of
clinical symptoms that are typical of UTI and the
presence of significant bacterial growth on urine culture
collected via an appropriate collection technique
(Subcommittee on Urinary Tract Infection, 2021). The
definition of carbapenem resistance relied on the
reported susceptibility testing results based on the
established standards, e.g., the Clinical and Laboratory
Standards Institute (CLSI) or European Committee on
Antimicrobial ~ Susceptibility = Testing (EUCAST)
breakpoints (CLSI, 2023). The main findings were the
occurrence of carbapenem-resistant uropathogens in
childhood UTIs. The risks identified, the mechanisms of
resistance, the patterns of antibiotic prescription and the
clinical outcomes linked with the carbapenem-resistant
infections were the secondary outcomes.

Data Extraction and Synthesis

The information was obtained with a standardized form
that included characteristics of the studies, population
demographics, setting, uropathogens, resistance pattern,
and trends in prescribing. As there are likely to be diverse
study designs, populations and outcome measures, a
narrative synthesis method was employed. Results were
summarized thematically in prevalence, risk factors and
prescription practices. Quality and risk of bias in a study

were estimated and determined with the help of the
appropriate tools, i.e., Joanna Briggs Institute critical
appraisal instruments of observations studies. Any
discrepancies in the data extraction or interpretation were
resolved via a consensus to further increase
methodological rigor.

Epidemiology and Prevalence of  Carbapenem
Resistance in Pediatric Urinary Tract Infections
Urinary tract infections are among the most common
bacterial infections in children, with Escherichia coli as
the predominant pathogen. (34) Rising antimicrobial
resistance, including multidrug-resistant and
carbapenem  resistant isolates, has increasingly
complicated pediatric UTI management. (35, 36)
Prevalence varies across regions and healthcare settings,
highlighting the need to understand epidemiological
patterns to guide empirical therapy, antimicrobial
stewardship, and public health interventions.

Burden and Clinical Spectrum

Neonatal and young infant urinary tract infections often
present with nonspecific symptoms such as fever, poor
feeding, or irritability, which can delay diagnosis and
treatment. (37) Older children with urinary tract
infections typically present with more localized urinary
symptoms such as dysuria, frequency, urgency, or flank
pain, facilitating earlier recognition. (38) Boys are
predominantly affected in the neonatal period due to
congenital urinary tract anomalies, whereas postnatally,
girls show higher prevalence because of anatomical and
behavioral factors. (39)

The burden of pediatric urinary tract infections is
compounded by multidrug-resistant and carbapenem
resistant  uropathogens, which limit effective
antimicrobial options, prolong illness, increase
hospitalization duration, and elevate the risk of
complications due to challenges in empirical therapy and
higher treatment failure rates. (40)

Early detection of resistance patterns is crucial to guide
therapy, support antimicrobial stewardship, and improve
pediatric outcomes.Pediatric urinary tract infections are
classified as  uncomplicated or complicated.
Uncomplicated infections occur in otherwise healthy
children with normal urinary anatomy and function,
typically involving the lower wurinary tract and
manageable without extensive investigation or
intervention. (41) Complicated UTIs involve structural
or functional abnormalities, such as vesicoureteral
reflux, obstructive uropathy, neurogenic bladder, or
indwelling catheters or systemic involvement like
pyelonephritis and urosepsis. (39) Children with chronic
comorbidities are more susceptible, with higher
hospitalization, recurrent infections, and broad-spectrum
antibiotic ~ exposure. ~ Complicated = UTIs  are
disproportionately associated with multidrug-resistant
organisms, promoting antimicrobial resistance in
pediatric populations. (42)
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4.2 Common Pediatric Uropathogens

Carbapenem resistance in pediatric urinary tract
infections is an increasingly recognized threat. Recent
surveillance shows  that  carbapenem-resistant
Enterobacterales (CRE) constitute a measurable
proportion of pediatric UTI isolates, with 3.3% of
Gram-negative uropathogens in a West Bank pediatric
cohort exhibiting carbapenem resistance alongside high
rates of multidrug resistance and ESBL production,
underscoring the shrinking efficacy of frontline
antibiotics in children. (36) Although comprehensive
global pediatric prevalence data remain limited, CRE and

ESBL-producing  Enterobacterales have  been
documented in large pediatric populations with urine
being the most common source, and incidence rates
notably higher in infants compared with older children.
(16) Risk factors for acquiring resistant pathogens
include prior antibiotic exposure, hospitalization,
invasive devices, and complicated or recurrent
infections, which collectively contribute to therapeutic
challenges and highlight the need for robust
antimicrobial stewardship and resistance surveillance in
pediatric UTI care. (16, 36)

Table 1. Common Uropathogens Causing Pediatric UTIs and Resistance Tendencies

Uropathogen Approximate Key Resistance Features Clinical Significance Key
Prevalence in References
Pediatric UTIs
Escherichia ~60-82% of High rates of ESBL production; Primary community- (43)
coli isolates emerging resistance trends acquired pathogen
Klebsiella ~10-15% ESBL-producers; potential for Common in both (23)
pneumoniae carbapenemase genes community and
(region-dependent) hospital-acquired UTIs
Enterobacter ~1.7-3% AmpC, porin loss; potential CRE Often associated with (23)
spp. in healthcare settings complicated UTIs
Proteus ~4-9% Intrinsic resistance to Linked with structural (44)
mirabilis nitrofurantoin; MDR Patterns abnormalities
seen
Pseudomonas ~3-7% Intrinsic and acquired resistance ICU/complicated UTI (43)
aeruginosa (efflux, porins; carbapenem pathogen
resistance in some regions)
Acinetobacter Rare (~<2%) OXA-type carbapenemases; Severe nosocomial (45)
baumannii MDR common in severe settings infections

Antibiotic use and healthcare exposure drive shifts in pediatric uropathogens. While E. coli dominates community-acquired
UTIs, hospital-acquired infections increasingly involve multidrug-resistant organisms. This evolving epidemiology
highlights the need for local surveillance to guide effective empirical therapy in children. (34, 36).

Link Between ESBL and Carbapenem Use

The global rise of extended-spectrum B-lactamase (ESBL) producing Enterobacterales has driven increased carbapenem
use in pediatric UTIs. ESBLs confer resistance to penicillins and third-generation cephalosporins, historically first-line
treatments, forcing clinicians to escalate therapy to carbapenems, particularly for severe or complicated infections. This
creates a self-reinforcing cycle: higher carbapenem use applies selective pressure that favors the emergence of carbapenem-
resistant organisms through mechanisms such as carbapenemase production or combined porin loss and B-lactamase
activity. Consequently, children with prior ESBL infections, recurrent UTIs, or recent broad-spectrum antibiotic exposure
are more likely to receive empirical carbapenems, further accelerating resistance. (12, 46, 47)
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ESBL and Carbapenem Resistance Feedback Loop in Pediatric UTIs
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Figure 2 Mechanistic feedback loop linking ESBL prevalence to carbapenem resistance in pediatric UTIs. (48)

Global Prevalence Patterns

Carbapenem resistance among pediatric uropathogens varies significantly across continents due to differences in
antimicrobial use practices, healthcare infrastructure, surveillance capacity, and infection prevention measures. In high-
income regions such as the United States, CRE prevalence remains relatively low compared with ESBL-producing
Enterobacterales, whereas several low- and middle-income countries report higher CRE incidence, particularly among
hospitalized children with prior antibiotic exposure or limited infection control. Surveillance studies from Asia and Africa
demonstrate a gradual but concerning rise in CRE, emphasizing the need for ongoing monitoring, antimicrobial
stewardship, and targeted infection prevention strategies to curb the spread of resistant pathogens in pediatric populations.
(16, 49-51) Carbapenem resistance in pediatric uropathogens is generally low in North America and Western Europe,
reflecting strong antimicrobial stewardship and regulated antibiotic use. European Antimicrobial Resistance Surveillance
network data show very low carbapenem resistance among E. coli (<1%) with variable rates in K. pneumoniae, while
single-center pediatric studies report <I1% carbapenem resistance in Enterobacterales. Sporadic outbreaks have been
reported, highlighting the need for ongoing surveillance and stewardship. (52, 53)

Conversely, carbapenem resistance has been more prevalent in parts of Asia, the Middle East, and Southern Europe, with
clinical surveillance showing high resistance burdens among key uropathogens such as Klebsiella pneumoniae and
Acinetobacter baumannii. A systematic review reported pooled carbapenem resistance of ~31% among Gram-negative
clinical isolates in Asia, and pediatric hospital data showed carbapenem-resistant K. pneumoniae and A. baumannii ranging
from ~16-37% in children, underscoring the regional rise in resistance across diverse healthcare settings. (54, 55) High
prevalence of extended-spectrum B-lactamase (ESBL) producers in these regions drives frequent carbapenem use, which
in turn contributes to the selection of resistant strains. Rising carbapenem-resistant Klebsiella pneumoniae (CRKP) rates
in Mediterranean countries have been linked to clonal dissemination of carbapenemase-producing organisms. (56)

Table 2. Global Prevalence of Carbapenem Resistance in Pediatric UTIs

Region Reported Carbapenem Resistance | Dominant Key Setting References
Range Resistant
Pathogens
North Very low incidence (CRE]| E. coli, | Pediatric surveillance & | (16)
America incidence ~0.47-0.87/100,000 | Enterobacter, tertiary hospitals
children) — overall proportion
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among Enterobacterales very low | K. pneumoniae
(<5% CRE relative to ESBL) (CRE)
Western Low CRE prevalence (<5-10% in | E.  coli, K | Pediatric referral &| (57
Europe general Enterobacterales clinical | pneumoniae general hospitals
isolates)
South  Asia | ~5-15% CRE detection in | K. pneumoniae, | LMIC tertiary hospitals & | (50)
e.g. China pediatric Enterobacterales isolates | E. coli, | surveillance
Enterobacter
spp.
Middle East | ~5-10% CRE reported in| CRE Hospitals/general clinical | (58)
and Africa Enterobacterales surveillance | Enterobacterale | settings
(varies by country) s
Sub-Saharan | 5-15% CRE in clinical | E.  coli, K | Urban & referral hospitals | (58)
Africa Enterobacterales isolates pneumoniae
Latin CRE documented, heterogencous | K. pneumoniae, | PICUs/tertiary care (59)
America prevalence reported in pediatric | Serratia spp.
bloodstream and hospital
infections (exact UTI data limited)

Limited data from Africa suggest the emergence of carbapenem resistance among pediatric Gram-negative pathogens,
particularly in urban referral hospitals. Reported resistance rates range from 5% to 20%, although these figures are likely
underestimated due to underdiagnosis and limited laboratory capacity. (60) In Latin America, carbapenem resistance
among pediatric Gram-negative pathogens varies widely, with some countries reporting relatively low prevalence while
others experience high burdens, particularly of Klebsiella pneumoniae, reflecting uneven access to antimicrobial
stewardship and infection control resources. (59)

Global trends in carbapenem resistance among pediatric Gram-negative pathogens show marked regional differences.
Resistance remains relatively low in North America and parts of Europe but is increasing in Asia, the Middle East, Africa,
and Latin America, reflecting variations in antimicrobial use, stewardship, and healthcare infrastructure. These patterns
highlight the global nature of the problem and the risk of international spread via travel and healthcare exposure. (61)

Regional and Low- and Middle-Income Countries (LMIC) Data

Carbapenem resistance in pediatric UTIs disproportionately affects low- and middle-income countries (LMICs), although
its true burden remains difficult to quantify because of substantial surveillance gaps. Many LMICs lack comprehensive
national antimicrobial resistance surveillance systems, and pediatric-specific data are often limited to single-center or short-
term studies, leading to underestimation of resistance trends. In many South Asian settings, clinical studies have reported
increasing carbapenem and last-resort antibiotic resistance among Gram-negative urinary isolates, reflecting limited
diagnostic capacity and antimicrobial stewardship. Recent surveillance from resource-limited regions has further
underscored the need to strengthen monitoring systems to better inform empirical therapy and infection control strategies
in pediatric populations. (62-64) Thus, the prevalence rates reported are very diverse, and cannot be helpful to understand
the level of resistance in the community.

Hospital-based studies from South Asia and sub-Saharan Africa report high carbapenem resistance among pediatric Gram-
negative pathogens (>20-30%), particularly in tertiary referral hospitals managing complicated infections, reflecting an
increasing resistance burden in these regions. (65, 66) In such environments, the inadequate diagnostic capability can
frequently require a lengthy empirical treatment with general purpose anti-microbials leading to an unintended selective
pressure favoring resistant organisms. Also, the availability of OTC antibiotics and under-treatment drug courses further
increases the development of resistance.

Surveillance gaps are especially pronounced in rural and low-resource settings, where limited laboratory infrastructure and
infrequent culture confirmation hinder the accurate documentation of antimicrobial resistance. Consequently, carbapenem
resistance among community-acquired pediatric UTIs may be significantly underexplored, and until susceptibility testing
and international breakpoints are standardized and consistently applied, comparisons across regions remain difficult. (64)
The solutions to these gaps in the definition of the burden of carbapenem resistance in LMIC pediatric populations involve
the reinforcement of laboratory networks and incorporation of pediatric data in domestic AMR action plans.

Hospital vs Community-Acquired Infections
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Overall, hospital-acquired pediatric UTIs demonstrate significantly higher rates of carbapenem resistance compared with
community-acquired infections, driven by prolonged hospital stays, intensive antibiotic exposure, use of indwelling
catheters, prior surgeries, and ICU admissions. (36)

Conversely, carbapenem-susceptible E. coli still remains a major cause of community-acquired pediatric UTIs.
Nonetheless, carbon resistance organisms develop in community settings recently, especially in children with prior
occurrence of health care or hospitalization. (67) The diffusion of conventional boundaries between hospital-acquired and
community-acquired resistance brings up the issue of the possibility of further spread of CRE outside of healthcare
establishments.

The preeminence of nosocomial infection in carbapenem resistant pediatric UTIs underscores the significance of infection
prevention and control strategies such as catheter management guideline, hand hygiene and environmental cleaning in
curbing the spread in hospitals. (68)

Age-Stratified Prevalence

One of the determinants of prevalence of carbapenem resistance in UTIs in pediatrics is age. Neonates and young infants
always have the highest rates of carbapenem-resistant infections, which are highly explained by the exposure to the hospital
setting and invasive interventions during the first years of their lives. (69) One of the reservoirs of CRE has been found to
be the neonatal intensive care units, where the outbreaks are often linked with the use of shared equipment or the spread of
the infection by healthcare workers.

Uropathogens distribution in Sy . .
female pediatric population Uropathogens distribution in

male pediatric population
6.40% 3.90% 1.80%

56.70%

10.30%

BE. Coli W Enterococcus ™ Proteus Pseudomonas

Enterobacter mCitrobacter ®Klebsiella

(a) (b)

Figure 3 Pathogens Causing Pediatric Community Acquired Urinary Tract Infections and Their Increasing
Antimicrobial Resistance (43)

Older children and adolescents generally exhibit a lower prevalence of community-acquired urinary tract infections.
However, those with chronic illnesses, congenital or acquired urological abnormalities, or a history of recurrent infections
remain at higher risk regardless of age. Additionally, repeated or prolonged exposure to antibiotics in this population can
contribute to the development of antimicrobial resistance, including extended-spectrum B-lactamase (ESBL)-producing
pathogens, which are associated with more complicated clinical outcomes. (70)

Such age stratified trends underscore justified surveillance and preventive targeted interventions in neonatal and infant
cohorts, in which clinical implications of carbapenem resistance may be especially dreadful.

Temporal Trends Over Time

Longitudinal surveillance studies demonstrate a progressive increase in antimicrobial resistance among pediatric
uropathogens over recent decades. A 20-year single-center analysis showed a steady year-on-year rise in resistant urinary
isolates in children, largely driven by extended-spectrum B-lactamase—producing Enterobacterales, reflecting evolving
epidemiological patterns over time. (71) Recent surveillance data indicate that carbapenem-resistant Enterobacterales
(CRE) continue to be detected in pediatric populations over time, with annual incidence rates reported among children
from 2016 to 2020 and a high proportion of CRE isolated from urine cultures, underscoring the ongoing emergence of
carbapenem resistance in pediatric urinary tract infections. (72) This increased temporal trend has been strongly associated
with the escalating use of carbapenem due to high levels of ESBL and few alternatives.

Several studies indicate that changes in antibiotic prescribing practices can rapidly influence resistance patterns,
underscoring the sensitivity of antimicrobial resistance development to selection pressure. Evidence from high-income
settings suggests that resistance rates in pediatric urinary tract infections may stabilize or modestly decline following the
implementation of robust antimicrobial stewardship programs; however, such trends remain inconsistent or insufficiently
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documented in many low- and middle-income countries. (73)

Comprehensively, time-based analyses indicate that unless world-wide stewardship initiatives and enhanced surveillance
persist, the rates of carbapenem resistance among pediatric UTIs would continue their upward trend and, therefore, possibly
further restrict therapeutic choices of a high-risk patient group.

Carbapenem Resistance in Pediatric UTIs

Clinical Significance

Carbapenem-resistant Enterobacterales (CRE) represent a serious emerging concern in pediatric urinary tract infections
due to limited treatment options and potential for poor clinical outcomes. (11) National surveillance in the United States
showed that CRE was consistently isolated from pediatric urine cultures, with annual incidence rates between 0.47 and
0.87 cases per 100 000 children and a higher burden in infants compared with older age groups, underscoring the emerging
epidemiology of carbapenem resistance in pediatric urinary tract infections. Most CRE cases were healthcare-associated
community-onset or community-associated, highlighting the importance of considering CRE beyond hospital settings. CRE
infections in children have important implications for empirical therapy and infection control planning. (16)

Mechanism of Carbapenem Resistance

Carbapenem resistance in Enterobacterales is most often mediated by the production of carbapenemase enzymes such as
KPC, NDM, and OXA-48-like variants that degrade carbapenem antibiotics. Additional mechanisms include combinations
of extended-spectrum B-lactamase (ESBL) or AmpC B-lactamase production with reduced outer membrane permeability,
contributing to clinical resistance. (17) These resistance determinants are frequently carried on mobile genetic elements,
facilitating horizontal gene transfer across species. Although detailed pediatric mechanistic studies remain limited, regional
resistance patterns in Enterobacterales support the role of these mechanisms in clinical isolates. (50, 74)

Laboratory Detection and Surveillance

Timely and accurate detection of carbapenem resistance in pediatric UTIs requires both phenotypic and molecular methods.
Culture and minimum inhibitory concentration (MIC) testing serve as the foundation for identifying CRE phenotypes,
while PCR and other molecular assays enable confirmation of specific carbapenemase genes, which remains the gold
standard for definitive detection of resistance mechanisms. (75) Surveillance studies involving large networks (e.g.,
CHINET) have documented carbapenem resistance rates among pediatric Enterobacterales, with variations across age
groups and bacterial species. Routine detection supports both clinical decision-making and public health tracking, although
access to advanced diagnostics remains limited in many settings. (50)

Pediatric CRE in Special Populations

High-risk pediatric groups, such as children with malignancies, demonstrate a particularly concerning CRE burden.
Implementation of rapid diagnostic techniques and targeted screening strategies in pediatric oncology has been associated
with earlier initiation of effective therapy, illustrating the potential impact of improved surveillance on clinical outcomes.
(76)

Risk Factors for Carbapenem-Resistant Pediatric UTIs

Patient-Related Factors

Pediatric patient characteristics strongly influence susceptibility to carbapenem-resistant UTIs. Neonates and young infants
are at higher risk due to immature immunity, weaker mucosal defenses, and increased early-life hospitalizations. Genomic
surveillance highlights the spread of carbapenem-resistant Escherichia coli in children, emphasizing its public health
impact. (77). Premature infants are particularly vulnerable to carbapenem-resistant infections due to prolonged NICU stays,
invasive lines, and exposure to broad-spectrum antibiotics, which promote colonization and infection with resistant
organisms. (78)

Immunocompromised children, including those with primary immunodeficiencies, malignancies, or post-transplant
immunosuppressive therapy, are at higher risk for recurrent and severe UTIs caused by multidrug-resistant pathogens. (70)
It has also been found that malnutrition, common in many low- and middle-income countries, weakens immunity and
increases susceptibility to infections caused by resistant pathogens. (19). Chronic diseases, such as chronic kidney or
neurological conditions, increase the risk of recurrent healthcare visits and repeated antibiotic exposure, promoting the
emergence of multidrug-resistant infections. (79)

Table 3. Patient- and Disease-Related Risk Factors for Carbapenem-Resistant Pediatric UTIs

Risk Factor Explanation Strength of Association References

Neonatal age Immature immune system, frequent | High (80)
NICU exposure, invasive procedures
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Prematurity Increased Susceptibility, Frequent | High (59)
Health care exposure

Immunosuppression Reduced immune defense, frequent | Moderate—High (59)
healthcare contact

Recurrent UTIs Repeated antibiotic exposure | High 31
increases chance of
resistant/complicated infections

Malnutrition Impaired immune defenses increase | Moderate 81)
susceptibility to UTI

All these factors related to patients indicate that biological vulnerability and clinical complexity intersect to augment the
risk of carbapenem-resistant pediatric UTIs. The identification of high-risk patient profiles is thus vital to preventative
aspects that are targeted and to sensibly prescribe antibiotics.

Urological and Anatomical Factors

Vesicoureteral reflux (VUR), characterized by retrograde urine flow from the bladder to the upper urinary tract, is a major
predictor of recurrent UT1Is in children. High-grade VUR often necessitates repeated antibiotic therapy, increasing selective
pressure for carbapenem-resistant organisms. (82) Congenital urinary tract anomalies (e.g., hydronephrosis, posterior
urethral valves, duplex systems) and functional disorders (neurogenic bladder, voiding dysfunction) predispose children to
urinary stasis and incomplete bladder emptying, promoting bacterial persistence and biofilm formation, which contribute
to carbapenem-resistant infections. (83). They often prescribe the prophylaxis or suppressive antibiotics to the children,
which is meant to avoid the occurrence of the infection but, as a consequence, makes the antimicrobial resistance more
likely to develop. Surgery on urological abnormalities is also associated with an exposure to hospital settings and
perioperative antibiotics, and these are associated with resistant infections.

Non-E. coli pathogens, such as Klebsiella and Enterobacter species, which have higher rates of carbapenem resistance, are
more likely to cause UTIs in children with structural urinary tract abnormalities. (84) In such a way, urological and
anatomical factors not only enhance the risk of UTI but also define the resistance pattern of causative pathogens.

Healthcare-Associated Factors

Healthcare exposure is a major risk factor for carbapenem-resistant UTIs in children. Long-term hospitalization,
particularly in ICUs or NICUs, increases susceptibility due to heavy antibiotic use, invasive procedures, and patient
proximity (85).

Table 4. Healthcare-Associated and Antibiotic-Related Risk Factors

Factor Mechanism Impact on Resistance References
Prior carbapenem use Strong selective pressure Very high (86)
ICU admission Cross-transmission and High | High (86)
antibiotic pressure
Indwelling catheters Biofilm formation & breach | High 87)
of defenses
Prolonged hospitalization MDR colonization & Health | Moderate—High (86)

care exposure

Antibiotic prophylaxis Selection of resistant flora Moderate 87)

Indwelling urinary catheter use is a significant healthcare-associated risk factor for carbapenem-resistant UTIs. Catheters
disrupt natural host defenses, facilitate ascending infection, and promote biofilm formation, which shields bacteria from
host immunity and antimicrobial agents. Catheter-associated UTIs are frequently linked to multidrug-resistant organisms,
and pediatric studies identify prolonged catheter duration, PICU stay, and prior MDR colonization as important risk factors
for MDR-CAUTI. (88, 89) Urological or abdominal surgery or any surgical intervention that exposes an individual to
perioperative exposure to antibiotics and temporary urinary drainage devices are associated with further increase of the
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risk.

Other possible sources of resistance spread include frequent readmissions and inter-facility transfers which allow cross-
transmission of resistant strains between healthcare environments. This risk is enhanced by poor infection prevention and
control policies such as poor hand hygiene and environment cleaning. The following healthcare related factors frequently
enhance the significance of strong infection control programs to prevent carbapenem resistant pediatric UTI.

Antibiotic Exposure

Previous antibiotic exposure is a major, modifiable risk factor for carbapenem-resistant UTIs in children. Even brief courses
of carbapenems can exert strong selective pressure on urinary and gastrointestinal microbiota, promoting resistance. (70)
This effect is increased further when repeat or prolonged courses are used, especially on children, with recurrent infection
or chronic illness.

Third- and fourth-generation cephalosporin, fluoroquinolone as well as a combination of 2-lactam and 2-lactamase
inhibitors have also been implicated in the resistance pathway that results in the use of carbapenems. These agents pick out
extended-spectrum B-lactamase-producing organisms, which in most cases warrant an escalation to carbapenem when the
infections take place. (90) Empirical broad-spectrum therapy is often initiated prior to the culture results in pediatric
practice hence further unnecessary exposure.

The use of antibiotic prophylaxis to prevent recurrent UTIs is a controversial topic, and new evidence is indicating that
long-term prophylaxis might lead to heightened resistance but with limited clinical goodwill (91). The exposure effects of
being exposed to the antibiotic on repeated occasions and in healthcare settings underscores the imperative role that
antimicrobial stewardship plays in mitigating the risk of carbapenem resistance.

Microbiological and Environmental Factors

Carbapenem-resistant UTIs are important precursors of microbiological colonization with resistant organisms.
Enterobacteriaceae carriage of carbapenem-resistant gastrointestinal microbes has been established as a serious risk factor
to further urinary infection especially among children in hospital settings (92) Colonization can linger on for long periods
of time and is usually untapped unless active surveillance is conducted.

There is also spreading of resistance due to environmental factors. It has become increasingly clear that household
transmission of resistant bacteria can occur as a result of the colonized family members, water sources, and animal or
environmental reservoirs (93). Poor hygiene and the crowding of people in crowded areas make it easier to spread the
illness and the chances are high that children will contract organisms that have developed resistance early in life.

These microbiological and environmental drivers demonstrate that not only is the problem of carbapenem-resistant
pediatric UTT a hospital issue but also a complication between the healthcare system, community, and environment. To
fulfill these factors, there should be integrated approaches based on One Health with clinical interventions.

Clinical Impact and Outcomes

Treatment Failure and Complications

In children, carriage of (UTIs) resistant to carbapenem in the urinary tract is linked to much worse clinical outcomes than
infection by carbapenem-sympergic organisms. Among the most severe, resistance to antimicrobial therapy should be noted
as a phenomenon that poses a significant danger of treatment failure (dependence or recurrence of infection despite the
correct use of antimicrobial treatment). The delays in timely effective treatment are typical as the relevant empirical
regimens do not include resistant pathogens, especially in those settings with no rapid diagnostics (94). These delays have
the potential to cause localized UTIs to develop systemic infections.

Table 5. Clinical Outcomes of Carbapenem-Resistant vs Susceptible Pediatric UTIs

Outcome Carbapenem- Carbapenem-Resistant UTIs References
Susceptible UTIs

Treatment failure | Low Significantly higher (95)

Sepsis risk Rare Increased (85)

Hospital stay Short Prolonged 90)

Renal scarring Occasional More frequent (96)

Healthcare costs Lower Substantially higher 97)

Carbapenem-resistant pediatric UTIs are associated with a particularly serious complication known as sepsis, which is
pronounced in infants and children with underlying comorbidities. The rate of intensive care admission, mechanical
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ventilation, and mortality due to Gram-negative sepsis caused by carbapenem-resistant organisms have been found to be
higher than those related to susceptible microbes. (69) Even though the mortality in pediatric UTIs is commonly low, the
existence of the carbapenem resistance significantly predisposes the chance of unfavorable consequences.

Another vital issue is the renal complications. The results of recurrent or unsuccessfully managed UTIs recurrence in
children may result in renal scarring that has long-term consequences such as hypertension, kidney proteinuria, and
impaired renal functioning in adulthood (98) The infection that is resistant to carbapenem antibiotics can be accompanied
by a long course of treatment and can be recurring, which further increases the overall risk of kidney damage. Therefore,
resistance not only makes the acute management challenging, but also adds to the long-term morbidity in the affected
children.

Health System Burden

In addition to patient outcomes, carbapenem-resistant UTIs have a significant costly impact on healthcare systems of
pediatric patients. The children with resistant infections are associated with prolonged hospitalization because of the delay
in proper treatment administration, intravenous antibiotics use, and addressing complications. Some of the studies have
found that hospital stays which were caused by carbapenem-resistant Gram-negative bacteria are by two to three times
shorter than those which were caused by susceptible bacteria (99)

The economic effect is equally high. The prolonged length of stay, use of costly last-line antibiotics, further diagnostic
tests, and application of infection control measures all make healthcare costs higher. These costs are once again intensified
in the pediatric department due to the requirements of specialized services, including multidisciplinary follow-up and
pediatric intensive care units (19). Financial burden can also restrict access to the right treatment in the low- and middle-
income countries, worsening inequity in health.

Carbapenem-resistant infections strain at a system level consumes already limited resources of healthcare and distract
attention toward preventive services. The rising rate of resistance presents the significance of the stewardship programs
alongside the facility of clinical interventions as well as cost-reduction techniques in a bid to maintain healthcare
sustainability.

High-Risk Pediatric Groups

Some pediatric subpopulations face an unduly burden of the negative consequences of carbapenem-resistant UTIs.
Immunative systems are immature, invasive measures are a frequent practice, and neonates often spend considerable time
in the neonatal intensive care units (NICUs) with broad-spectrum antibiotics, which puts them at an extremely high risk
(70) Carbapenem-resistant infections are connected with a shortage of treatment and deterioration of the condition in a
relatively short period in this group.

Another high-risk group is the children with cancer treatment. These patients with oncology are frequently
immunosuppressed due to chemotherapy and are repeatedly hospitalized, have central venous access, and take empirical
antibiotic therapy, which all make the individual susceptible to resistant infections (100). Carbapenem-resistant UTIs may
break life-saving treatments, extend hospitalization, and harm the overall prognosis significantly in those vulnerable
populations.

Emerging Prescription Trends in Pediatric UTIs

Changes in Empiric Therapy

Over the last decade, empiric antibiotic treatment of pediatric urinary tract infections (UTIs) has changed significantly, in
large part due to increasing levels of antimicrobial resistance. Traditionally, the oral agents involved in empiric regimens
included amoxicillin-clavulanate or first- and second-generation cephalosporins. Nevertheless, the growing resistance to
these agents, especially with the organisms producing extended-spectrum B-lactamase (ESBL), has prompted clinicians to
consider the use of broader-spectrum treatments at the earlier phases of patient care. (101) Empiric usage of carbapenems
as part of tertiary-care initial treatment of children with a history of severe UTIs, prior healthcare exposure, or known
colonization with resistant organisms is now common in most tertiary-care settings.

This increased dependence on carbapenems is particularly noticeable among hospitalized children as well as children who
appear with pyelonephritis or sepsis. Existing research based on pediatric referral centers has shown that empiric use of
carbapenems has been rising progressively, even in the absence of microbiological support, because clinicians are
concerned about the development of treatment failure in high-risk patients (102). Even though this strategy can enhance
short term clinical outcomes, selective pressure towards carbapenem resistant organisms is also enhanced.

The movement of the emphasis of the coverage of the empiric to a wider area is based on a conflict between a timely and
effective treatment of the patient and the maintenance of the available effectiveness of antibiotics. Clinicians going to
settings with no strong local resistance data might resort to carbapenems to protect themselves. This tendency highlights
the necessity to enhance risk stratification tools and real-time surveillance data as a means of adopting empiric therapy in
UTTs in children.

Carbapenem-Sparing Strategies
Carbapenem-sparing strategies are now becoming visible in the treatment of UTI in children, as a consequence of the fear
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that there is increasing carbapenem use. The application of p-lactam/B-lactamase inhibitors (BL/BLI) combinations,
including piperacillin-tazobactam or that of newer and stronger activity against resistant Gram-negative bacteria, is one of
the most popular ones. Some evidence shows that in selected pediatric patients that have ESBL-producing uropathogens,
BL/BLI combinations can be viable substitutes to carbapenems in case of confirmed susceptibility (103)
Aminoglycosides are also found in an important role in carbapenem-sparing regimens, especially severe UTIs or urosepsis.
Amikacin is also an agent that stays active and effective against a variety of multidrug-resistant uropathogens, and it is
commonly used as monotherapy in the form of short courses or in collaboration with 8-lactams. (104) Daily-dose and once-
daily dosing regimens have enhanced safety but the issue of nephrotoxicity and ototoxicity still exists particularly in young
children.

Other means of sparing would be, optimization of dosing, reduced therapy periods and selective choice of patients in terms
of clinical and microbiological stability. Taken together, these measures will help to maintain the efficacy of carbapenems,
yet acceptable clinical outcomes are observed. Intense desire, however, mandates the timely susceptibility testing and
confidence of the clinicians in other alternatives.

De-escalation and Step-Down Therapy

The de-escalation and step-down therapy became the most prominent elements of the contemporary antimicrobial practice
in pediatrics. De-escalation is defined as reducing the antibiotic coverage as soon as culture and susceptibility tests are
obtained, whereas the step-down therapy implies switching intravenous drugs to oral ones when the clinical conditions
permit. Culture-directed de-escalation is demonstrated to cause no harm to unnecessary exposure to broad-spectrum
antibiotics and no rise in treatment failure rates in pediatric UTIs. (105)

A number of studies prove that even in cases of the resistant organism, children who started on carbapenems can
successfully be de-escalated to narrower-spectrum agents once their susceptibilities establish the susceptibility, which is a
safe practice. (106) Early switching to oral therapy has been observed to be especially effective in reducing the length of
stay in the hospital, limiting intravenous line related complications as well as enhancing the comfort of the patient.
De-escalation practices are not consistently implemented, even despite the strong supporting pieces of evidence. Obstacles
are reported delays on culture, concerns by clinicians over relapse and oral availability of options against resistant
pathogens. This is imperative in consolidating laboratory-clinical relationships and establishing effective de-escalation
policies to integrate these interventions into the standard care of pediatric UTIL.

Stewardship Program Influence

Antimicrobial stewardship program (ASP) has greatly impacted the trends in the prescribing of pediatric UTIs. Some of
the interventions aiming to promote guideline-based prescribing in ASPs include prospective audit and feedback, formulary
restriction and clinical decision support tools. Stewardship programs in pediatric hospitals have been linked to a decrease
in carbapenem use and a rise in the use of evidence-based approaches to the treatment of UTI (107)

The adoption of guidelines has a special significance in the standardization of empiric therapy and promotion of
carbapenem-sparing alternatives. Guidelines addressing children specifically focus more on risk-based empiric therapy,
regular review of antibiotics at 4872 hours, and timely de-escalation (108). These bases are also strengthened by education
of clinicians and trainees and promote the culture of judicious use of antibiotics.

Notably, the use of stewardship is not confined to hospitals, and one can also work in outpatient and emergency
environments where pediatric UTIs are mostly inappropriately prescribed. ASPs are not only involved in the improved
treatment results of patients but also the long-term security of the carbapenem resistance in the area due to the connection
between prescribing practices and local resistance data and national guidelines.

Therapeutic Options for Carbapenem-Resistant UTIs

Table 7. Therapeutic Options for Carbapenem-Resistant Pediatric UTIs

Antibiotic Activity Against CRE Pediatric Limitations References
Colistin High Nephrotoxicity (109)
Fosfomycin Moderate—High Limited pediatric dosing data (110)
Amikacin High Oto/nephrotoxicity (111)
Ceftazidime—avibactam High (KPC) Limited approval (112)
Cefiderocol Broad Case-series evidence only (113)
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Available Antibiotic Options

Management of carbapenem-resistant urinary tract
infections (UTIs) in children is particularly challenging
due to limited therapeutic options and pediatric-specific
safety considerations. When carbapenem resistance is
confirmed, treatment  selection must balance
antimicrobial efficacy with age-appropriate dosing and
toxicity profiles. Polymyxins, particularly colistin, have
been used as salvage therapy against carbapenem-
resistant Gram-negative uropathogens. Although colistin
demonstrates in vitro activity against many resistant
strains, its use in children is constrained by
nephrotoxicity and neurotoxicity, necessitating close
monitoring and careful dose adjustment (114)
Fosfomycin has emerged as a valuable option for lower
UTIs caused by carbapenem-resistant Enterobacterales,
especially Escherichia coli. Its favorable safety profile
and oral formulation make it attractive in pediatric
practice, although data on optimal dosing in children
remain limited. Smith M et al. (2023) reported high
clinical cure rates and good tolerability of fosfomycin for
pediatric UTI, including infections with resistant
organisms, while noting the need for further dosing
research. (115) Tigecycline exhibits broad activity
against multidrug-resistant organisms but is generally
avoided for UTIs due to poor urinary concentrations and
limited pediatric experience.

Aminoglycosides such as amikacin retain activity against
many carbapenem-resistant uropathogens and are
frequently used either alone for uncomplicated infections
or as part of combination therapy. Pediatric dosing
strategies emphasize once-daily administration to reduce
toxicity risk, though renal function monitoring is
essential. (116)

Overall, available antibiotic options are few, often toxic,
and supported by limited pediatric data, highlighting the
need for individualized treatment decisions guided by
susceptibility results.

Combination vs Monotherapy

The use of combination therapy versus monotherapy in
carbapenem-resistant pediatric UTIs remains an area of
ongoing debate. Combination regimens, often including
two or more active agents such as a polymyxin plus an
aminoglycoside or fosfomycin, are frequently employed
in severe infections to enhance bacterial killing and
reduce the risk of resistance emergence. (117)
Observational studies in pediatric and mixed-age
populations suggest that combination therapy may be
associated with improved microbiological clearance in
critically ill patients, although definitive survival
benefits remain uncertain.

Monotherapy, when guided by susceptibility testing and
used in clinically stable patients with localized UTIs,
may be sufficient and preferable in children, reducing
toxicity, simplifying administration, and lowering costs.
However, concerns about resistance development during
therapy persist, especially with agents that have narrow
therapeutic windows. Consensus guidelines recommend

adjusting therapy based on urine culture and sensitivity,
with targeted monotherapy once susceptibility is known
in most uncomplicated pediatric cases. (118)

In pediatric practice, the choice between combination
therapy and monotherapy is often influenced by infection
severity, site of infection, host factors, and available
antimicrobial options. Given the scarcity of randomized
pediatric trials, treatment decisions rely heavily on
extrapolation from adult data and expert consensus,
underscoring the need for pediatric-specific evidence.

Novel and Emerging Agents

Novel B-lactam/B-lactamase inhibitor combinations,
such as ceftazidime-avibactam and meropenem-
vaborbactam, have demonstrated efficacy against certain
carbapenemase-producing Enterobacterales in adult
populations, and emerging pediatric observational data
suggest similar promise in children with carbapenem-
resistant infections, although optimal dosing, regulatory
approvals, and real-world pediatric evidence remain
limited. (119)

Cefiderocol, a siderophore cephalosporin with activity
against a broad range of carbapenem-resistant Gram-
negative bacteria, represents another promising option.
Its unique mechanism of iron-mediated bacterial entry
circumvents many resistance pathways. However,
pediatric experience is currently limited to small case
series and compassionate use reports, precluding
definitive recommendations. (120)

Despite these advances, significant evidence gaps persist
regarding optimal dosing, safety, and long-term
outcomes in children. Ethical and logistical challenges in
conducting pediatric antimicrobial trials further slow
progress. Expanding pediatric clinical trials and post-
marketing surveillance is essential to ensure that
emerging agents can be safely and effectively integrated
into the treatment of carbapenem-resistant pediatric
UTlIs.

Challenges, Knowledge Gaps, and Future Directions
Surveillance and Research Gaps

Despite growing recognition of carbapenem resistance in
pediatric urinary tract infections (UTIs), substantial
surveillance and research gaps persist. One major
limitation is the scarcity of pediatric-specific
antimicrobial resistance (AMR) data. Many national and
international surveillance systems aggregate pediatric
data with adult infections or prioritize bloodstream
infections, resulting in underrepresentation of pediatric
UTIs and incomplete characterization of resistance
patterns in children. (121)

In addition, heterogeneity in study design, laboratory
methods, and resistance definitions complicates cross-
study comparisons and limits the generalizability of
findings.

Despite increasing recognition of carbapenem-resistant
pediatric UTIs, major surveillance and research gaps
remain. Pediatric-specific antimicrobial resistance
(AMR) data are limited, as most surveillance systems
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aggregate pediatric infections with adult data or
prioritize invasive infections, leading to
underrepresentation of UTIs. In many regions, restricted
access to diagnostic microbiology further contributes to
underreporting and underestimation of resistance
prevalence. (122) Moreover, the lack of longitudinal,
multicenter pediatric studies hampers understanding of
resistance trends, transmission dynamics, and the long-
term impact of antibiotic exposure in children. (123, 124)
Clinical trials evaluating treatment strategies for
carbapenem-resistant pediatric UTIs are scarce, leading
to reliance on adult data or observational studies.

Future research priorities should include standardized
pediatric AMR surveillance, integration of genomic
epidemiology, and multicenter studies focused
specifically on UTIs. Expanding pediatric participation
in antimicrobial clinical trials is essential to generate
robust evidence that can guide safe and effective
management strategies.

Policy and Stewardship Challenges

Policy and stewardship challenges are particularly
pronounced in low- and middle-income countries
(LMICs), where the burden of carbapenem resistance in
pediatric UTIs is often highest. Limited laboratory
capacity, inconsistent antibiotic supply chains, and
shortages of trained healthcare professionals constrain
the implementation of effective antimicrobial
stewardship programs (ASPs), undermining efforts to
optimize antibiotic use and control resistant infections.
(125) In many LMICs, antibiotics remain available
without prescription, facilitating inappropriate use and
accelerating resistance development.

National AMR action plans frequently lack pediatric-
specific components, and stewardship efforts tend to
focus on adult inpatient care. Furthermore, financial
constraints may limit access to newer, carbapenem-
sparing antibiotics and rapid diagnostic technologies,
reinforcing reliance on empirical broad-spectrum
therapy. Weak regulatory frameworks and inadequate
surveillance infrastructure further undermine policy
effectiveness.

Addressing these challenges requires context-specific
stewardship models, investment in laboratory systems,
and integration of pediatric considerations into national
AMR strategies. International collaboration and
sustainable funding mechanisms are critical to support
capacity building and ensure equitable access to effective
UTI management for children in resource-limited
settings.

CONCLUSION

Carbapenem resistance in paediatric urinary tract
infections (UTIs) represents an escalating global health
challenge with significant clinical and public health
implications. Prevalence is highest among neonates,
children with urological abnormalities,
immunocompromised patients, and those with prior
healthcare or antibiotic exposure, particularly in hospital
settings and low- and middle-income countries. The

emergence of carbapenem-resistant organisms is often
preceded by earlier resistance mechanisms, such as
extended-spectrum B-lactamase production, and reflects
increasing reliance on carbapenems as last-line therapy.
The clinical burden of carbapenem-resistant paediatric
UTIs is substantial, including higher rates of treatment
failure, sepsis, renal complications, prolonged
hospitalization, and increased healthcare costs,
particularly among high-risk populations such as NICU
and oncology patients.

Multifactorial ~ risk  factors  including  patient
vulnerabilities, structural urinary tract anomalies,
healthcare-associated exposures, and environmental
determinants interact to facilitate the emergence,
persistence, and dissemination of resistant organisms.
Emerging prescription trends highlight a gradual shift
towards carbapenem-sparing strategies, de-escalation
based on susceptibility data, and stewardship-driven
empiric therapy in high-risk paediatric populations.
Optimizing antibiotic use while maintaining clinical
efficacy is critical to mitigating selective pressure and
curbing further resistance.

Addressing this challenge requires strengthened
paediatric-specific surveillance, rapid and accurate
diagnostic capacity, robust antimicrobial stewardship
programs, and inclusion of children in clinical trials for
novel therapeutics. A coordinated, evidence-based
approach that integrates clinical —management,
responsible prescribing, and policy-level interventions
offers the best pathway to preserve carbapenem efficacy
and ensure optimal outcomes for children with UTIs
globally.
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