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Objective: Antimicrobial resistance (AMR) represents one of the most pressing global public health threats. This study aimed to
analyze the distribution and antimicrobial resistance profiles of Carbapenem-resistant Gram-negative Bacteria (CRGNB) isolated from
pediatric patients in Sichuan Province, China, in order to provide evidence to support rational antimicrobial use and infection
prevention and control in clinical practice.

Methods: This retrospective study included non-duplicate CRGNB isolates recovered from hospitalized children aged <14 years in 134
medical institutions across Sichuan Province from 2021 to 2025. Bacterial identification and antimicrobial susceptibility testing were
performed according to a unified surveillance protocol. CRGNB was defined, in accordance with CLSI M 100, 34th edition (2024), as
isolates resistant to at least one carbapenem (imipenem, meropenem, or ertapenem). Data were analyzed using WHONET 5.6.
Results: A total of 2523 CRGNB isolates were collected. Isolates from male patients accounted for 56.4% (1422/2523), and the largest
proportion of isolates was from the 29 days to <I year age group (41.8%, 1054/2523). The five most frequently isolated species were
Klebsiella pneumoniae (41.8%, 1055/2523), Acinetobacter baumannii (22.1%, 558/2523), Escherichia coli (10.0%, 252/2523),
Enterobacter cloacae complex (9.3%, 235/2523), and Pseudomonas aeruginosa (6.4%, 162/2523), with respiratory specimens accounting
for most isolates (59.6%, 1504/2523). Enterobacterales showed susceptibility rates >96% to tigecycline and polymyxin B. K. pneumoniae
showed 87.5% susceptibility to ceftazidime-avibactam. A. baumannii exhibited low resistance only to polymyxin B and tigecycline (2.3%
and 2.5%, respectively). P. aeruginosa showed 100% susceptibility to ceftazidime-avibactam and polymyxin B.

Conclusion: CRGNB infections among children in Sichuan Province remain severe and display marked regional characteristics, with
infants constituting a high-risk population. The increasing prevalence of multidrug-resistant organisms poses a substantial challenge to
clinical management and warrants close surveillance and targeted intervention.
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Introduction
In 2019, the World Health Organization (WHO) identified antimicrobial resistance (AMR) as one of the ten greatest
global public health threats facing humanity.! Modeling studies have projected that between 2025 and 2050, AMR could
directly result in more than 39 million deaths and contribute to an additional 169 million deaths, making it the third
leading cause of mortality worldwide.> In the WHO Bacterial Priority Pathogens List 2024 (BPPL-2024), Carbapenem-
resistant Acinetobacter baumannii (CRAB), Carbapenem-resistant Pseudomonas aeruginosa (CRPA), and Carbapenem-
resistant Enterobacterales (CRE) are classified as “critical” and “high-priority” pathogens, with their dissemination
closely associated with inappropriate antimicrobial use and inadequate infection control practices.*>

Children are particularly vulnerable to infections caused by Carbapenem-resistant Gram-negative Bacteria (CRGNB)
because of immature immune systems and increased exposure to invasive medical procedures. Consequently, pediatric patients
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experience higher susceptibility, greater disease severity, and increased mortality following CRGNB infections compared with
adults.*” However, the distribution and resistance patterns of CRGNB exhibit marked geographic heterogeneity. In Europe, the
reported prevalence of Carbapenem-resistant Klebsiella pneumoniae (CRKP) ranges from 0.13% to 22%." In China, detection
rates of CRKP and CRAB among children reach 35.4% and 56.2%, respectively,” whereas corresponding resistance rates in the
United States remain below 5.5%.'" In Lebanon, the prevalence of carbapenem resistance among pediatric Enterobacterales
isolates is only 1.7%,'" while studies from Africa report resistance rates as high as 30.34% in neonatal populations.'*

Current antimicrobial drug development lags behind the evolution of resistance, and the approval of new agents for
pediatric use is even slower.'”> Meanwhile, surveillance data on pediatric CRGNB in Southwest China remain scarce,
limiting evidence-based guidance for clinical practice. Therefore, this study was conducted as an isolate-based resistance
surveillance study, focusing on CRGNB isolates from pediatric patients to characterize their epidemiological features and
antimicrobial resistance patterns. The findings aim to fill the regional data gap and provide evidence to support optimized
antimicrobial therapy and targeted infection prevention and control.

Materials and Methods

Source of Bacterial Isolates

This retrospective study included 2523 non-duplicate CRGNB isolates recovered from hospitalized children (<14 years)
in 134 medical institutions across Sichuan Province from 2021 to 2025. Non-duplicate isolates were defined as follows:
when multiple specimens from the same anatomical site (eg, respiratory tract, urine, or blood) were collected from the
same patient during a single hospitalization and yielded the same bacterial species, only one isolate was retained as the
representative strain, while the others were excluded as duplicates.

Inclusion criteria: (1) pediatric inpatients (<14 years) treated between 2021 and 2025; (2) CRGNB isolated from
clinical specimens collected in the context of suspected infection (sterile or non-sterile sites) and confirmed by culture.

Exclusion criteria: (1) patients with negative CRGNB culture results; (2) cases with incomplete clinical data that
precluded analysis; (3) repeat isolation of the same strain from the same patient.

The study protocol was approved by the Institutional Review Boards of Sichuan Provincial People’s Hospital and the
University of Electronic Science and Technology of China (Approval No.202617). Given the retrospective design and
use of de-identified electronic medical record data, informed consent was waived. All procedures conformed to the
principles of the Declaration of Helsinki and applicable national regulations.

Bacterial Identification and Antimicrobial Susceptibility Testing
Bacterial identification was performed using the Vitek 2 automated system (bioMérieux, Inc., Hazelwood, MO, USA) or
a MALDI-TOF mass spectrometry system (bioMérieux S.A., Marcy-I’Etoile, France). Antimicrobial susceptibility
testing and interpretation were conducted in strict accordance with the CLSI M100-S34 (2024) guidelines.'* Minimum
inhibitory concentration (MIC) testing and the Kirby-Bauer (K-B) disk diffusion method were applied, and results were
interpreted as susceptible (S), intermediate (I), or resistant (R). Susceptible dose-dependent (SDD) results were grouped
with the intermediate category for statistical analysis. For selected isolates, antimicrobial susceptibility results were
further verified using the E-test gradient strip method (E-TEST, bioMérieux S.A., Marcy-1’Etoile, France).

CRGNB were defined as Gram-negative bacilli resistant to at least one carbapenem agent, with intermediate (I)
interpreted as non-resistant. The specific criteria were as follows:

1. Enterobacterales (excluding Proteus, Providencia, and Morganella, for which isolates resistant only to imipenem
were not included): resistance to any of ertapenem, imipenem, or meropenem, defined as ertapenem MIC > 2 pg/
mL or disk diffusion (DD) < 18 mm; imipenem or meropenem MIC > 4 pg/mL or DD < 19 mm.

2. Pseudomonas aeruginosa: resistance to either imipenem or meropenem, defined as MIC > 8 pg/mL or DD <
15 mm for either agent.

3. Acinetobacter baumannii: resistance to either imipenem or meropenem, defined as imipenem MIC > 8 pug/mL or
DD < 18 mm, or meropenem MIC > 8 pg/mL or DD < 14 mm.
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Interpretive criteria for tigecycline followed the recommendations of the U.S. Food and Drug Administration (FDA),"
while polymyxin B susceptibility was interpreted according to the standards of the European Committee on Antimicrobial
Susceptibility Testing (EUCAST; https://www.eucast.org).

Quality Control

Quality control strains were included weekly in accordance with CLSI guidance: Escherichia coli ATCC 25922,
Klebsiella pneumoniae ATCC 700603, and Pseudomonas aeruginosa ATCC 27853. These controls were used to verify
the accuracy and reproducibility of species identification and susceptibility testing.

Data Management and Statistical Analysis

Laboratory data were entered and managed using WHONET version 5.6. Data entry included isolate identifiers, speci-
men source, species, antimicrobial agents tested, and susceptibility results. Analytical procedures comprised selection of
appropriate WHONET modules for resistance and susceptibility analyses and construction of resistance profiles accord-
ing to study objectives. Key parameters (isolate source, organism type, and target antimicrobials) were defined a priori.
Outputs were exported as standardized reports and data tables for further interpretation in the clinical context. Descriptive
analyses were performed to summarize isolate distribution and resistance patterns.

Results

Isolate Distribution and Specimen Sources

From 2021 to 2025, a total of 2523 CRGNB isolates were identified. The five most frequently detected species were Klebsiella
pneumoniae (41.8%), Acinetobacter baumannii (22.1%), Escherichia coli (10.0%), Enterobacter cloacae (9.3%), and
Pseudomonas aeruginosa (6.4%). Among these isolates, 56.4% were recovered from male patients. The highest isolation
rate was observed in the 29 days to <1 year age group (41.8%), whereas the lowest rate occurred in the <3 to <14 years age
group (17.2%). The majority of isolates were obtained from respiratory specimens (59.6%), followed by urine (6.1%), wound
secretions (5.9%), and blood (5.7%) (Tables 1 and 2). Temporal trends in the detection of the five most common CRGNB
species are shown in Figure 1, and their distribution across major specimen sources is presented in Figure 2.

Resistance and Susceptibility Among Major Enterobacterales

Resistance rates to B-lactam antibiotics among Carbapenem-resistant E. coli (CRECO), Carbapenem-resistant K. pneumoniae
(CRKP), and Carbapenem-resistant £. cloacae (CRECL) ranged from 63.9% to 100.0%. Susceptibility to tigecycline was 100.0%
for CRECO and 98.4% for both CRKP and CRECL. All three Enterobacterales species demonstrated polymyxin B susceptibility

Table | Distribution of Major Pathogens in CRGNB Isolates

Organism Strain (n) Percentage (%)
Klebsiella pneumoniae 1055 41.8
Acinetobacter baumannii 558 22.1
Escherichia coli 252 10.0
Enterobacter cloacae 235 9.3
Pseudomonas aeruginosa 162 6.4
Klebsiella aerogenes 64 25
Klebsiella oxytoca 54 2.1
Serratia marcescens 18 0.7
Salmonella Typhimurium 15 0.6
Citrobacter freundii 13 0.5
Others* 97 4.0
Total 2523 100.0

Note: *Bacteria other than the list.
Abbreviation: n, the number of strains.
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Resistance and Susceptibility Among Major Non-Fermenters

Table 2 Distribution Characteristics of CRGNB
Isolates by Gender, Age Group and Specimen Source

Characteristics Strain (n) | Percentage (%)
Total 2523 100
SEX

Male 1422 56.4
Female 1ol 43.6
Age Groups

<28d 579 229
29d~<ly 1054 41.8
ly~<3y 456 18.1
3y~<l4y 434 17.2
Sample origin

Sputum 1504 59.6
Urine 155 6.1
Wound 150 5.9
Blood 145 5.7
Throat 101 4.0
Pus 64 25
Stool 57 23
Tracheal 49 1.9
Broncho-alveolar lavage 4?2 1.7
Others* 256 10.1

Note: *Bacteria other than the list.
Abbreviation: n, the number of strains.

exceeding 96.0%. Susceptibility to ceftazidime-avibactam differed markedly by species: CRKP 87.5%, CRECO 6.9%, and
CRECL 5.6% (Table 3).

Acinetobacter baumannii (CRAB) exhibited high resistance rates to the majority of tested antimicrobials (55.9-99.4%), while

resistance to polymyxin B and tigecycline was low (2.3% and 2.5%, respectively) (Table 4). Pseudomonas aeruginosa
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Figure 2 Proportional distribution of the top five CRGNB species across major specimen sources.
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(CRPA) showed 100.0% susceptibility to both ceftazidime-avibactam and polymyxin B; resistance rates to amikacin,

tobramycin, and cefepime were all below 13.0% (Table 5).

Temporal Changes in Major CRGNB Detection Rates

From 2021 to 2025, notable shifts were observed in the detection rates of major CRGNB species. Acinetobacter

baumannii (CRAB) consistently accounted for the largest proportion, showing a fluctuating downward trend; the

Table 3 Antimicrobial Resistance Profiles of CRECO, CRKP, and CRECL (%)

Antibiotics CRECO CRKP CRECL
n=252 n=1055 n=235
R 1 S R 1 S R 1 S
Amoxicillin-clavulanate 943 | 33 24 982 | 04 1.4 100.0 | 0.0 0.0
Cefoperazone-sulbactam 916 | 3.7 47 | 97.1 1.3 1.6 | 820 | 141 | 39
Ceftazidime-avibactam 93.1 | 0.0 6.9 125 | 00 | 875 | 944 0.0 5.6
Ampicillin-sulbactam 96.6 | 0.0 34 | 992 | 00 | 08 | 1000 | 0.0 | 0.0
Ticarcillin-clavulanate 902 | 0.0 9.8 986 | 0.0 1.4 98.9 0.0 1.1
Piperacillin-tazobactam 91.8 | 0.8 74 |97 | 08 | 25 825 27 | 148
Cefazolin 965 | 0.7 28 | 97.1 1.6 1.3 99.5 0.5 0.0
Cefuroxime 969 | 0.6 25 995 | 00 | 05 97.6 1.6 | 08
Ceftazidime 944 | 1.6 40 | 976 | 0.6 1.8 | 93.1 22 | 47
Ceftriaxone 98.0 | 0.0 20 (991 | 00 [ 09 | 979 00 | 21
Cefotaxime 949 | 0.0 5.1 989 | 0.0 1.1 96.3 0.9 2.8
Cefepime 803 | 133 64 |932 | 28 | 40 639 | 20.7 | 154
Cefotetan 682 [ I1.6 | 202 | 892 | 7.0 38 96.6 | 0.0 34
Aztreonam 639 | 25 336 | 8.1 1.0 | 179 | 67.1 09 | 320
Ertapenem 920 | 0.0 80 |964 | 05 3.1 95.5 0.6 39
Imipenem 915 | 2.0 6.5 977 | 1.0 1.3 739 | 48 | 213
(Continued)
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Table 3 (Continued).

Antibiotics CRECO CRKP CRECL
n=252 n=1055 n=235
R 1 S R 1 S R | S

Meropenem 910 | 07 83 | 983 | 04 1.3 | 747 1.2 | 241
Amikacin 150 | 1.7 | 833 | 160 | 0.1 |89 | 62 0.0 | 938
Gentamicin 459 | 65 | 476 | 238 | 0.6 | 756 | 275 | 3.9 | 686
Tobramycin 503 | 124 | 373 | 185 | 56 | 759 | 139 | 268 | 59.3
Ciprofloxacin 724 | 6.1 215 [ 29.1 | 87 | 622 | 278 | 83 | 639
Levofloxacin 522 |1 249 | 229 | 165 | 178 | 657 | 146 | 26.1 | 59.3
Trimethoprim-sulfamethoxazole | 69.0 | 0.0 31,0 | 29.1 | 0.0 | 709 | 387 | 0.0 | 613
Polymyxin B 1.2 1.1 977 | 23 12 | 965 | 20 0.0 | 98.0
Tetracycline 859 | 23 1.8 | 314 | 1.1 | 675 | 349 | 28 | 623
Tigecycline 0.0 | 00 | 1000 | 05 I.1 | 984 | 08 0.8 | 984

Abbreviations: n, number of strains; R, drug resistance rate; S, drug susceptibility rate; |, Intermediate. CRECO,
Carbapenem-resistant Escherichia coli; CRKP, Carbapenem-resistant Klebsiella pneumoniae; CRECL, Carbapenem-resistant
Enterobacter cloacae.

Table 4 Antimicrobial Resistance Profiles of

CRAB (%)
Antibiotics CRAB
n=558

R 1 S
Cefoperazone-sulbactam | 72.1 | 21.9 | 6.0
Ampicillin-sulbactam 924 | 45 3.1
Piperacillin-tazobactam 96.0 | 2.1 1.9
Ceftazidime 96.0 | 1.5 2.5
Ceftriaxone 96.4 | 25 1.1
Cefotaxime 968 | 1.4 1.8
Cefepime 944 | 1.5 4.1
Imipenem 989 | 03 0.8
Meropenem 994 | 0.0 0.6
Amikacin 559 | 28 | 413
Gentamicin 808 | 3.0 | l6.2
Tobramycin 783 | 1.5 | 202
Ciprofloxacin 89.2 | 0.7 | I0.1
Levofloxacin 793 | 87 | 120
Minocycline 22.0 | 39.6 | 384
Tigecycline 25 0.1 | 974
Polymyxin B 23 02 | 975

Abbreviations: n, number of strains; R, drug resistance
rate; S, drug susceptibility rate; |, Intermediate; CRAB,
Carbapenem-resistant Acinetobacter baumannii.

detection rate peaked at 17.8% in 2023 and subsequently declined to 9.8% in 2025. Klebsiella pneumoniae (CRKP) first
decreased and then rebounded, declining from 16.3% in 2021 to 4.7% in 2023, followed by a rise to 5.8% in 2025. The
detection rate of Enterobacter cloacae (CRECL) fluctuated but showed an overall increase, reaching 6.0%. In contrast,
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Table 5 Antimicrobial Resistance Profiles of

CRPA (%)

Antibiotics CRPA

n=162

R 1 S

Piperacillin 233 | 134 | 633
Cefoperazone-sulbactam | 16.2 | 189 | 64.9
Ceftazidime-avibactam 0.0 0.0 | 100.0
Piperacillin-tazobactam 206 | 182 | 61.2
Ceftazidime 219 | 75 70.6
Cefepime 13.0 | 129 | 74.1
Aztreonam 302 | 19.8 | 50.0
Imipenem 96.0 | 1.4 2.6
Meropenem 664 | 168 | 168
Amikacin 1.9 0.7 97.4
Gentamicin 86 | 35 | 879
Tobramycin 68 | 06 | 926
Ciprofloxacin 20.1 | 10.1 | 69.8
Levofloxacin 236 | 12,1 | 643
Polymyxin B 0.0 | 0.0 | 100.0

Abbreviations: n, number of strains; R, drug resistance
rate; S, drug susceptibility rate; |, Intermediate; CRPA,

Carbapenem-resistant Pseudomonas aeruginosa.

Pseudomonas aeruginosa (CRPA) and Escherichia coli (CRECO) remained at relatively low levels, fluctuating between

1.0-3.3% and 0.7%-1.5%, respectively. Overall, the dominant resistant strains shifted from early predominance of CRAB

and CRKP toward a more balanced resistance spectrum (Figure 3).
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Discussion

This study retrospectively analyzed 2523 non-duplicate CRGNB isolates recovered from pediatric patients across 134 medical
institutions in Sichuan Province from 2021 to 2025. Klebsiella pneumoniae (41.8%) was the predominant species, followed by
Acinetobacter baumannii (22.1%) and Escherichia coli (10.0%). Compared with national pediatric antimicrobial resistance
surveillance data, the detection rate of CRKP in this region in 2025 was comparable to the overall national level'®!” and lower
than those reported in Argentina (9.5%) and the United States (10.7%).''® In contrast, the detection rate of CRAB was
markedly higher than that reported in Europe and North America.®'*'® These findings suggest pronounced regional variation
in the epidemiology of pediatric CRGNB, potentially associated with differences in antimicrobial usage patterns, infection
control practices, and the underlying disease spectrum of pediatric patients in Southwest China.

In terms of population distribution, the highest isolation rate was observed in the 29 days to <I year age group (41.8%),
indicating that younger age and immature immune function may represent important risk factors for CRGNB colonization or
infection in children. Previous studies have reported a higher prevalence of plasmid-mediated resistance genes among isolates
from this age group,”® which may facilitate intra-ward dissemination of resistant strains. Consequently, neonatal and infant
wards should be considered priority areas for infection prevention and control. In this study, the isolation rate in male patients
(56.4%) was higher than that in females, which may be associated with a higher prevalence of underlying diseases and more
frequent invasive procedures among male patients; however, the exact mechanism requires further investigation.

Analysis of specimen sources showed that respiratory samples accounted for the largest proportion (59.6%), consistent
with reports of high respiratory CRGNB detection rates in pediatric intensive care units (PICUs) in China.?' This finding
suggests that the respiratory tract is the most common site of CRGNB isolation in pediatric patients. Clinically, it is essential to
distinguish colonization from infection. CRGNB isolated from the respiratory tract may represent true infection or merely
mucosal colonization, with colonization being more common in asymptomatic patients without clear infection foci.**
Misinterpreting colonization as infection and initiating broad-spectrum antimicrobial therapy may further promote the
selection and spread of resistant strains. Therefore, treatment decisions should be based on a comprehensive assessment of
clinical manifestations, infection sites, and disease severity rather than solely on positive culture results.

From 2021 to 2025, the epidemiological trends of major CRGNB species exhibited dynamic fluctuations. The detection
rate of CRKP declined from 16.3% to 4.9% before increasing again to 6.0%, whereas CRAB peaked in 2023 (17.8%) and
subsequently declined. These patterns suggest that the prevalence of resistant organisms is closely associated with antimi-
crobial usage and infection control measures. Continuous surveillance of antimicrobial resistance and dynamic optimization of
antimicrobial stewardship strategies are therefore essential for controlling the spread of multidrug-resistant organisms in
pediatric populations.

In this study, carbapenem-resistant Enterobacterales (CRECO, CRKP, and CRECL) showed resistance rates of
63.9-100.0% to B-lactam antibiotics, while CRAB exhibited resistance rates of 55.9-99.4% to commonly used anti-
microbial agents. These findings indicate that carbapenem resistance is frequently accompanied by cross-resistance and
co-resistance phenotypes. Such extensive multidrug resistance substantially limits therapeutic options for pediatric
CRGNB infections and increases clinical management difficulty. Accordingly, in addition to strengthening infection
control for carbapenem-resistant organisms, enhanced surveillance and screening for multidrug-resistant bacteria are
necessary, along with refined antimicrobial stewardship to curb their dissemination.

Antimicrobial susceptibility testing showed that CRE isolates exhibited susceptibility rates exceeding 96.0% to tigecycline
and polymyxin B, higher than those reported in adult populations in the United States (tigecycline susceptibility 62.0%) and in
Europe (polymyxin B susceptibility 75.0%).%** These findings suggest that both agents may serve as important therapeutic
options for pediatric CRE infections in this region. Notably, CRKP demonstrated an 87.5% susceptibility rate to ceftazidime-
avibactam, substantially higher than that observed for CRECO (6.9%) and CRECL (5.6%). This difference may be related to
the predominance of serine carbapenemases, such as KPC enzymes, among previously reported isolates.*”

CRAB exhibited resistance rates of 55.9-99.4% to commonly used antimicrobial agents and retained reliable activity only
to tigecycline (2.5% resistance) and polymyxin B (2.3% resistance). Yi Xu et al previously reported that the prevalence of
OXA-23 carbapenemase in Acinetobacter baumannii isolates in this region reached 94.7%, with 82.1% of strains simulta-
neously showing overexpression of the efflux pump gene adeB and loss of the outer membrane porin carO.?® The coexistence
of multiple resistance mechanisms may synergistically contribute to the high resistance levels observed in this organism.
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Given the limited therapeutic options, early combination antimicrobial therapy and strengthened infection control measures
should be considered. In contrast, Pseudomonas aeruginosa demonstrated 100.0% susceptibility to ceftazidime-avibactam
and polymyxin B, providing a useful reference for empirical therapy of pediatric CRPA infections and showing more
favorable results than those reported in global multicenter surveillance data (93.3%).?’

Several limitations should be acknowledged. First, clinical outcome data were not collected, preventing evaluation of
the therapeutic effectiveness of different antimicrobial regimens. Second, carbapenemase genotyping and investigation of
non-enzymatic resistance mechanisms were not performed. Third, the participating institutions were predominantly
tertiary hospitals, and the representation of primary healthcare facilities was limited. Future studies should incorporate
prospective clinical designs, expand resistance mechanism analyses, and increase surveillance coverage in primary-level
hospitals to establish a more comprehensive regional antimicrobial resistance monitoring network.

Conclusion

CRGNB burden remains substantial among pediatric isolates in Sichuan Province, with young infants representing
a high-risk population and multidrug resistance being prominent. Clinical management should emphasize precise
antimicrobial therapy guided by susceptibility testing, strict differentiation between colonization and infection, and
strengthened infection prevention and control measures in neonatal and infant wards. Continuous multicenter surveil-
lance of antimicrobial resistance is essential to provide high-quality evidence supporting regional antimicrobial steward-
ship, optimization of infection control strategies, and comprehensive prevention and management of resistant infections
in pediatric populations.

Abbreviations

CRKP, Carbapenem-resistant Klebsiella pneumoniae; CRPA, Carbapenem-resistant Pseudomonas aeruginosa; CRAB,
Carbapenem-resistant Acinetobacter baumannii; CRECO, Carbapenem-resistant Escherichia coli; CRECL, Carbapenem-
resistant Enterobacter cloacae; CRE, Carbapenem-resistant Enterobacterales.
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