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Objective: To elucidate the distribution characteristics and drug resistance of carbapenem-resistant gram-negative bacteria (CR-GNB)
within a general hospital setting from 2019 to 2024.

Methods: The distribution characteristics of CR-GNB and antimicrobial resistance patterns among inpatients from 2019 to 2024 were
investigated. The detection rate, departmental distribution, annual trends, and drug susceptibility profiles of key carbapenem-resistant
bacterial species were compared.

Results: A total of 34, 370 patients infected with GNB were investigated, with 2967 cases identified as CR-GNB. Among these, the
nosocomial infection rate of carbapenem-resistant Enterobacteriaceae (CRE), carbapenem-resistant Acinetobacter baumannii
(CRAB), and carbapenem-resistant Pseudomonas aeruginosa (CRPA) were 33.11%, 44.02%, and 22.87%, respectively. The positivity
rate for CR-GNB among male patients was 72.94%, with the vast majority of these infected patients (71.88%) aged 65 and above. In
2021, notable shifts in hospital infection control concerning CR-GNB were observed, with a reduction of over 40% in CRAB infection
rates and a decline of over 35% in CRPA infection rates. The top three clinical departments with CR-GNB detection were the intensive
care unit (ICU), intensive rehabilitation ward (HDU), and emergency ward. CR-GNB accounted for the largest proportion of
respiratory infections (73.49%). Clinically isolated CR-GNB exhibited pan-resistance to commonly used clinical antimicrobial
drugs, with only cefoperazone/sulbactam, amikacin, and tigecycline demonstrating high sensitivity. Analysis of carbapenemase
production revealed a significant prevalence of Ambler class A enzymes.

Conclusion: The detection of CR-GNB in this hospital from 2019 to 2024 indicates a widespread distribution across clinical
departments and infection sites, coupled with a high rate of resistance to commonly used antimicrobials. Local hospitals should prioritize
the distribution patterns of CR-GNB to develop personalized prevention strategies, strengthen hospital public health and infection
prevention and control measures, and promote rational use of antibiotics to effectively curb the spread of CR-GNB infections.
Keywords: carbapenem-resistant gram-negative bacteria, epidemiology, drug resistance

Introduction

The escalating global prevalence of carbapenem-resistant Gram-negative bacteria (CR-GNB), attributed to the widespread use
of carbapenem antibiotics, has resulted in a critical public health concern. The World Health Organization ranks CR-GNB as
a primary risk among antibiotic-resistant bacteria.! CR-GNB mainly includes carbapenem-resistant Enterobacteriaceae
bacteria (CRE), carbapenem-resistant Acinetobacter baumannii (CRAB), and carbapenem-resistant Pseudomonas aeruginosa
(CRPA). The extensive spread of CR-GNBs has become a major public health challenge worldwide. In China, the detection
rate of CR-GNBs has generally exhibited an upward trend, with exceptionally high rates in northeast China, South China and
North China. Infections caused by these organisms have been shown to significantly increase hospital mortality,
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hospitalization duration and healthcare costs. Data from the China Bacterial Resistance Monitoring Network (CHINET) from
2005 to 2024 indicated a consistent increase in resistance rates of imipenem and meropenem in Klebsiella pneumoniae from
3.0% and 2.9% in 2005 to 25.0% and 26.3% in 2018, respectively. Next, a continuous downward trend was observed, with
a subsequent recovery to 15.3% and 15.4% in 2024 (https://www.chinets.com). Similarly, resistance rates to imipenem and

meropenem in Acinetobacter baumannii steadily rose from 32.9% and 41.3% in 2005 to 77.7% and 79% in 2019, followed by
a continuous decline starting in 2020 and a subsequent increase to 61.0% and 62.0% in 2024. In Pseudomonas aeruginosa,
resistance rates to imipenem and meropenem fluctuated between 36.8% and 35.3% in 2005, ultimately reaching 26.0% and
14.4% by 20243

The economic cost burden of bacterial resistance is substantial, extending beyond death and disability. Prolonged
illness leads to prolonged hospital stay and use of more, more expensive drugs, thereby increasing the economic burden
on patients.* Due to the high pathogenicity, pan-drug resistance,” and propensity for nosocomial transmission,® CR-GNB
pose significant pressure and challenges to hospital infection prevention and control.” Moreover, there have been limited
reports on the latest five years of international drug resistance monitoring data.

It is now understood that CR-GNB arises through multifactorial mechanisms, which can be categorized into three
primary pathways: (i) enzymatic inactivation mediated by diverse carbapenemases (eg, KPC and NDM variants), often
facilitated by the co-occurrence of multiple B-lactamase genes; (ii) hyperexpression of efflux pumps enabling broad-
spectrum antibiotic extrusion; and (iii) structural alterations in outer membrane porins that restrict drug permeation.® The
convergence of these mechanisms frequently drives pan-drug resistance phenotypes. While KPC carbapenemases remain
the predominant resistance mediators, New Delhi metallo-p-lactamase (NDM) variants demonstrate significant preva-
lence, particularly concerning their capacity to confer resistance to ceftazidime-avibactam. Notably, emerging evidence
reveals that certain KPC-producing strains have developed reduced susceptibility to ceftazidime-avibactam through novel
resistance pathways (eg, structural mutations in KPC enzymes or porin modifications), thereby exacerbating therapeutic
challenges in managing CR-GNB infections.

Therefore, this study sought to investigate the distribution and antibiotic susceptibility characteristics of CR-GNB in
a general hospital in northern Zhejiang from 2019 to 2024. Based on these data, we sought to provide a reference
protocol for prevention, treatment, rational use of antibiotics, and guidance of empirical medication.

Materials and Methods

The interviewees were hospitalized patients with Gram-negative bacterial infections between 2019 and 2024. The study
protocol was reviewed and approved by the Ethics Committee of the hospital (No0.2024-LY-823). Gram-negative bacteria
that met any of the following conditions were defined as CR-GNB: (1) Resistance to one or more carbapenems
(imipenem, meropenem, ertapenem or doripenem); for bacterial species with intrinsic reduced susceptibility to imipenem
(Morganella, Proteobacteria, Provydon, etc.), resistance was determined based on susceptibility results to other carba-
penem agents; (2) Production of carbapenemases.’

Sample Collection

Epidemiological data on GNB nosocomial infections were collected by nosocomial infection management professionals.
Relevant data were investigated and recorded by reviewing electronic health records, clinical laboratory information
systems, and real-time nosocomial infection surveillance systems. The collected data included name, gender, age,
department, hospitalization number, site of hospital infection, specimens submitted for examination, and drug sensitivity
results. Data discrepancies were resolved by referring to the original investigation records.

Pathogen ldentification and Drug Sensitivity Test
The infection types of interest included GNB strains associated with nosocomial infections. Cases of contamination,
community-acquired infection, colonization, and repeatedly detected strains were excluded. Only the first isolate per
patient was included in the analysis; colonizing and repeat isolates from the same specimen were excluded.

Pathogen identification and drug susceptibility tests were conducted by the VITEK mass spectrometer (BioMérieux),
the VITEK 2 Compact automatic microbial identification and drug susceptibility analyzer (BioMérieux), and the BD
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Phoenix™ M50 automatic microbial susceptibility analyzer (BD). Antimicrobial susceptibility was further assessed
using the Kirby-Bauer (K-B) method and E-test strips as supplementary methods. All operations adhered strictly to the
National Clinical Inspection Operation Procedures (4th edition). The drug susceptibility test results were interpreted
according to the American Association for Standardization of Clinical Laboratory (Clinical and Laboratory Standards
Institute, CLSI) standard M100 interpretation.'®!!
and Pseudomonas aeruginosa (ATCC 27853) strains.

Quality control was maintained using Escherichia coli (ATCC 25922)

Carbapenemase detection in Gram-negative bacteria utilizes complementary phenotypic and genotypic approaches.
The phenotypic inhibitor-based assay distinguishes serine carbapenemases (KPC, OXA-48) from metallo-f-lactamases
(NDM, VIM) by comparing carbapenem disk inhibition zones with/without 3-aminophenylboronic acid (APB) or EDTA,
adhering to CLSI interpretive criteria (a >5 mm increase in zone diameter indicates the likely enzyme class). Enzyme-
linked immunochromatographic assays enable rapid (<15 min) detection of specific carbapenemase genotypes (KPC,
NDM, IMP, etc). via monoclonal antibodies, achieving >95% accuracy versus PCR.

Quality Control in Microbiological Testing

Comprehensive quality control protocols were rigorously implemented throughout the microbiological workflow to
ensure result reliability. Pre-analytical quality assurance measures included specimen integrity verification and media
validation using ATCC reference strains. Analytical standardization encompassed daily calibration of automated identi-
fication systems (VITEK®2/MS) with E. coli ATCC 25922, while antimicrobial susceptibility testing adhered to CLSI
M100 guidelines and routine disk diffusion QC with E. coli ATCC 25922 and P. aeruginosa (ATCC 27853). Post-
analytical quality assurance measures featured algorithmic validation of discordant results and 5-year retention of raw
instrument data per ISO 15189. Through these multilayered controls, laboratory performance metrics achieved <1.5%
identification errors and >97% categorical agreement in susceptibility results compared to reference broth microdilution.

Statistical Analysis
Antimicrobial susceptibility testing results were analyzed using WHONET 5.6 software (http://www.whonet.org/soft

ware.html). Data were summarized using Microsoft Excel software, and statistical analysis was performed using IBM
SPSS Statistics 22.0 (IBM Corp., Chicago, Illinois, USA). Clinical data had been downloaded from the Haiti Electronic
Medical Record System, from which potential risk factor data were subsequently identified and compiled. Categorical
data were expressed as the number of cases and proportions, and y>tests were used for comparisons, with p<0.05
considered statistically significant.

Results

Distribution of CR-GNB and Patient Characteristics in Hospital Infections

This study analyzed a total of 34370 GNB strains between January 2019 and December 2024, comprising 20863 isolates
from males and 13507 isolates from females. CR-GNB was detected in 2987 of the GNB isolates. The positivity rate of
CR-GNB in male patients was 72.94%. Most culture-positive samples (49.54%) in the GNB isolates were from patients
over the age of 65 years, but 71.88% in CR-GNB isolates. Analysis of specimen source data indicated that respiratory
specimens constituted the largest proportion (50%) in GNB and CR-GNB, followed by sterile body fluid specimens,
urine specimens, and blood specimens (Table 1).

Hospital-Acquired Infection of CR-GNB

A total of 34370 patients infected with GNB were investigated, including 2987 cases infected in CR-GNB, and the hospital
infection rate of CR-GNB was 8.70%. Among the hospital-infected patients in CR-GNB, the prevalence of carbapenem-resistant
Enterobacteriaceae was 33.08%, carbapenem-resistant Acinetobacter baumannii was 44.06%, and carbapenem-resistant
Pseudomonas aeruginosa was 22.87%. Detailed statistical values are presented in Supplement Table 1, while Figure 1 highlights
the species composition of the CR-GNB distribution. From 2019 to 2024, the number of CR-GNB infections was 508 (11.75%),
442 (10.13%), 328 (6.36%), 363 (6.91%), 507 (8.43%), and 839 (9.06%), with the lowest hospital infection rate in 2021.
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Table 1 Demographic and Clinical Profile of Patients with Infections Caused by Gram-
Negative Bacteria (GNB) and Carbapenem-Resistant Gram-Negative Bacteria (CR-GNB)

Characteristics GNB CR-GNB
Strain (n) | Percentage (%) | Strain (n) | Percentage (%)
Total number of patients 34370 (100) 2987 (100)
Sex
Male 20863 60.70 2174 72.94
Female 13507 39.30 813 27.06
Age in years
<15 2435 7.08 29 0.98
1544 5052 14.70 303 10.14
45-64 9856 28.68 508 17.00
265 17,027 49.54 2147 71.88
Specimen source
Respiratory specimen 17688 51.46 2212 74.05
Sterile body fluid 3570 10.39 218 7.30
Urine 4699 13.67 217 7.26
Blood 4086 11.89 171 5.72
Wound pus 3283 9.55 106 3.55
Cerebrospinal fluid 53 0.16 12 0.40
Other 991 2.88 51 1.71

Abbreviations: GNB, Gram-negative bacteria; CR-GNB, carbapenem-resistant Gram-negative bacteria.

Supplement Table 2 contrasts detailed statistical values, enabling comparative analysis across various groups, and Figure 2
depicts the temporal trends in the CR-GNB detection rate.

Quarterly Trends in Nosocomial CR-GNB Infection Rates

No significant variation was observed in the detection rates of CRE and CRPA nosocomial infections (p > 0.05).
However, a significant seasonal disparity was noted for CRAB (p < 0.05), with the highest incidence occurring in the first
quarter (69.73%), followed by the fourth quarter (42.30%). Supplement Table 3 provides comprehensive statistical data,
and Figure 3 illustrates the seasonal fluctuations in CR-GNB detection rates.
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Figure | Species composition of CR-GNB in clinical isolates from 2019 to 2024.
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Figure 2 Changes in the CR-GNB detection rate from 2019 to 2024.
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Figure 3 Changes in the CR-GNB detection rate across different quarters from 2019 to 2024.
Abbreviations: QI, first quarter; Q2, second quarter; Q3, third quarter; Q4, fourth quarter.

Nosocomial CR-GNB Infection Rates Across Hospital Departments

The incidence of CR-GNB infections in critical care departments was higher than in general wards. Between 2019 and
2024, the CR-GNB detection rate was the highest in ICUs, followed by the intensive care rehabilitation department, the
emergency ward, neurosurgery, hepatobiliary and pancreatic surgery, and respiratory medicine. During this period,
temporal trends in CRAB detection exhibited distinct patterns: a decline followed by an increase in ICUs, an initial
rise followed by a decrease in the emergency ward, and fluctuating trends in hepatobiliary-pancreatic surgery for CRE.

The difference in detection rates of resistant bacteria in these three departments was statistically significant (p <0.05)
(Table 2).

Distribution of Nosocomial Infection Sites in CR-GNB
Among the CR-GNB infections, respiratory system infections accounted for the largest proportion (74.05%), followed by
sterile body fluid (7.30%), urinary system (7.26%), and blood system (5.72%). Among the specimens infected with
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Table 2 Detection of Resistant Bacteria in the Top Five Hospital CR-GNB Departments From 2019 to 2024

Department 2019 (n=508) 2020 (n=442) 2021 (n=328) 2022 (n=363) 2023 (n=507) 2024 (n=839) Ve P value
value
The Proportion | The Proportion | The Proportion The Proportion | The Proportion | The Proportion
Number (%) Number (%) Number (%) Number (%) Number (%) Number (%)
of Strains of Strains of Strains of Strains of Strains of Strains
Intensive Care CRAB | 141 64.38 107 49.31 40 31.01 71 39.23 119 45.77 142 77.60 56.77 <0.001
Unit (ICU) CRE | 80 4255 49 40.83 42 31.82 22 21.78 28 17.72 99 891
CRPA | 43 42.57 34 3238 12 17.91 30 37.04 21 23.60 82 31.42
Emergency ward | CRAB | 25 11.42 33 15.21 39 30.23 30 16.57 40 15.38 32 84.11 17.86 | 0.057
CRE 4 2.13 3 2.50 3 227 3 2.97 10 6.33 7 2.422
CRPA | 4 3.96 10 9.52 3 4.48 | 1.23 2 2.25 4 18.18
Intensive CRAB 18 8.22 26 11.98 21 16.28 37 20.44 41 15.77 46 83.64 22.05 0.01
Rehabilitation CRE 12 6.38 13 10.83 14 10.61 13 12.87 I 6.96 33 13.87
ward (HDU) CRPA | 9 891 22 20.95 I 16.42 5 6.17 1 12.36 24 29.63
Neurosurgery CRAB 12 5.48 18 8.29 15 11.63 23 12.71 18 6.92 35 7143 21.63 0.01
CRE I 5.85 8 6.67 10 7.58 10 9.90 8 5.06 36 12.90
CRPA 10 9.90 9 8.57 I 16.42 5 6.17 I 12.36 55 36.22
Hepatobiliary CRAB | 6 2.74 4 1.84 2 1.55 2 1.10 5 1.92 6 26.09 12.18 | 027
and Pancreatic CRE 19 10.11 20 16.67 10 7.58 13 12.87 1 6.96 15 1.36
Surgery CRPA | 6 5.94 | 0.95 | 1.49 4 4.94 8 8.99 9 10.84
Respiratory CRAB | 5 228 2 0.92 | 0.78 5 2.76 5 1.92 14 21.54 7.00 0.72
medicine CRE 9 4.79 | 0.83 5 3.79 3 2.97 5 3.16 14 323
department CRPA 12 11.88 7 6.67 8 11.94 6 7.41 7 7.87 22 13.58

Abbreviations: CRAB, CR-A. baumannii; CRPA, CR-P. aeruginosa; CRKP, CR-K. pneumoniae.
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Table 3 The Distribution of CR-GNB Detected in Different Infection Sites From

2019 to 2024 [Strain (%)]

Infection Source CRAB CRE CRPA Total
(n=1316) (n=988) (n=683) (n=2987)
Respiratory specimen 1136(86.32) 509(51.52) 567(83.02) 2212(74.05)
Sterile body fluid 49(3.72) 128(12.96) 41(6.00) 218(7.30)
Urine 9(0.68) 186(18.83) 22(3.22) 217(7.26)
Blood 35(2.66) 124(12.55) 12(1.76) 171(5.72)
Wound pus 61(4.64) 8(0.81) 37(5.42) 106(3.55)
Cerebrospinal fluid 8(0.61) 4(0.40) 0(0.00) 12(0.40)
Other 18(1.36) 29(2.94) 4(0.59) 51(1.70)

Notes: Other sources include tissue, drainage fluid, rectal swabs, and missing data.
Abbreviations: CRAB, CR-A. baumannii; CRPA, CR-P. aeruginosa; CRKP, CR-K. pneumoniae.

CRAB and CRPA, respiratory specimens accounted for 86.32% and 83.02%, respectively, representing a notably high
proportion and highlighting their significance as major pathogens causing hospital-acquired infections. Among the
specimens infected with CRE, the sources of specimens were relatively diverse, with respiratory specimens accounting
for 51.52%, while sterile body fluid, urine, and blood specimens accounted for 12.96%, 18.83%, and 12.55%,
respectively (Table 3).

Stratification according to specimen sources revealed that CRAB was the predominant strain in respiratory tract, pus,
and cerebrospinal fluid specimens, accounting for 51.35%, 57.55%, and 66.67%, respectively. CRE was predominant in
sterile body fluids, urine, and blood samples, accounting for 58.72%, 85.71%, and 72.51%, respectively (Figure 4).

Distribution of the Strains Detected in CR-GNB

From 2019 to 2024, the predominant CR-GNB strains were Acinetobacter baumannii, Pseudomonas aeruginosa,
Klebsiella pneumoniae, E. coli, Enterobacter cloacae, Proteus mirabilis, Klebsiella aerogenes, Serratia marcescens,
Citrobacter freundii and Morganella. From 2019 to 2024, the total CR-GNB detection rate was high, with the CRAB
detection rate reaching 66.10% in 2024 (Table 4).

Other
Cerebrospinal fluid
Wound pus

Blood

Urine

Sterile body fluid

Respiratory specimen
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
H CRAB M CRE ™ CRPA

Figure 4 Distribution of CR-GNB detected across different infection sites from 2019 to 2024.
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Table 4 CR-GNB with the Top 10 Strains Detected From 2019 to 2024 [Strain (%)]

Species Exhibiting Resistance 2019 2020 2021 2022 2023 2024
(n=508) (n=442) (n=328) (n=363) (n=507) (n=838)
CR-A. baumannii 219(43.11) | 217(49.10) | 129(39.33) | 181(49.86) | 260(51.28) | 309(66.10)
CR-P. aeruginosa 101(19.88) | 105(23.76) | 67(20.43) 81(22.31) 89(17.55) 240(10.92)
CR-K. pneumoniae 109(21.46) | 70(15.84) 75(22.87) 37(10.19) 46(9.07) 202(8.48)
CR-E.coli 25(4.92) 10(2.26) 18(5.49) 18(4.96) 27(5.33) 52(2.12)
CR-Enterobacter cloacae 13(2.56) 17(3.85) 13(3.96) 19(5.23) 23(4.54) 18(5.90)
CR-Proteus mirabilis 11(2.17) 6(1.36) 5(1.52) 8(2.20) 34(6.71) 4(1.79)
CR-Klebsiella aerogenes 7(1.38) 2(0.45) 8(2.44) 4(1.10) 5(0.99) 1(1.33)
CR-Serratia marcescens 4(0.79) 4(0.90) 2(0.61) 1(0.28) 4(0.79) 8(3.96)
CR-Citrobacter freundii 2(0.39) 4(0.90) 4(1.22) 3(0.83) 3(0.59) 1(2.27)
CR-Morganella 3(0.59) 2(0.45) 1(0.30) 4(1.10) 5(0.99) 0(0.00)

Analysis of Drug Resistance in CR-GNB Hospital Infection

Among the CR-GNB clinical isolates from 2019 to 2024, CRAB exhibited the highest overall resistance. With the exception of
cefoperazone/sulbactam (1.62%), amikacin (35.63%), minocycline (3.13%), and tigecycline (9.55%), the resistance rates to
commonly used clinical antibiotics exceeded 50%. CRE demonstrated a broad drug resistance spectrum; resistance rates to
cefoperazone/sulbactam, amikacin, and tigecycline were 1.60%, 31.53%, and 6.00%, respectively, while resistance to other
commonly used clinical antibiotics also surpassed 50%. In contrast, CRPA showed notable susceptibility to cefoperazone/
sulbactam and aminoglycosides, with resistance rates for most other antimicrobial drugs exceeding 40% (Table 5).

Table 5 Drug Resistance of CR-GNB Strains Clinically Isolated in a Hospital
From 2019 to 2024 [Strain (%)]

Code | Antibiotic CRAB CRE CRPA
AMP | Ampicillin N 129(89.58) | N

SAM | Ampicillin / sulbactam 319(78.37) - N

AMC | Amoxicillin / clavulanate N 581(91.39) | N

PIP Piperacillin - - 89(44.70)
TZP Piperacillin / tazobactam 985(96.14) 661(74.74) | 273(48.35)
CZO | Cefazolin - 424(97.20) | -

CXM | Cefuroxime - 266(86.47) | —

CAZ | Ceftazidime 965(97.93) 630(85.24) | 304(52.63)
CRO | Ceftriaxone 1140(98.33) | 759(90.38) | N

FEP Cefepime 1092(93.04) | 693(75.61) | 286(46.85)
CSL Cefoperazone / sulbactam 185(1.62) 188(1.60) 95(1.05)
IPM Imipenem 1154(99.57) | 782(89.39) | 517(96.13)
MEM | Meropenem 976(99.90) 612(80.56) | 440(81.36)
ETP Ertapenem N 379(78.63) | N

GEN | Gentamicin 727(61.76) 562(55.69) | 131(15.27)
TOB | Tobramycin 636(53.46) 332(61.30) | 95(13.68)
AMK | Amikacin 348(35.63) | 406(31.53) | 102(6.86)
CIP Ciprofloxacin 1058(98.20) | 470(86.40) | 303(45.87)
LvX Levofloxacin 1055(90.43) | 681(73.13) | 335(54.33)
MNO | Minocycline 160(3.13) - 43(86.00)
TCY | Tetracycline 345(95.94) - N

TGC | Tigecycline 178(9.55) 100(6.00) N

ATM | Aztreonam N 685(73.43) | 324(60.19)
SXT | Trimethoprim/Sulfamethoxazole | 793(68.47) 512(51.56) | N

Notes: N, natural drug resistance; -, no detection.
Abbreviations: CRAB, CR-A. baumannii; CRPA, CR-P.aeruginosa; CRKP, CR-K. pneumoniae.

2874 https: Infection and Drug Resistance 2025:18



Hou et al

Distribution of CRE Among the Total Isolates in Hospital Infections

Among 928 carbapenem-resistant isolates, carbapenem-resistant genes were detected in 600 (64.55%) isolates encoding
Ambler class A, 302 (32.54%) encoding Ambler class B, and 26 (2.8%) encoding Ambler class D. Supplement Table 4
documents the statistical values (p <0.05), while Figure 5 illustrates the distribution trends of bacterial/specimen/

department according to carbapenemase type.

Figure 5A illustrates the distribution of carbapenemase among various CRE isolates. Serine carbapenemases were the
most frequently detected, with Klebsiella pneumoniae accounting for 541 isolates (90.10%) and Klebsiella aerogenes
contributing 21 isolates (3.5%), followed by Serratia marcescens and Escherichia coli. Metallo-B-lactamases were
predominantly observed in Escherichia coli, with 125 isolates (41.3%) and Enterobacter cloacae with 68 isolates
(22.5%), while Klebsiella pneumoniae had 55 isolates (18.2%). Oxacillinase-48 was equally distributed between
Klebsiella pneumoniae and Klebsiella aerogenes, each contributing 23 isolates (88.40%).

Figure 5B illustrates the distribution of carbapenemase types across specimen types. Serine carbapenemases were the
most frequently detected, with respiratory specimens accounting for 377 isolates (62.8%) and whole blood contributing
116 isolates (19.3%). The metallo-B-lactamase was predominantly observed in respiratory specimens with 94 isolates
(31.1%) and urine with 75 isolates (24.8%). The oxacillinase-48 was distributed across respiratory specimens (53.8%)
and whole blood (23%).

Figure 5C illustrates the distribution of carbapenemases across departments. The intensive care unit (ICU) was the department
with the highest number of isolates harboring Ambler class A carbapenemases (n=236, 29.3%) and Ambler class
B carbapenemases (n=64, 21.1%). The neurosurgery department had the highest proportion of Ambler class D carbapenemase-
producing isolates, accounting for 6 isolates (23%).

A Bacterial distribution B Specimen types

CR-citrate sp I I —
CR-Enterobacter cloacae I Ascite: I |
CR-Eccoli I | Drainage fluid
W Class A B Class A
CR-Serratia marcescens | NN M Class 8 Urine N ® Class B
CR-Klebsiella aerogenes NN Class D | Blood I Class D
CR-K. pneumoniae I Respiratory specimen |
0% 20% 40% 60% 80% 100% | 0% 20% 40% 60% 80% 100%
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Department distribution

Hematology I
Infectious Disease I
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Figure 5 Distribution of carbapenemase types among 928 CRE strains isolated from 2019-2024 in a hospital.

Notes: (A), Bacterial distribution of carbapenemase types among 928 CRE strains isolated; (B), Specimen-type distribution of carbapenemase types among 928 CRE strains
isolated; (C), Department-wise distribution of carbapenemase types among 928 CRE strains isolated.

Abbreviations: CR, carbapenem-resistant; ICU, Intensive care unit; Class A, serine enzymes; Class B, metallo-B-lactamases; Class D, oxacillinase-48.
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Discussion

The emergence of nosocomial infections caused by multidrug-resistant Gram-negative bacteria poses a significant
challenge to global health systems. In this respect, infections caused by organisms such as Enterobacteriaceae,
Acinetobacter baumannii, and Pseudomonas aeruginosa are of particular concern due to their association with increased
morbidity, mortality, and healthcare costs. In 2019, the US Antimicrobial Resistance Threat Report first listed anti-
microbial resistance (Antimicrobial resistance, AMR) as one of the top 10 threats to global health, CRAB and CRE as
emergency threats, and multiple resistant Multiple-drug resistant Pseudomonas aeruginosa (MDR-PA) as a serious
threat.*'* In 2024, the World Health Organization (WHO) Bacterial Priority Pathogens List (BPPL) categorizes 15
families of antibiotic-resistant (ABR) pathogens based on their public health impact. Notably, CRAB and CRE were
classified as critical-priority pathogens due to three key factors: their demonstrated capacity for horizontal gene transfer
of resistance determinants, the life-threatening nature of associated infections, and their substantial global disease burden.
In the same classification framework, CRPA was designated as a high-priority pathogen in the 2024 BPPL evaluation.'?
These pathogens have exhibited alarming trends in antibiotic resistance, especially to carbapenems, which are often
considered the last line of defense against severe bacterial infections. The rise in resistance not only complicates
treatment regimens but also necessitates the urgent implementation of effective infection control measures and antibiotic
stewardship programs to mitigate the economic burden on healthcare systems and improve patient outcomes.'*'>

This study aimed to elucidate the epidemiological and phenotypic characteristics of CR-GNB infections in hospitalized
patients from 2019 to 2024. Through a retrospective observational study design, we analyzed demographic data, treatment
protocols, and clinical outcomes associated with CR-GNB infections. We analyzed data from 34,370 patients, identifying
2987 cases (8.70%) of CR-GNB. Our findings highlighted a patient demographic predominantly over 65 years, with a higher
prevalence in ICUs. Resistance testing revealed alarming rates, with 85% of isolates resistant to multiple drug classes,
underscoring the urgent need for novel treatment strategies. Notably, we observed a seasonal variation in CRAB infections,
peaking in the first quarter, and a predominance of respiratory infections among CR-GNB cases. The elevated CRAB
detection rates observed in this study may be associated with seasonal antibiotic prescribing patterns, enhanced bacterial
transmission under low-temperature conditions, and periodic lapses in infection control compliance during holiday periods.
Similar seasonal trends have been documented in epidemiological studies of carbapenem-resistant Enterobacterales.'® Our
analysis of carbapenemase production revealed a significant prevalence of Ambler class A enzymes.'”'®

Notably, our findings indicated an increasing prevalence of CR-GNB infections over the study period, with Acinetobacter
baumannii and Klebsiella pneumoniae being the predominant pathogens. Compared to previous studies, which highlighted the
rising incidence of multidrug-resistant organisms, our research provides the first comprehensive analysis of CR-GNB in
hospitalized patients within this timeframe. In our study, we observed decline in antimicrobial resistance rates during 2021
(CR-GNB incidence decreased by 45% compared to 2019) likely reflects multifaceted impacts of COVID-19 containment
measures. Enhanced infection control protocols (universal masking, contact restrictions, and 75% alcohol-based disinfectant
consumption doubling) reduced nosocomial transmission.'® Post-COVID-19 microbiological surveillance conducted by
Professor Zhang’s team revealed notable shifts in nosocomial pathogen distribution: The isolation rate of Acinetobacter
baumannii demonstrated a statistically significant decline (p=0.0059), whereas a marked elevation in detection frequencies
was observed in Klebsiella pneumoniae (K. pneumoniae), Pseudomonas aeruginosa, Enterobacter cloacae, and Enterococcus
faecalis, all showing statistically robust associations (p<0.05 for each species).”’ Studies have suggested that stay-at-home
orders may be associated with a reduction in the incidence of COVID-19 in some countries. Mask wearing decreases the risk
of COVID-19 in the community, especially when the surgical masks are used for vulnerable people. N-95 respirators protect
health workers from COVID-19 in Bestetti RB et al.?! The unique resistance mechanisms identified, particularly the

emergence of new carbapenemases, underscore the urgent need for ongoing surveillance and innovative therapeutic strategies,
as well as the importance of developing new antimicrobial agents to combat this alarming trend.'*'*

In this study, the incidence of CR-GNB hospital infection rate was higher in ICU wards was higher than in general wards,
consistent with studies conducted abroad.?*** While some studies in China have found the internal medicine system as a high-
incidence area for CR-GNB,** other studies®> suggest variations may arise due to differences in the patient populations and the
types of diseases treated within the hospital, consistent with the present study. Indeed, the ICU and HDU primarily treat
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patients following craniocerebral trauma and tumor surgery, with long hospitalization times, extensive intubations, and
extended indwelling medical devices. These factors also contribute to these departments having the highest detection rates
of drug-resistant bacteria. There are reports indicating that invasive CRAB infection rate was significantly higher among
CRAB carriers (OR 11.14, 95% CI 4.95-25.05, with substantial heterogeneity stemming from size rather than direction of the
effect). Negative predictive value of noncarriage for invasive infection was 97%. CRAB bloodstream infection rate was
significantly higher among carriers (odds ratio 16.23, 95% confidence interval 2.9-110.08).2° Therefore, it is recommended to
conduct routine CR-GNB active screening for these high-risk groups to effectively identify the source of colonization and
infection, and take timely measures to control the source of infection. CR-GNB hospital infection prevention and control
involves many departments. To ensure the successful implementation of preventive measures, a multi-departmental coopera-
tion mechanism should be adopted, along with compliance monitoring of intervention measures, and regular analysis and
feedback of monitoring outcomes. Given the variability in temporal scope, geographical distribution, hospital grade, age
distribution, department distribution, and the different epidemiological characteristics of CR-GNB, continuous monitoring of
local CR-GNB epidemiology is crucial to inform targeted prevention and control strategies.*’

Rapid identification of people carrying or infected with CR-GNB and corresponding isolation are the main measures
to prevent the spread of clonally transmitted strains. It is now understood that rational use of antimicrobial drugs to
prevent the screening of drug-resistant strains under antimicrobial pressure is the primary prevention and control measure
for drug-resistant plasmid-borne strains.”” Therefore, it is necessary to conduct further molecular epidemiological
investigations of CR-GNB isolated in hospitals, clarify the causes of CR-GNB transmission in hospitals, and develop
effective prevention and control measures to curb the nosocomial epidemic of CR-GNB.

Our study results showed that among the clinically isolated CR-GNB strains, the resistance rate to commonly used
clinical antimicrobial drugs reached more than 50%, consistent with the research results of Ayobami.”” The resistance
mechanism of CR-GNBs is complex and mainly involves the production of carbapenemases. CR-GNB in China exhibits
a high resistance rate to most drugs, and the available drugs are extremely limited. Relevant treatment guidelines have
been updated and published both domestic and abroad (IDSA, ESCMID and China) to provide new guidelines for the
treatment of CR-GNB infections. In recent years, ceftazidime/avibactam, a new antimicrobial drug for CR-GNB, has
been widely used; however, resistance to this agent is also emerging. Therefore, the characteristics of CR-GNB resistance
can be clarified through further investigation of drug resistance genes.

In the present study, carbapenemases were found in 928 CRE strains, mainly class A serine proteases, accounting for
64.66%, followed by class B metalloenzymes (32.54%), and class D OXA-48. Our analysis of carbapenemase production
revealed a significant prevalence of Ambler class A enzymes This distribution aligned with the results from studies in
China and abroad.*® >° 90% of the resistance phenotypes of CRE strains in China result from the acquisition of blaKPC-2
and blaNDM resistance genes.”® Genomic surveillance conducted by Professor Hu’s group has identified clonal
dissemination as the predominant transmission mechanism of New Delhi metallo-B-lactamase-producing carbapenem-
resistant Enterobacteriaceae (NDM-CRE) in pediatric healthcare institutions. Notably, the IncX3 plasmid harboring
blaNDM demonstrates concerning zoonotic-anthroposophic prevalence, with genomic carriage rates reaching 57.7% in
Escherichia coli (95% CI: 52.4-63.1%) and 91.3% in Klebsiella pneumoniae (95% CI: 87.6-94.8%) isolates across
animal reservoirs and human clinical specimens.’ Therefore, elucidating CR-GNB resistance mechanisms necessitates
systematic genomic interrogation of resistance determinants.

In addition, the elderly are gradually becoming carriers of multi-resistant bacteria, leading to their spread. The limited
availability of effective drugs for treating these infections underscores the critical importance of drug accessibility in
clinical practice. First of all, since drug-resistant bacteria are induced or screened out, clinicians should distinguish
between colonizing bacteria and pathogenic bacteria when using antibiotics, advocate for cautious antibiotic use, and pay
attention to the standardization of the use of antibiotics to minimize the risk of subsequent new infections in patients. In
addition, improving patients’ immunity is very important, especially for CRAB and CRPA bacteria, which are “difficult
to clear”. In addition to focusing on the use of antibiotics, clinicians should consider human factors more when treating
infections, and the regulation of the host’s response represents a new direction in the post-antibiotic era.

The clinical implications of our findings are profound, particularly in shaping treatment protocols and healthcare
policies. This research emphasizes the importance of antibiotic stewardship programs, which can significantly influence
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treatment outcomes and reduce mortality rates associated with resistant infections. Furthermore, the identification of
high-risk patient demographics, particularly among the elderly and those in intensive care units, suggests a need for
targeted intervention strategies to prevent nosocomial infections. These findings not only inform clinical practice but also
provide a basis for healthcare policies aimed at mitigating the impact of antibiotic resistance on patient care and hospital
resources.”’

Nevertheless, this study has several limitations that must be acknowledged. The retrospective design may introduce
biases, particularly as data collection relied on electronic health records, potentially resulting in incomplete or inaccurate
data. Besides, the relatively small sample size, despite being drawn from a large cohort of patients, might limit the
generalizability of the findings. Future research should consider a more extensive multicenter approach to validate these
results and further explore the genetic underpinnings of resistance mechanisms in CR-GNB. Enhanced data collection
methodologies and more extended follow-up periods could also provide greater insights into the long-term outcomes and
effectiveness of interventions implemented based on the findings of this study.*° In addition, the limitations of this study
include a lack of experimental validation, which limits the ability to establish causal relationships between observed
resistance patterns and clinical outcomes. While focusing on resistance monitoring and patient epidemiology, risk factor
analysis of clinical outcomes was excluded due to prohibitive data collection demands. These factors underscore the need
for further research employing larger, multicenter studies with robust methodological designs to comprehensively

evaluate the complexities of CR-GNB infections and their resistance mechanisms.

Conclusion

This study underscores the pressing challenge posed by carbapenem-resistant Gram-negative bacteria in nosocomial
infections, highlighting significant resistance patterns and their clinical ramifications. Our findings emphasize the
necessity for ongoing surveillance and the development of effective treatment protocols tailored to the resistance profiles
of these pathogens. By identifying high-risk populations and understanding the epidemiological trends, healthcare
providers can enhance patient outcomes and optimize resource allocation, ultimately contributing to more effective
management strategies against CR-GNB infections. Future research should focus on innovative therapeutic approaches
and exploring novel antimicrobial agents to address this escalating public health concern.
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