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Abstract
Background  Antimicrobial resistance (AMR) poses a significant threat to pediatric health; therefore, precise 
identification of pathogens as well as AMR is imperative. This study aimed at comprehending antibiotic resistance 
patterns among critically ill children with infectious diseases admitted to pediatric intensive care unit (PICU) and to 
clarify the impact of drug-resistant bacteria on the prognosis of children.

Methods  This study retrospectively collected clinical data, identified pathogens and AMR from 113 children’s who 
performed metagenomic next-generation sequencing for pathogen and antibiotic resistance genes identification, 
and compared the clinical characteristic difference and prognostic effects between children with and without AMR 
detected.

Results  Based on the presence or absence of AMR test results, the 113 patients were divided into Antimicrobial 
resistance test positive group (AMRT+, n = 44) and Antimicrobial resistance test negative group (AMRT-, n = 69). 
Immunocompromised patients (50% vs. 28.99%, P = 0.0242) and patients with underlying diseases (70.45% vs. 40.58%, 
P = 0.0019) were more likely to develop resistance to antibiotics. Children in the AMRT + group showed significantly 
increased C-reaction protein, score of pediatric sequential organ failure assessment and pediatric risk of mortality 
of children and longer hospital stay and ICU stay in the AMRT + group compared to the AMRT+- group (P < 0.05). 
Detection rate of Gram-negative bacteria was significantly higher in the AMRT + group rather than Gram-positive 
bacteria (n = 45 vs. 31), in contrast to the AMRT- group (n = 10 vs. 36). Cephalosporins, β-lactams/β-Lactamase 
inhibitors, carbapenems and sulfonamides emerged as the most common types of drug resistance in children. 
Resistance rates to these antibiotics exhibited considerable variation across common pathogens, including Klebsiella 
pneumoniae, Pseudomonas aeruginosa and Acinetobacter baumannii.
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Background
The burden of multidrug-resistant bacteria (MDRB) on 
health systems is a global problem that has a significant 
impact on human health and socioeconomics [1]. The 
increase and spread of MDRB has made standardized 
treatments ineffective [2]. Patients with MDRB infection 
often have complex conditions and are difficult to cure. 
They need to be treated with more advanced antimi-
crobial drugs, which imposes a heavy economic burden 
on patients. MDRB can be transmitted through contact 
with contaminated hands and objects, which can easily 
cause hospital infections, prolong patients’ hospital stays, 
increase medical costs, and even lead to death [3, 4]. 
Children have lower immunity and are more susceptible 
to get infections. Clear diagnosis of pathogens is of great 
significance for the prevention, diagnosis and treatment 
of diseases. Due to differences in the types of diseases 
and the use of antibiotics in different regions, the epide-
miological characteristics and resistance characteristics 
of MDRB are different.

The most commonly used method for clinical MDRB 
detection is culture-dependent antibiotic susceptibility 
testing (AST) [5]. The processes from sample collection 
to obtain drug susceptibility phenotype involves three 
steps: bacterial and fungal growth, taxonomic identifica-
tion of isolated bacterial and fungal colonies, and AST. 
After the sample is collected, it will be sent to the labora-
tory for bacterial or fungal culture. Detection of bacterial 
growth in culture bottles can take up to 5 days, but often 
occurs within the first 24  h of incubation; while fungal 
culture take up at least 2–3 days. Next, pathogen iden-
tification typically takes another 24  h. Finally, AST on 
pure bacterial and fungal colonies typically also requires 
4–24 h [6]. The advantages of AST are convenience, sen-
sitivity, repeatability and low cost. However, this type of 
method requires long-term cultivation and is limited to 
the detection of bacterial resistance phenotype, and can-
not detect resistance genes [7]. In recent years, metage-
nomic next-generation sequencing (mNGS) technology 
has been developed. It can directly obtain nucleic acid 
information of pathogenic microorganisms from clinical 
samples, and can simultaneously detect resistance genes 
and gene mutations [8]. However, there is currently insuf-
ficient clinical understanding of the accuracy of mNGS 
testing in predicting antimicrobial resistance (AMR), 
making it difficult to provide theoretical support for clin-
ical antibiotic decision-making.

This study retrospectively analyzed the antimicrobial 
resistance detected by mNGS and AST in children with 
infectious diseases in the pediatric intensive care unit 
(PICU), and explored their effects on prognosis.

Methods
Study design
We retrospectively included children with severe infec-
tion in Pediatric Intensive Care Unit (PICU) of Children’s 
Hospital of Zhejiang University School of Medicine 
from January 2022 to March 2024. The inclusion crite-
ria are: (1) patients suspected with infectious disease; (2) 
patients who performed mNGS for pathogen and anti-
biotic resistance genes (ARG) identification. Exclusion 
criteria include: (1) without complete clinical records; (2) 
No conventional microbiological test (CMT) results. For 
cases where multiple samples were tested by mNGS, only 
the first tested sample was included.

Conventional microbiological tests
The performed conventional microbiological test (CMT) 
methods including bacteria and fungi culture, smear-
ing, (1,3)-β-D-glucan (G) test, T-spot, PCR of respira-
tory virus (including influenza A virus, influenza B virus, 
parainfluenza virus, adenovirus, respiratory syncytial 
virus, human metapneumovirus, rhinovirus, coronavirus, 
and bocavirus), and antibody or nucleic acid amplifica-
tion tests for Mycoplasma pneumoniae.

Antibiotic susceptibility testing for bacteria and fungi
Blood and cerebrospinal fluid (CSF) samples were culti-
vated using children’s aerobic microbe culture bottles, 
and positive smear results were transferred to Columbia 
blood agar medium, chocolate medium, or Shabao-weak 
medium for overnight incubation at 35  °C. Bronchoal-
veolar lavage fluid (BALF) samples were directly inocu-
lated into the aforementioned medium and incubated 
overnight at 35 °C. The cultivated strains were identified 
through matrix-assisted laser desorption ionization time-
of-flight mass spectrometry (Bruker, USA). An automatic 
microbial identification and antibiotic sensitivity analy-
sis system VITEK@2 compact (bioMérieux, France) was 
employed in the antibiotic susceptibility testing (AST), 
and the results were interpreted in accordance with the 
guidelines of the Clinical and Laboratory Standards Insti-
tute (CLSI) [9].

Conclusions  The development of drug resistance in bacteria will significantly affect the prognosis of patients. 
The significant differences in drug resistance of common pathogenic bacteria indicate that identification of drug 
resistance is important for the rational use of antibiotics and patient prognosis.

Keywords  Antimicrobial resistance, Pediatric, Metagenomic next-generation sequencing, Antibiotic susceptibility 
testing, Infectious disease
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When testing the drug resistance of bacteria, the detec-
tion of antibiotics to which they are naturally resistant is 
excluded. The drug resistance rate of bacteria is calcu-
lated based on the drug sensitivity results. The formula 
for calculating the drug resistance rate to a certain antibi-
otic or a certain class of antibiotics is: number of positive 
result sample/(number of positive result sample + num-
ber of negative result sample).

Metagenomic next-generation sequencing
Based on the patient’s infection site and symptoms, the 
clinician selects the appropriate sample type for mNGS 
testing. These include BALF, peripheral blood, CSF, spu-
tum, pleural fluid (PE), and throat swabs. Blood sample 
were centrifuged at 1900 g and 4℃ for 10 min, and sam-
ples of other body fluids were centrifuged at 12,075 g and 
4℃ for 5 min. Sputum samples need to be liquefied. (1) 
DNA extraction: genomic DNA was extracted after host 
depletion using the PathoXtract® WYXM03202S uni-
versal pathogen enrichment extraction kit (WillingMed, 
Beijing, China). (2) Library construction and sequenc-
ing: DNA libraries were constructed with the Illumina® 
DNA Prep (M) Tagmentation kit (20018705; Illumina, 
San Diego, USA). Library concentration was quantified 
using the Qubit dsDNA HS Assay Kit (Thermo Fisher 
Scientific, Waltham, MA, USA). A 75-bp single-end 
sequencing was performed with a NextSeqTM 550Dx 
sequencer (Illumina, San Diego, USA), with at least 
20  million sequencing reads obtained for each sample. 
(3) Data analysis: The FASTQ-format data obtained by 
sequencing was processed with Trimmomatic [10] soft-
ware to filter out low-quality sequences, contaminated 
adapters, duplicated reads and reads shorter than 36 bp. 
Then the sequences were compared with the human ref-
erence genome GRCh37 (hg19) using Bowtie2 to remove 
human sequences [11]. For taxonomic classification and 
identification of microbial reads, we utilized Kraken2 
software and non-redundant nucleotide sequences data-
base of National Center for Biotechnology Information 
(NCBI), and the pathogens were classified into bacteria, 
fungi, virus and parasites [12]. To interpret the results of 
mNGS, the following criteria were applied to report the 
positive pathogens. Reads per ten million (RPTM) was 
used to quantify pathogen abundance. Bacteria and fungi 
with RPTM ≥ 20 [13], viruses with RPTM ≥ 3, and spe-
cial pathogens (including Cryptococcus, Mycobacterium, 
Mycoplasma, Chlamydia, Legionella, and parasites) with 
RPTM ≥ 1, was identified as positive [14, 15].

Statistics analysis
Independent variables were expressed as counts and per-
centages. Continuous variables with normal distribution 
were expressed as mean ± standard error (SE). Statistical 
analyses were performed using Prism 9 (GraphPad, La 

Jolla, CA). The Wilcoxon-Mann-Whitney test was used 
for comparisons between groups, and chi-square test 
was used for categorical variables. P-values less than 0.05 
were considered statistical significance.

Results
Patient characteristics
Based on the established inclusion and exclusion crite-
ria, a total of 113 patients were retrospectively enrolled. 
According to the mNGS and CMT results, 44 patients 
(38.94%) were classified into the Antimicrobial resis-
tance test positive (AMRT+) group, while the remaining 
69 patients were belonged to the Antimicrobial resis-
tance test negative (AMRT-) group. The demographic 
and baseline characteristics of the enrolled patients 
were detailed in Table 1. No significant differences were 
observed between the two groups regarding gender and 
age. However, the body mass index (BMI) of AMRT + pat-
ents was slightly lower than that of AMRT- patients 
(14.80 ± 2.58 vs. 16.12 ± 3.53, P = 0.0411). In comparison 
to AMRT- patients, a significantly higher proportion of 
AMRT + cases exhibited immunosuppression (50% vs. 
28.99%, P = 0.0242) and had underlying disease (70.45% 
vs. 40.58%, P = 0.0019), with leukemia being predominant 
among them. Most clinical features did not differ signifi-
cantly between both groups, except for a notable increase 
of C-reaction protein (CRP) level among AMRT + chil-
dren compared to the AMRT- cases (67.69 ± 80.16 vs. 
29.18 ± 46, P = 0.0025). Scores measuring disease severity 
varied significantly between groups: pediatric sequen-
tial organ failure assessment (pSOFA) and pediatric risk 
of mortality (PRISM) were higher in the AMRT + group, 
whereas pediatric critical illness score (PCIS) were ele-
vated in the AMRT- group (P < 0.05). Additionally, both 
length of hospital stay (LOHS) and ICU duration were 
significantly longer for those in AMRT + group compared 
to those in AMRT- group. However, mortality rates did 
not show any significant difference between these two 
groups.

Among these patients, 28 experienced multi-site infec-
tions. Pulmonary infections (n = 79) were most preva-
lent, followed by bloodstream infections (n = 29) and 
central nervous system infections (n = 25). Furthermore, 
a markedly higher incidence rate of pulmonary infection 
(88.64% vs. 57.97%, P = 0.0005) and central nervous sys-
tem infection (45.45% vs. 7.25%, P < 0.0001) was noted 
within the AMRT + group compared to the AMRT- 
group (Table  2). The most frequently observed disease 
types included severe pneumonia (n = 53), sepsis (n = 34), 
septic shock (n = 25), pneumonia (n = 24) and encephali-
tis (n = 19), with incidence of these first three conditions 
being substantially higher in AMRT + group compared to 
AMRT- group (P < 0.05). Conversely, the proportion of 
encephalitis was found to be significantly greater in the 
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AMRT- group than in AMRT + group (23.19% vs. 6.82%, 
P = 0.0233).

Pathogens detected by CMT and mNGS
The distribution of samples used for mNGS testing is 
illustrated in Supplementary Fig. 1, with BALF being the 
most common sample, followed by CSF and blood. The 
pathogen detection rate in AMRT + samples was signifi-
cantly higher than that in AMRT- samples, irrespective 
of the detection method employed (Fig. 1A). Within the 
AMRT + group, no significant differences were noted 
in pathogen detection rates across various methods. 
Conversely, in the AMRT- group, the positive culture 
rate was markedly lower compared to those of mNGS 
and CMT (P < 0.0001) (Fig.  1A). In the AMRT + Group, 
the consistency rate (complete match + partial match) 

between mNGS and culture reached an impressive 75%. 
However, this proportion was only 1.45% within the 
AMRT- group (Fig.  1B). When compared to CMT, the 
consistency of pathogen detection via mNGS was found 
to be 81.82% in the AMRT + group and merely 21.74% 
in the AMRT- group (Fig. 1C). Compared to culture and 
CMT results, the sensitivity of mNGS was 89.74% and 
90.70% in AMRT + group, and was 90.01% and 70.59% in 
AMRT- group (Fig. 1D).

Significant differences were also observed regard-
ing pathogen types detected between both groups. The 
most common Gram-positive bacteria in both groups 
were Streptococcus and Staphylococcus. Gram-positive 
bacterial detection rates were higher than that of Gram-
negative bacteria within the AMRT- group. In con-
trast, a greater variety of Gram-negative bacteria were 

Table 1  Characteristic of patients in AMRT + and AMRT- group
Group AMRT+ (N = 44) a AMRT- (N = 69) a P-value
Gender-boy, n (%) 25 (56.82%) 41 (59.42%) 0.7844
Age, mean ± SD 80.34 ± 55.10 71.20 ± 50.07 0.4119
Immunosuppression, n (%) 22 (50%) 20 (28.99%) 0.0242
Underlying disease, n (%) 31 (70.45%) 28 (40.58%) 0.0019
Leukemia, n (%) 17 (38.64%) 12 (17.39%) 0.0117
Symptoms
  Fever, n (%) 42 (95.45%) 59 (85.51%) 0.0942
  Cough, n (%) 17 (38.64%) 15 (21.74%) 0.0519
Clinical feature, mean ± SD
  BMI 14.80 ± 2.58 16.12 ± 3.53 0.0411
  pSOFA 5.27 ± 3.31 4.1 ± 2.89 0.0466
  PRISM 12.39 ± 10.23 4.81 ± 5.67 < 0.0001
  PCIS 85.77 ± 7.75 88.75 ± 8.62 0.0405
  WBC 8.33 ± 9.17 12.12 ± 30.43 0.4042
  NEUT 7.18 ± 7.18 (n = 39) 6.41 ± 5.8 (n = 66) 0.6677
  LY 1.36 ± 1.72 (n = 39) 1.69 ± 1.92 (n = 66) 0.3990
  NEUT% 69.56 ± 22.53 (n = 39) 65.39 ± 22 (n = 67) 0.4120
  LY% 30.53 ± 70.20 (n = 39) 24.84 ± 18.12 (n = 67) 0.4887
  PLT 173.27 ± 161.87 212.32 ± 164.9 0.2195
  HBG 111.45 ± 121.47 107.07 ± 20.59 0.7715
  BUN 4.93 ± 3.53 4.93 ± 3.79 0.9183
  Cr 24.77 ± 12.13 42.61 ± 72.66 0.0975
  TBIL 20.09 ± 27.42 12.93 ± 18.34 0.2055
  PaO2/FiO2 269.23 ± 135.18 306.73 ± 132.25 0.1618
  CRP 67.69 ± 80.16 29.18 ± 46 0.0025
  PCT 10.83 ± 27.49 9.82 ± 50.56 (n = 67) 0.9259
  γ-IFN 5.78 ± 6.24 184.34 ± 987.38 (n = 66) 0.2392
  IL-6 728.61 ± 1783.29 (n = 40) 646.32 ± 2934.9 (n = 66) 0.9581
  IL-10 360.54 ± 990.91 291.14 ± 1611.67 (n = 66) 0.7807
LOHS, mean ± SD 48.7 ± 43.39 16.46 ± 12.11 < 0.0001
ICU, mean ± SD 23.05 ± 31.89 8.72 ± 7.83 0.0005
Mortality rate, n (%) 8 (18.18%) 7 (10.14%) 0.2195
a Data on clinical indicators were missing for some patients, and “(n=)” indicated the number of people to be tested. BMI: Body Mass Index; pSOFA: Pediatric 
sequential organ failure assessment; PRISM: pediatric risk of mortality; PCIS: pediatric critical illness score; WBC: white blood cell; NEUT: neutrophil; LY: lymphocyte; 
NEUT%: neutrophil percentage; LY%: lymphocyte percentage; PLT: platelet; HBG: hemoglobin; BUN: blood urea nitrogen; Cr: creatinine; TBIL: total bilirubin; PaO2/
FiO2: the ratio of arterial oxygen partial pressure to fractional inspired oxygen; CRP: C-reactive protein; PCT: procalcitonin; γ-IFN: Interferon-γ; IL-6: Interleukin 6; IL-10: 
Interleukin 10; LOHS: length of hospital stays; ICU: length of ICU stays
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detected in the AMRT + group, mainly Klebsiella, Pseu-
domonas and A. baumannii (Fig.  2A). Candida albi-
cans was the most common detected fungus in both 
groups, and rare fungi such as Rhizopus microsporus 
and Cryptococcus neoformans were also detected in the 
AMRT + group (Fig.  2B). Human herpesvirus, Human 
parainfluenza virus and rhinovirus are the most common 
detected viruses. Notably, more viral types were identi-
fied within AMRT- samples compared to those from 
AMRT + patients (Fig. 2C).

Antibiotics resistance detected by AST and mNGS
The distribution of drug resistance identified in patho-
gens was systematically summarized and analyzed. 
Gram-negative bacteria exhibit a broader spectrum of 
resistance, predominantly resistant to cephalosporins, 
β-lactams/β-Lactamase inhibitors, carbapenems and 
sulfonamides (Fig. 3). The resistance profiles of the three 
most prevalent Gram-negative pathogens to these four 
classes of antibiotics demonstrated significant variabil-
ity. K.pneumoniae displayed highly levels of resistance to 
cephalosporins, β-lactams/β-Lactamase inhibitors, and 
sulfonamides, with rates recorded at 46.15%, 39.29% and 
44.44%, respectively; it showed slightly lower resistance 
to carbapenems at a rate of 21.05%. P. aeruginosa exhib-
ited higher resistance rates to carbapenems (33.33%), but 
lower rates for cephalosporins, β-lactams/β-Lactamase 
inhibitors and sulfonamides, with rates of 0%, 5.26% 
and 0%, respectively. A. baumannii demonstrated nearly 

complete resistance to cephalosporins (91.67%), car-
bapenems (100%) and sulfonamides (100%), alongside a 
resistance rate of 66.67% against β-lactams/β-Lactamase 
inhibitors. In contrast, Gram-positive bacteria primar-
ily exhibited resistance towards antibiotics such as 
penicillins, marcrolides, and lincosamides. Among the 
antibiotics with sample counts exceeding 22 (50%) in 
the AST analysis, Levofloxacin, Trimethoprim and sul-
famethoxazole, Cefoperazone and Sulbactam, Ceftazi-
dime, Piperacillin and Tazobactam, Imipenem, Cefepime, 
Tigecycline, Meropenem, Amikacin and Ceftriaxone 
had a resistance rate of 16.67%, 60%, 33.33%, 46.67%, 
41.38%, 41.38%, 37.93%, 0%, 41.67%, 8.70% and 50%, 
respectively. The drug resistance of pathogens in 2022 
and 2023 is highly consistent (Supplementary Fig.  2). 
Furthermore, we analyzed changes in bacteria resis-
tance to cephalosporins,β-lactams/β-Lactamase inhibi-
tors, carbapenems and sulfonamides over different years, 
and results showed that K.pneumoniae showed lowest 
resistant to cephalosporins and β-lactams/β-Lactamase 
inhibitors in 2023; P. aeruginosa only showed 14.29% 
resistance to β-lactams/β-Lactamase inhibitors in 2023, 
and showed same resistant rate to carbapenems in 2022 
and 2023; the resistance rate of A. baumannii to car-
bapenems and sulfonamides was 100% in 2022–2024, and 
the resistance rate to cephalosporins andβ-lactams/β-
Lactamase inhibitors was higher than 50%, with the low-
est levels occurring in 2023.

Table 2  Distribution of infection sites and disease types among patients
AMRT+ (N = 44) a AMRT- (N = 69) a P-value

Infection sites, n (%)
  Lung 39 (88.64%) 40 (57.97%) 0.0005
  Blood 13 (29.55%) 16 (23.19%) 0.4506
  Central nervous system 20 (45.45%) 5 (7.25%) < 0.0001
  Abdominal cavity 2 (4.55%) 4 (5.80%) 0.7723
  None 6 (13.64%) 0 (0.00%) 0.3243
  Liver 1 (2.27%) 0 (0.00%) 0.2084
  Gastrointestinal tract 1 (2.27%) 0 (0.00%) 0.2084
  Digestive tract 0 (0.00%) 1 (1.45%) 0.4225
  Urinary tract 0 (0.00%) 1 (1.45%) 0.4225
Final diagnoses, n (%)
  Severe pneumonia 32 (72.73%) 21 (30.43%) < 0.0001
  Sepsis 21 (47.73%) 13 (18.84%) 0.0011
  Septic shock 14 (31.82%) 11 (15.94%) 0.0474
  Pneumonia 8 (18.18%) 16 (23.19%) 0.5258
  Encephalitis 3 (6.82%) 16 (23.19%) 0.0233
  Meningitis 2 (4.55%) 4 (5.80%) 0.7723
  Tracheitis 3 (6.82%) 1 (1.45%) 0.1321
  Pancreatitis 3 (6.82%) 1 (1.45%) 0.1321
  Encephalomyelitis 0 (0.00%) 3 (4.35%) 0.161
  Liver abscess 1 (2.27%) 1 (1.45%) 0.7462
  Enteritis 1 (2.27%) 1 (1.45%) 0.7462
  Urinary tract infection 2 (4.55%) 0 (0.00%) 0.074
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Fig. 1  The diagnose performance of mNGS, culture and CMT for pathogens in AMRT + and AMRT- patients. (A) The positive rate of mNGS, culture and 
CMT for pathogens in AMRT + and AMRT- patients. (B) The pathogen consistency between mNGS and culture for AMRT + and AMRT- patients. (C) The 
pathogen consistency between mNGS and CMT for AMRT + and AMRT- patients. (D) 2 × 2 contingency tables comparing the performance of mNGS rela-
tive to clinical testing
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Fig. 2  The pathogen profiles for the AMRT + and AMRT- patients. (A) Spectrum of detected bacteria. (B) Spectrum of detected fungi. (C) Spectrum of 
detected virus
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A total of 76 drug-resistant genes were detected via 
mNGS (Supplementary Fig.  4). The most frequently 
detected gene was Mex, followed by ade, mdt, OXA, Mux, 
and Opm, which identified for more than 10 times. Using 
AST results as the gold standard we evaluated mNGS’s 
performance in predicting antibiotic resistances across 
three classes: cephalosporins, carbapenems and sul-
fonamides. The sensitivity for predicting carbapenems 
resistance surpassed that for other categories (66.67% vs. 
60.00% vs. 15.00%), and the specificity showed highest 
value to sulfonamides (92.31%). Furthermore, the accu-
racy in predicting carbapenems resistance also exceeded 

that for the other two categories (65.60% vs. 51.28% vs. 
45.45%) (Table 3).

Discussion
The emergence of AMR has become a critical issue in the 
management of infectious diseases, posing significant 
threats to human health. Microbial identification and 
AST are two essential tasks conducted by clinical micro-
biology laboratories to guide the selection of appropriate 
antimicrobial therapies. In the absence of this informa-
tion, empirical treatment may result in therapeutic failure 
or contribute to the rise of antibiotic-resistant pathogens. 

Fig. 3  Antibiotics resistance rate of the AST results. Left panel: heatmap of antibiotics resistance rate by AST; Right panel: AST result for each antibiotic. 
Gray box means no AST test was performed
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Monitoring AMR across diverse populations not only 
aids in guiding the empirical antibiotic use in clinical 
practice, but also facilitates the development of inter-
vention and prevention strategies [16, 17]. Children are 
considered a key demographic where antimicrobial drug 
consumption is high, and they also exhibit a significant 
prevalence of antimicrobial resistance [18]. A limited 
understanding of the resistance mechanisms associated 
with common pediatric pathogens, coupled with a lack of 
pediatric-specific data, has led to both overuse and mis-
use of antibiotics, thereby exacerbating antibiotic resis-
tance among pediatric infections-a growing public health 
concern. Consequently, this study aims to elucidate the 
distribution patterns of antibiotic resistance among chil-
dren with infectious diseases within the PICU and clarify 
the impact of drug-resistant bacteria detection on the 
prognosis of children.

Antibiotic resistance was observed more frequently 
in Gram-negative bacterial species than Gram-positive 
ones, consistent with global observations [19], often 
leading to MDR [20, 21]. The most common resistant 
bacteria identified include Klebsiella, Staphylococcus, 
Pseudomonas and Acinetobacter, etc [22]. Our findings 
corroborated these trends. Notably, the detection rate for 
Gram-positive bacteria was higher in AMRT- group than 
that for Gram-negative bacteria. However, an increased 
prevalence of Gram-negative bacteria was noted within 
AMRT + group, predominantly Klebsiella, Pseudomonas 
and A. baumannii (Fig. 2A). These results underscore the 
necessity for heightened vigilance against emerging anti-
biotic resistance among children afflicted by Gram-nega-
tive bacterial infections.

The review of antibiotic susceptibility patterns for com-
monly utilized antibiotics, alongside enhanced diagnostic 
methods for infectious diseases, could serve as effective 
strategies to mitigate antibiotic resistance. Neverthe-
less, there is a paucity of studies addressing the distri-
bution of drug resistance among pediatric patients in 
PICU. Our research, along with a prior investigation on 
severe pneumonia in children [23], identified Acineto-
bacter baumannii, Pseudomonas aeruginosa and K. pneu-
moniae as predominant pathogens. The earlier study 
also examined antimicrobial resistance across 19 antibi-
otics in pediatric severe pneumonia cases and revealed 
that pathogen resistance to ceftazidime, meropenem 
and imipenem exceeded 50% [23]. In our analysis, these 

Gram-negative bacteria were mainly resistant to cephalo-
sporins, β-lactams/β-Lactamase inhibitors, carbapenems 
and sulfonamides (Fig. 3). The issue of drug resistance in 
A. baumannii is escalating. Multidrug-resistant A. bau-
mannii (MDRAB), extensively drug-resistant A. bauman-
nii (XDRAB), and even pandrug resistant A. baumannii 
(PDRAB) isolated from clinical cultures are increasingly 
prevalent, posing substantial challenges for treatment 
[24]. Both Gan et al. study [23] and our findings indicated 
that A. baumannii demonstrated high levels of resistance 
against multiple antibiotics including carbapenems, ami-
noglycosides, cephalosporins, β-lactams/β-Lactamase 
inhibitors and sulfonamides. For P. aeruginosa, its 
meropenem resistance rate has shown a decline (from 
15.8% in 2016 to 6.1% in 2020) according to the monitor-
ing data from the Chinese Children’s Bacterial Resistance 
Surveillance Group (The Infectious Disease Surveillance 
of Pediatrics, ISPED) [25]. Nevertheless, in the US pedi-
atric population, the proportion of carbapenem resis-
tant P. aeruginosa increased from 9.4% in 1999 to 20% 
in 2012 [26], and in European pediatric patients, from 
2004 to 2012 to 2013–2018, the resistance rate of P. aeru-
ginosa to carbapenem antibiotics increased significantly 
(from 9.1 to 12.4%) [27]. In Gan et al. study, P. aeruginosa 
showed highest resistance towards carbapenems (38.2%) 
compared to aminoglycosides (0%) and third-generation 
cephalosporins (17.6%) [23]. In our study, compared to 
cephalosporins, β-lactams/β-Lactamase inhibitors and 
sulfonamides, P. aeruginosa also showed highest resis-
tance to carbapenems (33.33% vs. 0% vs. 5.26% vs. 0%) 
(Fig.  3). These findings underscore the necessity for 
conducting carbapenem resistance testing on suspected 
resistant strains of P. aeruginosa in the PICU. Gan et al. 
found K. pneumoniae with an average resistance rate of 
10% to aminoglycosides and 80% against third-generation 
cephalosporins [23]. Our study found that K. pneumoniae 
exhibited high resistance to cephalosporins, β-lactams/β-
Lactamase inhibitors, and sulfonamides, with rates of 
48.89%, 39.29% and 44.44%, respectively, while showing 
relatively less resistant to carbapenems, with a rate of 
21.05%.

In addition to the rapidity and high sensitivity of 
mNGS in pathogen diagnosis, mNGS also holds certain 
value in the prediction of drug resistance genes. Gan et 
al. evaluated the predictive capacity of mNGS for cepha-
losporins, carbapenems, and penicillins, and discovered 

Table 3  The performance of mNGS in the prediction of cephalosporins, carbapenems and sulfonamides
Antibiotic TP FP FN TN Sensitivity Specificity PPV NPV Accuracy
cephalosporins 12 11 8 8 60.00% 42.11% 52.17% 50.00% 51.28%
carbapenems 8 7 4 13 66.67% 65.00% 53.33% 76.47% 65.60%
sulfonamides 3 1 17 12 15.00% 92.31% 75.00% 41.38% 45.45%
TN: True negative, TP: True positive, FN: False negative, FP: False positive, PPV: positive predictive value, NPV: negative predictive value. Accuracy=(TP + TN)/
(TP + TN + FP + FN)
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that mNGS had the highest sensitivity in predicting car-
bapenem resistance (67.74%) [23]. Our study obtained 
same conclusions, compared to AST results, mNGS 
showed a sensitivity of 66.67% for predicting carbapen-
ems resistance (Table  3). Compared with the diagnostic 
performance of pathogens, the detection sensitivity of 
mNGS regarding antibiotic resistance is insufficient. This 
is due to the fact that there are still certain difficulties in 
employing mNGS for detecting antibiotic susceptibility. 
Firstly, there is still a certain gap in the degree of correla-
tion between the reported antibiotic resistance genotype 
and antibiotic resistance phenotype at present. Secondly, 
the performance of mNGS in detecting antibiotic resis-
tance genes is influenced by numerous factors, such as 
the type of pathogen, the type of antibiotic, the sequenc-
ing type (DNA or RNA sequencing), and so on. If mNGS 
is utilized to analyze antibiotic resistant genes in clinical 
samples, it will demand an extremely high sequencing 
depth, and the cost will increase by thousands of times. 
Therefore, the current mNGS cannot fully guide the 
selection of anti-infective drugs for antibiotic resistant 
bacteria, and a comprehensive judgment should be made 
in combination with clinical AST results.

Patients exhibiting compromised health status are more 
susceptible to developing antibiotic resistance [28]. Con-
sistent with this observation, differences were observed 
in the clinical characteristics between the AMRT + and 
AMRT- groups without our study. AMRT + patients had 
significantly higher percentage of immunosuppression 
patients (50% vs. 28.99%, P = 0.0242), or had underlying 
disease (70.45% vs. 40.58%, P = 0.0019) when compared 
to AMRT- patients (Table  1). Moreover, scores used to 
measure disease severity also showed significantly dif-
ferences between the two groups, pediatric sequential 
organ failure assessment (pSOFA) and pediatric risk 
of mortality (PRISM) scores were significantly higher 
among AMRT + group whereas pediatric critical illness 
score (PCIS) was notably greater in the AMRT- group 
(P < 0.05). These results suggest that patient’s health sta-
tus is indeed a risk factor for the development of anti-
biotic resistance. Furthermore, patients infected with 
drug-resistant bacteria face a higher likelihood of tend-
ing to worse clinical outcomes and elevated mortal-
ity rates, and consume additional healthcare resources 
compared to patients infected by non-resistant strains 
from identical pathogen. In our research, although no 
significant difference in mortality was detected between 
the two groups, both length of hospital stay (LOHS) and 
ICU treatment duration were significantly prolonged in 
AMRT + group versus AMRT- group (Table 1), indicating 
that antibiotic resistance also contributes poor prognosis 
among PICU patients.

While this investigation has attempted to compre-
hensively analyze the spectrum of drug effectiveness 

alongside clinical characteristic and impacts on children’s 
prognoses within PICU, this study does possess several 
limitations. Firstly, it represents a small-scale retrospec-
tive analysis therefore conclusions drawn would benefit 
from further confirmation through larger sample-sized 
studies. Secondly, pathogen-resistance analyses primar-
ily rely upon clinically derived drug sensitivity results, 
mNGS serving merely as an auxiliary reference. The dis-
tribution of functional genetic markers associated with 
the resistant phenotype warrants further investigation.

Conclusion
This study analyzed the distribution of antibiotic resis-
tance in children with infectious diseases in PICU and 
aimed to elucidate the impact of drug-resistant bacteria 
on the prognosis of children. The findings indicated that 
immunocompromised children are at a heightened risk 
for developing resistance. The most common pathogens, 
including K. pneumoniae, P. aeruginosa and A. bauman-
nii, exhibited distinct resistance profiles; furthermore, 
the emergence of drug-resistant pathogens is associated 
with poor prognosis. Gram-negative bacteria demon-
strated a greater propensity for acquiring antibiotic resis-
tance. Upon detection of such pathogens, it is imperative 
to issue early warnings regarding their potential devel-
opment of resistance to cephalosporins, β-lactams/β-
Lactamase inhibitors, carbapenems and sulfonamides.

Abbreviations
AMR	� Antimicrobial resistance
PICU	� Pediatric intensive care unit
MDRB	� Multidrug-resistant bacteria
AST	� Antibiotic susceptibility testing
mNGS	� Metagenomic next-generation sequencing
ARG	� Antibiotic resistance genes
CMT	� Conventional microbiological test
CSF	� Cerebrospinal fluid
BALF	� Bronchoalveolar lavage fluid
PE	� Pleural fluid
RPTM	� Reads per ten million

Supplementary Information
The online version contains supplementary material available at ​h​t​t​​p​s​:​/​​/​d​o​​i​.​​o​r​
g​/​1​0​.​1​1​8​6​/​s​1​2​9​4​1​-​0​2​4​-​0​0​7​6​7​-​3​​​​​.​​

Supplementary Material 1

Author contributions
NZ, XZ and YG progressed experimental design, data collection, and 
manuscript writing and revising. YZ revised the manuscript. WG and ZY 
contributed to the study conception and design, revised the manuscript.

Funding
This work was supported by the National Key Research and Development 
Program of China (2021YFC2701800, 2021YFC2701801).

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

https://doi.org/10.1186/s12941-024-00767-3
https://doi.org/10.1186/s12941-024-00767-3


Page 11 of 11Zhang et al. Annals of Clinical Microbiology and Antimicrobials          (2024) 23:107 

Declarations

Ethics approval and consent to participate
This study was approved by the Ethics Committee of Children’s Hospital, 
Zhejiang University School of Medicine. The data utilized in this study were 
from retrospective research, the requirement for written informed consent 
was waived.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1Department of Pediatric Intensive Care Unit, Children’s Hospital, Zhejiang 
University School of Medicine, 3333 Binsheng Road, Binjiang District, 
Hangzhou, Zhejiang, China
2WillingMed Technology (Beijing) Co., Ltd, No.156 Jinghai 4th Road, 
Beijing Economic and Technological Development Zone, Beijing, China
3CAS Key Laboratory of Pathogenic Microbiology and Immunology, 
Institute of Microbiology, Chinese Academy of Sciences, Beijing, China

Received: 13 September 2024 / Accepted: 6 December 2024

References
1.	 Nohl A, Hamsen U, Jensen KO, Sprengel K, Ziegenhain F, Lefering R, Dudda M, 

Schildhauer TA, Wegner A. Incidence, impact and risk factors for multidrug-
resistant organisms (MDRO) in patients with major trauma: a European 
Multicenter Cohort Study. Eur J Trauma Emerg Surg. 2022;48(1):659–65.

2.	 Aslam B, Wang W, Arshad MI, Khurshid M, Muzammil S, Rasool MH, Nisar MA, 
Alvi RF, Aslam MA, Qamar MU, et al. Antibiotic resistance: a rundown of a 
global crisis. Infect Drug Resist. 2018;11:1645–58.

3.	 Duffy J, Sievert D, Rebmann C, Kainer M, Lynfield R, Smith P, Fridkin S. Effective 
state-based surveillance for multidrug-resistant organisms related to health 
care-associated infections. Public Health Rep. 2011;126(2):176–85.

4.	 Morales E, Cots F, Sala M, Comas M, Belvis F, Riu M, Salvadó M, Grau S, Hor-
cajada JP, Montero MM, et al. Hospital costs of nosocomial multi-drug resis-
tant Pseudomonas aeruginosa acquisition. BMC Health Serv Res. 2012;12:122.

5.	 Kaprou GD, Bergšpica I, Alexa EA, Alvarez-Ordóñez A, Prieto M. Rapid Meth-
ods for Antimicrobial Resistance Diagnostics. Antibiot (Basel). 2021;10(2):209.

6.	 Reszetnik G, Hammond K, Mahshid S, AbdElFatah T, Nguyen D, Corsini R, Caya 
C, Papenburg J, Cheng MP, Yansouni CP. Next-generation rapid phenotypic 
antimicrobial susceptibility testing. Nat Commun. 2024;15(1):9719.

7.	 Gajic I, Kabic J, Kekic D, Jovicevic M, Milenkovic M, Mitic Culafic D, Trudic A, 
Ranin L, Opavski N. Antimicrobial susceptibility testing: a Comprehensive 
Review of currently used methods. Antibiot (Basel). 2022;11(4):427.

8.	 Diao Z, Han D, Zhang R, Li J. Metagenomics next-generation sequencing 
tests take the stage in the diagnosis of lower respiratory tract infections. J 
Adv Res. 2022;38:201–12.

9.	 CLS I. Performance standards for antimicrobial susceptibility testing. CLSI 
supplement M100 32. In.: Wayne(PA): Clinical and Laboratory Standards 
Institute; 2022.

10.	 Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer for Illumina 
sequence data. Bioinformatics. 2014;30(15):2114–20.

11.	 Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat 
Methods. 2012;9(4):357–9.

12.	 Wood DE, Lu J, Langmead B. Improved metagenomic analysis with Kraken 2. 
Genome Biol. 2019;20(1):257.

13.	 Chen H, Zheng Y, Zhang X, Liu S, Yin Y, Guo Y, Wang X, Zhang Y, Zhao C, Gai W, 
et al. Clinical evaluation of cell-free and cellular metagenomic next-genera-
tion sequencing of infected body fluids. J Adv Res. 2023;55:119–29.

14.	 Langelier C, Kalantar KL, Moazed F, Wilson MR, Crawford ED, Deiss T, Belzer A, 
Bolourchi S, Caldera S, Fung M, et al. Integrating host response and unbiased 
microbe detection for lower respiratory tract infection diagnosis in critically ill 
adults. Proc Natl Acad Sci U S A. 2018;115(52):E12353–62.

15.	 Chen H, Zhang Y, Zheng J, Shi L, He Y, Niu Y, Lei J, Zhao Y, Xia H, Chen T. 
Application of mNGS in the Etiological diagnosis of thoracic and abdominal 
infection in patients with end-stage liver disease. Front Cell Infect Microbiol. 
2021;11:741220.

16.	 Burnham CD, Leeds J, Nordmann P, O’Grady J, Patel J. Diagnosing antimicro-
bial resistance. Nat Rev Microbiol. 2017;15(11):697–703.

17.	 Salam MA, Al-Amin MY, Pawar JS, Akhter N, Lucy IB. Conventional methods 
and future trends in antimicrobial susceptibility testing. Saudi J Biol Sci. 
2023;30(3):103582.

18.	 Allwell-Brown G, Hussain-Alkhateeb L, Kitutu FE, Strömdahl S, Mårtensson 
A, Johansson EW. Trends in reported antibiotic use among children under 5 
years of age with fever, diarrhoea, or cough with fast or difficult breathing 
across low-income and middle-income countries in 2005-17: a systematic 
analysis of 132 national surveys from 73 countries. Lancet Glob Health. 
2020;8(6):e799–807.

19.	 Chatterjee A, Modarai M, Naylor NR, Boyd SE, Atun R, Barlow J, Holmes AH, 
Johnson A, Robotham JV. Quantifying drivers of antibiotic resistance in 
humans: a systematic review. Lancet Infect Dis. 2018;18(12):e368–78.

20.	 Qu J, Huang Y, Lv X. Crisis of Antimicrobial Resistance in China: now and the 
future. Front Microbiol. 2019;10:2240.

21.	 Tadesse BT, Ashley EA, Ongarello S, Havumaki J, Wijegoonewardena M, 
González IJ, Dittrich S. Antimicrobial resistance in Africa: a systematic review. 
BMC Infect Dis. 2017;17(1):616.

22.	 Chen Q, Li D, Beiersmann C, Neuhann F, Moazen B, Lu G, Müller O. Risk fac-
tors for antibiotic resistance development in healthcare settings in China: a 
systematic review. Epidemiol Infect. 2021;149:e141.

23.	 Gan M, Zhang Y, Yan G, Wang Y, Lu G, Wu B, Chen W, Zhou W. Antimicrobial 
resistance prediction by clinical metagenomics in pediatric severe pneumo-
nia patients. Ann Clin Microbiol Antimicrob. 2024;23(1):33.

24.	 Vázquez-López R, Solano-Gálvez SG, Juárez Vignon-Whaley JJ, Abello 
Vaamonde JA, Padró Alonzo LA, Rivera Reséndiz A, Muleiro Álvarez M, Vega 
López EN, Franyuti-Kelly G, Álvarez-Hernández et al. DA : Acinetobacter 
baumannii Resistance: A Real Challenge for Clinicians. Antibiotics (Basel) 2020, 
9(4):205.

25.	 Fu P, Xu H, Jing C, Deng J, Wang H, Hua C, Chen Y, Chen X, Zhang T, Zhang H, 
et al. Bacterial epidemiology and Antimicrobial Resistance profiles in Children 
reported by the ISPED Program in China, 2016 to 2020. Microbiol Spectr. 
2021;9(3):e0028321.

26.	 Logan LK, Gandra S, Mandal S, Klein EY, Levinson J, Weinstein RA, Laxmina-
rayan R. Multidrug- and Carbapenem-Resistant Pseudomonas aeruginosa in 
children, United States, 1999–2012. J Pediatr Infect Dis Soc. 2017;6(4):352–9.

27.	 Seifert H, von Linstow ML, Janssen H, Dowzicky M. Antimicrobial suscep-
tibility among Gram-negative isolates in Pediatric patients in Europe from 
2013–2018 compared to 2004–2012: results from the ATLAS Surveillance 
Study. Int J Antimicrob Agents. 2021;58(5):106441.

28.	 Zheng YL, Wan YF, Zhou LY, Ye ML, Liu S, Xu CQ, He YQ, Chen JH. Risk factors 
and mortality of patients with nosocomial carbapenem-resistant Acineto-
bacter baumannii pneumonia. Am J Infect Control. 2013;41(7):e59–63.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.


	﻿Clinical and metagenomic predicted antimicrobial resistance in pediatric critically ill patients with infectious diseases in a single center of Zhejiang
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Study design
	﻿Conventional microbiological tests
	﻿Antibiotic susceptibility testing for bacteria and fungi
	﻿Metagenomic next-generation sequencing
	﻿Statistics analysis

	﻿Results
	﻿Patient characteristics
	﻿Pathogens detected by CMT and mNGS
	﻿Antibiotics resistance detected by AST and mNGS

	﻿Discussion
	﻿Conclusion
	﻿References


