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Objective: To characterize pathogen distribution and antimicrobial resistance among neonates with bloodstream infections at 
a Grade-A tertiary medical center in China.
Methods: This retrospective study reviewed clinical data, culture results, and antimicrobial resistance information from neonates 
admitted between January 2021 and December 2024. Clinical specimens were collected in accordance with standard protocols for 
culture. Antimicrobial susceptibility testing was performed using an automated microbial identification system, with results interpreted 
according to the CLSI standards of the corresponding testing year.
Results: Of 652 neonates admitted within 3 days of life, 283 had blood-culture-proven bloodstream infection; blood-culture positivity 
was 22.65%. Common bloodstream isolates included Staphylococcus epidermidis and Klebsiella pneumoniae. Staphylococcus 
epidermidis showed high resistance to penicillin, oxacillin, cefoxitin, and erythromycin, whereas Klebsiella pneumoniae was 
frequently resistant to cefepime and piperacillin-tazobactam. Among 290 blood-culture isolates, 161 (55.52%) were Gram-positive 
bacteria, including 109 MDR isolates (67.70%), and 122 (42.07%) were Gram-negative bacteria, including 32 MDR isolates (26.23%). 
Preterm infants, low-birth-weight infants, and late-onset bloodstream infections accounted for large proportions of the cases.
Conclusion: Local surveillance of pathogen distribution and resistance patterns can support antimicrobial stewardship and infection 
prevention in neonatal care.
Keywords: neonate, bloodstream infection, pathogen, drug resistance

Healthcare-associated infections (HAIs) remain a severe and widespread threat to in-patient health despite the continuous 
implementation of multidimensional intervention strategies worldwide. They affect clinical outcomes and patient 
prognosis and impose a substantial economic burden, further increasing pressure on healthcare systems.1,2 Neonates, 
particularly preterm infants, are at higher risk of infection than adults because of immune immaturity. Among very low 
birth weight (VLBW) neonates, HAI rates can exceed 30%.3–6 This vulnerability is related to insufficient maternal 
antibody transfer, overall immune immaturity,7 compromised skin integrity, prolonged hospitalization, frequent invasive 
procedures, and the need for long-term broad-spectrum antibiotics and parenteral nutrition.8–10

As the overall level of neonatal care continues to improve, the survival rates of low birth weight and low birth age 
neonates have increased, whereas the incidence and mortality rates of neonatal bloodstream infections have also shown 
a gradual upward trend. Healthcare-associated bloodstream infections are the leading causes of infection-related neonatal 
mortality, particularly in low-birth-weight and severely ill neonates.11 A study7 from the United States revealed that the 
incidence of early-onset bloodstream infections was 0.98 per 1,000 live births in a national follow-up of approximately 
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400,000 infants,and among those surviving beyond 3 days, about 21% developed bloodstream infections after 3 days, 
with an overall mortality rate of 16% in those infected infants.

Globally and regionally, neonatal bloodstream infections remain an important contributor to neonatal morbidity and 
mortality, particularly among preterm and low-birth-weight infants. Published surveillance studies from different regions 
show substantial variation in bloodstream-infection incidence, pathogen spectrum, mortality, and antimicrobial resis
tance, underscoring the need for local data to guide empirical therapy and infection prevention.11–14 In China and East 
Asia, recent reports have highlighted Coagulase-negative staphylococci (CoNS), Klebsiella pneumoniae, Escherichia 
coli, and carbapenem-resistant or multidrug-resistant Gram-negative bacteria as clinically important neonatal blood
stream pathogens.13–15

In recent years, with the widespread use and abuse of antibiotics, the drug resistance of bacteria has become an 
increasingly severe issue. The emergence of multidrug-resistant (MDR) strains has rendered conventional antibiotic 
therapies gradually ineffective.16 Studies17 indicate that MDR strains exhibit significantly increased resistance to multiple 
antibiotics, including cephalosporins, aminoglycosides, quinolones, and carbapenems, severely limiting effective treat
ment options and leading to higher mortality rates and prolonged hospital stays.

Therefore, because recent local surveillance data are needed to clarify pathogen distribution, resistance patterns, and 
the clinical context of neonatal bloodstream infections in Chinese tertiary care settings, this study retrospectively 
analyzed clinical data from neonates admitted within 3 days of birth at a Grade-A tertiary medical center between 
January 2021 and December 2024. The aim was to describe the distribution of bloodstream pathogens and their 
antimicrobial resistance patterns and to provide evidence that may support antimicrobial selection, antimicrobial 
stewardship, and infection-prevention strategies in neonatal care.

Subjects and Methods
Object
For the analysis of pathogen detection rates across specimen types, 652 neonatal patients admitted to the Grade-A tertiary 
medical center from January 1, 2021, to December 31, 2024, were included. The inclusion criteria were: ①admission 
within 3 days of birth; and ②at least one bacterial, fungal, or mycoplasma culture result during hospitalization.

For the analysis of neonatal bloodstream infections, 283 of the 652 neonates were included because they had 
a bloodstream-infection diagnosis, blood-culture results, complete birth information, and available medical records. 
Patient-level analyses used one bloodstream-infection episode per neonate. For isolate-level analyses, the first detection 
of the same pathogen in a patient was included; repeated detections of the same pathogen were excluded, whereas 
a subsequently detected different microorganism in the same patient was included as a distinct isolate. This rule yielded 
290 isolates from 283 patients.

This retrospective study was approved by the Medical Ethics Committee of the Seventh Medical Center of Chinese 
PLA General Hospital (approval number: S2026-050-01) and was conducted in accordance with the Declaration of 
Helsinki. The Ethics Committee approved this retrospective analysis of anonymized clinical data and waived the 
requirement for written informed consent.

Data Collection
Clinical data were collected through the electronic medical record system, including sex, gestational age, birth weight, 
number of fetuses, and hospital admission time. The hospital infection-information monitoring system was used to collect 
microbiological testing data during hospitalization, including specimen type, detection time, pathogen culture results, and 
antimicrobial resistance results. All clinical specimens, including peripheral blood, sputum, and sterile body fluids such 
as cerebrospinal fluid, pleural effusion, ascites, and pus, were cultured for bacterial isolation using Thermo Fisher Oxoid 
series media. Purified single colonies were identified using the bioMérieux VITEK 2 Compact automated microbial 
identification system and compatible identification cards. Antimicrobial susceptibility testing was performed using the 
same bioMérieux VITEK 2 Compact platform and compatible susceptibility cards. Results during the study period were 
interpreted according to the CLSI standards current in the corresponding test year. Specimen collection, transport, 
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cultivation, and antimicrobial resistance testing were conducted in accordance with relevant Chinese clinical and 
laboratory standards, including WS/T 640–2018 Specimen collection and transport in clinical microbiology and WS/T 
805–2022 Basic technical standards for clinical microbiological laboratory.

Neonatal bloodstream infection was defined according to the Chinese neonatal sepsis diagnostic guidance and 
relevant neonatal-sepsis literature as a positive blood culture in a neonate with compatible clinical evaluation after 
exclusion of contamination. Because this study focused on microbiologically confirmed bloodstream infection, culture- 
positive cases were included after contaminant isolates were excluded. Laboratory personnel communicated with 
clinicians during specimen processing and result review; isolates judged to represent contamination were excluded 
before analysis. MDR was defined as resistance to at least one agent in each of three or more clinically used antimicrobial 
categories.

Statistical Methods
The data in this study were analyzed and processed using SAS 9.4. Measurement data were reported as mean±standard 
deviation (SD) or median (interquartile range), and were tested for comparison in univariate analysis using the Wilcoxon 
test. Categorical data were presented as case numbers or counts (n) and percentages (%), and were tested for comparison 
in univariate analysis using the chi-square test (likelihood ratio chi-square test). The significance levels were all set at 
α=0.05.

Results
Positive Detection Rate of Pathogenic Microorganisms in Neonatal Patients
A total of 6,639 samples, including blood, throat swabs, cerebrospinal fluid, sputum, and other specimens, were collected 
from 652 neonates. Of these samples, 1,895 were positive for pathogenic microorganisms, yielding an overall detection 
rate of 28.54% (Table 1). Positive-versus-sterile culture outcomes differed significantly across specimen types (chi- 
square = 843.659, df = 10, P < 0.001). Among the positive samples, 565 strains of Gram-positive bacteria (29.82%), 836 
strains of Gram-negative bacteria (44.12%), 43 strains of fungi (2.27%), and 451 strains of mycoplasma (23.80%) were 
detected. The positive detection rate of pathogens in blood cultures was 22.65%, which remained relatively low among 
all types of specimens. Among the positive cultures, a total of 272 strains of Gram-positive bacteria (12.20%), 211 strains 
of Gram-negative bacteria (9.46%), and 22 strains of fungi (0.99%) were isolated.

Table 1 Positive Detection Rates of Pathogenic Microorganisms from Different Specimen Types in Neonates [n (%)]

Specimens Gram-Positive 
Bacteria

Gram-Negative 
Bacteria

Fungi Mycoplasma Sterile Total

Blood 272(12.20) 211(9.46) 22(0.99) 0(0.00) 1725(77.35) 2230(100.00)

Throat Swab 43(3.07) 245(17.49) 2(0.14) 447(31.91) 664(47.39) 1401(100.00)
Cerebrospinal Fluid 50(5.47) 5(0.55) 3(0.33) 2(0.22) 854(93.44) 914(100.00)

Sputum 33(3.90) 138(16.31) 0(0.00) 0(0.00) 675(79.79) 846(100.00)
Endotracheal Tube Tip 78(20.26) 103(26.75) 4(1.04) 0(0.00) 200(51.95) 385(100.00)

Catheter 3(2.26) 4(3.01) 2(1.5) 0(0.00) 124(93.23) 133(100.00)

Urine 12(9.68) 28(22.58) 2(1.61) 2(1.61) 80(64.52) 124(100.00)
Secretion 26(23.21) 18(16.07) 1(0.89) 0(0.00) 67(59.82) 112(100.00)

Stool 0(0.00) 3(5.17) 0(0.00) 0(0.00) 55(94.83) 58(100.00)

Bronchoalveolar Lavage 
Fluid

5(12.50) 23(57.50) 0(0.00) 0(0.00) 12(30.00) 40(100.00)

Other Bacterial Cultures 43(10.86) 58(14.65) 7(1.77) 0(0.00) 288(72.73) 396(100.00)

Total 565(8.51) 836(12.59) 43(0.65) 451(6.79) 4744(71.46) 6639(100.00)

Notes: Data are presented as n (%). Percentages are calculated within each specimen type. Bold text denotes table headings and specimen labels. The positive-versus-sterile 
distribution differed across specimen types (chi-square = 843.659, df = 10, P < 0.001).
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Drug Resistance Characteristics of Pathogens in Blood Stream Infection
Results are reported at both patient and isolate levels. Patient-level summaries describe the 283 neonates with blood
stream infections. Isolate-level pathogen and resistance summaries describe 290 distinct blood-culture isolates recovered 
under the first-detection reporting rule: repeated detection of the same pathogen in the same patient was excluded, 
whereas a different microorganism detected later in the same patient was included as a distinct isolate.

At the patient level, 171 of 283 neonates (60.42%) were male and mean birth weight was 1803.15±935.34 g. Preterm 
infants comprised 81.27% (n = 230) of the enrolled neonates, including 21.55% (n = 61) extremely low birth weight 
infants, 23.67% (n = 67) very low birth weight infants, and 25.44% (n = 72) low birth weight infants. Small for 
gestational age was observed in 12.01% of the study population. Early-onset and late-onset infections accounted for 
22.26% (n = 63) and 77.74% (n = 220), respectively.

At the isolate level, 161 of 290 bloodstream isolates were Gram-positive bacteria; 109 of these 161 Gram-positive 
isolates were MDR (67.70%) (Table 2). CoNS, including Staphylococcus epidermidis, Staphylococcus hominis subsp. 
hominis, Staphylococcus capitis, and Staphylococcus haemolyticus, showed MDR rates above 90% within the corre
sponding species groups. Among 122 Gram-negative isolates, 32 were MDR (26.23%). Seven isolates were fungi and 
none was classified as MDR.

Table 2 Multidrug Resistance Patterns of Blood-Culture 
Isolates

Pathogen MDR Total

Gram-positive bacteria 109(67.70) 161
Staphylococcus epidermidis 63(98.44) 64
Enterococcus faecium 0(0.00) 20

Staphylococcus aureus 12(75.00) 16

Staphylococcus hominis subsp. hominis 10(90.91) 11
Staphylococcus capitis 10(100.00) 10

Streptococcus alactolyticus 0(0.00) 9

Enterococcus faecalis 0(0.00) 8
Staphylococcus haemolyticus 7(100.00) 7

Staphylococcus warneri 5(100.00) 5

Listeria monocytogenes 0(0.00) 4
Staphylococcus caprae 0(0.00) 2

Streptococcus pneumoniae 0(0.00) 1

Staphylococcus saprophyticus 0(0.00) 1
Streptococcus mitis 1(100.00) 1

Staphylococcus lugdunensis 1(100.00) 1

Streptococcus acidominimus 0(0.00) 1
Gram-negative bacteria 32(26.23) 122

Klebsiella pneumoniae 17(28.81) 59

Escherichia coli 0(0.00) 15
Serratia marcescens 0(0.00) 12

Enterobacter cloacae 4(50.00) 8

Acinetobacter baumannii 2(33.33) 6
Enterobacter aerogenes 2(33.33) 6

Klebsiella oxytoca 3(75.00) 4

Pseudomonas putida 4(100.00) 4
Pseudomonas aeruginosa 0(0.00) 4

Citrobacter freundii 0(0.00) 1

Enterobacter hormaechei 0(0.00) 1
Proteus mirabilis 0(0.00) 1

Stenotrophomonas maltophilia 0(0.00) 1

(Continued)
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The predominant Gram-positive pathogens demonstrated variable resistance patterns (Table 3). Staphylococcus 
epidermidis was highly resistant to penicillin (100.00%), oxacillin (98.44%), and cefoxitin (98.44%), but remained 
susceptible to linezolid, tigecycline, and vancomycin (no resistance detected). Staphylococcus aureus showed complete 
resistance to penicillin (100.00%) and high resistance to erythromycin (81.25%), while maintaining low resistance to 
gentamicin, tigecycline, and vancomycin. Staphylococcus hominis subsp. hominis exhibited resistance to cefoxitin, 
penicillin, and erythromycin in over 90% of isolates, with preserved susceptibility to tigecycline and vancomycin. 
Staphylococcus capitis was resistant to oxacillin, penicillin, cefoxitin, and levofloxacin; conversely, tetracycline, tigecy
cline, and vancomycin demonstrated potential therapeutic efficacy.

The predominant Gram-negative pathogen, Klebsiella pneumoniae, exhibited high resistance to cefepime (76.27%) 
and piperacillin-tazobactam (>50%), but retained susceptibility to amikacin, tobramycin, and levofloxacin (Table 4).

Demographic Characteristics of Neonates with Bloodstream Infections Caused by 
Major Pathogenic Bacteria
In this study, pathogenic microorganisms detected in blood cultures with 10 or more strains were defined as major 
pathogens, including 5 species of Gram-positive bacteria and 3 species of Gram-negative bacteria. We analyzed the 
demographic characteristics of neonatal patients with bloodstream infections caused by major pathogenic bacteria. 
Significant differences (P < 0.05, Table 5) were observed among the different pathogens in terms of gestational age 
classification, birth weight, detection time, gestational weeks, and Apgar scores at 1 and 5 minutes. The bloodstream 
infections predominantly occurred in preterm infants and low birth weight infants. Pathogens detected 3 days after birth 
accounted for a large proportion, among which infections caused by Staphylococcus capitis and Serratia marcescens 
were exclusively late-onset. In contrast, infections caused by Escherichia coli demonstrated a relatively large proportion 
of early-onset cases (46.67%).

Discussion
Neonatal bloodstream infections are one of the leading causes of hospitalization and mortality in newborns. When such 
infections are attributed to maternal or neonatal treatment or care, they are considered neonatal healthcare-associated 
infections.18 Healthcare-associated bloodstream infections in neonates can be classified as early-onset and late-onset 
infections. The definition of early-onset infection varied across many studies, with most researchers defining it as 
detected positive in a culture of body fluids or site specimens sampled on the 3rd, 7th, or 10th day postpartum. However, 
in studies on healthcare-associated infections, the optimal sampling time is on the 3rd day postpartum.19 In our study, 
late-onset infections accounted for 220 cases (77.74%), which was 3.5 times higher than early-onset infections.

Early-onset infections are generally associated with vertical transmission, which may occur through blood-borne 
transmission or, more commonly, via ascending transmission through the genital tract. The majority of pathogenic 
microorganisms that cause early-onset infections originate from the maternal body and can be transmitted through the 

Table 2 (Continued). 

Pathogen MDR Total

Fungi 0(0.00) 7
Candida albicans 0(0.00) 3
Candida glabrata 0(0.00) 1

Candida parapsilosis 0(0.00) 1

Cryptococcus laurentii 0(0.00) 1
Candida tropicalis 0(0.00) 1

Total 141(48.62) 290

Notes: MDR percentages use the corresponding isolate total as the denomi
nator. Bold text denotes table headings and pathogen-group totals. 
Abbreviation: MDR, multidrug resistant.
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Table 3 Resistance Characteristics of Selected Gram-Positive Bacteria [n (%)]

Antimicrobial 
Agent

Staphylococcus epidermidis (n=64) Staphylococcus aureus (n=16) Staphylococcus hominis subsp. hominis 

(n=11)

Staphylococcus capitis (n=10)

Sensitive Resistant Intermediate Sensitive Resistant Intermediate Sensitive Resistant Intermediate Sensitive Resistant Intermediate

Oxacillin 1(1.56) 63(98.44) 0(0.00) 4(25.00) 12(75.00) 0(0.00) 1(9.09) 10(90.91) 0(0.00) 0(0.00) 10(100.00) 0(0.00)

Nitrofurantoin 63(98.44) 1(1.56) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 11(100.00) 0(0.00) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Sulfamethoxazole- 

Trimethoprim

40(62.50) 24(37.50) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 1(9.09) 10(90.91) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Erythromycin 5(7.81) 58(90.63) 1(1.56) 3(18.75) 13(81.25) 0(0.00) 1(9.09) 10(90.91) 0(0.00) 2(20.00) 8(80.00) 0(0.00)

Clindamycin 7(10.94) 21(32.81) 36(56.25) 1(6.25) 8(50.00) 7(43.75) 1(9.09) 6(54.55) 4(36.36) 0(0.00) 4(40.00) 6(60.00)

Quinupristin/ 

Dalfopristin

62(96.88) 2(3.13) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 11(100.00) 0(0.00) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Rifampin 60(93.75) 4(6.25) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 8(72.73) 3(27.27) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Linezolid 64(100.00) 0(0.00) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 11(100.00) 0(0.00) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Moxifloxacin 21(32.81) 24(37.5) 19(29.69) 16(100.00) 0(0.00) 0(0.00) 6(54.55) 5(45.45) 0(0.00) 0(0.00) 8(80.00) 2(20.00)

Penicillin 0(0.00) 64(100.00) 0(0.00) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 11(100.00) 0(0.00) 0(0.00) 10(100.00) 0(0.00)

Gentamicin 36(56.25) 17(26.56) 11(17.19) 16(100.00) 0(0.00) 0(0.00) 10(90.91) 0(0.00) 1(9.09) 2(20.00) 2(20.00) 6(60.00)

Tetracycline 60(93.75) 3(4.69) 1(1.56) 10(62.50) 6(37.50) 0(0.00) 9(81.82) 2(18.18) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Tigecycline 64(100.00) 0(0.00) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 11(100.00) 0(0.00) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Cefoxitin 0(0.00) 63(98.44) 1(1.56) 0(0.00) 12(75.00) 4(25.00) 0(0.00) 10(90.91) 1(9.09) 0(0.00) 10(100.00) 0(0.00)

Vancomycin 64(100.00) 0(0.00) 0(0.00) 16(100.00) 0(0.00) 0(0.00) 11(100.00) 0(0.00) 0(0.00) 10(100.00) 0(0.00) 0(0.00)

Levofloxacin 21(32.81) 43(67.19) 0(0.00) 14(87.50) 0(0.00) 2(12.50) 5(45.45) 5(45.45) 1(9.09) 0(0.00) 10(100.00) 0(0.00)

Notes: Data are presented as n (%). Denominators are the tested isolate counts shown in the column headings.
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birth canal in several hours preceding or during delivery. Neonates diagnosed with early-onset infections may exhibit 
a medical history of premature rupture of membranes, preterm birth, chorioamnionitis, or puerperal pyrexia.20 In term 
infants, the predominant pathogen of early-onset infection is Group B Streptococcus (GBS), whereas in preterm infants it 
is Escherichia coli.20 In our study, E. coli represented the highest proportion (46.67%) among pathogens causing early- 
onset infections. Guidelines21 recommend implementing risk assessment tools to identify infants who truly require 
antibiotic therapy, thereby minimizing unnecessary antibiotic exposure and reducing the risk of antimicrobial resistance 
and healthcare-associated infections.

Late-onset infections are defined as infections that occur after the 3rd day of birth, caused by pathogenic micro
organisms acquired during medical procedures. Late-onset bloodstream infections accounted for a significant proportion 
in our study. These infection are often associated with factors such as preterm birth, low birth weight, prolonged use of 
intravascular access, mechanical ventilation, parenteral nutrition, and exposure to broad-spectrum antibiotics.22,23 This 
finding was most evident in preterm infants, accounting for the predominance of late-onset infections in our study, which 
likely reflects the high proportion of preterm neonates enrolled. They are one of the important causes of morbidity and 
mortality in extremely preterm infants and are associated with a higher risk of adverse outcomes such as poor 
neurodevelopment.24 The distribution of pathogens causing neonatal sepsis varies by geographic region and socio
economic development. In developed high-income countries, CoNS account for over 50% of late-onset sepsis cases, 
followed by Gram-negative bacteria such as Escherichia coli and Klebsiella pneumoniae; whereas in low- and middle- 
income countries, Gram-negative bacteria and fungal infections constitute a significantly higher proportion.12 In addition 
to bacterial infections, fungal infections (predominantly Candidiasis) represent a major cause of late-onset sepsis, 
particularly among VLBW infants with high mortality rates.12 In neonatal intensive care units (NICUs) with high rates 
of fungal infections, prophylactic antifungal agents are recommended. A systematic review demonstrated that prophy
lactic fluconazole administration reduces the risk of invasive Candidiasis.25 The 2016 Infectious Diseases Society of 
America (IDSA) guidelines recommend prophylactic fluconazole, administered either intravenously or orally, for infants 
with birth weight <1000g who are admitted to NICUs with high baseline rates of invasive Candidiasis (>10%).26

Extremely low birth weight (ELBW) and VLBW neonates are also susceptible to infections due to immature immune 
systems, prolonged hospitalization, and the need for invasive diagnostic and therapeutic procedures.27 Low birth weight 
infants are associated with lower gestational age, immature immune system development, and often require more 
frequent intravenous infusions, medications, and parenteral nutrition, making them more susceptible to invasive proce
dures such as endotracheal intubation and central venous catheterization. These factors collectively render them more 
vulnerable to infection risks compared with their higher birth weight peers.28 The risk factors of these infections can be 
modified by measures such as breastfeeding, enhanced hand hygiene, catheter care bundles, and antimicrobial steward
ship to reduce the incidence of neonatal bloodstream infections29 and serve as a cost-effective breakthrough in infection 
prevention and control in NICUs.

Table 4 Resistance Characteristics of Selected Gram-Negative Bacteria 
[n (%)]

Antimicrobial Drugs Klebsiella pneumoniae (n=59)

Sensitive Resistant Intermediate

Amikacin* 53(92.98) 4(7.02) 0(0.00)
Sulfamethoxazole-Trimethoprim 30(50.85) 29(49.15) 0(0.00)

Cefepime 13(22.03) 45(76.27) 1(1.69)

Tobramycin 39(66.10) 7(11.86) 13(22.03)
Imipenem 40(67.80) 17(28.81) 2(3.39)

Levofloxacin 23(38.98) 9(15.25) 27(45.76)

Piperacillin-Tazobactam 27(45.76) 32(54.24) 0(0.00)

Notes: Data are presented as n (%). The denominator is the number of Klebsiella pneumoniae 
isolates with the relevant susceptibility result. *57 strains had susceptibility test results for 
this antimicrobial agent.
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Table 5 Demographic Characteristics of Neonates with Major Bloodstream-Infection Pathogens

Demographic 

Characteristics

Overall Gram-Positive Bacteria* Gram-Negative Bacteria* Statistics P

Staphylococcus 

epidermidis

Enterococcus 

faecium

Staphylococcus 

aureus

Staphylococcus hominis subsp. 

hominis

Staphylococcus 

capitis

Klebsiella 

pneumoniae

Escherichia coli Serratia 

marcescens

Gender 6.385 0.496

Male 171(60.42) 39(60.94) 13(65.00) 14(87.50) 6(54.55) 7(70.00) 33(55.93) 8(53.33) 7(58.33)

Female 112(39.58) 25(39.06) 7(35.00) 2(12.50) 5(45.45) 3(30.00) 26(44.07) 7(46.67) 5(41.67)

Gestational Age 

Classification

59.204 <0.001

Extremely Preterm Infant 69(24.38) 18(28.13) 11(55.00) 4(25.00) 0(0.00) 4(40.00) 14(23.73) 2(13.33) 0(0.00)

Late Preterm Infant 42(14.84) 15(23.44) 1(5.00) 3(18.75) 0(0.00) 0(0.00) 10(16.95) 1(6.67) 0(0.00)

Preterm Infant 119(42.05) 22(34.38) 4(20.00) 7(43.75) 5(45.45) 6(60.00) 26(44.07) 7(46.67) 12(100.00)

Term Infant 53(18.73) 9(14.06) 4(20.00) 2(12.50) 6(54.55) 0(0.00) 9(15.25) 5(33.33) 0(0.00)

Birth Weight 1803.15±935.34 1777.97±889.16 1580±1017.68 1774.38±1010.48 2485.91±1266.43 975±204.46 1683.14±919.92 2075.67±868.16 1260±292.51 18.497 0.001

Birth Weight 

Classification 1

44.164 0.027

Extremely Low Birth 

Weight Infant

61(21.55) 15(23.44) 7(35.00) 3(18.75) 2(18.18) 5(50.00) 16(27.12) 1(6.67) 2(16.67)

Very Low Birth Weight 

Infant

67(23.67) 17(26.56) 7(35.00) 4(25.00) 2(18.18) 5(50.00) 18(30.51) 3(20.00) 7(58.33)

Low Birth Weight Infant 72(25.44) 13(20.31) 2(10.00) 5(31.25) 1(9.09) 0(0.00) 14(23.73) 6(40.00) 3(25.00)

Normal Birth Weight Infant 81(28.62) 19(29.69) 3(15.00) 4(25.00) 5(45.45) 0(0.00) 11(18.64) 5(33.33) 0(0.00)

Macrosomic Infant 2(0.71) 0(0.00) 1(5.00) 0(0.00) 1(9.09) 0(0.00) 0(0.00) 0(0.00) 0(0.00)

Birth Weight 

Classification 2

18.774 0.174

Small for Gestational Age   

(SGA)

34(12.01) 9(14.06) 1(5.0) 2(12.50) 2(18.18) 2(20.00) 10(16.95) 0(0.00) 2(16.67)

Appropriate for Gestational   

Age (AGA)

213(75.27) 47(73.44) 18(90.00) 9(56.25) 8(72.73) 8(80.00) 45(76.27) 13(86.67) 10(83.33)

Large for Gestational Age   

(LGA)

36(12.72) 8(12.50) 1(5.00) 5(31.25) 1(9.09) 0(0.00) 4(6.78) 2(13.33) 0(0.00)

Number of Fetuses 12.193 0.591

Singleton 224(79.15) 54(84.38) 14(70.00) 15(93.75) 10(90.91) 7(70.00) 45(76.27) 12(80.00) 7(58.33)

Twin 55(19.43) 8(12.50) 5(25.00) 1(6.25) 1(9.09) 3(30.00) 13(22.03) 3(20.00) 5(41.67)

Triplet 4(1.41) 2(3.13) 1(5.00) 0(0.00) 0(0.00) 0(0.00) 1(1.69) 0(0.00) 0(0.00)

Time of Detection 34.388 <0.001

Early Onset 63(22.26) 20(31.25) 5(25.00) 2(12.50) 4(36.36) 0(0.00) 3(5.08) 7(46.67) 0(0.00)

Late Onset 220(77.74) 44(68.75) 15(75.00) 14(87.50) 7(63.64) 10(100.00) 56(94.92) 8(53.33) 12(100.00)

Apgar Score at 1 Minute 9(8,10) 9(7.5,10) 8(8,9) 7.5(6,9) 10(10,10) 8(7,9) 8(7,10) 10(9,10) 8(8,9.5) 26.020 0.001

Apgar Score at 5 Minutes 10(9,10) 10(9,10) 9(9,10) 8.5(8,10) 10(10,10) 9.5(9,10) 10(9,10) 10(10,10) 10(9,10) 19.704 0.006

Apgar Score at 10 Minutes 10(9,10) 10(9,10) 10(9,10) 9.5(8.5,10) 10(10,10) 9.5(9,10) 10(9,10) 10(10,10) 10(9.5,10) 11.162 0.132

Gestational Weeks 31.49±4.63 31.47±4.55 29.75±5.27 30.5±4.56 35.09±4.89 27.7±1.77 31.22±4.72 32.87±4.22 29.67±1.23 17.314 0.016

Notes: *None of the aforementioned bacteria were isolated from the same patient. Data are patient-level summaries unless otherwise stated. Bold text denotes table headings and category labels. 
Abbreviations: ELBW, extremely low birth weight; VLBW, very low birth weight; SGA, small for gestational age; AGA, appropriate for gestational age; LGA, large for gestational age.
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In our study, the positive detection rate of pathogenic microorganisms in blood cultures (22.65%) was lower than the 
overall positive detection rate in all types of specimen cultures (28.54%). Other studies have demonstrated that the 
positive rates of pathogenic microorganisms in blood cultures vary across different studies, ranging from 10.29% to 
28.00%,30–33 which are basically consistent with the results in our study. According to international standard guidelines, 
blood collection volume for infants and children should follow the manufacturer’s instructions for blood culture bottles, 
with the maximum feasible volume collected, generally equivalent to 1% of the neonatal body weight. The yield of blood 
culture depends on the volume of blood cultured; in adults, the detection rate increases by approximately 3% per 
additional milliliter of blood cultured.34 The relatively low positive detection rates in blood cultures across many studies, 
with the majority of clinically suspected cases yielding culture-negative results, may be attributed to the relatively thin 
blood vessels and insufficient blood volumes of neonates, thereby making blood sampling more challenging. 
Additionally, factors such as the timing of blood sampling, the time of sample submission, and the interpretation of 
results may also influence the positive detection rates of pathogenic microorganisms in blood cultures, resulting the 
diagnostic challenges of neonatal bloodstream infections. Despite these limitations, blood culture remains the gold 
standard for confirming neonatal bloodstream infections. Total blood culture volume and sampling before the use of 
antibiotics are critical factors affecting the positive detection rate of pathogenic microorganisms in blood culture.35 

However, due to the insufficient blood volumes and critical medical conditions of neonates, it is difficult to collect 
sufficient blood samples to improve blood culture sensitivity. Therefore, enhancing the sensitivity of blood culture and 
implementing auxiliary screening tests are necessary.

Among the cultured bloodstream isolates, Gram-positive bacteria were the most frequently detected, totaling 161 
isolates (55.52%), while Gram-negative bacteria accounted for 122 isolates (42.07%), consistent with related research 
findings.36 An international neonatal and pediatric bloodstream-infection study also emphasized that pathogen distribu
tion and antimicrobial resistance patterns vary by setting and should inform local empirical-treatment and stewardship 
decisions.37 Although the proportion of Gram-negative bacteria remained lower than that of Gram-positive bacteria in 
this study, the observed distribution may reflect differences in reservoirs, transmission pathways, case mix, and 
laboratory ascertainment and requires further study.38,39

Among the detected Gram-positive bacteria in our study, CoNS accounted for 62.73% of Gram-positive isolates, 
which is consistent with existing research findings.40 This may be related to the increased number and survival rate of 
ELBW infants, as well as the widespread use of intravascular devices in high-risk neonates.19 Specifically, 
Staphylococcus epidermidis was the most frequently detected species (39.75% of Gram-positive isolates), consistently 
ranking first in neonatal blood cultures and exceeding other pathogens. In a retrospective study by Zhang et al13 on 
neonatal bloodstream infections from 2016 to 2020 at a hospital, Staphylococcus epidermidis accounted for 31.26% of all 
isolated bacteria, ranking first among Gram-positive bacteria. Because CoNS can represent either clinically significant 
infection or blood-culture contamination, interpretation of these findings should be linked to the study’s diagnostic and 
contamination-control criteria. Staphylococcus epidermidis is common on human skin and mucosal surfaces and may act 
as an opportunistic infectious agent in NICUs under conditions such as device-associated biofilm formation, antibiotic 
selection pressure, and host immune immaturity.41 This study found that 98.44% of Staphylococcus epidermidis isolates 
were MDR, with resistance rates to penicillin, oxacillin, cefoxitin, and erythromycin of 100.00%, 98.44%, 98.44%, and 
90.63%, respectively, while no resistance to linezolid, tigecycline, or vancomycin was detected. In addition, 
Staphylococcus aureus remains a serious pathogen causing neonatal bloodstream infections. Studies42 have shown that 
approximately 2% of bloodstream infections in ELBW infants are caused by Staphylococcus aureus, with a mortality rate 
of about 14%. Antimicrobial drug resistance in Staphylococcus aureus is a major global clinical issue and one of the 
leading causes of deaths associated with antimicrobial drug resistance, of which the proportion of methicillin-resistant 
Staphylococcus aureus (MRSA) infections continues to rise.43 In this study, Staphylococcus aureus exhibited high 
resistance to oxacillin, penicillin, and cefoxitin. Among them, 12 isolates were identified as MRSA, accounting for 
75.00%.

Our findings indicated that among the detected Gram-negative bacteria, Klebsiella pneumoniae (48.36%) and 
Escherichia coli (12.30%) were the most prevalent. Similarly, Zelellw et al36 identified Klebsiella pneumoniae and 
Escherichia coli as the primary pathogens associated with neonatal bloodstream infections in developing countries.32 
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Infections caused by Klebsiella pneumoniae are often accompanied by high rates of antimicrobial drug resistance and 
species diversity.15 In recent studies, the proportion of carbapenem-resistant Enterobacteriaceae (CRE), particularly 
Klebsiella pneumoniae, has been increasing, resulting in limited treatment options and poor prognosis, posing a serious 
threat to public health.44 In this study, MDR strains accounted for 28.81% of Klebsiella pneumoniae isolates and also 
exhibited a high rate of resistance to imipenem. Carbapenem resistance in Klebsiella pneumoniae is mediated by two 
primary mechanisms: non-enzymatic (porin loss plus β-lactamase overexpression) and enzymatic (acquired carbapene
mases via plasmids, causing high-level, transmissible resistance).45 As one of the most predominant nosocomial 
pathogens, Klebsiella pneumoniae is frequently exposed to various classes of antimicrobial agents, subjecting it to 
intense selective pressure for resistance and resulting in a high prevalence of healthcare-associated infections. 
A systematic review14 incorporating global multicenter studies demonstrated that the pooled prevalence of CRKP 
infection among hospitalized neonates was 0.3%, with a mortality rate as high as 22.9%. Notably, the prevalence in 
Asian countries (0.7%) was significantly higher than that in African countries (0.3%), and the prevalence of CRKP 
infection in NICUs (0.7%) was significantly higher than that in non-ICU neonatal care unit (0.0%). Due to the extensive 
drug resistance of CRKP and the numerous restrictions on antimicrobial use during the neonatal period, commonly used 
agents in adults such as fluoroquinolones and aminoglycosides carry risks of nephrotoxicity or ototoxicity in neonates, 
rendering the treatment of CRKP a particularly challenging problem. Comprehensive prevention and control measures 
should be implemented, including strengthening antimicrobial stewardship and restricting carbapenem use to reduce 
selective pressure, thereby decreasing the incidence and harm of CRKP infection in neonates. To reduce antimicrobial 
resistance and minimize adverse effects such as neurodevelopmental delay associated with unnecessary antibiotic 
exposure, strict antimicrobial stewardship protocols should be developed in accordance with evidence-based guidelines 
and standardized treatment regimens, aiming to decrease the prevalence of MDR bacteria in NICUs and ultimately 
achieve better therapeutic outcomes for vulnerable neonates.46 Therefore, early and accurate identification of infections 
and resistance profiles in neonates is also crucial for providing timely and appropriate treatment.

The strong selective pressure from inappropriate and prolonged antimicrobial exposure, particularly broad-spectrum 
antibacterial therapy, may contribute to fungal selection pressure in NICUs.18 Our analysis detected seven fungal 
bloodstream isolates, including three Candida albicans isolates (42.86% of fungi). Although no MDR fungal isolates 
were detected in this dataset, prophylaxis decisions should not be inferred from isolate counts alone. Because local NICU 
invasive-candidiasis incidence was not available for evaluating the IDSA >10% threshold, antifungal prophylaxis should 
be guided by ongoing unit-level surveillance, risk assessment, and applicable guidance rather than recommended solely 
from the present dataset.25,26

Conclusion
This retrospective single-center study described bloodstream pathogens and antimicrobial resistance among 283 
neonates with 290 blood-culture isolates. Gram-positive bacteria predominated, especially CoNS and Staphylococcus 
epidermidis, while Klebsiella pneumoniae was the leading Gram-negative pathogen. High MDR rates among CoNS 
and clinically important resistance in Klebsiella pneumoniae support continued surveillance, careful review of empiric 
neonatal antimicrobial regimens, infection-prevention measures, and antimicrobial stewardship. These findings should 
be interpreted in light of several limitations: culture-negative sepsis cases were excluded; selection bias is possible 
because analyses focused on culture-positive cases; small blood volumes can reduce blood-culture sensitivity in 
neonates; some organism-specific resistance estimates are based on small samples; molecular resistance analysis 
was not performed; multivariable models were not performed because of the limited sample size and small pathogen- 
specific subgroups. Future work should standardize the laboratory reporting policy for patient-level and isolate-level 
results, optimize blood-culture collection procedures, and use multicenter surveillance and adjusted analyses where 
feasible.
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