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Abstract
Background  Klebsiella pneumoniae (KP) is the second most prevalent Gram-negative bacterium causing bloodstream 
infections (BSIs). In recent years, the management of BSIs caused by KP has become increasingly complex due to 
the emergence of carbapenem-resistant Klebsiella pneumoniae (CRKP). Although numerous studies have explored 
the risk factors for the development of CRKP-BSIs, the mortality of patients with KP-BSIs, and the molecular 
epidemiological characteristics of CRKP, the variability in data across different populations, countries, and hospitals 
has led to inconsistent conclusions. In this single-center retrospective observational study, we utilized logistic 
regression analyses to identify independent risk factors for CRKP-BSIs and factors associated with mortality in KP-BSI 
patients. Furthermore, a risk factor-based prediction model was developed. CRKP isolates underwent whole-genome 
sequencing (WGS), followed by an evaluation of microbiological characteristics, including antimicrobial resistance and 
virulence genes, as well as epidemiological characteristics and phylogenetic analysis.

Results  Our study included a total of 134 patients with KP-BSIs, comprising 50 individuals infected with CRKP and 84 
with carbapenem-susceptible Klebsiella pneumoniae (CSKP). The independent risk factors for CRKP-BSIs were identified 
as gastric catheterization (OR = 9.143; CI = 1.357–61.618; P = 0.023), prior ICU hospitalization (OR = 4.642; CI = 1.312–
16.422; P = 0.017), and detection of CRKP in non-blood sites (OR = 8.112; CI = 2.130-30.894; P = 0.002). Multivariate 
analysis revealed that microbiologic eradication after 6 days (OR = 3.569; CI = 1.119–11.387; P = 0.032), high Pitt 
bacteremia score (OR = 1.609; CI = 1.226–2.111; P = 0.001), and inappropriate empirical treatment after BSIs (OR = 6.756; 
CI = 1.922–23.753; P = 0.003) were independent risk factors for the 28-day mortality in KP-BSIs. The prediction model 
confirmed that microbiologic eradication after 6.5 days and a Pitt bacteremia score of 4.5 or higher were significant 
predictors of the 28-day mortality. Bioinformatics analysis identified ST11 as the predominant CRKP sequence type, 
with blaKPC−2 as the most prevalent gene variant. CRKP stains carried multiple plasmid-mediated resistance genes 
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Background
Bloodstream infections (BSIs) pose a critical public health 
threat globally, leading to high mortality rates among at-
risk populations and placing substantial economic bur-
dens on healthcare systems. Klebsiella pneumoniae (KP), 
a Gram-negative pathogen, is notably implicated in a sub-
stantial proportion of BSIs. Research indicates that KP 
is the second most prevalent Gram-negative bacterium 
causing BSIs [1]. Carbapenems are the recommended 
first-line treatment for multidrug-resistant KP-BSIs [2, 
3]. However, the management of KP-induced BSIs has 
been complicated by the emergence of carbapenem-
resistant Klebsiella pneumoniae (CRKP). Data from the 
China Antimicrobial Surveillance Network (CHINET) 
show a significant rise in resistance to imipenem (from 3 
to 24.8%) and meropenem (from 2.9 to 26%) from 2005 to 
2023 (http://www.chinets.com/).

Although colistin, fosfomycin, tigecycline, and ami-
noglycosides have been considered effective in treating 
CRKP infections, the associated mortality rates for BSIs 
remain alarmingly high, consistently resulting in fatal 
outcomes [4, 5]. The reported mortality rates for CRKP-
BSIs vary widely, ranging from 42–81% [6–11]. The 
restricted range of therapeutic options presents a sig-
nificant challenge for clinicians, exacerbating the issue of 
antibiotic resistance and posing a serious threat to pub-
lic health, as emphasized in reports from the Centers for 
Disease Control and Prevention (CDC) [12].

The risk factors associated with the development of 
CRKP-BSIs and mortality among patients with KP-BSIs 
vary across different studies [13–15], despite previ-
ous research indicating a global rise in KP-BSI cases [1, 
16–18]. Appropriate antibiotic therapy and timely infec-
tion control measures are crucial for improving out-
comes [19]. Previous studies have linked carbapenem 
resistance with an increased risk of death [20]. However, 
it remains unclear whether the increased mortality in 
patients infected with KP is due to inadequate therapy 
or to carbapenem resistance. Thus, the epidemiological 
characteristics, risk factors associated with development 
of CRKP-BSIs, mortality risk factors for KP-BSIs, and 
pathogenic characteristics still require further investiga-
tion and verification in clinical practice.

This single-center retrospective observational study 
was primarily designed to evaluate the risk factors for 
developing CRKP-BSIs and those associated with the 
mortality of KP-BSIs, and to establish a risk factor-based 
prediction model. Additionally, the study assessed the 
bacterial characteristics of CRKP strains, including anti-
microbial resistance and virulence genes, as well as their 
epidemiological characteristics and phylogenetic rela-
tionships. This research has the potential to increase cli-
nician awareness and significantly influence the control 
of KP transmission and improve patient prognosis.

Methods
Study design and participants
This single-center retrospective observational study 
was conducted at the 980th Hospital of the PLA Joint 
Logistical Support Force, a 1500-bed medical center in 
Shijiazhuang, Hebei province, North China. The study 
included all adult patients (≥ 18 years) diagnosed with 
KP-BSIs between January 1, 2016, and December 31, 
2020. Exclusion criteria were (i) incomplete medical 
records; (ii) patients diagnosed with polymicrobial BSIs. 
Initially, patients were devided into carbapenem-suscep-
tible Klebsiella pneumoniae (CSKP) and CRKP groups to 
identify risk factors for CRKP-BSIs. Subsequently, KP-
BSI patients were divided into survival and non-survival 
groups to analyze the risk factors associated with the 
28-day mortality. Lastly, the microbiological character-
istics of CRKP were examined through whole-genome 
sequencing (WGS).

Data collection and definition
Demographic and clinical data were retrieved from the 
hospital’s electronic medical records system, encompass-
ing detailed such as age, gender, underlying diseases, 
history of intensive care unit (ICU) stay in our hospital, 
use of invasive procedure and/or devices within 30 days 
before the onset of BSIs, antibiotic exposure, CRKP colo-
nization, length of hospitalization before BSIs, and both 
empirical and definitive antimicrobial therapy. Outcomes 
recorded included all-cause mortality rates at 7, 14, and 
28 days. The severity of bacteremia was assessed using 
the Pitt bacteremia score [21]. The underlying conditions 

along with some virulence genes. Phylogenetic analysis indicated the presence of nosocomial transmission of ST11 
CRKP within the ICU.

Conclusions  The analysis of risk factors for developing CRKP-BSIs and the association between KP-BSIs and 28-day 
mortality, along with the development of a risk factor-based prediction model and the characterization of CRKP 
strains, enhances clinicians’ understanding of the pathogens responsible for BSIs. This understanding may help in the 
timely administration of antibiotic therapy for patients with suspected KP-BSIs, potentially improving outcomes.
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were evaluated using the Charlson comorbidity index 
(CCI) [22].

KP-BSIs were defined as having at least one positive 
blood culture and accompanying signs and symptoms of 
bacteremia [23]. The BSIs onset was marked by the date 
of the first positive blood culture collection. CRKP iden-
tified in specimens other than blood were considered 
indicative of CRKP colonization. Antibiotic exposure 
was defined as the administration of antibiotics for more 
than 48 h within the 30 days preceding BSIs or prior to 
discharge. Microbiologic eradication was defined as the 
absence of KP in blood cultures during follow-up. Empir-
ical antimicrobial therapy involved the prescription of 
antibiotics prior to obtaining bacterial identification and 
antimicrobial susceptibility results. Definitive antimicro-
bial therapy referred to the prescription of antibiotics 
based on the antimicrobial susceptibility results. Appro-
priate anti-infection therapy was defined as the admin-
istration of at least one antimicrobial agent to which KP 
was susceptible in vitro, for a duration of at least 48 h.

Bacterial identification and antimicrobial susceptibility 
testing (AST)
Blood cultures were performed using the BACT/ALERT 
3D system (BioMerieux, Lyon, France). Species identi-
fication and antimicrobial susceptibility testing (AST) 
were conducted using the MA120 automatic microbial 
identification system (Zhuhai Meihua Medical Technol-
ogy Co., Ltd, Zhuhai, People’s Republic of China). The 
antimicrobial agents tested included: piperacillin/tazo-
bactam (TZP), amoxicillin-clavulanate (AMC), cefazolin 
(CFZ), cefoxitin (FOX), cefuroxime (CXM), ceftazidime 
(CAZ), cefotaxime (CTX), cefepime (FEP), imipenem 
(IPM), meropenem (MPN), minocycline (MIN), tobra-
mycin (TOB), amikacin (AMK), gentamicin (GEN), 
ciprofloxacin (CIP), levofloxacin (LEV), cefoperazone/
sulbactam (SCF), trimethoprim/sulfamethoxazole (STX), 
chloramphenicol (C), aztreonam (ATM), polymyxin B 
(PB), and tigecycline (TG). Escherichia coli ATCC 25,922 
and Pseudomonas aeruginosa ATCC 27,853 served as 
quality control strains for AST. The minimum inhibitory 
concentrations (MICs) were interpreted according to the 
Clinical and Laboratory Standards Institute guidelines 
(CLSI-M100-S29). Carbapenem resistance was defined 
as an MIC of ≥ 4ug/ml for meropenem or imipenem 
[24]. KP isolates resistant to any carbapenem (imipe-
nem, meropenem, ertapenem, or doripenem) or produc-
ing carbapenemase were classified as CRKP. The criteria 
and recommendations from the European Committee 
on Antimicrobial Susceptibility Testing (EUCAST, 2020) 
were applied specifically for tigecycline [25].

Whole-genome sequencing (WGS) and analysis
Genomic DNA was extracted from the CRKP strain 
using the QIAamp DNA Mini Kit (Qiagen, Hilden, Ger-
many) according to the manufacturer’s instructions. The 
purified DNA underwent WGS on the Illumina HiSeq 
platform (Illumina, San Diego, California). Sequence 
reads were assembled using SOAP denovo software 
(version 2.04) [26]. Antimicrobial resistance genes were 
identified by querying the Comprehensive Antibiotic 
Resistance Database (CARD) [27]. Virulence-associated 
genes were detected using the VFDB database (https://
www.mgc.ac.cn/VFs/main.htm). The whole genome data 
were uploaded to the MLST 2.0 database for further anal-
ysis. Multilocus sequence typing (MLST) was conducted 
using MLST software (http://github.com/tseemann/
mlst), with sequence type (ST) determination based on 
seven conserved housekeeping genes (gapA, infB, mdh, 
pgi, phoE, rpoB, and tonB).

Phylogenetic analysis
The KP strain HS11286 (GenBank NO.016845) served 
as the reference for comparison in our analysis. Core-
genome single nucleotide polymorphisms (cgSNPs) for 
all strains were identified using Snippy software. Recom-
binogenic regions were excluded using Gubbins v2.3.4 to 
ensure accuracy in phylogenetic inference. Subsequently, 
a phylogenetic tree was constructed using RAxML-NG 
software (v1.1.0), employing a maximum likelihood (ML) 
approach.

Statistical analysis
Continuous variables were analyzed based on their dis-
tribution: normally distributed data were presented as 
means ± standard deviations (SDs), while non-normally 
distributed data were summarized as medians and inter-
quartile ranges (IQR). Categorical variables were pre-
sented as frequencies and percentages. The Chi-square 
test or Fisher’s exact test were employed to compare the 
resistance rates of the tested antibiotic across different 
groups.

A logistic regression model was utilized to calculate 
odds ratios (ORs), 95% confidence intervals (95%CI) 
and P-values for the univariate analysis of risk factors 
associated with CRKP-BSIs, as well as factors related 
to mortality in patients with KP-BSIs. Variables with a 
P-value < 0.05 in the univariate analysis were included 
in multivariable logistic regression analysis to evalu-
ate independent risk factors for CRKP-BSIs and for the 
28-day mortality of KP-BSIs. A 28-day survival analysis 
for patients with BSIs was constructed using the Kaplan-
Meier method, considering a P-value < 0.05 as statisti-
cally significant. The risk factor-based prediction model 
was assessed using the receiver operating characteristic 
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(ROC) curve. All statistical analyses were performed 
using SPSS version 20.0 (SPSS Inc., Chicago, IL, USA).

Results
Demographic and clinical characteristics of patients with 
KP-BSIs
Between January 1, 2016, and December 31, 2020, a total 
of 152 patients experienced at least one episode of KP-
BSIs in our hospital. Eighteen patients were excluded 
due to being under 18 years of age or having polymicro-
bial BSIs, leaving 134 patients for inclusion in the study: 
50 in the CRKP-BSI group (CRKP group) and 84 in the 
CSKP-BSI group (CSKP group). The clinical and demo-
graphic characteristics of these 134 patients are outlined 
in Table S1. The 7-day and 28-day mortality rates were 
significantly higher in the CRKP group compared to the 
CSKP group [7-day mortality: 16% (8/50) vs. 3.6% (3/84), 
P = 0.019; 28-day mortality: 46% (23/50) vs. 19% (16/84), 
P = 0.001]. The 14-day mortality rates were 24% (12/50) in 
the CRKP group and 11.9% (10/84) in the CSKP group, 
with no significant difference observed between the 
groups (P = 0.068). Kaplan-Meier survival curve analy-
sis (Fig.  1A) further demonstrated significantly lower 
survival probabilities for patients infected with CRKP 

compared to those infected with CSKP (Log-rank test, 
P = 0.001).

Risk factors for the development of CKKP-BSIs
Univariate analyses identified several factors signifi-
cantly associated with the development of CRKP-BSIs, 
as detailed in Table 1. These factors include a long hos-
pital stay before BSIs, prior ICU hospitalization, and 
invasive procedure and/or devices. Prior exposure to 
carbapenems, cephalosporins, glycopeptide, antifungals, 
and β-lactam/β-lactamase inhibitor combinations were 
also significant risk factors. Additionally, a higher Pitt 
bacteremia score and detection of CRKP sites other than 
blood were associated with the development of CRKP-
BSIs. The analysis also indicated that patients with car-
diovascular diseases and hypoproteinemia were more 
susceptible to CRKP-BSIs.

Subsequent multivariate logistic regression analysis 
identified several independent risk factors for CRKP-
BSIs: gastric catheterization (OR = 9.143; CI = 1.357–
61.618; P = 0.023), prior ICU hospitalization (OR = 4.642; 
CI = 1.312–16.422; P = 0.017), and detection of CRKP in 
non-blood sites (OR = 8.112; CI = 2.130-30.894; P = 0.002).

Fig. 1  (A) Kaplan-Meier survival curve analysis of the 28-day mortality of patients with CSKP and CRKP bloodstream infections (Log-rank test, P = 0.001). 
(B) Kaplan-Meier survival curve analysis of the 28-day mortality of patients with KP-BSIs eradicated bacterium within 6 days and after 6 days (Log-rank 
test, P < 0.001). (C) Kaplan-Meier survival curve analysis of the 28-day mortality of patients with KP-BSIs empirical treated appropriately and inappropriately 
(Log-rank test, P < 0.001). (D) Construction of the risk factor-based prediction model by receiver operating characteristic (ROC) curve. Microbiologic eradi-
cation after 6.5 days and a Pitt bacteremia score of 4.5 or higher were with an AUROC of 0.670 (95%CI = 0.562–0.778, P = 0.002) and 0.723 (95%CI = 0.619–
0.827, P < 0.001), respectively. Abbreviations: CSKP, carbapenem-susceptible K.pneumoniae; CRKP, carbapenem-resistant K.pneumoniae; KP-BSIs, Klebsiella 
pneumoniae bloodstream infections
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Risk factors for 28-day mortality in patients with KP-BSIs
Patients with KP-BSIs were categorized into survival and 
non-survival groups based on 28-day outcomes. Univari-
ate analysis (Table 2) identified several factors associated 
with an increased risk of 28-day mortality in patients 
with KP-BSIs. These factors include a long hospital stay 
before BSIs, microbiologic eradication after 6 days, prior 
ICU hospitalization, invasive procedure and/or devices, 
high Pitt bacteremia score, inappropriate empirical treat-
ment after BSIs, and CRKP infection.

Further, multivariate logistic regression analysis high-
lighted independent factors associated with a higher risk 
of mortality from KP-BSIs: microbiologic eradication 
after 6 days (OR = 3.569; CI = 1.119–11.387; P = 0.032), 
high Pitt bacteremia score (OR = 1.609; CI = 1.226–2.111; 
P = 0.001), and inappropriate empirical treatment after 
BSIs (OR = 6.756; CI = 1.922–23.753; P = 0.003).

Survival curve analysis confirmed the finding that 
microbiologic eradication after 6 days was associated 
with a higher 28-day mortality rate in patients with 

KP-BSIs (Fig. 1B). Additionally, the analysis revealed that 
the 28-day mortality rate was significantly higher among 
patients who received inappropriate empirical treatment 
compared to those who received appropriate empirical 
treatment (Fig. 1C).

Further analysis using the ROC curve indicated that 
microbiologic eradication after 6.5 days and a Pitt bacte-
remia score of 4.5 or higher were effective predictive fac-
tors for the mortality in patients with KP-BSIs. The area 
under the ROC curve (AUROC) for these predictors was 
0.670 (95% CI = 0.562–0.778, P = 0.002) for microbiologic 
eradication and 0.723 (95% CI = 0.619–0.827, P < 0.0001) 
for the Pitt bacteremia score, indicating substantial pre-
dictive value (Fig. 1D and Table S2).

Antimicrobial susceptibility profiles
The results of AST for KP isolates are detailed in Table 
S3 and Table S6. The CRKP group exhibited high resis-
tance rates to key carbapenems, with 88% (44/50) of iso-
lates resistant to imipenem and 96% (48/50) resistant to 

Table 1  Univariate and multivariate analysis of risk factors for the development of CRKP-BSIs
Variables CRKP (n = 50) CSKP (n = 84) Univariate analysis Multivariate analysis

OR (95% CI) P value OR (95% CI) P value
Demographic
Gender Male, n(%) 35 (70) 51 (60.7) 1.510 (0.716–3.186) 0.280
Age (median, IQR) 75 (61, 87) 65 (53, 77) 1.027 (1.004–1.050) 0.021
Hospital stay before BSIs, days (median, IQR) 16 (6, 31) 2 (1, 12) 1.045 (1.019–1.071) 0.001
Underlying diseases
Hepatobiliary and pancreatic diseases 15 (30) 37 (44) 0.544 (0.259–1.144) 0.109
Kidney diseases 17 (34) 20 (23.8) 1.648 (0.762–3.564) 0.204
Chronic lung diseases 12 (24) 10 (11.9) 2.337 (0.926–5.898) 0.072
Diabetes mellitus 18 (36) 34 (40.5) 0.827 (0.401–1.705) 0.607
Cardiovascular diseases 33 (66) 27 (32.1) 4.098 (1.949–8.615) < 0.0001
Hypoproteinemia 40 (80) 50 (59.5) 2.720 (1.200-6.167) 0.017
CCI score (median, IQR) 5 (3, 6) 5 (3, 6) 0.966 (0.825–1.130) 0.664
Invasive procedures
Mechanical ventilation 31 (62) 6 (7.1) 21.211 (7.743–58.106) < 0.0001
Urinary catheterization 40 (80) 26 (31) 8.923 (3.879–20.528) < 0.0001
Gastric catheterization 33 (66) 8 (9.5) 18.441 (7.244–46.945) < 0.0001 9.143 (1.357–61.618) 0.023
Central venous catheterization 31 (62) 15 (17.9) 7.505 (3.377–16.681) < 0.0001
Medical history
IUC stay (previous 1 month) 30 (60) 16 (19) 6.375 (2.907–13.981) < 0.0001 4.642 (1.312–16.422) 0.017
Prior surgery (previous 1 month) 15 (30) 20 (23.8) 1.371 (0.625–3.010) 0.431
Antibiotics use within 30 days before BSIs
Carbapenems 25 (50) 16 (19) 4.250(1.954–9.245) < 0.0001
Cephalosporins 35 (70) 25 (29.8) 5.507(2.563–11.829) < 0.0001
Quinolones 17 (34) 17 (20.2) 2.030 (0.921–4.478) 0.079
Glycopeptide 20 (40) 10 (11.9) 4.933(2.068–11.771) < 0.0001
Antifungals 11 (22) 4 (4.8) 5.641(1.688–18.855) 0.005
β-lactam/β-lactamase inhibitor combinations 31 (62) 27 (32.1) 3.444(1.657–7.162) 0.001
Severity of illness at the time of BSIs
Pitt bacteremia score (median, IQR) 3 (1, 5) 1 (1, 3) 1.434 (1.192–1.726) < 0.0001
CRKP detection in non-blood sites 42 (84) 23 (27.4) 13.924 (5.687–34.088) < 0.0001 8.112 (2.130-30.894) 0.002
Data are expressed as n (%) or median (IQR)
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meropenem. Notably, 84% (42/50) of CRKP isolates were 
resistant to both imipenem and meropenem. CRKP iso-
lates demonstrated significantly higher resistance rates 
across all tested antimicrobial drugs compared to CSKP 
isolates. The resistance rates of CRKP strains to antibi-
otics were 44% (22/50) for tobramycin, 40% (20/50) for 
amikacin, 38% (19/50) for minocycline, and 24% (12/50) 
for tigecycline. All CRKP isolates had MICs ≤ 1ug/mL for 
polymyxin B.

Bacterial characteristics of CRKP strains
The antimicrobial resistance genes of CRKP strains are 
detailed in Fig.  2 and Table S4. The predominant car-
bapenemase genes detected were blakpc−2 in 47 isolates 
(94%) and blaKPC−12 in 1 isolate (2%). Notably, other car-
bapenemase genes such as blaNDM, blaVIM, blaIMP and 
blaOXA−48 were not detected in any of the isolates. Two 
isolates, S12 and S70, displayed carbapenem resistance 
despite lacking detectable carbapenemase genes.

Most strains (98%, 49/50) harbored β-lactamase gene, 
including blaCTX−M, blaTEM, blaOXA1, and blaSHV. Among 

these, blaCTX−M was found in several types across 39 
CRKP strains, including blaCTX−M−3, blaCTX−M−65, 
blaCTX−M−14, blaCTX−M−82, blaCTX−M−55, and blaCTX−M−15. 
The Class A extended-spectrum β-lactamases (ESBLs) 
gene blaTEM−1 was identified in 39 isolates. The Oxacillin-
hydrolyzing (OXA)-type Class D β-lactamase encoding 
gene blaOXA1 was specifically observed in isolate S70.

Moreover, 29 out of 50 isolates carried the chromo-
somally encoded antimicrobial resistance gene blaSHV. 
Plasmid-mediated quinolone resistance genes, including 
qnrS, qnrA, qnrB, oqxA, and aac(6’)-Ib-cr, were detected 
in all isolates. Additionally, aminoglycoside-related resis-
tance genes aph(3’)-Ia, aph(3’’)-Ib, and aph(6)-Id were 
identified in 32 out of 50 isolates.

We conducted an investigation into 14 representa-
tive virulence genes within these clinical strains, which 
included flmH, allS, entB, mrkD, iutA, ybtS, iucA, rmpA, 
irp2, iroB, magA, wcaG, kpn, and uge. The presence and 
distribution of these virulence genes in CRKP strains 
are depicted in Fig. 2 and Table S5. Among the analyzed 
strains, all were found to carry flmH, allS, entB, iutA. 

Table 2  Univariate and multivariate analysis of risk factors for 28-day mortality in patients with KP-BSIs
Variables No 

survivors(n = 39)
Survivors 
(n = 95)

Univariate analysis Multivariate analysis
OR (95% CI) P value OR (95% CI) P 

value
Demographic
Gender Male, n(%) 28 (71.8) 58 (61.1) 1.624 (0.722–3.651) 0.241
Age (Years, mean ± SD) 68.6 ± 15.5 67.2 ± 17 1.004 (0.982–1.027) 0.695
Hospital stay before BSIs, days (median, IQR) 17 (7, 33) 2 (1, 13) 1.040 (1.017–1.064) 0.001
Microbiologic eradication after 6 days 18 (46.2) 10 (10.5) 7.286 (2.937–18.076) < 0.0001 3.569 (1.119–11.387) 0.032
Underlying diseases
Hepatobiliary and pancreatic diseases 9 (23.1) 43 (45.3) 0.363 (0.155–0.847) 0.019
Kidney diseases 12 (30.8) 25 (26.3) 1.244 (0.549–2.823) 0.601
Chronic lung diseases 10 (25.6) 12 (12.6) 2.385 (0.932–6.104) 0.070
Diabetes mellitus 12 (30.8) 40 (42.1) 0.611 (0.277–1.350) 0.223
Cardiovascular diseases 21 (53.8) 39 (41.1) 1.675 (0.791–3.549) 0.178
Hypoproteinemia 27 (69.2) 63 (66.3) 1.143 (0.512–2.549) 0.744
CCI score (median, IQR) 5 (3.5, 6) 4.5 (3, 6) 0.986 (0.834–1.165) 0.866
Invasive procedures
Mechanical ventilation 18 (46.2) 19 (20.0) 3.429 (1.532–7.674) 0.003
Urinary catheterization 25 (64.1) 41 (43.2) 2.352 (1.089–5.080) 0.029
Gastric catheterization 19 (48.7) 22 (23.2) 3.152 (1.433–6.934) 0.004
Central venous catheterization 21 (53.8) 25 (26.3) 3.267 (1.501–7.110) 0.003
Medical history
IUC stay (previous 1 month) 19 (48.7) 27 (28.4) 2.393 (1.108–5.168) 0.026
Prior surgery (previous 1 month) 14 (35.9) 21 (22.1) 1.973 (0.874–4.454) 0.102
Severity of illness at the time of BSIs
Pitt bacteremia score (median, IQR) 4 (1, 7) 1 (1, 3) 1.583 (1.296–1.933) < 0.0001 1.609 (1.226–2.111) 0.001
Treatment
Inappropriate empirical treatment after BSIs 26 (66.7) 29 (30.5) 4.552 (2.053–10.091) < 0.0001 6.756 (1.992–23.753) 0.003
Inappropriate definitive treatment after BSIs 3 (7.7) 6 (6.3) 1.236 (0.293–5.212) 0.773
CRKP infection, n(%) 23 (59) 27 (28.4) 3.620 (1.662–7.885) 0.001
Data are expressed as n (%) or median (IQR)

Abbreviations: CCI, Charlson comorbidity index; CRKP, carbapenem-resistant K.pneumoniae; BSIs, bloodstream infections; OR, odds ratio
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The gene mrkD was highly prevalent, detected in 98% 
(49/50) of the strains, followed closely by ybtS and irp2, 
each present in 92% (46/50) of the strains. The gene iucA 
was found in 64% (32/50) of the strains. Notably, rmpA 
and iroB were less common, identified in only 16% (8/50) 
and 6% (3/50) of the strains, respectively. The genes 
magA, wcaG, kpn, and uge were not detected in any of the 
isolates.

Molecular epidemiological analysis identified the most 
prevalent ST among the CRKP isolates as ST11, which 
accounted for 88% (44/50) of the cases. This was fol-
lowed by ST15 with 8% (4/50), and ST6037 and ST307, 
each representing 2% with 1 isolate. These findings are 
visualized in Fig.  2. Notably, all eight isolates carrying 
rmpA virulence gene belonged to ST11. The 50 CRKP 
isolates were categorized into six major clusters (L1, L2, 
L3, L4, L5, and L6), with isolates from the ICU predomi-
nantly found in clusters L1 and L2. Phylogenetic analysis 
further revealed that all 6 isolates within the L1 cluster 
were from the ICU, with all strains carrying the rmpA 

virulence genes. This pattern indicates a likely nosoco-
mial transmission within the ICU setting.

Discussion
In this retrospective study, we identified several indepen-
dent risk factors for CRKP-BSIs, including gastric cath-
eterization, prior ICU hospitalization, and detection of 
CRKP in non-blood sites. These risk factors are consis-
tent with those outlined in previous studies [28, 29]. Gas-
tric catheterization has been shown to increase the risk 
of CRKP-BSIs, possibly due to mucosal barrier injury in 
the nasopharvnx caused by this invasive procedure [28, 
30, 31]. Previous research has demonstrated a significant 
association between ICU admission and the development 
of CRKP-BSIs [29, 32]. The ICU environment, along with 
the extensive use of medical equipment, creates a poten-
tial for increased infection and transmission of resistant 
bacteria. The finding from our study confirm this, as 
we observed nosocomial transmission of CRKP within 
the ICU, emphasizing the role of the environment and 

Fig. 2  Phylogenetic analysis, MLST, virulence genes, and resistance genes of 50 CRKP strains. Strains in the cluster L1 and L2 from the ICU were 
color-coded on the tree (red). Blue and red represented the antimicrobial resistance genes and virulence genes, respectively. Colored blocks represented 
the presence of genes, and grey blocks represented the absence
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equipment as reservoirs for these pathogens. Addition-
ally, patients admitted to ICU are more likely to undergo 
invasive procedures and receive extensive antibiotic 
therapy due to their serious illness, making them more 
susceptible to CRKP-BSIs. Consistent with prior studies 
[31, 33], our findings indicate that the presence of CRKP 
in sites other than blood is associated with an increased 
risk of CRKP-BSIs. This suggests that colonization or 
infection at these sites may serve as reservoirs for sub-
sequent BSIs. Inappropriate use of antibiotics has been 
linked to the rise of resistant strains [34, 35], which can 
lead to BSIs. These infections may manifest as primary 
bacteremia or as secondary bacteremia stemming from 
other infections, such as pneumonia and urinary tract 
infections.

In examining the independent risk factors for the mor-
tality of KP-BSIs, findings can vary significantly depend-
ing on the population, country, and hospital settings 
studied. Our retrospective study identified inappropriate 
empirical treatment and host-associated factors, notably 
the Pitt bacteremia score and microbiologic eradication 
time, as key predictors of the 28-day mortality for KP-
BSIs. The 28-day mortality rate in our study was 29.1%. 
The Pitt bacteremia score, a well-documented predictor 
of mortality in previous research [36, 37], was found to 
be significantly associated with mortality in our cohort. 
Specifically, a Pitt bacteremia score > 4 has been linked 
to higher mortality rates [38]. Our data supported this, 
showing that a Pitt bacteremia score of 4.5 or higher was 
particularly predictive of the 28-day mortality, highlight-
ing the severity of the patients’ condition as a critical 
factor in their outcomes. The timing of microbiologic 
eradication also emerged as a crucial factor. Consis-
tent with other studies [14, 39], we found that patients 
achieving microbiologic eradication within 6 days had 
significantly better survival rates. Conversely, eradica-
tion times after 6 days were independently associated 
with increased mortality, and times after 6.5 days were 
identified as good predictive factors for mortality. This 
suggests the importance of rapid and effective microbio-
logic eradication, which depends on factors such as the 
patient’s immune function, the severity of the illness, 
underlying diseases, accurate and prompt microbiologi-
cal diagnosis, and appropriate antibiotic therapy. Appro-
priate antibiotic treatment has been shown to improve 
outcomes significantly [19, 40]. However, empirical ther-
apy with non-active antibiotics may lead to unfavourable 
outcomes [41, 42]. Our analysis highlighted that patients 
receiving inappropriate empirical therapy had a higher 
28-day mortality compared to those receiving appropri-
ate treatment. Interestingly, we found no association 
between inappropriate definitive therapy and mortality, 
suggesting that the initial response to empirical therapy 
plays a more critical role in patient survival. Regarding 

CRKP, while our study confirmed its association with the 
death of KP-BSI patients, it did not emerge as an inde-
pendent risk factor for mortality. This finding contrasts 
with other studies [30, 43], which have identified CRKP 
as an independent risk factor for mortality in patients 
with KP-BSIs. This discrepancy highlights the complex 
interplay of host, microbial, and therapeutic factors in 
determining outcomes for patients with KP-BSIs.

In addition to analyzing clinical characteristics of KP-
BSIs, our study also delved into the microbiological char-
acteristics of CRKP strains. This analysis aimed to assess 
the mechanisms of antimicrobial resistance and investi-
gate the potential for nosocomial transmission during 
the study period. Most CRKP strains carried at least one 
ESBLs-producing gene associated with nosocomial infec-
tious outbreak, suggesting the potential for evolution and 
transmission of resistance genes among clinical strains. 
A previous study reported resistance rates of 49% for 
amikacin and 64.7% for polymyxinB [44]. According to 
another study, tigecycline exerted the highest susceptibil-
ity rate (100%), followed by colistin (96.8%), and amika-
cin (87.1%) [45]. Results of our study demonstrated that 
the resistance rate for amikacin reached to 40%, and the 
resistance rates for tigecycline were over 20%. Although 
the high resistance rates of CRKP strains to tested anti-
biotics, all strains were susceptible to polymyxinB. These 
findings provide valuable guidance for selecting appropri-
ate empirical treatments prior to obtaining AST results. 
The predominant mechanism of carbapenem resistance 
in CRKP strains is carbapenemase production. Com-
monly acquired genes that encode carbapenemase pro-
duction include K.pneumoniae carbapenemases (KPC), 
New Delhi β-lactamases (NDM), oxacillinase 48-like 
(OXA-48), verona integron-encoded metallo-β-lactamase 
(VIM). Consistent with prior research [44, 46], our data 
also indicated that KPC-type carbapenemases were the 
main molecular mechanism of carbapenem resistance 
among the CRKP-BSIs. Despite the occurrence of noso-
comial transmission of CRKP in the ICU, CRKP strains 
producing NDM were not detected, which contrasts 
with previous studies where NDM-1 was a significant 
mechanism during nosocomial spread [45]. The molecu-
lar epidemiologic features of CRKP vary across different 
countries and regions. In our hospital, KPC-2-producing 
ST11 KP strains were widely disseminated, aligning with 
findings from a nationwide surveillance of clinical CRKP 
strains in China [47–50]. However, this is distinct from 
the United States, where a predominance of ST258 has 
been observed [51]. Additionally, ST307, first described 
in Europe in 2008 [52, 53], has been detected globally, 
including a report of its spread in pediatric patients from 
Shenzhen Children’s Hospital in China, co-producing 
CTX-M, SHV and KPC [54]. In our study, we identi-
fied only one ST307 strain co-harboring blaCTX−M−15, 
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blaOXA1, blaTEM, blaSHV, with no evidence of nosocomial 
transmission. Furthermore, a strain of ST6037 carrying 
blaKPC and ESBL encoding gene blaSHV, was detected for 
the first time in our hospital. The pathogenic potential 
of the ST6037 strain requires additional comprehensive 
investigation to be fully understood. Two specific strains, 
S12 and S70, demonstrated resistance to carbapenems in 
vitro despite not possessing carbapenemase genes. This 
resistance might be due to alternative mechanisms, such 
as reduced or altered pore proteins, efflux pump that 
excrete carbapenems from bacteria cells, changes in the 
structure of the penicillin-binding protein (PBP) [55], 
among other factors. Ceftazidime-avibactam (CAZ-AVI), 
effective against both KPC and OXA-48 carbapenemases, 
is often used to treat BSIs caused by CRKP that do not 
carry metalloenzyme [56]. For NDM-producing CRKP, a 
combination therapy involving ATM with CAZ-AVI can 
be considered [57]. Therefore, understanding these epi-
demiological and resistance characteristics is crucial for 
clinicians when selecting empirical therapeutic strate-
gies for patients with CRKP-BSIs. Additionally, identify-
ing both the genotypic and phenotypic characteristics of 
antibiotic resistance is also essential for rational and tar-
geted antimicrobial therapy.

In our study, all strains that exhibited resistance to 
quinolones carried plasmid-mediated quinolone resis-
tance (PMQR) genes, marking a significant finding as it 
contrasts with previous research where only the PMQR 
genes qnrS and aac(6’)-Ib-cr were detected in a mere 2.0% 
CRKP strains [44]. This indicates a broader prevalence of 
quinolone resistance genes among our CRKP isolates. We 
also noted a high level of resistance to aminoglycosides, 
with over 60% of the strains harboring aminoglycoside-
related resistance genes that were plasmid-mediated. 
This trend toward increased aminoglycoside resistance 
could be linked to the mobility of the resistance genes. 
Polymyxins, including colistin and polymyxin B, are 
considered last-resort antibiotics for treating infections 
caused by carbapenem-resistant enterobacteriaceae 
(CRE), despite their toxicity [58]. In our study, all CRKP 
strains exhibited low MICs (≤ 1ug/mL) for polymyxin B. 
However, the plasmid-mediated colistin resistant gene 
mcr-7 was detected in three strains (S12, S85, and S107). 
These results highlight the urgent need for vigilant moni-
toring of antimicrobial resistance and the implementa-
tion of stringent infection control practices to inhibit the 
spread of resistant strains. The detection of high levels 
of resistance to commonly used antibiotics and the pres-
ence of last-resort antibiotic resistance genes should 
prompt a reevaluation of current therapeutic strategies 
and encourage efforts to prevent the horizontal transfer 
of resistance genes by plasmids.

A variety of hypervirulence-associated genes (e.g., 
rmpA, iroB, iucA, iutA, wcaG, fimH, mrkD, and allS), the 

hypermucoviscous phenotype, and capsule serotypes (K1 
and K2) are link to hypermucoviscous K.pneumoniae 
(HvKP). The rmpA/rmpA2 genes are known to encode 
proteins that enhance capsule production, which con-
tributes to the hypermucoviscosity phenotype. The genes 
iucA/iutA and iroB facilitate the biosynthesis of the sid-
erophores aerobactin and salmochelin, respectively [59]. 
Moreover, fimH, mrkD, and allS play roles in bacterial 
colonization and fimbriae adhesion. Zeng et al. reported 
the absence of allS and iroB in CRKP isolates [44]. In 
contrast, Wu et al. observed that 81.3% (13/16) of CRKP 
isolates harbored iutA [60]. Our finding, however, con-
tradicts these earlier studies; all isolates carried iutA and 
allS, and only 6% (3/50) carried iroB. The definition of 
HvKP remains unclear to date. Zeng et al. characterized 
HvKP as a strain that tests positive for both the string test 
and the rmpA gene concurrently. Additionally, iucA is 
considered a significant virulence determinant for HvKP 
[61]. In this retrospective study, we analyzed the homol-
ogy of 50 CRKP strains and identified a nosocomial 
transmission of CRKP in the ICU. Integrated epidemio-
logical and genomic data revealed that the dissemination 
in the ICU were caused by ST11 CRKP carring KPC-2 
carbapenemases. Notably, 6 strains positive for the string 
test also carried the fimH, mrkD, allS, rmpA and iucA 
virulence genes. Among the patients infected with CRKP 
strains that possessed the virulence coding genes rmpA 
and iucA, 5 succumbed in the hospital. The role of hyper-
virulence in patient mortality warrants further investi-
gation, necessitating additional experiments such as the 
Galleria mellonella infection model, virulent plasmid 
analysis, capsule serotype identification, and neutrophil 
killing assay.

Considering the risk factors for CRKP-BSIs, the fac-
tors influencing mortality in KP-BSIs, and the poten-
tial for nosocomial transmission of CRKP, it is essential 
to implement a multi-faceted approach. This should 
include: (1) An antimicrobial stewardship program to 
ensure the appropriate use of antibiotics; (2) Enhanced 
bacterial surveillance systems to prevent the further 
spread of drug-resistant bacteria; (3) Laboratory iden-
tification of carbapenem resistance genotypes to guide 
definitive therapy; (4) Comprehensive infection preven-
tion and control measures, such as safe patient care prac-
tices, hand hygiene, strict adherence to aseptic technique, 
thorough environment cleaning and sterilization, espe-
cially in ICUs, and the isolation of colonized or infected 
patients.

Conclusions
Our study identified independent risk factors for CRKP-
BSIs and factors associated with mortality in KP-BSIs 
patients through univariate and multivariate logis-
tic regression analyses. Moreover, we developed a risk 
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factor-based prediction model that could assist clini-
cians in administering prompt and effective therapy to 
patients suspected of having KP-BSIs, thereby improving 
patient outcomes. Additionally, our analysis of the pri-
mary mechanisms of carbapenem resistance offers valu-
able insights for hospital infection control and the clinical 
management of CRKP-BSIs. The widespread presence 
of ST11 CRKP strains with multiple plasmid-mediated 
resistance and hypervirulence genes underscores the 
need for effective control strategies to prevent nosoco-
mial transmission.

Limitations
Our retrospective study has several notable limitations. 
Firstly, the study was limited to a single center and a rela-
tively small patient cohort, which restricted our ability 
to perform a comprehensive multivariate analysis and 
may have introduced bias. Secondly, the limited number 
of cases prevented us from analyzing independent risk 
factors for mortality in patients with CRKP-BSIs. Lastly, 
although we evaluated virulence genes in CRKP strains, 
the study did not examine virulence genes in CSKP 
strains or investigate the impact of these genes on the 
mortality associated with KP-BSIs.
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