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Background: Carbapenem-resistant Klebsiella pneumoniae (K. pneumoniae, CR-
KP) and hypervirulent K. pneumoniae (hvKP) represent two major clinical threats, 
due to high antimicrobial resistance and enhanced pathogenicity, respectively. 
The emergence of carbapenem-resistant hypervirulent K. pneumoniae (CR-
hvKP) strains, which combine both traits, has raised concerns about increased 
mortality risk and public health impact. However, existing evidence on clinical 
outcomes remains fragmented and inconclusive. To systematically compare the 
mortality risk between CR-hvKP and classical CR-KP (CR-cKP) infections and to 
explore the impact of hypervirulence definitions, mortality endpoints, infection 
types, and clinical settings through subgroup analyses.
Methods: We conducted a comprehensive literature search in PubMed, Scopus, 
Web of Science, and EMBASE up to July 1, 2025. Studies reporting mortality 
outcomes in patients infected with CR-hvKP and CR-cKP were included. Pooled 
odds ratios (ORs) with 95% confidence intervals (CIs) were calculated using a 
random-effects model. Subgroup analyses were performed to investigate 
heterogeneity. Sensitivity analysis and Egger’s regression test were used to 
assess robustness and publication bias.
Results: Ten studies with a total of 770 patients (224 with CR-hvKP, 546 with 
CR-cKP) were included, reporting 315 deaths. The pooled OR for mortality 
associated with CR-hvKP infection was 2.05 (95% CI: 0.89–4.75), indicating 
a non-significant trend toward higher mortality. Subgroup analyses indicated 
significantly increased mortality in studies using phenotypic string tests to 
define hypervirulence (OR = 4.16), but not in those using genotypic definitions 
(OR = 1.05). Higher mortality trends were also observed for in-hospital mortality, 
bloodstream infections, and ICU settings.
Conclusion: CR-hvKP may be associated with higher mortality risk compared to 
CR-cKP. The heterogeneity in hypervirulence definitions significantly influences 
outcome estimates, highlighting the urgent need for standardized diagnostic 
criteria. These findings underscore the importance of ongoing molecular 
surveillance, early identification strategies, and targeted infection control 
measures to mitigate the public health threat posed by CR-hvKP.
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1 Introduction

Klebsiella pneumoniae (K. pneumoniae), a Gram-negative 
opportunistic pathogen, is a major cause of nosocomial infections and 
can lead to a wide range of clinical diseases, including pneumonia, 
urinary tract infections, and bloodstream infections (1, 2). According 
to data from the China Antimicrobial Resistance Surveillance System 
(CARSS) in 2022, K. pneumoniae ranked second among Gram-
negative bacteria in China, with an isolation rate of 21.1%, and showed 
a continuously increasing trend. Of particular concern is the 
dissemination of multidrug-resistant strains carrying extended-
spectrum β-lactamases (ESBLs) and carbapenemases, which has made 
carbapenem-resistant K. pneumoniae (CR-KP) a significant global 
health threat, severely limiting therapeutic options. Although CR-KP 
and hvKP have been reported worldwide, epidemiological patterns 
show marked regional variation, with a predominance of data from 
Asia. At the same time, hypervirulent K. pneumoniae (hvKP) has 
emerged as an important cause of severe community-acquired 
infections. The hvKP, first identified in 1986 in Taiwan, China, has 
since become globally recognized for its high pathogenicity and 
distinct phenotypic and genotypic characteristics (3). It can cause 
invasive infections even in healthy individuals, including liver 
abscesses (4, 5), pulmonary infections (6), and meningitis (7). 
Currently, there is no consensus on the definition of hvKP. Some 
studies define it based on the presence of virulence genes such as 
rmpA, iucA, and iroB, while others consider phenotypic characteristics 
such as hypermucoviscosity and excessive capsule production as 
indicators of high virulence (8).

Traditionally, it has been thought that there is a trade-off between 
antibiotic resistance and virulence (9–11), where CR-KP is typically 
associated with high resistance but lower virulence, whereas hvKP is 
highly virulent but generally susceptible to antimicrobials (12). 
However, the widespread use of carbapenems has accelerated plasmid-
mediated horizontal gene transfer, giving rise to so-called “dual-threat” 
pathogens—carbapenem-resistant hypervirulent K. pneumoniae 
(CR-hvKP)—that combine both resistance and hypervirulence. These 
strains may arise through (a) acquisition of carbapenemase genes by 
hvKP; (b) acquisition of virulence plasmids by CR-KP; or (c) uptake of 
hybrid plasmids carrying both resistance and virulence determinants 
(13). The emergence of CR-hvKP challenges the previous notion that 
resistance and virulence are mutually exclusive, and poses significant 
clinical risks, including invasive infections, treatment failure, and 
increased mortality (14). CR-hvKP has already been reported in many 
parts of the world, with Asia being particularly affected (15). In a 
tertiary hospital in northern China, molecular epidemiological 
analysis of 100 CR-KP strains from 2016 to 2023 revealed that 66% 
were CR-hvKP (16). Another study from a Chinese tertiary hospital 
analyzing 2,002 K. pneumoniae isolates collected between 2014 and 
2018 found that CR-hvKP accounted for all deaths, with an infection 
mortality rate of 20%, and the highest mortality observed in 

bloodstream infections (17). However, most available epidemiological 
evidence to date originates from East Asia, particularly China, while 
data from Europe, the Americas, and Africa remain scarce. This 
geographic concentration highlights a major epidemiological gap and 
may limit the global generalizability of current findings. Recognizing 
this limitation is essential for interpreting pooled evidence and for 
identifying priorities for future multinational research. These findings 
underscore the growing prevalence and clinical burden of CR-hvKP.

Although several studies have investigated the clinical outcomes 
of CR-hvKP infections, their conclusions vary significantly due to 
heterogeneity in virulence definitions (e.g., gene detection, string test, 
animal models), types of virulence genes analyzed (e.g., regulator of 
mucoid phenotype, mucoviscosity-associated gene), sources of isolates 
(community-acquired, hospital-acquired), patient departments (ICU, 
internal medicine, surgery), infection sites (bloodstream, respiratory 
tract, urinary tract), and outcome definitions (e.g., 30-day mortality, 
in-hospital mortality). To date, no comprehensive quantitative analysis 
has systematically compared the all-cause mortality between CR-hvKP 
and CR-cKP infections.

Given the growing threat of CR-hvKP and the fragmented, 
heterogeneous evidence available, it is both necessary and urgent to 
conduct a systematic review and meta-analysis comparing the 
mortality risk between CR-hvKP and CR-cKP infections. This study 
aims to integrate existing clinical evidence, quantitatively evaluate the 
difference in mortality between the two groups by calculating pooled 
odds ratios (ORs), and explore the impact of different detection 
methods, infection types, geographic regions, and outcome definitions 
through subgroup analyses. Sensitivity analyses will be performed to 
assess the robustness of the findings. The results of this meta-analysis 
will not only provide an evidence-based understanding of the clinical 
outcomes of CR-hvKP infections but may also contribute to the 
standardization of future CR-hvKP research methods and support the 
development of targeted clinical management strategies. Additionally, 
it will offer valuable theoretical and epidemiological insights for 
molecular surveillance and risk assessment of hypervirulent, 
multidrug-resistant pathogens.

2 Materials and methods

The systematic review and meta-analysis followed a protocol 
registered with PROSPERO (CRD420251117975) and adhered to the 
Preferred Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines.

2.1 Search strategy

We systematically searched electronic databases, including 
PubMed, Scopus, Web of Science, and EMBASE until July 1, 2025, 
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using suitable keywords. No language or date restrictions were used. 
The full strategy for each database is illustrated in 
Supplementary Table S1. All retrieved studies were imported into 
EndNote X9 for duplicate removal. Two trained researchers 
independently screened titles and abstracts to exclude studies not 
fulfilling the inclusion criteria. Subsequently, two independent 
reviewers will assess the full texts and discard ineligible studies. 
Disagreements at either stage will be resolved by a third researcher. 
Studies were included if only a subgroup satisfied the eligibility 
criteria, with solely subgroup-level data extracted.

2.2 Eligibility criteria

Studies were included if they clearly distinguished between 
CR-hvKP and CR-cKP and reported mortality outcomes. Given the 
absence of a universal diagnostic standard for hvKP, studies included 
in this meta-analysis used either genotypic (virulence gene detection) 
or phenotypic (string test) definitions. This inherent heterogeneity in 
defining hypervirulence represents an a priori limitation of our 
analysis, as these differing criteria may capture distinct bacterial 
populations. Thus, the definition is based on either: (a) molecular 
detection of virulence genes (e.g., rmpA, rmpA2, iucA, iroB, peg-344, 
with the positive result defined as hvKP), (b) phenotypic assays (e.g., 
string test, with the positive result defined as hypermucoviscosity), or 
explicit author classification. Accordingly, the CR-cKP group in each 
study comprised carbapenem-resistant isolates that were negative for 
the specific hypervirulence definition applied in that study. Eligible 
study designs included prospective cohort studies, retrospective 
cohort studies, case–control studies, and cross-sectional studies. The 
primary outcome was mortality (all-cause or infection-related 
mortality), including: (a) short-term (e.g., 14-day, 28-day, 30-day) or 
in-hospital mortality, and (b) effect measures (e.g., ORs, HRs, adjusted 
or crude) for CR-hvKP versus CR-cKP.

Reviews, comments, conference abstracts, case reports, and 
mechanistic studies without clinical data, animal studies, and studies 
involving environmental isolates were excluded. Studies were also 
excluded if they did not clearly distinguish between CR-hvKP and 
CR-cKP, or if they did not report mortality outcomes. For studies 
using overlapping or duplicate datasets, only the most comprehensive 
or most recent publication was included to ensure non-redundant 
data. Studies involving fewer than 10 combined cases in both groups 
were excluded to minimize instability of effect estimates and reduce 
potential bias. A total of three studies were excluded on this basis, as 
shown in the PRISMA flow diagram (Figure 1).

2.3 Data extraction and quality assessment

Data extraction was performed independently by two reviewers, 
with disagreement resolved through consensus or arbitration. The 
following data were extracted: basic information (including author, 
country, and year of publication); study characteristics (including 
number of patients, gender, age, hvKP identification method, and 
infection type); and outcome data (such as mortality, number of cases 
in the CR-hvKP and CR-cKP groups, and timing of events). All data 
were obtained from original publications or the publicly available 
Supplementary Table S2. Additionally, most included studies did not 

provide detailed patient-level information, such as comorbidities, 
immunosuppression status, or antimicrobial treatment regimens. The 
absence of these variables precludes adjustment for potential 
confounders, and residual confounding is therefore likely, which may 
bias the comparison of mortality outcomes between CR-hvKP 
and CR-cKP.

Study quality was assessed using the Agency for Healthcare 
Research and Quality (AHRQ) criteria for observational studies, which 
comprise 11 items scored as “yes” (1 point), “no” (0 points), or “unclear” 
(0 points), with a total possible score of 11. A score of 0–3 was considered 
low quality, 4–7 moderate quality, and 8–11 high quality. Studies with 
low quality (score < 4) were excluded. In cases of disagreement, a third 
reviewer was consulted to reach a consensus. Quality assessment scores 
for each study are presented in Supplementary Table S3.

2.4 Data synthesis and statistical analysis

Analysis was performed using R software (version 4.3.1). ORs 
with 95% confidence intervals (CIs) for mortality were calculated 
based on extracted counts. A random-effects meta-analysis was 
conducted using the DerSimonian-Laird estimator via the “meta” 
package. Between-study heterogeneity was assessed using the I2 
statistic; an I2 value greater than 50% combined with a p < 0.05 was 
considered indicative of significant heterogeneity. Subgroup analyses 
were performed based on hypervirulence detection method (virulence 
gene detection and string test), infection site (bloodstream and 
non-bloodstream), and mortality timepoints (in-hospital, 14-day, and 
30-day). To explore potential sources of heterogeneity, meta-regression 
was conducted using the “metafor” package, with the median strain 
collection year (i.e., the median year of strain collection) included as 
a covariate. Sensitivity analyses were conducted by sequentially 
omitting individual studies to assess the robustness of the findings. 
Publication bias was assessed visually using funnel plots and 
statistically using Egger’s regression test for funnel plot asymmetry. 
The Egger test was conducted using the metabias function in the 
“meta” package, with a significance threshold of p < 0.05.

3 Results

3.1 Results of literature search and 
screening

The initial search yielded 1,024 publications. After removing 565 
duplicate records, 348 studies were excluded based on title and 
abstract screening. Full-text assessment was conducted for the 
remaining 111 articles, of which 101 were excluded for various 
reasons. Ultimately, 10 studies met the inclusion criteria and were 
included in the final analysis. A flow diagram of the literature search 
and screening process is presented in Figure 1.

3.2 Characteristics of included studies and 
risk of bias assessment

The characteristics of the included studies and the results of the 
risk of bias assessments are summarized. This meta-analysis included 
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10 studies comprising a total of 770 patients (224 with CR-hvKP and 
546 with CR-cKP). Across these studies, a total of 315 mortality events 
were reported (Table 1).

Geographically, nine studies were conducted in China and one in 
India. The strain collection periods spanned from 2013 to 2021. Five 
studies focused specifically on bloodstream infections, while the 
remaining included patients with mixed infection types, such as 
respiratory tract infections, urinary tract infections, or skin and soft 
tissue infections. Patient characteristics varied across studies. In all 
studies, the proportion of male patients exceeded that of females, 
although the exact ratios differed. Age distributions also varied, 
reflecting differences in patient selection and inclusion criteria.

Definitions of hvKP were heterogeneous. Some studies used 
genotypic criteria, identifying hvKP based on the presence of 
virulence-associated genes such as rmpA, iucA, iroB, and peg-344. 
Others adopted a phenotypic definition using the string test, with 
>5 mm mucoviscosity considered positive. One study initially 
incorporated the animal infection model to define hypervirulence; 
however, due to the lack of standardized criteria and the inconsistency 

with definitions used in other studies, this study was excluded from 
the final meta-analysis.

The quality of the included studies was assessed using the 11-item 
AHRQ checklist for cross-sectional studies. Scores ranged from 5 to 6 
out of a maximum of 11, with a mean score of 5.5, indicating overall 
moderate methodological quality. All studies clearly defined the 
source of data, inclusion and exclusion criteria, and the period used 
for case identification. However, none of the studies clarified whether 
patient enrollment was consecutive, and subjective components were 
not reported as being masked. Common limitations included lack of 
control for potential confounders, inadequate handling of missing 
data, and absence of response rate reporting. A summary of the 
AHRQ domain-level scoring is provided in Table 1.

3.3 Total mortality

A total of 10 studies were included in the meta-analysis comparing 
mortality between patients infected with CR-hvKP and with 

FIGURE 1

PRISMA flowchart for systematic review and meta-analysis.
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CR-cKP. Using a random-effects model, the pooled OR was 2.05 (95% 
CI: 0.89–4.75, p = 0.08), indicating a non-significant trend toward 
higher mortality in the CR-hvKP group. This association should 
be interpreted cautiously, given the wide confidence interval and lack 
of statistical significance. Moderate heterogeneity was observed across 
the included studies (I2 = 66.8%, τ2 = 0.80, Q = 27.08, p < 0.01) 
(Figure 2).

To investigate sources of heterogeneity, prespecified subgroup 
analyses were performed based on hypervirulence identification 
method, mortality timepoint, infection type, and patient department. 
In addition, meta-regression was conducted to assess the potential 
influence of sampling year.

3.4 Subgroup analyses

Subgroup analysis by hypervirulence detection method revealed 
that studies using genotypic criteria (n = 5) showed no significant 
association between CR-hvKP and increased mortality (OR = 1.05, 95% 
CI: 0.35–3.16, I2 = 44.0%). In contrast, studies employing the string test 
(n = 5) demonstrated a significantly elevated mortality in the CR-hvKP 
group (OR = 4.16, 95% CI: 1.16–14.92, I2 = 53.2%). The between-group 
difference was statistically significant (p = 0.02), suggesting that the 
method used to define hypervirulence may substantially influence the 
observed effect. Notably, the heterogeneity decreased to 44.0% 
following stratification by detection method, indicating that this 
variable contributed to between-study variability (Figure 3A).

Regarding mortality timepoints, six studies reported in-hospital 
mortality, with a pooled OR of 2.46 (95% CI: 0.56–10.74, I2 = 77.5%). 
Three studies assessed 30-day mortality (OR = 1.42, 95% CI: 0.28–
7.25, I2 = 37.4%), while one study reported 14-day mortality 
(OR = 9.48, 95% CI: 0.48–188.83). The between-group difference in 
time-limited mortality was not statistically significant (p = 0.39). 
These findings highlight variability in mortality definitions and 
suggest that short-term endpoints may underestimate the impact of 
CR-hvKP (Figure 3B).

When stratified by infection type, patients with bloodstream 
infections (n = 5) had a significantly higher mortality associated 
with CR-hvKP (OR = 4.05, 95% CI: 1.08–15.14, I2 = 61.0%), 

whereas studies focusing on non-bloodstream infections (n = 5) 
showed no significant difference (OR = 1.07, 95% CI: 0.35–3.30, 
I2 = 44.2%). A statistically significant trend (p  = 0.04) toward 
higher mortality was observed in patients with bloodstream 
infections caused by CR-hvKP compared to the CR-cKP 
(Figure 3C).

Subgroup analysis based on patient department demonstrated 
notably high heterogeneity among studies focused on ICU populations 
(I2 = 79.6%), suggesting potential differences in baseline mortality risk 
or patient characteristics. Nevertheless, the ICU subgroup 
demonstrated a higher odds ratio than the non-ICU subgroup, 
indicating an increased mortality risk among patients in the ICU 
(Figure 3D).

3.5 Meta-regression

Meta-regression revealed no significant association between study 
strain collection year (median) and mortality effect size 
(coefficient = −0.05, p = 0.80; R2 = 0.0%), suggesting that temporal 
trends did not influence mortality outcomes across studies.

3.6 Sensitivity analysis and publication bias

Across all sensitivity analyses, the pooled effect consistently 
demonstrated an OR greater than 1, indicating a robust trend of 
increased mortality risk associated with CR-hvKP compared to 
CR-cKP. The observed heterogeneity remained moderate throughout 
(I2 = 50.0–69.9%), with no individual study exerting substantial 
influence on the overall between-study variation. Notably, all p-values 
exceeded the 0.05 significance threshold in these analyses, confirming 
that the observed associations maintained their non-significant status 
regardless of which study was excluded (Figure 4).

Taken together, the sensitivity analysis indicates that the overall 
findings of this meta-analysis are relatively robust and not overly 
dependent on any individual study. The effect estimates and 
heterogeneity measures remained broadly consistent, supporting the 
stability of the main results.

TABLE 1  Key characteristics of included studies.

Study Median 
sampling 

year

Depart-
ment

Infection 
type

hvKP 
definition 
standard*

Event/
Total of 

CR-hvKP

Event/
Total of 
CR-cKP

AHRQ Mortality 
timepoints

Du et al. (39) 2017 ICU Bloodstream S 13/14 15/26 6 In-hospital

Lei et al. (27) 2020 ICU Other V 5/7 9/42 5 In-hospital

Li et al. (40) 2016 other Bloodstream V 11/20 34/64 6 30-day

Ouyang et al. (30) 2018 other Other V 7/41 5/21 5 In-hospital

Pan et al. (41) 2014 NA Other S 9/15 29/51 5 In-hospital

Shankar et al. (20) 2015 ICU Bloodstream S 20/27 29/59 5 30-day

Wei et al. (28) 2020 other Other V 21/51 15/29 6 In-hospital

Xu et al. (42) 2014 other Bloodstream S 3/3 39/92 5 14-day

Yang et al. (31) 2019 other Other V 10/31 11/31 6 30-day

Zhang et al. (22) 2018 other Bloodstream S 10/15 20/131 6 In-hospital

*S, string test; V, virulence genes test; NA, Unknown.
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FIGURE 2

Forest plot showing the pooled OR for mortality comparing CR-hvKP and CR-cKP. ORs > 1 indicate higher mortality in CR-hvKP compared to CR-cKP, 
while ORs < 1 indicate higher mortality in CR-cKP.

FIGURE 3

Subgroup analyses of mortality risk comparing CR-hvKP and CR-cKP. (A) Based on hypervirulence detection methods, (B) Based on mortality 
timepoints, (C) By infection type, (D) By hospital department. ORs > 1 indicate higher mortality in CR-hvKP compared to CR-cKP, while ORs < 1 indicate 
higher mortality in CR-cKP.
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Funnel plot inspection revealed a relatively symmetrical 
distribution of effect estimates. Egger’s regression test indicated no 
statistically significant evidence of publication bias (t = 1.79, df = 8, 
p = 0.11) (Supplementary Figure S1).

4 Discussion

In this meta-analysis, we  synthesized data from 10 studies 
comparing mortality outcomes between patients infected with 
CR-hvKP and CR-cKP. The pooled OR was 2.05 (95% CI: 0.89–
4.75), indicating a non-significant trend toward higher mortality 
among patients with CR-hvKP infection compared to 
CR-cKP. While this trend suggests a possible increase in clinical 
severity, the lack of statistical significance warrants cautious 
interpretation. Moderate heterogeneity was observed across studies 
(I2 = 66.8%), prompting further stratified analyses to identify 
potential sources of variation.

Importantly, the most notable and robust finding of this study lies 
in the subgroup analysis demonstrating that phenotypic definitions 
of hypervirulence were associated with a significantly higher pooled 
OR (4.16) compared to genotypic definitions (1.05), with this 
difference reaching statistical significance (p < 0.05). This reduction 
in heterogeneity after stratification suggests that the method of 
hypervirulence detection is an important contributor to variability 
across studies. Notably, the string test, a phenotypic assay, may have 
greater distinguishing power in identifying truly pathogenic strains 
compared to genotypic approaches based solely on the presence of 
virulence genes. This difference likely reflects the fact that phenotypic 
tests capture the actual functional expression of hypermucoviscosity, 
which is a critical determinant of in vivo pathogenicity and clinical 

severity (18, 19). In contrast, detection of virulence genes alone does 
not guarantee their expression or activity, as gene regulation, plasmid 
carriage, and host–pathogen interactions can vary across strains. 
Therefore, phenotypic assays may provide a more direct link to 
clinical outcomes such as mortality, whereas genotypic screening may 
overestimate virulence potential if expression is absent or attenuated 
(20, 21). This underscores both the methodological heterogeneity in 
the field and the need for standardized, reliable definitions of 
hypervirulence in clinical research.

Subgroup analyses based on mortality timepoints provided 
additional insights into the prognostic evaluation of CR-hvKP 
infections. Among the included studies, all but one reported either 
30-day or in-hospital mortality, with only a single study reporting 
14-day mortality. The heterogeneity among studies reporting 30-day 
mortality was lower than that of studies reporting in-hospital 
mortality, suggesting that mortality outcomes measured at consistent 
and standardized timepoints yield more stable and reliable estimates. 
Moreover, although no statistically significant differences were 
observed between mortality timepoints (p > 0.05), the OR for 30-day 
mortality was lower than that for in-hospital mortality (1.42 vs. 
2.46). In Zhang’s study, the median hospital stays among patients 
who died were 61.5 days, possibly reflecting the impact of CR-hvKP, 
which may lead to early clinical deterioration and prolonged 
hospitalization (22). Consequently, in-hospital mortality may 
encompass more late-phase deaths. These findings highlight the 
importance of selecting consistent and clinically meaningful 
mortality endpoints when assessing the outcomes of patients with 
CR-hvKP infections (23, 24).

The infection site also appeared to influence outcomes. Among 
patients with bloodstream infections, CR-hvKP was associated with 
increased mortality, with an OR of 4.05—higher than that observed 

FIGURE 4

Forest plot of sensitivity analysis. Each study was sequentially removed to assess the robustness of the pooled effect size for mortality risk of CR-hvKP 
vs. CR-cKP.
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in other infection types, suggesting that infection site may modulate 
the clinical consequences of hypervirulence in the setting of 
carbapenem resistance. Furthermore, subgroup analysis based on 
clinical department revealed substantial heterogeneity among 
ICU-based studies (I2 = 79.6%), indicating that differences in 
baseline patient severity, comorbidities, or care practices may 
confound the relationship between pathogen type and mortality. 
This highlights the need for future studies to account for patient-
level factors and standardize inclusion criteria when comparing 
outcomes between CR-hvKP and CR-cKP. In addition, evaluation of 
strain virulence based on the median time point of sample collection 
failed to reveal a clear temporal trend, suggesting that temporal 
variation in strain acquisition does not adequately explain differences 
in mortality outcomes (R2 = 0.0%). Another important source of 
potential confounding arises from differences in antimicrobial 
therapy and source control. Clinical outcomes of patients with 
CR-hvKP and CR-cKP are likely to be  strongly influenced by 
therapeutic strategies. For example, the availability of newer agents 
such as ceftazidime–avibactam may directly impact survival (25). 
However, none of the included studies provided a detailed 
comparison of therapeutic regimens between the two groups. 
Regarding underlying diseases, previous studies have demonstrated 
that diabetes mellitus and renal disease are risk factors for hvKP 
infection (26). In the included studies that reported relevant data, 
the distribution of diabetes and renal disease did not differ 
significantly between CR-hvKP and CR-cKP groups. In the study by 
Lei et al. (27), the proportion of patients older than 60 years was 
significantly higher in the hypervirulent group than in the classical 
group (p = 0.011). Wei et al. (28) reported a significant difference in 
the prevalence of cardiovascular disease between the two groups 
(p < 0.001). Nevertheless, given the limited number of available 
studies, no definitive conclusions can be drawn.

K. pneumoniae is often asymptomatically colonized in the gut, 
but hvKP can disseminate via the portal vein to the liver, leading to 
liver abscess formation (29). Liver abscess is considered an important 
clinical outcome of hvKP infection (4); however, only one included 
study explicitly reported this complication, showing no significant 
difference between the two groups (7.84% vs. 3.45%, p = 0.764). 
Likewise, effective source control interventions, such as abscess 
drainage or removal of infected devices, are critical determinants of 
prognosis. Lei et al. (27), Ouyang et al. (30), Wei et al. (28), and Yang 
et al. (31) described management of invasive procedures in both 
groups. Except for Wei et al. (28), which reported that gastric tube 
placement was significantly more frequent in patients with 
hypervirulent strains (p = 0.045), the other three studies found no 
significant differences in invasive medical procedures. However, 
most of the included studies did not provide detailed information 
on these factors, precluding formal adjustment. The absence of such 
data may bias comparisons of mortality between CR-hvKP 
and CR-cKP.

Sensitivity analyses confirmed the robustness of the primary 
findings. Across all iterations, the direction of the effect remained 
consistent, and no single study disproportionately influenced the 
overall estimates. Nevertheless, several limitations warrant 
consideration. Most notably, nearly all included studies originated 
from China, which may limit the generalizability of our findings to 
other geographic regions. In China, CR-hvKP is predominantly 
associated with the ST11 clone, particularly ST11-K64 and ST11-K47 

lineages, which frequently harbor conjugative plasmids carrying both 
carbapenemase genes and virulence determinants (32–35). This 
convergence of resistance and virulence within a single epidemic 
lineage may partly explain the consistently elevated mortality 
observed in Chinese cohorts. By contrast, molecular epidemiology 
varies across regions: ST147 and ST395 have been reported as 
prominent clones in the United Kingdom and Russia, respectively, 
while in Southeast Asia, Europe, and the Americas, hvKP is more 
often linked to sequence types such as ST23, ST65, or ST86 (11, 36–
38). These geographic differences in dominant lineages and their 
resistance-virulence balance may influence clinical outcomes. As 
such, our pooled estimates largely reflect the Chinese molecular-
epidemiological context, and readers should exercise caution when 
extrapolating these results to non-Asian populations or settings with 
distinct lineage distributions. Future multicenter studies from diverse 
regions are needed to validate whether the observed associations hold 
across different molecular backgrounds. Additionally, the relatively 
small number of eligible studies and the wide confidence intervals 
reduce the statistical power and precision of the pooled estimates. 
Another important limitation lies in the restricted availability of 
individual-level data. Due to limited reporting in the original studies, 
we were unable to systematically assess baseline patient characteristics 
such as age, comorbidities, immunosuppression status, and disease 
severity factors. Therefore, unmeasured confounding related to 
baseline clinical conditions or therapeutic management cannot 
be  excluded, and this residual bias may partially account for 
variability in observed mortality risk.

Moreover, information regarding treatment regimens, including 
antimicrobial choices, source control strategies, and timing of 
intervention, was either inconsistently reported or absent, hindering 
our ability to evaluate the role of management differences in patient 
prognosis. Given the emergence of novel agents such as ceftazidime–
avibactam and meropenem-vaborbactam, differences in therapeutic 
availability or clinical practice may substantially influence patient 
outcomes. Finally, this meta-analysis focused solely on mortality, and 
other clinically relevant outcomes such as ICU admission rate, 
incidence of organ failure (e.g., renal dysfunction), length of hospital 
stay, and recurrence of infection were not assessed due to insufficient 
data. These outcomes are crucial for assessing the comprehensive 
clinical burden of CR-hvKP infections and should be incorporated 
into future research.

5 Conclusion

In summary, our results indicate a non-significant trend 
toward higher mortality associated with CR-hvKP infections. 
Nevertheless, the definition of hypervirulence emerged as the key 
determinant of effect size, with phenotypic criteria showing a 
significantly higher mortality association than genotypic 
definitions. However, considerable variability across studies—in 
terms of definition criteria, infection types, and patient 
departments—highlights the need for standardized definitions of 
hypervirulence and prospective, multicenter studies to better 
understand the clinical implications of CR-hvKP (Figure 5). The 
stronger effect associated with phenotypically defined hvKP may 
reflect true biological differences or misclassification bias arising 
from genotypic-only definitions.
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FIGURE 5

Schematic illustration of the meta-analysis comparing mortality risk between CR-hvKP and CR-cKP. The OR for mortality is illustrated as 2.05 for CR-
hvKP compared to CR-cKP. Subgroup analyses were conducted based on the definition of hypervirulence (string test vs. virulence gene), mortality 
timepoints (in-hospital vs. 30-day), infection type bloodstream vs. other, and hospital department (ICU vs. other). Icons represent key elements of the 
analysis, including patient source, bacterial strains, and influencing clinical factors.
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