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Background: The C-reactive protein-to-albumin ratio (CAR), integrating inflammation (CRP) and physiological reserve (albumin),
shows promise as a prognostic biomarker in critical illness, but its specific role in Klebsiella pneumoniae bloodstream infection (KP-
BSI) mortality has not been confirmed.

Methods: Between 2019 and 2024, 264 adult patients with KP-BSI at a tertiary medical center were included in this retrospective
cohort study. The primary endpoint was in-hospital mortality, Patients were categorized into three groups according to tertiles of the
CAR: T1 <391, T2 3.91-6.91, and T3 > 6.91. To assess the relationship between serum CAR levels and mortality risk, we applied
multivariable Cox proportional hazards models and constructed Kaplan—-Meier survival curves, with subgroup analyses incorporating
interaction testing across sex, age, diabetes, septic shock, and CRKP status, as well as sensitivity analyses excluding patients with
chronic liver disease, those with missing covariates, and including those with a length of hospital stay exceeding 180 days. The
discriminatory performance of CAR was further assessed using receiver operating characteristic (ROC) curve analysis.

Results: Among the 264 patients included in the final analysis, 121 (45.8%) died during hospitalization. Non-survivors showed
significantly higher CAR (7.1 £ 3.4) than survivors (4.8 £ 3.0) (p<0.001). After adjusting for potential confounders, each unit increase
in CAR was independently associated with a higher risk of in-hospital mortality (hazard ratio (HR)=1.12, 95% confidence interval
(CD: 1.07-1.19, p<0.001). When treated as a categorical variable, compared to the reference group (T1 group), patients in the highest
tertile (T3) had a substantially elevated mortality risk (HR=3.12, 95% CI: 1.83-5.34, P<0.001). Subgroup analyses and sensitivity
analyses consistently supported the robustness of the results. The ROC analysis demonstrated that CAR had moderate discriminatory
ability.

Conclusion: CAR is independently associated with in-hospital mortality in patients with KP-BSI. This readily available biomarker
offers meaningful early risk stratification and may help identify patients at elevated risk who could benefit from closer monitoring and
targeted clinical intervention.
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Introduction

Klebsiella pneumoniae (KP) remains a leading cause of lethal bloodstream infections worldwide.! While its virulence is
multifactorial, the polysaccharide capsule is paramount for initial immune evasion by inhibiting phagocytosis. Other key
determinants, including LPS, siderophores, and adhesins, further drive the severe inflammatory response and tissue
damage characteristic of invasive disease.” Critically, the convergence of hypervirulence and multidrug resistance in
emerging KP lineages has created a double threat, driving more severe presentations and elevated mortality.* KP
bloodstream infection (KP-BSI) frequently triggers a rapid progression to sepsis and septic shock, a direct driver of
multiorgan dysfunction. Consequently, mortality is substantial, typically quoted between 20% and 50%.>>~7 Outcomes
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are shaped by a confluence of factors. Host vulnerabilities (immunosuppression, advanced age, comorbidities) interact
with treatment-related delays and high-risk bacterial phenotypes (eg., resistant strains) to synergistically increase
mortality.* '* Collectively, this clinical complexity drives the demand for better prognostic markers to support early
risk stratification, guide clinical decision-making, and improve resource allocation.

Serum C-reactive protein (CRP) is an acute-phase reactant produced by the liver in response to proinflammatory
cytokines, and elevated levels have been consistently associated with the severity of bloodstream infections.'
Incorporating CRP into the diagnostic assessment of suspected bacteremia has also been shown to improve clinical
discrimination and risk stratification'* Serum albumin, a negative acute-phase marker reflecting nutritional and physio-
logical reserve, likewise functions as an important prognostic indicator in these patients. The CRP-to-albumin ratio
(CAR) combines these complementary dimensions, thereby offering an integrated measure of inflammatory burden and
host reserve that is relevant to sepsis and severe bacterial infections.'> CAR has gained increasing attention as
a composite biomarker with superior predictive performance compared with CRP or albumin alone, demonstrating
prognostic value in oncology and critical care populations.'®!” Preliminary studies suggest it may also predict adverse
outcomes in community-acquired pneumonia, sepsis, and mixed bacteremia.'® However, evidence evaluating the prog-
nostic significance of CAR specifically in Klebsiella pneumoniae bloodstream infections remains limited.

Previous studies in KP-BSI have explored individual prognostic biomarkers, including red cell distribution width
(RDW), which was reported by our group to be associated with adverse outcomes.'® These findings underscore the
relevance of host-related biomarkers in KP-BSI, yet they primarily reflect isolated pathophysiological dimensions. In
contrast, the C-reactive protein-to-albumin ratio (CAR) integrates systemic inflammation and nutritional reserve,
potentially offering a more comprehensive assessment of disease severity in this population.

Other inflammatory markers such as procalcitonin, presepsin, and interleukin-6 have also been investigated in
bloodstream infections;***! however, their clinical utility may be constrained by cost and availability. Although these
biomarkers highlight the importance of host response, most reflect single pathophysiological processes. In contrast, the
C-reactive protein-to-albumin ratio (CAR) integrates systemic inflammation and nutritional status, potentially providing
a more comprehensive and clinically accessible indicator of disease severity.

Despite increasing interest in composite inflammatory biomarkers, the prognostic value of CAR in KP-BSI remains
insufficiently characterized. Given the wide variability in Klebsiella virulence, its frequent association with multidrug-
resistant phenotypes, and its tendency to cause severe infections in vulnerable hosts, a pathogen-targeted evaluation is
warranted. Therefore, we examined the relationship between CAR and in-hospital mortality among patients with KP-BSI,
hypothesizing that higher CAR levels would independently predict in-hospital death beyond conventional clinical
severity scores and comorbidity indices.

Materials and Methods

Data Source

A retrospective cohort of patients with KP-BSI was assembled at Beijing Luhe Hospital, Capital Medical University,
a tertiary referral center located in Beijing, China. Beijing Luhe Hospital is a tertiary care center with 1,300 inpatient
beds, located in eastern Beijing, China. According to the Centers for Disease Control and Prevention (CDC),
a bloodstream infection (BSI) is defined by the isolation of pathogenic organisms from a blood culture.?” In the present
study, only the first KP isolate detected in the bloodstream of each patient was included for analysis. All individuals
meeting the diagnostic standards for KP-BSI at the hospital were systematically included over the six-year period from
January 2019 to December 2024. The protocol for this study was approved by the Ethics Committee of Beijing Luhe
Hospital, Capital Medical University (NO. 2025-LHKY-017-01). Given the retrospective and anonymous nature of the
study, the ethics committee waived the requirement for informed consent. All procedures were carried out in accordance
with institutional and local regulatory requirements, as well as the ethical principles of the Declaration of Helsinki. The
reporting process complied with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
standards.”!
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Study Population

Clinical information for each patient was obtained from the electronic medical record system, and a de-identified
database was subsequently created for analysis. Participants were eligible if they met the following condition: (1) KP
was detected in blood culture, with the corresponding samples obtained and stored in our laboratory; 2) age >18 years; 3)
length of stay was <180 days; and 4) availability of complete CRP and albumin data. For patients with multiple positive
cultures, only the first isolate was included in the analysis. Exclusion criteria included patients under 18 years of age,
those with missing data, or individuals with unspecified infections. Figure 1 presents the study flowchart.

Microbiological Tests

Blood cultures were processed using the Bact/ALERT 3D automated blood culture system (bioMérieux, Marcy-1’Etoile,
France). Aerobic and anaerobic adult bottles (Bact/ ALERT FA/FN) were used according to clinical indication and the
manufacturer’s instructions. Bottles were incubated continuously at 35 = 1 °C and monitored for up to 5 days; bottles flagged
as positive by the instrument were subcultured immediately onto solid media and further processed for species identification
and antimicrobial susceptibility testing. All patient-derived isolates were characterized at the species level and tested for
antibiotic susceptibility using the VITEK 2 Compact platform (bioMérieux, France). Antimicrobial resistance was assessed
in accordance with the Clinical and Laboratory Standards Institute (CLSI-M100) guidelines 2017-2019 to ensure
consistency.?? Klebsiella pneumoniae ATCC 700603 was used as the quality control strain. The interpretation of results
was conducted following the standards of the National Committee for Clinical Laboratory Standards (NCCLS).

Variable Extraction and Outcome
The C-reactive protein-to-albumin ratio (CAR, mg/g) was calculated by dividing serum CRP levels (mg/L) by albumin
concentrations (g/L), consistent with previous studies. Both CRP and albumin measurements were obtained within

From January 1,2019 to December
30,2024 hospitalized KP-BSI
N=344

Excluded
Patients with multiple KP results N=73

Age < 18 years N=3

Patients with BSI-KP
N=268

Excluded
> Missing data for albumin N=1
Length of stay >180 days N=3

Included patients N=264

Figure | The flowchart of study.
Abbreviations: KP, Klebsiella pneumoniae; KP-BSI, Klebsiella pneumoniae bloodstream infection.
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24 hours of obtaining the blood culture. CAR was analyzed as a categorical variable, with patients stratified into three
tertiles: T1 < 3.91, T2 3.91-6.91, and T3 > 6.91. The primary endpoint of the study was in-hospital mortality.

Covariates

Demographic variables, including age and sex, and comorbidities such as diabetes, septic shock, and malignancy, were
extracted from clinical records. Hematological and biochemical indices collected within 24 hours of obtaining the blood
culture—such as creatinine, lactate, white blood cell (WBC) count, and platelet count—were also recorded. Treatment-
related variables included use of continuous renal replacement therapy (CRRT) and mechanical ventilation.
Microbiological factors encompassed carbapenem-resistant Klebsiella pneumoniae (CRKP). The Sequential Organ
Failure Assessment (SOFA) score was employed to evaluate disease severity. The analysis also accounted for ICU
admission, hospital-acquired infection, and the specific site of infection as covariates. Chronic liver disease in this study
was defined as chronic viral hepatitis and liver cirrhosis due to various etiologies.

Statistical Analysis

Descriptive statistics were calculated for the entire cohort. Categorical variables were summarized as frequencies and
percentages, while continuous variables were expressed as means + standard deviations (SD) for normally distributed
data or as medians with interquartile ranges (IQR) for non-normally distributed data. Comparisons between groups were
performed using the chi-square test for categorical variables, one-way ANOVA for normally distributed continuous
variables, and the Kruskal-Wallis t Categorical variables were compared among the three groups using the chi-square
test, while continuous variables were analyzed using one-way ANOVA if normally distributed and the Kruskal-Wallis
test if not. Missing values for covariates with less than 30% incompleteness were imputed using the KNN algorithm to
maintain data integrity. In our cohort, lactate levels were missing in 65 patients (~25%), while SOFA scores were missing
in 32 patients (~12%).

Multivariable Cox proportional hazards regression models were employed to assess the independent association
between CAR levels and in-hospital mortality. The proportional hazards assumption was tested using the Schoenfeld
residuals method, and the assumption was satisfied. Covariates for adjustment were selected based on evidence from
the literature. The crude model (Model 1) included no covariates, whereas Model 2 incorporated age and sex. In
addition to the variables included in Model 2, Model 3 further accounted for septic shock, diabetes, malignancy,
mechanical ventilation, CRRT, lactate, and SOFA score. For trend testing, the median values corresponding to each
CAR tertile were incorporated into the regression models as a continuous variable. Kaplan—Meier survival curves
were generated and compared using the Log rank test. Subgroup analyses were conducted to examine the robustness
of the associations across different patient subpopulations, and sensitivity analyses was performed by excluding
patients with chronic liver disease, those with a length of hospital stay exceeding 180 days, and those with missing
covariates. The predictive performance of CAR was further evaluated using receiver operating characteristic (ROC)
curve analysis.

All statistical analyses were conducted using R software (version 4.2.2; http://www.R-project.org, The R Foundation)

and Free Statistics software (version 1.9.2)**. Two-tailed tests were applied, and a p-value < 0.05 was considered

statistically significant.

Results

Baseline Characteristics of Participants

The study cohort of KP-BSI patients was stratified by CAR tertiles, and patient characteristics were compared across
these groups (Table 1). The study included 264 patients, with an average age of 66.1 years, of whom 67.8% were male.
Overall, 121 patients died during hospitalization, yielding an in-hospital mortality rate of 45.8%. Among the study
population, CRKP accounted for 32.2% (n = 85). Non-survivors exhibited significantly higher CAR levels (7.1 + 3.4)
compared with survivors (4.8 + 3.0; p < 0.001).
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Table | Baseline Characteristic of Patients with KP-BSI

Characteristics Total CAR (mg/g) P value
(n =264) TI(n=88) | T2(n=88) | T3 (n=88)
Age, years 66.1 + 13.6 63.2 + 149 66.7 + 133 68.6 = 11.9 0.029
Sex, male, n (%) 179 (67.8) 65 (73.9) 58 (65.9) 56 (63.6) 0.313
CRKP, n (%) 85 (32.2) 29 (33) 27 (30.7) 29 (33) 0.933
Diabetes, n (%) 117 (44.3) 28 (31.8) 39 (44.3) 50 (56.8) 0.004
Chronic liver disease, n (%) 26 (9.8) Il (12.5) 10 (11.4) 5(5.7) 0.266
Chronic kidney disease, n (%) 38 (14.4) 13 (14.8) 13 (14.8) 12 (13.6) 0.97
Hematological disease, n (%) 30 (11.4) 8 (9.1) 15 (17) 7 (8) 0.117
Malignant tumor, n (%) 48 (18.2) 13 (14.8) 19 (21.6) 16 (18.2) 0.503
CVC, n (%) 117 (44.3) 49 (55.7) 38 (43.2) 30 (34.1) 0.015
Pneumonia, n (%) 139 (52.7) 54 (61.4) 42 (47.7) 43 (48.9) 0.133
Urinary tract infection, n (%) 58 (22.0) 20 (22.7) 21 (23.9) 17 (19.3) 0.75
Intra-abdominal infection, n (%) | 27 (10.2) 8 (9.1) 9(10.2) 10 (11.4) 0.884
Liver abscess, n (%) 38 (14.4) 7 (8) 10 (11.4) 21 (23.9) 0.007
Soft tissue infection, n (%) 23 (8.7) 4 (4.5) 7 (8) 12 (13.6) 0.097
ICU admission, n (%) 158 (59.8) 48 (54.5) 48 (54.5) 62 (70.5) 0.046
Ventilator use, n (%) 136 (51.5) 44 (50) 38 (43.2) 54 (61.4) 0.051
CRRT, n (%) 46 (17.4) 14 (15.9) 15 (17) 17 (19.3) 0.832
Nosocomial infection, n (%) 110 (41.7) 48 (54.5) 33 (37.5) 29 (33) 0.009
Septic shock, n(%) 133 (50.4) 24 (27.3) 46 (52.3) 63 (71.6) < 0.001
WBC, 10°/L 12.1 £ 9.4 103 +79 11.7 £ 89 143 £ 11.0 0.017
Hematocrit 03 +£0.1 03 £0.1 0.3 £0.1 03 £0.1 0.837
Platelet, 10%/L 138.1 +99.8 152.5 + 94.4 140.1 £ 102.5 | 121.5 £ 101.2 | O.l16
CRP, mg/L 162.8 + 82.2 | 80.0 + 40.0 1594 + 354 | 249.1 £ 554 | <0.00!
Procalcitonin, ng/mL 19.6 £ 29.5 72125 13.7 £ 15.0 380414 < 0.001
Albumin, g/L 299 + 122 338+ 194 30.0 + 47 257 £ 4.2 < 0.001
Creatinine, pmol/L 1524 + 1343 | 123.7 £ 123.8 | 146.0 £ 135.5 | 187.4 £ 136.7 | 0.006
BUN, mmol/L 153 £ 12,6 115+ 10.6 139+ 11.2 20.5 £ 14.2 < 0.001
Lactate, mmol/L 49 £ 4.1 39 +4.1 5.1 +44 54+37 0.128
SOFA score 73+44 5.6 +43 72+ 47 89 £ 35 < 0.001
Empirical treatment
Quinolones, n (%) 32 (12.1) 12 (13.6) 8 (9.1) 12 (13.6) 0.566
(Continued)
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Table | (Continued).

Characteristics Total CAR (mglg) P value

(n = 264)

TI(n=88) | T2(n=88) | T3 (n=88)

Carbapenems, n (%) 97 (36.7) 22 (25) 36 (40.9) 39 (44.3) 0.018
B-lactams, n (%) 169 (64.0) 65 (73.9) 55 (62.5) 49 (55.7) 0.04
Other drugs, n (%) 57 (21.6) 17 (19.3) 24 (27.3) 16 (18.2) 0.279
Outcome
Mortality, n (%) 121 (45.8) 23 (26.1) 37 42) 61 (69.3) < 0.001

Abbreviations: CAR, C-reactive protein to albumin ratio; KP-BSI, Klebsiella pneumoniae bloodstream infections; CRKP,
Carbapenem-resistant Klebsiella pneumoniae; CVC, central venous catheter placement; CRRT, continuous renal replacement therapy;

ICU, intensive care unit; BUN, blood urea nitrogen; CRP, C-reactive protein; WBC, white blood cell; SOFA, sequential organ failure
assessment.

Kaplan-Meier Survival Analysis

In Kaplan—Meier survival analysis, patients in the T2 and T3 tertiles exhibited significantly lower survival rates
compared with those in the T1 tertile (p < 0.0001) (Figure 2).

CAR == T1 === T2 == T3

100+

751

50+

Survival probability (%)

0{ p<0.0001 |

0 30 60 90 120 150
Time (days)
Number at risk
T1 88 36 18 9 6 1
T2 88 23 10 5 1
T3 88 25 8 3 3 1

Figure 2 Kaplan-Meier survival curves were plotted for patients stratified by CAR tertiles.
Abbreviation: CAR, C-Reactive Protein-to-Albumin Ratio.
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Table 2 Association Between CAR and Mortality in Patients with KP-BSI

Variable n.event_% Model | Model 2 Model 3

HR (95% CI) P value | HR (95% CI) P value | HR (95% CI) P value
CAR (mg/g) 121 (45.8) 1.12 (1.07~1.18) <0.001 1.12 (1.07~1.18) | <0.001 1.12 (1.07~1.19) | <0.001
continuous
CAR tertile
TI 23 (26.1) I (Ref) I (Ref) I (Ref)
T2 37 (42) 2.13 (1.25~3.62) 0.005 2.13 (1.25~3.63) | 0.006 1.37 (0.79~2.4) 0.262
T3 61 (69.3) 3.73 (2.29~6.09) <0.001 3.59 (2.19~5.89) | <0.001 3.12 (1.83~5.34) | <0.001
P for trend <0.001 <0.001 <0.001

Note: Model I: Unadjusted. Model 2: Adjusted for sex, age. Model 3: Adjusted for sex, age, CRKP, septic shock, diabetes, tumor, ventilator use, CRRT, SOFA
score, lactate.

Abbreviations: CAR, C-reactive protein to albumin ratio; KP-BSI, Klebsiella pneumoniae bloodstream infections; CRKP, Continuous Renal Replacement
Therapy; CRRT, continuous renal replacement therapy; SOFA, sequential organ failure assessment.

Relationship Between CAR and In-Hospital Mortality

The association between CAR and in-hospital mortality in KP-BSI patients was examined using multivariable Cox
regression, with results summarized in Table 2. In the unadjusted Model 1, each one-unit increase in CAR was associated
with a 12% higher risk of mortality (hazard ratio [HR] = 1.12; 95% confidence interval [CI]: 1.07-1.18; p < 0.001). This
association remained significant after adjustment for age and sex in Model 2. Even after further adjustment for additional
potential confounders in Model 3, the association persisted (HR = 1.12; 95% CI: 1.07-1.19; p < 0.001).

When CAR was analyzed as a categorical variable, patients in the T2 and T3 tertiles exhibited significantly higher
mortality compared with the reference T1 tertile, with HRs of 2.13 (95% CI: 1.25-3.62) and 3.73 (95% CI: 2.29-6.09),
respectively. After full adjustment in Model 3, the HR for T2 was 1.37 (95% CI: 0.79-2.40; p = 0.262), while the HR for
T3 remained significantly elevated at 3.12 (95% CI: 1.83-5.34; p < 0.001). All models demonstrated statistically
significant trends across CAR tertiles, with p-values < 0.05.

Subgroup Analysis

To examine the robustness of the association between CAR and mortality, stratified and interaction analyses were
performed. Stratified analyses revealed that the association was generally consistent across subgroups based on sex, age,
diabetes, septic shock, and CRKP status. No significant interactions were identified for sex, age, or CRKP, while diabetes
and septic shock demonstrated significant interaction effects (p for interaction < 0.05) (Figure 3).

Sensitivity Analysis

Sensitivity analyses excluding patients with chronic liver disease, those with missing covariates, and including those with
a length of hospital stay exceeding 180 days. To address the potential confounding effect of chronic liver disease,
a sensitivity analysis was performed excluding patients with this condition. Multivariable analysis demonstrated that
CAR remained positively associated with in-hospital mortality among patients with KP-BSI. After adjustment for
potential confounders, each one-unit increase in CAR was associated with an 11% higher risk of mortality (HR =
1.11; 95% CI: 1.04-1.17; p = 0.001). Furthermore, patients in the T3 tertile exhibited a significantly higher risk of death
compared with those in the T1 tertile (HR = 2.89; 95% CI: 1.62-5.16; p < 0.001) (Table 3). Sensitivity analyses including
patients with LOS >180 days and excluding missing data for covariates yielded consistent results (Table 3).

Receiver Operating Characteristic Analysis

The results of the ROC analysis indicate that the model has a moderate level of discrimination ability. The Area Under
the Curve (AUC) value is 0.702, with a 95% CI ranging from 0.639 to 0.765 (a sensitivity of 50.4% and a specificity of
82.5%) (Figure 4).
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Subgroup Total Event (%) HR (95%Cl) P for interaction
Overall
Crude 264 121 (45.8) 1.12(1.07~1.18) -
Adjusted 264 121 (45.8) 1.12(1.07~1.19) -
Sex 0.391
Female 85 39 (45.9) 1.22 (1.1~1.36) —_——
Male 179  82(45.8) 1.1(1.02~1.18) ——
Age, years 0.062
<65 103 37(35.9) 1.2 (1.06~1.37) S S
265 161  84(52.2) 1.11 (1.04~1.18) ——
Diabetes 0.019
No 147 70 (47.6) 1.23 (1.12~1.35) _
Yes 117  51(43.6) 1.05 (0.98~1.14) —_—
Septic shock 0.021
No 131 25(19.1) 1.27 (1.06~1.52) ®
Yes 133 96(72.2) 1.08 (1.01~1.15) ——
CRKP 0.129
No 179  63(35.2) 1.08 (0.99~1.17) . —
Yes 85 58 (68.2) 1.23 (1.12~1.36) S —
| | 1
0.71 1.0 1.41

Effect(95%Cl)

Figure 3 Subgroup Analysis of the Association Between CAR and Mortality in Patients with KP-BSI.

Discussion

In this pathogen-specific cohort, CAR was independently associated with in-hospital mortality among patients with KP-
BSI after adjustment for potential confounders. To the best of our knowledge, this study is the first to specifically
investigate the relationship between CAR and in-hospital mortality in individuals with KP-BSI.

Recently, CAR has been identified as a new prognostic indicator in multiple clinical contexts, including sepsis, '’
coronavirus disease 2019 (COVID-19),24’25 acute pancrea‘[itis,26 stroke,?’ and hospitalized older adults.?® Kim et al®®
reported that preoperative CAR (>0.34) was independently associated with increased one-year and overall mortality after
liver transplantation. Zhang and colleagues®® demonstrated that elevated CAR was significantly associated with higher
risks of mortality and major adverse cardiovascular events (MACE) in patients with valvular heart disease, with an
adjusted HR of 1.89 (95% CI: 1.56-2.28; P < 0.001) for mortality and 1.40 (95% CI: 1.30-1.82; P < 0.001) for MACE.
This broad applicability underscores CAR’s role as a sensitive marker reflecting the balance between systemic inflam-

mation (CRP) and metabolic/nutritional status (albumin).
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Table 3 Sensitivity Analysis

Variable Crude model Adjusted model

HR (95% CI) | P value | HR (95% CI) | P value

Excluding Patients with Chronic Liver Disease (N=238)

CAR continuous | 1.13 (1.07~1.18) | <0.001 1.1l (1.04~1.17) | 0.001
CAR tertile

Tl I (Ref) I (Ref)

T2 2.38 (1.33~4.27) | 0.003 1.3 (0.7~2.4) 0411
T3 4.18 (2.45~7.12) | <0.001 2.89 (1.62~5.16) | <0.001
P for trend 1.99 (1.55~2.54) | <0.001 1.8 (1.35~2.39) <0.001

Including patients LOS>180 days (N=267)

CAR continuous | 1.13 (1.08~1.18) | <0.001 1.12 (1.07~1.19) | <0.001
CAR tertile

Tl I (Ref) I (Ref)

T2 2.03 (1.2~3.42) 0.008 1.55 (0.88~2.74) | 0.131
T3 3.86 (2.38~6.26) | <0.001 3.4 (1.97~5.86) <0.001
P for trend <0.001 <0.001

Excluding missing data for covariates (N=199)

CAR continuous | 1.09 (1.03~1.14) | 0.001 1.1l (1.04~1.17) | 0.001

CAR tertile

TI I (Ref) I (Ref)

T2 1.69 (0.97~2.96) | 0.065 1.16 (0.65~2.09) | 0.616

T3 2.8 (1.66~4.72) <0.001 2.78 (1.55~4.98) | 0.001

P for trend <0.001 <0.001

Note: Adjusted for sex, age, CRKP, septic shock, diabetes, tumor, ventilator use, CRRT, SOFA
score, lactate.

Abbreviations: CAR, C-reactive protein to albumin ratio; KP-BSI, Klebsiella pneumoniae
bloodstream infections; CRKP, Continuous Renal Replacement Therapy, CRRT, continuous
renal replacement therapy; SOFA, sequential organ failure assessment.

However, within the realm of bloodstream infection, the prognostic performance of CAR may vary depending on the
severity of host response. Dimitrijevi¢ et al’' suggested that CAR is a valuable predictor of bacteremia, septicemia, and
mortality in patients with febrile neutropenia, while Giines et al*? reported that CAR is independently associated with
Gram-negative sepsis in neonates. These findings highlight the potential of CAR as a reliable predictor of clinical outcomes
across diverse patient populations. Our study extends these observations to a well-defined cohort of patients with KP-BSI,
a population at high risk of progressing to sepsis. Our results align with and substantially expand the evidence supporting
CAR as a robust prognostic marker in critical illness. They indicate that CAR may excel at identifying the dysregulated host
response that marks the transition from infection to severe sepsis. By demonstrating this independent association after
controlling for traditional risk factors, we highlight CAR’s clinical utility as a bedside tool for early risk stratification in this
lethal infection. The mechanistic basis for CAR’s prognostic value likely lies in its dual reflection of the intensity of the
inflammatory cascade and the host’s physiological reserve. CRP, an acute-phase synthesized by hepatocytes primarily in
response to IL-6, serves as a quantitative marker of systemic inflammation severity.>* In KP-BSI, elevated CRP levels
reflect the bacterial load (eg., lipopolysaccharide) and consequent cytokine release (eg., IL-1p, IL-6, TNF-a), which drive
tissue injury, organ dysfunction, and potentially immune dysregulation.*® In contrast, hypoalbuminemia indicates malnutri-
tion, chronic inflammation, impaired hepatic synthetic dysfunction, and importantly, increased vascular permeability,
leading to albumin extravasation.’>~® This “capillary leak” is a hallmark of severe sepsis/septic shock, contributing to
hypovolemia, tissue edema, and impaired oxygen delivery. Moreover, albumin possesses antioxidant and anti-inflammatory
properties, its depletion diminishes these protective effects.’” Thus, CAR integrates a synergistic pathophysiological insult:
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Figure 4 Receiver Operating Characteristic (ROC) Curves of the C-Reactive Protein-to-Albumin Ratio for Predicting In-Hospital Mortality.

heightened inflammation (high CRP) compounded by reduced physiological reserve and compromised endogenous defense
mechanisms (low albumin). Its strong association between CAR and mortality can be attributed to CAR’s role as
a composite indicator, simultaneously reflecting systemic inflammatory response and nutritional condition. The hyperin-
flammatory state induced by K. pneumoniae, potentially exacerbated by specific virulence factors like hypermucoviscosity,
coupled with the rapid depletion of albumin reserves, creates a vicious cycle that CAR effectively captures, explaining its
strong association with mortality.

Several limitations should be acknowledged when interpreting our findings. First, the single-center retrospective
design inherently limits generalizability and may introduce selection bias and unmeasured confounding, despite rigorous
multivariable adjustment. Second, although admission CAR was utilized, serial CAR measurements could provide more
dynamic insights into disease progression and treatment response, which were not captured in this study. Third, albumin
levels can be transiently affected by fluid resuscitation, which was not consistently quantified in our dataset. Finally, the
observational design precludes establishing causal relationships.

Despite these limitations, our study robustly demonstrates that an elevated CAR at admission is a strong, independent
predictor of in-hospital mortality among patients with KP-BSI. By integrating both systemic inflammatory burden (CRP)
and physiological reserve/endogenous defense capacity (albumin), CAR provides a simple, cost-effective, and clinically
accessible tool for early identification of high-risk patients. Future prospective, multi-center studies incorporating serial
CAR measurements, detailed pathogen characterization, and exploration of CAR-guided management strategies are

warranted to validate and extend these findings, ultimately improving outcomes in this challenging infection.
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Conclusion

In summary, CAR was independently associated with increased in-hospital mortality in patients with KP-BSI, supporting
its role as a readily available biomarker for early risk stratification. Given that CAR reflects both systemic inflammation
and nutritional status, it may have broader relevance across infectious diseases; however, caution is warranted when
extrapolating these findings beyond KP-BSI. Prospective studies are needed to validate its clinical utility and to clarify its
potential role in guiding risk-based management strategies.
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