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The difference between hematocrit and serum albumin (HCT-ALB) demonstrates diagnostic 
significance in infectious diseases, yet the nonlinear relationship between HCT-ALB and hospital 
mortality in ICU patients with sepsis remains unexplored. This retrospective multicenter cohort study 
analyzed 7,546 ICU sepsis patients (mean age 66 ± 16 years) to elucidate the HCT-ALB-mortality 
relationship. Using Cox proportional hazards models with smooth curve fitting, we identified a 
U-shaped association: Threshold analysis revealed an inflection point at 6.1. Below this threshold, each 
unit HCT-ALB increase corresponded to reduced mortality risk (adjusted HR 0.986, 95%CI 0.972–0.999; 
P = 0.036). Conversely, values ≥ 6.1 predicted escalating risk (adjusted HR 1.048 per unit increase, 
95%CI 1.037–1.060; P < 0.0001). Significant age interaction was observed (P for interaction < 0.05), with 
heightened mortality risk in elderly patients (≥ 65 years: HR 1.022, 95%CI 1.014–1.031). These findings 
establish HCT-ALB as a non-linear predictor of sepsis outcomes, emphasizing its critical threshold 
dynamics and age-dependent prognostic implications.
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Sepsis is defined as a life-threatening condition characterized by systemic physiological and biochemical 
derangements, culminating in acute organ dysfunction and representing a leading cause of in-hospital 
mortality1–4. As one of the most prevalent diagnoses in intensive care units (ICUs), sepsis continues to account 
for substantial global ICU mortality despite decades of research elucidating its pathophysiology and therapeutic 
strategies5,6. While numerous severity scoring systems exist for critically ill patients (e.g., SOFA, APACHE II), 
their clinical utility is often limited by complex multi-parameter requirements7–10. This underscores the urgent 
need to identify pragmatic prognostic biomarkers that balance predictive accuracy with clinical feasibility for 
sepsis management.

In clinical practice, alterations in hematocrit (HCT) and serum albumin (ALB) levels are well-documented 
biomarkers in patients with systemic inflammatory conditions. Under physiological conditions, healthy 
individuals maintain stable HCT and ALB levels within reference ranges of 40–45% and 35–45 g/L, respectively11. 
As a whole-blood parameter, HCT quantifies the volumetric proportion of erythrocytes to plasma. It serves as 
both a prognostic marker in critical illness and a guide for fluid resuscitation strategies12. Accumulating evidence 
indicates that HCT independently predicts mortality risk in sepsis and septic shock populations13,14. A landmark 
retrospective cohort analysis demonstrated that patients with subnormal HCT levels (defined as < 42% for males 
and < 37% for females) exhibited a 58.9% increase in 30-day mortality compared to those with normal ranges 
(HR = 1.589, 95% CI: 1.009–2.979, P < 0.05)12. ALB, the predominant plasma protein, exerts critical physiological 
functions through maintaining colloid osmotic pressure and regulating endothelial permeability15. Substantial 
clinical data validate ALB as a robust predictor of mortality across critically ill cohorts16,17. Longitudinal studies 
reveal that dynamic ALB trajectories—including admission levels, nadir concentrations, and declining trends—
constitute independent mortality predictors. Notably, a pronounced negative ALB trend correlates with a 70.6% 
reduction in survival probability (P < 0.001)16. Despite the high prevalence of hypoalbuminemia in ICU settings 
(reported in > 60% of sepsis cases) and its strong association with adverse outcomes18, ALB monitoring remains 
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underutilized. Based on current evidence, routine serial ALB measurements should be considered an essential 
component of sepsis management to improve risk stratification and guide therapeutic decisions.

Recent studies highlight the importance of integrating biomarkers to capture complex pathophysiological 
processes in sepsis. For instance, while HCT reflects hemoconcentration due to fluid loss and ALB indicates 
capillary leakage, their combined difference (HCT-ALB) may better represent the net effect of these opposing 
mechanisms19. While prior studies have explored HCT-ALB as a diagnostic biomarker for infection (AUC 0.87 
vs. 0.60 in non-infectious conditions)20 and its association with mortality in specific populations (e.g., elderly 
sepsis patients)21, the nonlinear relationship between HCT-ALB and outcomes in sepsis remains uncharacterized. 
Our study extends this by analyzing a large multicenter cohort to reveal a U-shaped relationship between HCT-
ALB and mortality in sepsis, a novel finding that highlights the dual risks of extreme hemoconcentration and 
hypoalbuminemia. This pattern aligns with nonlinear risk profiles observed in other critical illnesses, such as the 
J-shaped association between hematocrit-to-albumin ratio (HAR) and acute kidney injury in acute pancreatitis22.

Methods
Data source
This retrospective observational study utilized data from the eICU Collaborative Research Database (eICU-
CRD)23, an international repository containing de-identified electronic medical records of over 200,000 ICU 
patients from 208 U.S. hospitals (2014–2015)23. Access requires completion of the PhysioNet Review Board’s data 
use agreement certification process and compliance with the Health Insurance Portability and Accountability 
Act (HIPAA) Safe Harbor provisions for protected health information. Data analysis was conducted through the 
Collaborative Institutional Training Initiative (CITI) program-certified researchers (record ID: 59205891, 21-
Oct-2023). The study received institutional review board exemption as it involved no patient intervention and 
utilized HIPAA-compliant de-identified data validated by Privacert (Cambridge, MA). All procedures adhered 
to Declaration of Helsinki principles and relevant regulatory standards.

Study population
The study initially included 23,136 patients diagnosed with sepsis upon ICU admission. After applying Sepsis-3 
diagnostic criteria (confirmed infection with SOFA score ≥ 2)1, 13,024 adult patients (≥ 18 years) were identified 
from the eICU-CRD database. Exclusion criteria comprised: (1) missing ICU outcome data, (2) unavailable 
HCT measurements, (3) absent ALB records, and (4) biologically implausibleHCT-ALB values, which were 
excluded to mitigate potential data entry errors and unit conversion inconsistencies inherent to multicenter 
retrospective databases. Figure 1 illustrates the participant selection flowchart.

Outcomes and variables
The primary outcome was hospital mortality. All participant data were extracted from the eICU-CRD at the 
first record after ICU admission. Baseline characteristics included: age (year), sex, BMI (BMI were grouped into 
underweight (BMI < 18.5 kg/m2), normal weight (18.5–24.9 kg/m2), overweight (25.0–29.9 kg/m2), and obese 
(≥ 30.0 kg/m2))24, ethnicity, and hospital length of stay (days). Physiological parameters comprised temperature 
(°C), respiratory rate (bpm), heart rate (HR, /min) and mean blood pressure (MBP, mmHg). Laboratory indices 
encompassed HCT (%), ALB (g/L), WBC (109/L), creatinine (mg/dL), BUN (mg/dL), and lactate level (mmol/L) 
were collected. Comorbidities included acute immunodeficiency syndrome (AIDS), metastatic cancer, 
congestive heart Failure (CHF), acute myocardial infarction (AMI), pneumonia, and arrhythmia. And site of 
infection, ventilation use, intubated use, dialysis use, and vasopressor use were included in this study. Disease 
severity was assessed using SOFA score, APACHE IV score, Acute Physiology Score III, and Glasgow Coma 
Scale (GCS) score.

Statistical analysis
All statistical analyses were performed using EmpowerStats (X&Y Solutions Inc., Boston, MA) and R software 
version 4.2.0 (R Foundation for Statistical Computing, Vienna, Austria)25. To evaluate the association between 
HCT-ALB and hospital mortality, participants were stratified into tertiles based on baseline HCT-ALB values. 
Continuous variables with normal distributions are presented as mean ± standard deviation, while skewed 
variables are summarized as median (interquartile range).Categorical variables are expressed as frequency or 
percentages. Between-group comparisons were conducted using: (1)one-way ANOVA for normally distributed 
continuous variables, (2)Kruskal–Wallis H test for non-normally distributed continuous variables, (3)and chi-
square test for categorical variables, as appropriate.

To identify independent predictors of hospital mortality, we performed Cox proportional hazards regression 
analyses in sequential stages. First, univariate Cox regression was conducted for all candidate variables. Variables 
demonstrating statistical significance (P < 0.05) or clinical relevance were subsequently entered into multivariable 
models. Three models were constructed: (1) Crude model: No covariate adjustment, (2) Model I: Adjusted for 
demographic variables (sex and age), (3) Model II: Fully adjusted for age (years), sex, BMI (kg/m2), SOFA score, 
ventilation use, dialysis use, site of infection, temperature (°C), heart rate(HR, /min), MBP (mmHg), WBC 
(109/L), vasopressor use, AIDS, metastatic cancer, diabetes, CHF, AMI, pneumonia, arrhythmia. Results are 
reported as hazard ratios (HR) with 95% confidence intervals (CI). Covariate selection followed established 
epidemiological principles, prioritizing variables with established biological plausibility and clinical significance 
in sepsis outcomes26.

To assess potential nonlinear associations between HCT-ALB and hospital mortality, we employed a multi-
stage analytical approach. First, Cox proportional hazards regression with restricted cubic splines (RCS) was 
used to visualize dose-response relationships through smooth curve fitting. Threshold effects were subsequently 
quantified using piecewise linear regression models, with optimal inflection points determined via grid search 
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algorithms. The superiority of nonlinear models over linear assumptions was statistically validated through 
log-likelihood ratio tests comparing one-segment versus two-segment specifications27–29. Sensitivity analyses 
included: (1) treating HCT-ALB as tertile-based categorical variables with trend tests, and (2) excluding extreme 
HCT-ALB outliers.

Subgroup analyses were conducted using stratified Cox models, with interaction effects evaluated through 
likelihood ratio tests comparing models with versus without interaction terms. All models adjusted for clinically 
relevant covariates identified in univariate screening (P < 0.05). To evaluate the predictive performance of 
biomarkers, receiver operating characteristic (ROC) curve analysis was performed to calculate the area under 
the curve (AUC) and identify the best threshold for HCT-ALB, HCT, and ALB in predicting sepsis mortality. 
Comparative analyses evaluated incremental value beyond standalone HCT-ALB, HCT and ALB measurements 
using DeLong’s method. Eventually, a P-value < 0.05 was considered statistically significant.

Ethics approval and consent to participate
Data was extracted from the eICU-CRD23 in accordance with the data usage agreement (our record ID: 59205891, 
21-Oct-2023) by the PhysioNet review committee. The database used is released under the HIPAA safe harbor 
provision. This study involved a retrospective analysis using an anonymous database for research purposes and 
did not require ethical approval from the local ethics committee.

Results
Baseline characteristics
The final analytic cohort comprised 7,546 sepsis patients from the eICU-CRD database, with a mean age of 
66 ± 16 years and 47% (n = 3,581) female representation. Table 1 stratifies baseline characteristics across HCT-
ALB tertiles, including demographics, laboratory profiles, severity of illness, site of infection, comorbidities, 
vasopressor use, intubated use, ventilation, and dialysis. Compared to lower tertiles, patients in the highest 
HCT-ALB tertile exhibited significantly elevated HCT (35.04 ± 6.04% vs. 26.13 ± 4.93%) and reduced ALB levels 
(20.58 ± 5.18 vs. 27.97 ± 5.29 g/L). Significant inter-tertile differences (P < 0.05) were observed in: sex, ethnicity, 
temperature, heart rate, mean BP, laboratory results, severity of illness (excluding SOFA score), site of infection, 
pneumonia status, intubated use, ventilation use, and dialysis use.

Fig. 1.  Flow chart of the study population.
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Parameters

HCT-ALB

P value

Tertile 1 (-20.00-3.00) Tertile 2 (3.10–9.30) Tertile 3 (9.40–38.80)

n = 2483 n = 2542 n = 2521

Demographics

 Age (year) 65.58 ± 15.33 66.20 ± 15.94 66.01 ± 15.34 0.346

 Sex < 0.001

  Male 1240 (49.94%) 1301 (51.20%) 1423 (56.45%)

  Female 1243 (50.06%) 1240 (48.80%) 1098 (43.55%)

 BMI (kg/m2) 27.43 (23.10–33.30) 27.27 (23.02–32.85) 27.45 (23.09–33.55) 0.722

 Ethnicity < 0.001

  Caucasian 1887 (76.49%) 1950 (77.17%) 1982 (79.15%)

  African American 281 (11.39%) 242 (9.58%) 180 (7.19%)

  Hispanic 90 (3.65%) 127 (5.03%) 125 (4.99%)

  Asian 54 (2.19%) 29 (1.15%) 37 (1.48%)

  Native American 37 (1.50%) 39 (1.54%) 36 (1.44%)

  Other/unknown 118 (4.78%) 140 (5.54%) 144 (5.75%)

 Hospital length of stay (days) 7.68 (4.50-13.64) 7.77 (4.76–13.26) 8.01 (4.15–13.93) 0.729

 Temperature (°C) 36.46 ± 1.23 36.51 ± 1.25 36.45 ± 1.43 0.022

 Respiratory rate (bpm) 32.00 (14.00–40.00) 32.00 (18.00–39.00) 33.00 (25.00–39.00) 0.254

 Heart rate (/min) 109.94 ± 30.30 111.53 ± 29.65 116.15 ± 29.82 < 0.001

 Mean BP (mmHg) 54.00 (46.00-115.00) 53.00 (45.00–67.00) 54.00 (45.00-110.00) < 0.001

Laboratory data

 HCT (%) 26.13 ± 4.93 29.89 ± 5.06 35.04 ± 6.04 < 0.001

 ALB(g/L) 27.97 ± 5.29 23.69 ± 4.99 20.58 ± 5.18 < 0.001

 HCT-ALB -1.83 ± 4.03 6.20 ± 1.79 14.46 ± 4.36 < 0.001

 WBC (109/L) 12.58 (7.20–19.10) 14.60 (8.33–21.33) 15.20 (9.09–22.90) < 0.001

 Creatinine(mg/dL) 2.24 (1.30–3.72) 1.90 (1.07–3.04) 1.92 (1.10-3.00) < 0.001

 BUN (mg/dL) 40.00 (25.00–59.00) 35.00 (21.00–54.00) 37.00 (23.00–55.00) < 0.001

 Lactate level (mmol/L) 1.90 (1.10–3.50) 2.00 (1.20–3.30) 2.30 (1.50–3.90) < 0.001

Severity of illness

 SOFA score 4.00 (3.00-6.50) 4.00 (3.00–6.00) 4.00 (3.00–6.00) 0.271

 APACHE IV score 79.70 ± 25.59 80.48 ± 26.36 86.40 ± 27.06 < 0.001

 Acute physiology score III 65.23 ± 24.29 66.42 ± 25.12 72.75 ± 26.25 < 0.001

 GCS score 12.34 ± 3.54 12.41 ± 3.50 11.79 ± 3.90 < 0.001

Site of infection < 0.001

 Pulmonary 791 (31.86%) 861 (33.87%) 946 (37.52%)

 Renal/UTI 573 (23.08%) 623 (24.51%) 498 (19.75%)

 GI 383 (15.42%) 388 (15.26%) 452 (17.93%)

 Unknown 360 (14.50%) 295 (11.61%) 302 (11.98%)

 Cutaneous/soft tissue 173 (6.97%) 202 (7.95%) 186 (7.38%)

 Other 203 (8.18%) 173 (6.81%) 137 (5.43%)

Comorbidities

 AIDS 0.55

  No 2476 (99.72%) 2531 (99.57%) 2514 (99.72%)

  Yes 7 (0.28%) 11 (0.43%) 7 (0.28%)

 Metastatic cancer 0.667

  No 2391 (96.29%) 2451 (96.42%) 2419 (95.95%)

  Yes 92 (3.71%) 91 (3.58%) 102 (4.05%)

 CHF 0.095 

  No 2261 (91.06%) 2342 (92.13%) 2337 (92.70%)

  Yes 222 (8.94%) 200 (7.87%) 184 (7.30%)

 AMI 0.967

  No 2398 (96.58%) 2457 (96.66%) 2438 (96.71%)

  Yes 85 (3.42%) 85 (3.34%) 83 (3.29%)

 Pneumonia < 0.001

  No 1801 (72.53%) 1838 (72.31%) 1687 (66.92%)

  Yes 682 (27.47%) 704 (27.69%) 834 (33.08%)
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Hospital mortality
The overall hospital mortality rate was 21.96% (1,657/7,546), with mortality rates increasing across HCT-ALB 
tertiles: 19.61% (487/2,483) in the lowest tertile (-20.0 to 3.0), 18.80% (478/2,542) in the middle tertile (3.1–9.3), 
and 27.45% (692/2,521) in the highest tertile (9.4–38.8) (Table 1).

Besides, non-survivors exhibited significantly higher HCT-ALB levels compared to survivors (7.68 ± 8.59 vs. 
5.93 ± 7.17, P < 0.001) (Supplementary Table 1).

Unadjusted association between baseline variables and hospital mortality
Univariate analysis demonstrated a dose-dependent association between HCT-ALB and mortality, with each 
1-unit increase corresponding to a 2.5% higher unadjusted mortality risk (HR = 1.025, 95% CI: 1.019–1.032; 
P < 0.00001). Compared to the lowest HCT-ALB tertile (-20.0 to 3.0), the highest tertile (9.4–38.8) exhibited a 
40.5% increased mortality risk (HR = 1.405, 95% CI: 1.251–1.577; P < 0.00001). Otherwise, in the dataset, HRs 
for hospital mortality were statistically significant for age, African American, temperature, heart rate, mean BP, 
WBC, site of infection (renal/UTI (including bladder), and cutaneous/soft tissue), comorbidities (metastatic 
cancer, and diabetes), vasopressor or ventilation use, and severity of illness (Table 2).

Relationship between HCT-ALB and hospital mortality
This study evaluated the relationship between HCT-ALB and hospital mortality using Cox proportional hazards 
models across three sequential adjustment tiers (Table  3) The unadjusted model demonstrated a significant 
positive association per 1-unit HCT-ALB increase (HR = 1.025, 95% CI:1.019–1.032; P < 0.00001), with the highest 
tertile (9.4–38.8) exhibiting 40.5% greater mortality risk versus the lowest tertile (-20.0-3.0) (HR = 1.405, 95% 
CI:1.251–1.577; P < 0.00001). After adjusting for demographic factors (Model I: age, sex), the association persisted 
(per-unit HR = 1.026, 95% CI:1.020–1.033; P < 0.00001), with tertile 3 showing 42.3% elevated risk (HR = 1.423, 
95% CI:1.267–1.598; P < 0.00001). The fully adjusted model (Model II) incorporating clinical covariates (BMI, 
SOFA, vital signs, laboratory values, interventions, comorbidities) maintained significance, though marginally 
attenuated (per-unit HR = 1.022, 95% CI:1.015–1.029 vs. Model I HR = 1.026; both P < 0.00001), with tertile 3 
risk increasing by 34.3% (HR = 1.343, 95% CI:1.184–1.522; P < 0.00001). Sensitivity analyses treating HCT-ALB 
as tertiles confirmed consistent dose-response relationships across all models (P < 0.05). These findings establish 
HCT-ALB as an independent mortality predictor in sepsis.

Parameters

HCT-ALB

P value

Tertile 1 (-20.00-3.00) Tertile 2 (3.10–9.30) Tertile 3 (9.40–38.80)

n = 2483 n = 2542 n = 2521

 Arrhythmia 0.214

  No 2077 (83.65%) 2119 (83.36%) 2065 (81.91%)

  Yes 406 (16.35%) 423 (16.64%) 456 (18.09%)

Clinical treatment

 Vasopressor use 0.683

  No 2438 (98.19%) 2496 (98.19%) 2468 (97.90%)

  Yes 45 (1.81%) 46 (1.81%) 53 (2.10%)

 Intubated < 0.001

  No 1996 (80.39%) 1997 (78.56%) 1857 (73.66%)

  Yes 487 (19.61%) 545 (21.44%) 664 (26.34%)

 Ventilation < 0.001

  No 1782 (71.77%) 1818 (71.52%) 1639 (65.01%)

  Yes 701 (28.23%) 724 (28.48%) 882 (34.99%)

 Dialysis < 0.001

  No 2191 (88.24%) 2340 (92.05%) 2404 (95.36%)

  Yes 292 (11.76%) 202 (7.95%) 117 (4.64%)

 Hospital mortality < 0.001

  No 1996 (80.39%) 2064 (81.20%) 1829 (72.55%)

  Yes 487 (19.61%) 478 (18.80%) 692 (27.45%)

Table 1.  The baseline clinical characteristics of eICU-CRD patients. Baseline characteristics and hospital 
mortality according to the tertiles of the HCT-ALB (n = 7546). Data are expressed as the mean ± SD, median 
(interquartile range), or percentage. Among the 7546 patients, the amount of missing values for the covariates 
was 1 (0.01%) for sex, 227 (3.01%) for BMI, 48 (0.64%) for ethnicity, 261 (3.46%) for temperature, 19 (0.19%) 
for respiratory rate, 1 (0.01%) for heart rate, 8 (0.11%) for MBP, 62 (0.82%) for WBC, 25 (0.33%) for creatinine, 
17 (0.23%) for BUN, 1917 (25.40%) for Lactate Level, 91 (1.21%) for GCS score, 776 (10.28%) for Acute 
Physiology Score III, 776 (10.28%) for Apache IV score. BP blood pressure, GCS Glasgow coma scale, SOFA 
sequential organ failure assessment, UTI urinary tract infection.

 

Scientific Reports |        (2025) 15:14785 5| https://doi.org/10.1038/s41598-025-99459-x

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Exposure Statistics

Hospital mortality

P valueHR (95% CI)

Age (year) 65.933 ± 15.540 1.020 (1.016, 1.023) < 0.00001

Sex

 Male 3964 (52.538%) Reference

 Female 3581 (47.462%) 1.035 (0.939, 1.139) 0.49048

BMI (kg/m2) 27.38 (23.08–33.27) 1.000 (1.000, 1.000) 0.14564

Ethnicity

 Caucasian 5819 (77.607%) Reference

 African American 703 (9.376%) 0.820 (0.692, 0.971) 0.02135

 Hispanic 342 (4.561%) 0.850 (0.668, 1.081) 0.18409

 Asian 120 (1.600%) 1.096 (0.763, 1.574) 0.62081

 Native American 112 (1.494%) 1.117 (0.752, 1.659) 0.58532

 Other/unknown 402 (5.361%) 0.818 (0.652, 1.027) 0.08306

Temperature (°C) 36.473 ± 1.307 0.857 (0.835, 0.881) < 0.00001

Heart rate (/min) 112.549 ± 30.034 1.004 (1.003, 1.006) < 0.00001

Mean BP (mmHg) 54.00(45.00-98.75) 0.999 (0.997, 1.000) 0.00911

WBC (109/L) 14.10(8.10–21.20) 1.009 (1.006, 1.013) < 0.00001

HCT-ALB 6.316 ± 7.534 1.025 (1.019, 1.032) < 0.00001

HCT-ALB tertile

 Tertile 1 2483 (32.905%) Reference

 Tertile 2 2542 (33.687%) 0.966 (0.851, 1.096) 0.59098

 Tertile 3 2521 (33.408%) 1.405 (1.251, 1.577) < 0.00001

Site of infection

 Pulmonary 2598 (34.429%) Reference

 Renal/UTI 1694 (22.449%) 0.727 (0.629, 0.840) 0.00001

 GI 1223 (16.207%) 0.979 (0.853, 1.122) 0.75775

 Unknown 957 (12.682%) 1.124 (0.970, 1.303) 0.12102

 Cutaneous/soft tissue 561 (7.434%) 0.580 (0.465, 0.723) < 0.00001

 Other 513 (6.798%) 0.823 (0.677, 1.000) 0.05028

AIDS

 No 7521 (99.669%) Reference

 Yes 25 (0.331%) 1.052 (0.472, 2.346) 0.9006

Metastatic cancer

 No 7261 (96.223%) Reference

 Yes 285 (3.777%) 2.038 (1.674, 2.482) < 0.00001

Diabetes

 No 5553 (73.589%) Reference

 Yes 1993 (26.411%) 0.840 (0.750, 0.941) 0.00268

CHF

 No 6940 (91.969%) Reference

 Yes 606 (8.031%) 1.148 (0.974, 1.354) 0.09938

AMI

 No 7293 (96.647%) Reference

 Yes 253 (3.353%) 0.954 (0.729, 1.248) 0.72997

Pneumonia

 No 5326 (70.580%) Reference

 Yes 2220 (29.420%) 1.020 (0.919, 1.132) 0.70784

Arrhythmia

 No 6261 (82.971%) Reference

 Yes 1285 (17.029%) 1.115 (0.991, 1.255) 0.07008

Vasopressor use

 No 7402 (98.092%) Reference

 Yes 144 (1.908%) 1.826 (1.396, 2.389) 0.00001

Ventilation

 No 5239 (69.428%) Reference

 Yes 2307 (30.572%) 1.713 (1.555, 1.888) < 0.00001

Continued
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Identification of nonlinear relationship
We assessed potential nonlinear associations between HCT-ALB and hospital mortality in sepsis through 
smoothing spline fitting analysis. The multivariable-adjusted model revealed a U-shaped dose-response 
relationship (Fig.  2), with an the inflection point at HCT-ALB = 6.1 (Table  4). Log-likelihood ratio testing 
confirmed distinct threshold effects between low (< 6.1) and high (≥ 6.1) ranges (χ²=23.6, P < 0.001). Below 
the threshold, each 1-unit HCT-ALB increase was associated with 1.4% mortality reduction (HR = 0.986, 
95%CI:0.972–0.999; P = 0.0356). Conversely, above the threshold, every 1-unit increment corresponded to 4.8% 
mortality increase (HR = 1.048, 95%CI:1.037–1.060; P < 0.0001).

Subgroup analysis and interaction test
To identify potential effect modifiers, we conducted subgroup analyses evaluating interactions between HCT-
ALB and key demographic/clinical variables (age, sex, BMI, ventilation use, diabetes status, CHF status, 
pneumonia status, and arrhythmia) on mortality risk (Table 5). Significant effect modification was observed only 
for age (interaction P < 0.05), with stratified analysis revealing heightened HCT-ALB-associated mortality risk in 
elderly sepsis patients (≥ 65 years: HR = 1.022 per unit increase, 95%CI = 1.014–1.031; P < 0.0001).

Predictive value of HCT-ALB in hospital mortality
We performed ROC analysis to evaluate the predictive capacity of HCT-ALB, HCT, and ALB for hospital 
mortality. The AUC of HCT-ALB was 0.5611 (95%CI:0.5448, 0.5775), demonstrating intermediate discrimination 
that exceeded HCT(AUC = 0.5335, 0.5173–0.5498) but underperformed ALB (AUC = 0.6182, 0.6027–0.6337) 
(Supplementary Fig. 1 and Supplementary Table 2). The optimal HCT-ALB threshold (11.45) provided 32.5% 
sensitivity and 78.8% specificity for mortality prediction (Supplementary Table 2). A direct statistical comparison 
using the DeLong test revealed that the AUC of HCT-ALB (0.5611) was not significantly superior to HCT alone 
(0.5335, P = 0.12) but was inferior to ALB (0.6182, P < 0.001) (Supplementary Table 3).

Discussion
This multicenter retrospective study, utilizing the large-scale eICU-CRD database, demonstrated a U-shaped 
association between HCT-ALB values and hospital mortality in sepsis patients. Both elevated and reduced HCT-
ALB levels were associated with increased mortality risk, with the highest risk observed at extremes (lowest 
and highest tertiles). This relationship persisted after multivariable adjustment for age, sex, BMI, SOFA score, 
ventilation use, dialysis use, site of infection, temperature, HR, MBP, WBC, vasopressor use, AIDS, metastatic 
cancer, diabetes, CHF, AMI, pneumonia, arrhythmia. Stratified analyses and interaction testing revealed 

Outcome

Crude model Model I Model II

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

HCT-ALB 1.025 (1.019, 1.032) < 0.00001 1.026 (1.020, 1.033) < 0.00001 1.022 (1.015, 1.029) < 0.00001

HCT-ALB tertile

 Tertile 1 Reference Reference Reference

 Tertile 2 0.966 (0.851, 1.096) 0.59098 0.961 (0.847, 1.090) 0.53273 0.954 (0.834, 1.092) 0.49633

 Tertile 3 1.405 (1.251, 1.577) < 0.00001 1.423 (1.267, 1.598) < 0.00001 1.343 (1.184, 1.522) < 0.00001

 P for trend < 0.00001 < 0.00001 < 0.00001

Table 3.  Relationship between HCT-ALB and hospital mortality. Model I adjusted for age and sex. Model 
II adjusted for Age; Sex; BMI; SOFA Score; Ventilation; Dialysis; Site of Infection; Temperature; Heart Rate; 
Mean BP; WBC; vasopressor use; AIDS; Metastatic Cancer; Diabetes; CHF; AMI; Pneumonia; Arrhythmia. CI 
confidence interval.

 

Exposure Statistics

Hospital mortality

P valueHR (95% CI)

Dialysis

 No 6935 (91.903%) Reference

 Yes 611 (8.097%) 0.866 (0.724, 1.034) 0.11232

SOFA score 4.956 ± 2.392 1.141 (1.121, 1.160) < 0.00001

Acute physiology score III 68.137 ± 25.449 1.023 (1.021, 1.024) < 0.00001

Apache IV score 82.194 ± 26.513 1.024 (1.022, 1.026) < 0.00001

GCS score 12.179 ± 3.660 0.925 (0.914, 0.935) < 0.00001

Table 2.  Unadjusted association between baseline variables and hospital mortality. The unadjusted association 
between baseline variables and Hospital Mortality (n = 7546). Data are expressed as the mean ± SD, or 
percentage. BP blood pressure, GCS Glasgow coma scale, SOFA sequential organ failure assessment, UTI 
urinary tract infection.
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significant effect modification by age (P for interaction < 0.05), with stronger associations observed in elderly 
patients (≥ 65 years). To our knowledge, this represents the first documentation of a nonlinear relationship 
between HCT-ALB and mortality in critically ill sepsis populations.

The identification of reliable biomarkers for sepsis diagnosis, therapeutic monitoring, and prognosis remains 
a critical need in clinical practice. Despite advances, sepsis persists as the leading cause of infection-related 
mortality in ICUs30, underscoring the urgency for early prognostic stratification. Hypoalbuminemia, a prevalent 

Outcome

Hospital mortality

P ValueHR (95% CI)

Model I

 One line effect 1.022 (1.015, 1.029) < 0.0001

Model II

Turning point 6.1

 HCT-ALB < 6.1 0.986 (0.972, 0.999) 0.0356

 HCT-ALB ≥ 6.1 1.048 (1.037, 1.060) < 0.0001

Log-likelihood ratio test < 0.001

Table 4.  Threshold effect analysis of HCT-ALB and hospital mortality. Model I adjusted for age and sex. Model 
II adjusted for Age; Sex; BMI; SOFA Score; Ventilation; Dialysis; Site of Infection; Temperature; Heart Rate; 
Mean BP; WBC; Vasopressor Use, AIDS; Metastatic Cancer; Diabetes; CHF; AMI; Pneumonia; Arrhythmia. CI 
confidence interval.

 

Fig. 2.  Smoothing spline fitting curve. Associations between the HCT-ALB and Hospital Mortality in ICU 
patients with sepsis. A threshold, nonlinear association between HCT-ALB and Hospital Mortality was found 
in a Cox proportional hazards regression model. The solid red line represents the smooth curve fit between 
variables. Blue bands represent the 95% confidence interval from the fit. All adjusted for Age; Sex; BMI; SOFA 
Score; Ventilation; Dialysis; Site of Infection; Temperature; Heart Rate; Mean BP; WBC; Vasopressor Use, 
AIDS; Metastatic Cancer; Diabetes; CHF; AMI; Pneumonia; Arrhythmia.
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finding in critical illness31,32, has been consistently associated with poor sepsis outcomes15. A notable finding 
in our study is that all HCT-ALB tertiles exhibited hypoalbuminemia (Tertile 1:27.97 g/L, Tertile 2:23.69 g/L, 
Tertile 3:20.58 g/L), with levels consistently below the normal range (35–45 g/L)11. Especially, the highest HCT-
ALB tertile exhibited progressively lower albumin levels, aligning with recent multicenter evidence from 5,894 
critically ill adults, where admission hypoalbuminemia independently predicted 30-day mortality (adjusted 
HR = 1.89, 95%CI:1.45–2.47)33.

Emerging evidence highlights the prognostic value of hematological parameters in sepsis. Whole blood 
viscosity, erythrocyte aggregation, and deformability have been implicated as mortality risk factors in sepsis 
and septic shock34. Furthermore, HCT demonstrates U-shaped associations with mortality across diverse 
populations, including those with heart failure, ischemic heart disease, and end-stage renal disease35–39. A 
recent study of 2,057 sepsis patients revealed that subnormal HCT levels (male ≤ 42%, female ≤ 37%) at ICU 
admission independently predicted 30-day mortality (HR = 1.58, 95%CI:1.21–2.06)12, aligning with prior 
sepsis cohorts14,40. Our study extends these observations by demonstrating a U-shaped relationship between 
HCT-ALB and hospital mortality—a novel finding in sepsis research. Patients in the middle HCT-ALB tertile 
exhibited the lowest mortality (18.8%), compared to the highest (27.45%) and lowest tertiles (19.61%; P < 0.001). 
This pattern mirrors HCT-associated mortality curves reported in cardiovascular diseases35, with elevated HCT-
ALB values reflecting dual pathophysiology: hemoconcentration and hypoalbuminemia. Specifically, the highest 
tertile showed marked HCT elevation (35.04% vs. 26.13% in tertile 1) and ALB reduction (20.58 vs. 27.97 g/L; 
P < 0.001), consistent with sepsis-related capillary leakage and hemodilution patterns21.A retrospective analysis 
utilizing two large databases determined the optimal HCT-ALB cutoff for ICU mortality through ROC curve 
Youden Index evaluation, identifying 6.721, as the critical threshold—a value closely aligned with our study’s 
findings. Threshold analysis in our research revealed that ICU sepsis patients exhibited the lowest in-hospital 
mortality rate at an HCT-ALB level of 6.1. Deviation from this critical value (either above or below 6.1) 
consistently demonstrated an upward trend in mortality risk. This discovery provides novel evidence to inform 
clinical management strategies for sepsis. Our findings align with emerging evidence that multi-biomarker 
approaches improve risk stratification in critical care21. Specifically, the U-shaped relationship between HCT-
ALB and mortality suggests that both extremes—severe hemoconcentration (e.g., dehydration) and profound 
hypoalbuminemia (e.g., capillary leakage)—confer elevated risk. This dual-risk profile contrasts with linear 
associations reported for HCT or ALB alone (References12,16), highlighting the unique prognostic value of their 

Subgroup N Unadjusted HR (95%CI) P value Adjusted HR (95%CI) P value P for interaction

Age (year) 0.0059

 < 65 3274 1.000 (0.990, 1.010) 0.9968 1.006 (0.995, 1.017) 0.2676

 ≥ 65 4272 1.025 (1.017, 1.033) < 0.0001 1.022 (1.014, 1.031) < 0.0001

Sex 0.8171

 Male 3964 1.012 (1.003, 1.021) 0.008 1.014 (1.004, 1.023) 0.0037

 Female 3581 1.019 (1.009, 1.028) 0.0001 1.017 (1.007, 1.028) 0.0009

BMI (kg/m2) 0.2963

 Underweight 382 1.041 (1.013, 1.070) 0.004 1.037 (1.006, 1.070) 0.0196

 Normalweight 2264 1.013 (1.002, 1.025) 0.0255 1.014 (1.001, 1.026) 0.0305

 Overweight 1972 1.017 (1.004, 1.030) 0.0082 1.023 (1.009, 1.036) 0.0008

 Obese 2701 1.009 (0.998, 1.020) 0.1066 1.011 (0.999, 1.023) 0.0668

Ventilation 0.4417

 No 5239 1.020 (1.011, 1.029) < 0.0001 1.016 (1.006, 1.025) 0.0014

 Yes 2307 1.006 (0.997, 1.015) 0.2258 1.011 (1.001, 1.021) 0.0289

Diabetes 0.6736

 No 5553 1.015 (1.007, 1.022) < 0.0001 1.016 (1.008, 1.024) < 0.0001

 Yes 1993 1.012 (0.999, 1.025) 0.0782 1.020 (1.005, 1.034) 0.0076

CHF 0.2703

 No 6940 1.013 (1.006, 1.020) 0.0002 1.013 (1.006, 1.021) 0.0002

 Yes 606 1.030 (1.010, 1.051) 0.0036 1.038 (1.013, 1.063) 0.0025

Pneumonia 0.312

 No 5326 1.017 (1.009, 1.025) < 0.0001 1.015 (1.007, 1.024) 0.0004

 Yes 2220 1.013 (1.002, 1.025) 0.0211 1.019 (1.007, 1.031) 0.0026

Arrhythmia 0.1468

 No 6261 1.015 (1.008, 1.023) < 0.0001 1.016 (1.009, 1.024) < 0.0001

 Yes 1285 1.011 (0.998, 1.025) 0.1029 1.019 (1.004, 1.034) 0.0152

Table 5.  Stratified association between HCT-ALB and hospital mortality by age, sex, BMI, ventilation, 
diabetes, CHF, pneumonia and arrhythmia. Adjusted for Age; sex, BMI; SOFA Score; Ventilation; Dialysis; Site 
of Infection; Temperature; Heart Rate; Mean BP; WBC; Vasopressor Use; AIDS; Metastatic Cancer; Diabetes; 
CHF; AMI; Pneumonia; Arrhythmia.
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combined difference. Importantly, our threshold analysis (inflection point at 6.1) provides actionable cutoffs for 
clinical decision-making, a contribution not addressed in prior studies22.

Notably, Wang et al.21 reported that elevated HCT-ALB levels correlate with 1.41-fold and 1.27-fold increased 
risks of ICU and hospital mortality, respectively, in elderly sepsis patients. Consistent with these findings, our 
study identified a statistically significant interaction between HCT-ALB and age (P for interaction < 0.05), 
with adjusted hospital mortality risk rising by 1.022-fold (95% CI: 1.014–1.031; P < 0.0001) per unit HCT-ALB 
increase in patients aged ≥ 65 years old.

In our cohort, both the HCT and ALB levels across all groups remained below physiological norms. 
Under normal conditions, capillary endothelial gaps (6–7  nm) restrict erythrocyte permeation41, while ALB 
synthesis and catabolism remain balanced to preserve plasma oncotic pressure11. Sepsis fundamentally disrupts 
this equilibrium: accelerated ALB capillary leakage (up to 300%/hour)11,42,43 and systemic inflammation-
induced endothelial dysfunction precipitate hypoproteinemia. This pathological cascade—compounded by 
hypermetabolism-driven ALB consumption, enteric protein loss, chronic hypoxia-mediated HCT elevation, and 
anemia—collectively alters the HCT-ALB ratio42.

Additionally, while non-survivors exhibited significantly higher HCT-ALB values than survivors 
(7.684 ± 8.585 vs. 5.931 ± 7.165, P < 0.001), the parameter demonstrated limited prognostic utility (AUC = 0.5611), 
underperforming isolated ALB measurements. This constrained predictive capacity likely stems from sepsis 
mortality’s multifactorial nature, involving age, comorbidities, multiorgan failure, and refractory shock44,45. 
Furthermore, therapeutic interventions like fluid resuscitation46 may dilute blood components, transiently 
reducing HCT and ALB levels, thereby confounding HCT-ALB interpretation. Nevertheless, the metric’s 
operational simplicity supports its potential role in early risk stratification within ICU settings.

The clinical rationale for using HCT-ALB lies in its dual reflection of hemoconcentration (elevated HCT 
due to fluid loss) and hypoalbuminemia (from capillary leakage or impaired synthesis), both central to sepsis 
pathophysiology. Unlike ratios such as serum to ascites albumin gradient (SAAG) or oxygenation index (PaO₂/
FiO₂ ratio), which are interpretable only in specific contexts (e.g., ascites or respiratory failure), HCT-ALB aims 
to capture systemic derangements in sepsis. However, its interpretation requires caution: identical HCT-ALB 
values (e.g., HCT-ALB = 10) may arise from distinct combinations (HCT 45% - ALB 35 g/L vs. HCT 25% - ALB 
15  g/L), each reflecting different clinical states. While our study identifies a U-shaped relationship between 
HCT-ALB and mortality, we acknowledge that this association does not imply causality. The observational 
nature of our data limits our ability to control for unmeasured confounders, such as dynamic changes in fluid 
balance or nutritional status during ICU stay. Additionally, the modest AUC of HCT-ALB (0.5611) underscores 
the need for integrating it with other clinical parameters (e.g., SOFA score, lactate levels) to enhance prognostic 
accuracy. Future prospective studies with serial biomarker measurements are warranted to validate these 
findings. Although HCT-ALB independently predicts mortality, it showed a nonsignificant trend toward 
superior discrimination compared to HCT alone (P = 0.12), it was significantly inferior to ALB (P < 0.001). This 
supports the role of HCT-ALB as a complementary tool rather than a replacement for established biomarkers. 
Future research should explore integrating HCT-ALB with dynamic parameters (e.g., fluid balance) to enhance 
predictive accuracy.

Strengths and limitations of the study
Several limitations should be noted. First, the retrospective design precludes causal inference, and residual 
confounding (e.g., unrecorded interventions like fluid resuscitation) may bias the observed associations. Second, 
HCT-ALB values were measured only at ICU admission, whereas dynamic changes during treatment may better 
reflect disease progression. It is inevitable that treatment measures, such as fluid resuscitation, could impact the 
detection of HCT-ALB levels and the survival rate in sepsis patients. Finally, we did not evaluate the nutritional 
and anemia status of the patients, which are important factors affecting HCT and ALB levels.

This study demonstrates three key strengths. First, we established a non-linear association between HCT-
ALB and hospital mortality in sepsis through rigorous threshold analysis. Second, our analytical approach 
incorporated comprehensive adjustment for clinical confounders—exceeding the methodological rigor of prior 
investigations—which strengthens result validity. Furthermore, HCT-ALB represents a clinically accessible 
metric derived from routine laboratory parameters, enabling efficient risk stratification and early therapeutic 
decision-making. Importantly, the generalizable findings originate from a multicenter cohort of 7,546 patients, 
ensuring robust external validity.

Conclusion
This study demonstrates a U-shaped relationship between HCT-ALB and mortality in sepsis, a novel 
finding that extends prior work on linear associations. While HCT-ALB integrates hemoconcentration and 
hypoalbuminemia—key features of sepsis pathophysiology—its clinical interpretability is less direct than 
established ratios. Clinicians should use HCT-ALB cautiously, contextualizing it with volume status and serial 
ALB measurements.

Data availability
Data were fully available at https://eicu-crd.mit.edu/.
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