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Background: Systemic inflammation and the resulting hypercatabolism in sepsis critically drive malnutrition and metabolic
dysregulation, significantly worsening clinical outcomes. However, existing nutritional assessment tools are not sepsis-specific, and
their comparative prognostic performance in this population remains unclear. This study aimed to compare current tools and develop
a novel, sepsis-specific biomarker that integrates inflammatory, nutritional, and metabolic dimensions to optimise risk stratification.
Methods: In this retrospective cohort study, data from 1915 sepsis patients admitted to a tertiary ICU between January 2021 and
May 2025 were analysed. Nutritional risk was assessed using the modified nutrition risk in critically ill (mNUTRIC) score, prognostic
nutritional index (PNI), nutritional risk index (NRI), and controlling nutritional status (CONUT) score. Prognostic performance for
ICU mortality was evaluated using receiver operating characteristic (ROC) curves, Kaplan—-Meier survival analysis, and Cox
regression. Leveraging machine learning (LASSO regression), key variables were screened to modify the PNI, resulting in the
development of the Lactate-Modified Prognostic Nutritional Index (LPNI).

Results: Among conventional indices, mNUTRIC demonstrated the highest prognostic accuracy (AUC = 0.725, 95% CI 0.699-0.751),
followed by PNI (AUC = 0.687, 95% CI 0.660-0.713). The novel LPNI, superior discriminative ability (AUC = 0.754, 95% CI
0.729-0.780) and served as a robust independent risk factor for ICU mortality in the total cohort (HR = 3.25, 95% CI 2.36-4.48, p <
0.001), as well as in septic shock (HR = 2.40, 95% CI 1.85-3.10, p < 0.001) and non-shock subgroups (HR = 2.60, 95% CI 1.49—4.51, p <
0.001). Distinct from the broad risk classification of traditional tools, the LPNI identified a specific high-risk inflammatory-metabolic-
nutritional phenotype in 18.8% of patients. This severe phenotype was significantly more prevalent in patients with septic shock compared
to those without (24.3% vs 9.0%, p < 0.001). Sensitivity analysis and internal validation confirmed the stability of these findings.
Conclusion: The LPNI is an objective composite biomarker that integrates inflammatory, nutritional, and metabolic dimensions. It is
independently associated with ICU mortality in sepsis patients, including those with or without septic shock. A newly developed
online calculator based on the LPNI is provided to facilitate its potential bedside application; however, further prospective validation
of its clinical utility is warranted.
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Introduction

Sepsis is life-threatening organ dysfunction caused by a dysregulated host response to infection.' It progresses
rapidly, is difficult to diagnose, and lacks specific therapies, leading to high mortality.® In 2021, sepsis
contributed to 31.5% of global deaths.* Nutritional status critically determines outcomes, with malnutrition
affecting up to 75% of critically ill patients.”*° In sepsis, intense systemic inflammation drives a hypercatabolic
state, causing severe protein depletion and negative nitrogen balance. These inflammatory and metabolic distur-
bances impair immune defence, exacerbate organ damage, and increase mortality.”® Thus, accurate assessment of

nutritional and metabolic risk is essential for guiding precise, individualised nutrition support.'®
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Several nutritional assessment tools have been applied to predict prognosis in critically ill patients, including the nutrition
risk in critically ill (NUTRIC) score, modified NUTRIC (mNUTRIC) score, prognostic nutritional index (PNI), nutritional
risk index (NRI), and controlling nutritional status (CONUT) score.!’ Recent head-to-head comparisons in patients with
sepsis have shown that the mNUTRIC score generally exhibits superior predictive stability for ICU mortality compared with
the PNI and CONUT; however, this advantage is attenuated and no longer statistically significant after limited multivariable
adjustment.'? Nevertheless, each of these tools has significant limitations when applied specifically to the septic population.
The mNUTRIC score incorporates illness severity measures rather than direct nutritional parameters and relies on subjec-
tively reported comorbidity data (the original version additionally requires interleukin-6, which is not routinely measured in
clinical practice).”>'> The PNI is based on serum albumin and lymphocyte count, but both components are acute-phase
reactants; in sepsis, abnormalities in the PNI largely reflect inflammatory burden rather than true nutritional depletion.'®!”
The NRI depends on current weight relative to ideal body weight, yet weight is often distorted by fluid resuscitation-induced
oedema in septic patients.'® The CONUT score adds total cholesterol, which can be disrupted by systemic inflammation,
potentially reducing its specificity for malnutrition in hyperinflammatory states.'**

In summary, existing tools not only commonly conflate nutritional status with illness severity or acute inflammation
but, more importantly, fail to incorporate the metabolic features of sepsis, particularly tissue hypoperfusion and
hyperlactatemia. These are hallmark features of septic shock and strong independent predictors of mortality.?' This
omission represents a critical drawback: patients with septic shock experience a fundamentally different metabolic stress
response compared to those without shock, and an assessment tool that ignores this distinction cannot achieve accurate
risk stratification across the sepsis spectrum.””> We hypothesised that a modified nutritional index incorporating
a metabolic marker would show superior discriminative ability for mortality in sepsis compared to conventional indices.

In light of this, we investigated the association between various nutritional risk assessment indices and mortality in
patients with sepsis and compared their prognostic performance. Based on the specific inflammatory, nutritional, and
metabolic characteristics of sepsis, we screened for key modification variables to refine existing nutritional indices.
Furthermore, given the disease’s pathophysiological heterogeneity, we evaluated the efficacy of these indicators in both
septic shock and non-shock populations. By addressing the current knowledge gap, this study aims to provide a more

precise and clinically practical tool for risk stratification and nutritional management in sepsis.

Materials and Methods
Study Design and Participants

This retrospective cohort study enrolled patients with sepsis who were admitted to the general intensive care unit of
a tertiary teaching hospital in Nanjing between January 2021 and May 2025. The inclusion criteria were: (1) age > 18

years; (2) fulfilment of the Sepsis-3.0 diagnostic criteria;*®

and (3) availability of complete medical and follow-up
records. Exclusion criteria comprised an ICU stay < 24 hours or pregnancy/lactation status. A flowchart detailing patient

screening is provided in Additional file 1: Figure S1.

The study was approved by the Ethics Committee of Zhongda Hospital, Southeast University, and conducted in
accordance with the Declaration of Helsinki. The requirement for written informed consent was waived due to the
retrospective use of anonymised clinical data. All patient information was maintained under strict confidentiality. This
paper was reported in accordance with the RECORD reporting guidelines.

Patient Characteristics and Outcomes

Baseline data were extracted from electronic medical records within the first 24 hours following sepsis diagnosis.
Collected variables included demographic characteristics, severity-of-illness scores (acute physiology and chronic health
evaluation II [APACHE II] and sequential organ failure assessment [SOFA]), comorbidities quantified by the charlson
comorbidity index(CCI), initial treatment interventions (eg, mechanical ventilation, extracorporeal membrane oxygena-
tion [ECMO)], continuous renal replacement therapy [CRRT]), and routine laboratory parameters. Patients were stratified
according to Sepsis-3.0 criteria into septic shock and sepsis without shock.
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The primary outcome was ICU mortality, defined as death from any cause before discharge from the intensive care
unit. Secondary outcomes recorded were ICU length of stay and 28-d ICU-free days; the latter was calculated as the
number of days alive and outside the ICU within the 28 days following admission. All data were anonymised and
processed in compliance with the approved ethical protocol.

Malnutrition Assessment

Nutritional risk was assessed retrospectively using four validated tools. The mNUTRIC score was extracted directly from
medical records; this score incorporates age, APACHE II score, SOFA score, number of comorbidities, and days of
hospital stay before ICU admission, with a score > 5 indicating high nutritional risk.'"> The PNI was calculated as:
albumin (g/L)+5xlymphocyte count (x10°/L). The NRI was computed as: 1.519 x albumin (g/L) + 41.7x(current weight/
ideal body weight), where ideal body weight (kg) was estimated as: [height (cm) — 80] x 0.7 for men and [height (cm) —
70] x 0.6 for women. The CONUT score was based on the albumin, total cholesterol, and lymphocyte count. Albumin
levels (g/L) were scored as follows: >35 (0), 30-34 (2), 25-29 (4), and <25(6); total cholesterol (mmol/L) was scored as:
>4.65 (0), 3.62-4.65 (1), 2.59-3.61 (2), and <2.59 (3); lymphocyte count (x10°/L) was scored as: >1.60 (0), 1.20-1.59
(1), 0.80-1.19 (2), and <0.80 (3). The scores for albumin, lymphocyte, and total cholesterol are then combined.**

Statistical Analysis

Continuous variables were expressed as meantstandard deviation (£SD) or median (interquartile range). Continuous
variables with normal distribution were evaluated using Student’s ¢-test, while continuous variables with non-normal
distribution were tested using the Mann—Whitney U-test. Categorical variables were presented as frequencies or
percentages, and * tests or Fisher’s exact tests were applied. Continuous nutritional indicators were dichotomised
using optimal cut-offs determined by maximally selected rank statistics to ensure the highest statistical discrimination for
mortality risk. The discriminative ability of different nutritional assessment indices for ICU mortality was evaluated
using receiver operating characteristic (ROC) curves and the area under the curve (AUC). Formal comparisons of ROC
curves were performed using the DeLong test. The least absolute shrinkage and selection operator (LASSO) regression
was employed to screen variables. A nomogram was further constructed based on the screened variables, and a newly
modified indicator was finally developed by combining the nomogram’s mathematical calculations with its weighted
scores. The sample size was justified by the event-per-variable (EPV) criterion. With 423 ICU deaths and 11 candidate
variables in the full model, the EPV was approximately 38.5, which met the rigorous statistical requirement of EPV > 10
and guaranteed stable model performance.”® Restricted cubic spline (RCS) plots were used to explore the associations
between the modified malnutrition indicators and ICU mortality. Kaplan—Meier curves and Log rank tests were used to
compare survival between the groups. Univariate and multivariate Cox regression analyses were conducted to analyse the
independent prognostic value of nutritional indicators for ICU mortality in sepsis patients. Collinearity diagnostics were
performed to ensure the stability of the model. The entire dataset was randomly split into training (70%) and test (30%)
subsets to conduct internal validation of the model. Statistical significance was established as a two-sided p-value < 0.05.
All statistical analyses were performed using R version 4.5.2.

Results

Patient Baseline Characteristics and Performance of Conventional Nutritional Indices
A total of 1915 patients with sepsis were included. The mean age was 65.70 + 16.44 years, with a predominance of male
patients (65.69%). The respiratory tract was the most common infection source (52.53%). The overall ICU mortality rate
was 22.09%. Patients with septic shock (n = 1225) had significantly higher mortality than those without shock (26.04%
vs 15.07%, p < 0.001), along with higher APACHE II and SOFA scores, lower albumin and total cholesterol levels, and
higher lactate levels (all p < 0.001). Detailed baseline characteristics are shown in Table 1.

The RCS analysis of the relationship between nutritional indicators (PNI, NRI, CONUT) and ICU mortality is shown
in Additional file 1: Figure S2. Based on the maximally selected rank statistics, the optimal cut-off values for identifying
high-risk malnutrition were determined as 36.65 for PNI, 91.38 for NRI, and 6 for CONUT (Additional file 1: Figure S3).
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Table | The Baseline Characteristics of the Study Population

Variables Total Septic Shock Sepsis Without Shock P
(n=1915) (n=1225) (n=690)
Age, years 65.70 £ 16.44 65.79 + 16.08 65.53 + 17.08 0.747
Male sex, n (%) 1258 (65.69) 809 (66.04) 449 (65.07) 0.668
BMI, kg/m? 2351 £ 4.12 2343 £3.92 23.63 £ 4.45 0.307
Presumed site of infection causing sepsis, n (%) <0.001
Respiratory tract 1006 (52.53) 582 (47.51) 424 (61.45)
Intra-abdominal 530 (27.68) 385 (31.43) 145 (21.01)
Urinary tract 155 (8.09) 121 (9.88) 34 (4.93)
Bloodstream 67 (3.50) 56 (4.57) 11 (1.59)
Skin and soft tissue 59 (3.08) 38 (3.10) 21 (3.04)
Central nervous system 53 (2.77) 30 (2.45) 23 (3.33)
Other 45 (2.35) 13 (1.06) 32 (4.64)
APACHE Il score 19.00 (14.00, 25.00) 20.00 (15.00, 26.00) 17.00 (12.00, 22.00) <0.001
SOFA score 7.00 (4.00, 10.00) 8.00 (6.00, 11.00) 5.00 (3.00, 8.00) <0.001
Comorbid conditions, n (%)
Hypertension 975 (50.91) 601 (49.06) 374 (54.20) 0.031
Cerebrovascular disease 597 (31.17) 359 (29.31) 238 (34.49) 0.019
Diabetes mellitus 547 (28.56) 358 (29.22) 189 (27.39) 0.394
Solid tumor 371 (19.37) 249 (20.33) 122 (17.68) 0.160
Chronic kidney disease 335 (17.49) 235 (19.18) 100 (14.49) 0.009
Coronary artery disease 334 (17.44) 218 (17.80) 116 (16.81) 0.586
Chronic pulmonary disease 200 (10.44) 115 (9.39) 85 (12.32) 0.044
CCl score 2(1,3) 2 (1, 3) 2 (0, 3) 0.082
Mechanical ventilation, n (%) 1797 (93.84) 1192 (97.31) 605 (87.68) <0.001
CRRT, n (%) 465 (24.28) 334 (27.27) 131 (18.99) <0.001
ECMO, n (%) 83 (4.33) 61 (4.98) 22 (3.19) 0.065
Hb, g/L 98.22 + 22.45 97.65 + 21.72 99.23 + 23.67 0.150
WBC, 10°/L 11.42 (7.66, 16.46) 12.13 (7.97, 18.03) 10.25 (7.25, 14.17) <0.001
PLT, 10°/L 148.00 (82.50, 216.00) 131.00 (73.00, 200.00) 166.50 (107.00, 231.75) <0.001
ANC, 10°/L 9.87 (6.50, 14.68) 10.80 (6.81, 16.42) 8.73 (6.01, 12.52) <0.001
ALC, 10°/L 0.69 (0.45, 1.07) 0.65 (0.42, 1.02) 0.75 (0.49, 1.13) <0.001
PCT, pg/L 2.10 (0.34, 10.00) 3.99 (0.81, 14.20) 0.63 (0.08, 3.09) <0.001
ALB, g/L 30.77 £ 5.21 30.37 £ 5.35 31.48 + 4.88 <0.001
PA, mg/L 92.60 (69.10, 130.00) 80.00 (60.00, 118.45) 100.00 (70.00, 130.00) <0.001
TC, mmol/L 2.46 (1.87, 3.23) 231 (1.76, 3.02) 2.78 (2.19, 3.55) <0.001
TG, mmol/L 1.33 (0.91, 2.05) 1.32 (0.91, 2.08) 1.35 (0.89, 2.04) 0.699
BUN, mmol/L 9.30 (5.95, 15.05) 10.00 (6.20, 15.70) 8.20 (5.60, 13.60) <0.001
SCr, umol/L 91.00 (61.00, 158.00) 102.00 (68.00, 165.00) 75.00 (54.25, 131.00) <0.001
Lac, mmol/L 1.60 (1.10, 2.50) 1.80 (1.20, 2.80) 1.40 (1.00, 2.10) <0.001
mNUTRIC, n (%) <0.001
No malnutrition 934 (48.77) 504 (41.14) 430 (62.32)
Malnutrition 981 (51.23) 721 (58.86) 260 (37.68)
PNI, n (%) <0.001
No malnutrition 725 (37.86) 422 (34.45) 303 (43.91)
Malnutrition 1190 (62.14) 803 (65.55) 387 (56.09)
NRI, n (%) 0.024
No malnutrition 1000 (52.22) 616 (50.29) 384 (55.65)
Malnutrition 915 (47.78) 609 (49.71) 306 (44.35)
CONUT, n (%) <0.001
No malnutrition 714 (37.28) 400 (32.65) 314 (45.51)
Malnutrition 1201 (62.72) 825 (67.35) 376 (54.49)
(Continued)
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Table | (Continued).

Variables Total Septic Shock Sepsis Without Shock P
(n=1915) (n=1225) (n=690)

ICU length of stay, days 9.07 (4.37, 16.75) 8.93 (4.00, 16.76) 9.24 (4.79, 16.73) 0.357

28-d ICU-free days 15.00 (0.00, 22.00) 14.00 (0.00, 23.00) 16.00 (0.00, 22.00) 0.012

ICU mortality, n (%) 423 (22.09) 319 (26.04) 104 (15.07) <0.001

Abbreviations: ALB, albumin; ALC, absolute lymphocyte count; ANC, absolute neutrophil count; APACHE I, acute physiology and chronic health evaluation II; BMI, body
mass index; BUN, blood urea nitrogen; CCl, charlson comorbidity index; CONUT, controlling nutritional status; CRRT, continuous renal replacement therapy; ECMO,
extracorporeal membrane oxygenation; Hb, hemoglobin; Lac, lactate; mMNUTRIC, modified nutrition risk in the critically ill score; NRI, nutritional risk index; PA, prealbumin;
PCT, procalcitonin; PLT, platelet; PNI, prognostic nutritional index; SCr, serum creatinine; SOFA, sequential organ failure assessment; TC, total cholesterol; TG, triglycerides;
WABC, white blood cell.

The prevalence of malnutrition varied substantially across tools: 51.23% for mNUTRIC, 62.14% for PNI, 47.78% for
NRI, and 62.72% for CONUT. The Venn diagram (Additional file 1: Figure S4) illustrates the overlap of malnutrition
diagnoses among the four indices, revealing that only 421 patients (21.98%) were concurrently identified as malnour-

ished by all criteria. The mNUTRIC score demonstrated the highest AUC among conventional indices for discriminating
ICU mortality (AUC = 0.725, 95% CI 0.699-0.751), followed by PNI (0.687), NRI (0.649), and CONUT (0.611)
(Figure 1). Kaplan-Meier analyses showed that patients identified as malnourished by any of these four tools had
significantly lower survival probabilities in the total cohort and in both septic shock and non-shock subgroups (all p <
0.001, Additional file 1: Figures S5-S8).
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Figure | ROC analysis of nutrition-related indicators for discriminating ICU mortality in patients with sepsis.
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Construction of LPNI Based on PNI

Although mNUTRIC exhibited the highest prognostic accuracy, its clinical utility is often limited by its complexity and
reliance on subjective parameters. Conversely, while PNI is objective and ranked second in prognostic performance. To
further improve the prognostic performance of the PNI, we employed LASSO regression to screen for additional critical
laboratory markers related to inflammation, nutrition, and metabolism from 11 candidate variables, including haemoglo-
bin, white blood cell, platelet, absolute neutrophil count, procalcitonin, prealbumin, total cholesterol, triglyceride, lactate,
blood urea nitrogen, and serum creatinine. Lactate was identified as the variable with the highest positive coefficient
(0.323), indicating a strong association with mortality (Additional file 1: Figure S9).

Consequently, we constructed a novel index, the Lactate-modified PNI (LPNI), by integrating lactate into the PNI
framework. The quantitative formula was mathematically derived from the weighted scores assigned to the core variables
in the prognostic nomogram (Figure 2A). Specifically, for the PNI component, a value of 70 corresponded to 0 points,
while a value of 5 corresponded to 65 points, implying a linear relationship where a 1-unit decrease in PNI resulted in
a 1-point increase (PNI,oin=70-PNI). Regarding the lactate component, a level of 0 mmol/L corresponded to 0 points,
while 35 mmol/L corresponded to 100 points. Thus, each 1 mmol/L increase in lactate contributed approximately 2.86
points (Lacpoints=2.86*Lac). The final LPNI index was established by summing these linear equations: LPNI = 70—
Albumin (g/L)-5 *Lymphocyte (10°/L) + 2.86* Lactate (mmol/L). To facilitate its application in clinical settings, we
have developed an online calculator based on the nomogram model. By entering the necessary data, users can instantly
obtain an LPNI score from the calculator, which also assesses the presence or absence of malnutrition and stratifies
mortality risk (Figure 2B: https://tomietang.github.io/lpni-calculator/).

Prognostic Performance and Validation of LPNI
Using an optimal cut-off value of 46.98 determined by maximally selected rank statistics (Figure 3), the overall
prevalence of malnutrition diagnosed by LPNI was 18.8% (360/1915). Notably, the prevalence was significantly higher
in the septic shock group than in the non-shock sepsis group (24.3% [298/1225] vs 9.0% [62/690]; x> = 68.05, p < 0.001).
Patients classified as malnourished by LPNI had higher APACHE II and SOFA scores and a higher proportion of septic
shock (all p < 0.001, Additional file 1: Table S1).

The LPNI achieved an area under the ROC curve (AUC) of 0.754 (95% CI: 0.729-0.780) for discriminating ICU
mortality, significantly outperforming the original PNI, lactate, absolute lymphocyte count, albumin, and the conven-
tional SOFA and APACHE II severity scores (Figure 4). As shown in Table 2, the DeLong test confirmed that the
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Figure 2 Nomogram and calculator for discriminating ICU mortality of patients with sepsis.
Notes: (A) Nomogram; (B) LPNI calculator.
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Figure 3 Association of LPNI with ICU mortality and its prognostic cutoff analysis in patients with sepsis.
Notes: (A) Restricted cubic spline curve depicting the dose-response relationship between LPNI and ICU mortality risk; (B) Maximally selected rank statistics identifying
the optimal LPNI cutoff.
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Figure 4 ROC analysis of LPNI and PNI for discriminating ICU mortality in patients with sepsis.
Notes: (A) Comparison of LPNI with PNI; (B) Comparison of LPNI with Lac, ALB, and ALC; (C) Comparison of LPNI with APACHE Il and SOFA scores.

improvement in prognostic performance over all these markers was statistically significant (all p < 0.001), except for
APACHE 1I score (p=0.124), for which the difference did not reach significance. Kaplan-Meier survival curves
demonstrated that, in the total population as well as in the septic shock and non-shock subgroups, patients with a high
LPNI score (>46.98) had significantly worse survival (all p < 0.001, Figure 5).

Sensitivity analysis excluding patients who died within 72 h of admission confirmed that LPNI remained the most
effective discriminator (AUC = 0.726), outperforming all other indices (Additional file 1: Figure S10). Internal validation
by randomly splitting the dataset into a training cohort (70%) and a test cohort (30%) yielded consistent results: LPNI
showed the highest AUC in both the training (0.751) and test (0.763) cohorts, supporting good model stability
(Additional file 1: Figure S11).

Relationship Between Nutritional Indicators and Mortality
In univariate Cox regression (Model a, unadjusted), all five indices were significantly associated with ICU mortality in
the total population and in both subgroups (all p < 0.001). After multivariable adjustment (Model c), mNUTRIC lost its
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Table 2 Comparison of Prognostic Performance of Different Indicators with LPNI
(DeLong Test)

Variables AUC Comparison with LPNI z P
LPNI 0.754

PNI 0.687 AAUC =0.0673 6.879 < 0.001
Lac, mmol/L 0.679 AAUC =0.0756 5.694 < 0.001
ALC,10°/L 0.593 AAUC =0.1610 9.772 < 0.001
ALB, g/L 0.667 AAUC =0.0866 7.536 < 0.001
APACHE Il score 0.729 AAUC =0.0261 1.537 0.124
SOFA score 0.698 AAUC =0.0564 3.348 < 0.001

Notes: AAUC = AUC(LPNI)-AUC(comparator).

Abbreviations: LPNI, lactate-modified prognostic nutritional index; PNI, prognostic nutritional index; Lac, lactate;
ALC, absolute lymphocyte count; ALB, albumin; APACHE Il, acute physiology and chronic health evaluation II; SOFA,
sequential organ failure assessment; AUC, area under the receiver operating characteristic curve.

independent significance in the total cohort (HR = 1.42, 95% CI 0.97-2.07, p = 0.073) and in both subgroups. NRI and
CONUT were also not independently prognostic in the shock subgroups. By comparison, LPNI and PNI remained
statistically significant independent risk factors for ICU mortality after full covariate adjustment. Of particular note, LPNI
consistently served as an independent risk factor for ICU mortality in the total population (HR = 3.25, 95% CI 2.36-4.48,
p <0.001), septic shock patients (HR = 2.40, 95% CI 1.85-3.10, p < 0.001), and non-shock patients (HR = 2.60, 95% CI
1.49-4.51, p < 0.001) (Table 3).

Discussion
In this study, we developed a novel modified index, LPNI, based on the PNI, which integrates. The results showed that
LPNI significantly outperformed all conventional nutritional indices in discriminating ICU mortality (AUC = 0.754).
However, it is important to note that the prognostic performance of LPNI did not reach statistical significance when
compared with the classic critical illness severity score APACHE II (DeLong test, p = 0.124). Nevertheless, LPNI offers
distinct practical advantages: it is derived entirely from routine laboratory tests and can be rapidly calculated at the
bedside. Unlike traditional disease severity scores, LPNI directly reflects clinically actionable nutritional and metabolic
abnormalities, making it an effective complementary tool for nutritional assessment and management. Furthermore, LPNI
was an independent risk factor for mortality in both septic shock and non-shock sepsis patients, representing a robust,
stable, objective, and convenient prognostic indicator for clinical evaluation.

A striking finding was the marked variation in malnutrition prevalence, ranging from >60% with PNI/CONUT to only
18.8% with LPNI. This discrepancy highlights a fundamental difference in construct validity. This discrepancy reflects
fundamental differences in tool construction. The PNI and CONUT are heavily influenced by acute inflammation, and
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Figure 5 The Kaplan—Meier curves of sepsis patients with malnutrition and no malnutrition based on the LPNI index.
Notes: (A) total population; (B) patients with septic shock; (C) patients with sepsis without shock.
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Table 3 The Univariate and Multivariate Cox Analysis for the Associations Between 5 Nutrition-Related Indicators

and ICU Mortality in Patients with Sepsis

Variables Model a Model b Model ¢
HR (95% CI) P HR (95% CI) P HR (95% CI) P

LPNI

Total (n=1915) 5.40 (421, 6.92) | <0.001 | 3.27 (2.39, 4.48) | <0.001 | 3.25 (2.36, 4.48) | <0.001

Septic shock (n=1225) 3.79 (3.04, 4.72) | <0.001 | 2.39 (1.86, 3.09) | <0.001 | 2.40 (1.85, 3.10) | <0.001

Sepsis without shock (n=690) | 3.97 (2.51, 6.28) | <0.001 | 2.70 (1.60, 4.54) | <0.001 | 2.60 (1.49, 4.51) | <0.001
mNUTRIC

Total (n=1915) 4.36 (3.40, 5.60) | <0.001 1.44 (1.00, 2.08) 0.048 1.42 (0.97, 2.07) 0.073

Septic shock (n=1225) 2.16 (1.62,2.87) | <0.001 1.30 (0.90, 1.86) 0.158 1.22 (0.84, 1.78) 0.296

Sepsis without shock (n=690) | 2.67 (1.78, 3.98) | <0.001 1.02 (0.57, 1.83) 0.941 1.04 (0.56, 1.93) 0.900
PNI

Total (n=1915) 4.11 (3.11,5.43) | <0.001 | 3.75(2.45,5.73) | <0.001 | 4.00 (2.59, 6.16) | <0.001

Septic shock (n=1225) 3.57 (2.61,4.90) | <0.001 | 2.92 (1.90, 4.48) | <0.001 | 2.91 (1.88, 4.51) | <0.001

Sepsis without shock (n=690) | 3.42 (2.15, 5.45) | <0.001 | 3.02 (1.59, 5.74) | <0.001 | 3.10 (1.60, 6.03) | <0.001
NRI

Total (n=1915) 2.57 (2.05, 3.23) | <0.001 1.49 (1.04, 2.13) 0.030 1.57 (1.09, 2.25) 0.015

Septic shock (n=1225) 2.17 (1.72, 2.74) | <0.001 1.12 (0.81, 1.56) 0.504 1.07 (0.77, 1.50) 0.676

Sepsis without shock (n=690) | 2.52 (1.68, 3.76) | <0.001 1.81 (1.03, 3.20) 0.040 1.74 (0.96, 3.16) 0.069
CONUT

Total (n=1915) 2.33 (1.82,2.99) | <0.001 | 0.51 (0.34, 0.77) 0.001 0.49 (0.33, 0.74) | <0.001

Septic shock (n=1225) 2.30 (1.75, 3.03) | <0.001 | 0.72 (0.49, 1.05) 0.087 0.71 (0.48, 1.04) 0.078

Sepsis without shock (n=690) | 2.03 (1.35, 3.06) | <0.001 | 0.57 (0.31, 1.04) 0.066 0.58 (0.31, 1.08) 0.084

Notes: Model a: Not adjusted; Model b: Adjusted for Age, Sex, Presumed site of infection causing sepsis, BMI, APACHE I, and SOFA; Model c:
Adjusted for Age, Sex, Presumed site of infection causing sepsis, BMI, APACHE Il, SOFA, Comorbid conditions, Mechanical ventilation, CRRT, and
ECMO.

Abbreviations: LPNI, lactate-modified prognostic nutritional index; mMNUTRIC, modified Nutrition Risk in Critically Il score; PNI, prognostic
nutritional index; NRI, nutritional risk index; CONUT, controlling nutritional status score; HR, hazard ratio; 95% Cl, 95% confidence interval.

weight-based indicators like the NRI (47.78%) are confounded by oedema. These structural flaws lead to overestimation
of malnutrition in sepsis. In contrast, although LPNI also incorporates albumin and lymphocyte count, its malnutrition
prevalence is only 18.8%. This seemingly paradoxical phenomenon can be explained by the unique modulating role of
lactate.”® Even if the PNI is low, a normal lactate level may keep the LPNI below the diagnostic threshold. Only when
nutritional-immunological deficits are accompanied by concurrent metabolic stress or tissue hypoperfusion (elevated
lactate) does the LPNI exceed the cut-off. Thus, LPNI identifies patients who suffer from both baseline physiological
vulnerability and acute metabolic derangement, rather than those with isolated nutritional abnormalities or inflammation
alone. Consequently, LPNI serves as a precision-based assessment tool that accurately screens the high-risk subgroup
with the greatest mortality risk, rather than a non-specific screening instrument, thereby facilitating stratified management
of critically ill patients and prioritisation of healthcare resources. Nevertheless, the consistently higher malnutrition rates
observed in septic shock patients across all assessment metrics, which align with prior studies, underscore the synergistic
impact of cytokine-driven hypercatabolism and circulatory failure-induced intestinal hypoperfusion on host nutrient
reserves.”’*®

After incorporating lactate into the PNI framework, the AUC of the model significantly increased from 0.687 to
0.754. In sepsis, lactate is not merely a byproduct of hypoxia—it is a comprehensive indicator integrating tissue
hypoperfusion, cytokine-driven aerobic glycolysis, and impaired hepatic clearance.”’ Elevated lactate signals an acute
metabolic crisis accompanied by severe cellular energy stress, which in turn exacerbates protein catabolism and immune
dysfunction.”® Mechanistically, lactate functions as a signalling molecule via histone lactylation, an epigenetic modifica-
tion that reprograms immune cells toward an immunosuppressive phenotype.>' This mechanism synergises with
hypoalbuminemia and lymphopenia to create a multilayered biological foundation, which directly endows LPNI with
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robust and reliable statistical performance. Multivariate analysis revealed that the prognostic value of mNUTRIC was
substantially attenuated due to conceptual overlap with critical illness severity scores. By contrast, LPNI remained an
independent prognostic factor, offering unique incremental prognostic value and providing a scientifically grounded
reference for clinical decision-making.

Beyond its value in risk stratification, the integrated inflammatory-metabolic-nutritional phenotype captured by LPNI
may offer guidance for individualised nutritional therapy in patients with sepsis. An elevated LPNI score could alert
clinicians to differentiate the primary driver of hyperlactatemia—whether it originates from tissue hypoperfusion or
stress-induced aerobic glycolysis—a distinction that may inform the timing and intensity of nutrition support.’* In
patients with overt tissue hypoperfusion, enteral feeding should be cautiously withheld to prioritise hemodynamic
stabilisation. Once initial hemodynamic stability is achieved, minimal trophic feeding may be considered to preserve
gut barrier integrity, with close monitoring for signs of feeding intolerance.*® For patients presenting predominantly with
catabolic stress without overt hypoperfusion, a strategy of permissive underfeeding (<70% of energy targets) may be
adopted to mitigate metabolic load while supporting the basal energy requirements for tissue repair.’* However, these
clinical suggestions remain speculative at this stage, and their clinical utility should be interpreted with caution.
Implementation of LPNI in clinical practice will require prospective, multi-center external validation, followed by
interventional trials to confirm its value.

This study has several limitations. First, its single-center, retrospective design in a Chinese population necessitates
validation in independent, multi-center, and ethnically diverse cohorts to confirm generalizability. Second, the lack of
a universally accepted gold standard for diagnosing malnutrition in critically ill patients poses a fundamental challenge
for comparative validation. Third, lactate levels in sepsis can be influenced by multiple factors, which we could not fully
adjust for, potentially introducing confounding. Fourth, the reliance on a single baseline assessment within 24 h of ICU
admission limits insight into the dynamic evolution of nutritional-metabolic status; future studies with serial measure-
ments are needed to evaluate LPNI trajectories. Finally, the observational design precludes causal inference, although
internal validation supports model robustness, prospective external validation is essential before clinical adoption.

Conclusion

This study demonstrates that the LPNI is an integrative tool for risk stratification and prognosis in sepsis. By integrating
the crosstalk among inflammatory, nutritional, and metabolic pathways, the LPNI overcomes the limitations of conven-
tional indices and provides enhanced specificity for mortality discrimination. However, the findings are exploratory, and
prospective validation in external cohorts is necessary before considering clinical application. If validated, LPNI may
offer a simple, objective tool for metabolic-nutritional risk stratification and for generating hypotheses for future
interventional trials.
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