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Background: Multiple Organ Dysfunction Syndrome (MODS) is a lethal complication of acute pancreatitis (AP), making early
identification of high-risk patients crucial for improving outcomes.

Aim: To develop and validate a clinically applicable nomogram for predicting MODS risk in acute pancreatitis patients based on
clinical and laboratory variables collected within the first 24 hours of admission.

Methods: We conducted a single-center retrospective cohort study using routinely collected electronic health records from Shanxi
Bethune Hospital (Taiyuan, China), including 693 adult patients with acute pancreatitis admitted between January 1, 2019 and
December 31, 2021. From 29 candidate indicators obtained within 24 hours of admission, key predictors were selected via LASSO
regression, and three machine-learning models — generalized linear model (GLM), random forest (RF), and support vector machine
(SVM) — were constructed and compared.

Results: Among the candidate models, the GLM-based nomogram showed the best overall performance. Using a parsimonious
variable selection strategy, we derived a final 7-variable model. This model demonstrated good discrimination, with areas under the
curve of 0.829 in the training cohort and 0.846 in the validation cohort, and showed satisfactory calibration, a high negative predictive
value, and clinical net benefit.

Conclusion: Our internally validated 7-variable nomogram, based on a generalized linear model, showed good discrimination and
a high negative predictive value for early prediction of multiple organ dysfunction syndrome in patients with acute pancreatitis, and
may assist clinicians in early risk stratification and resource allocation. Further external validation and prospective studies are
warranted to confirm its generalizability and clarify its impact on clinical decision-making and patient outcomes.
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Introduction

Acute pancreatitis (AP) is a common digestive emergency in which aberrant activation of pancreatic enzymes leads to
autodigestion and inflammation.' In 20-30% of patients with severe acute pancreatitis (SAP), the disease progresses to
multiple organ dysfunction syndrome (MODS), which carries a mortality rate of 30-50%.> MODS, defined as failure of
two or more organ systems, is closely associated with high mortality and prolonged intensive care unit (ICU) stays.’
Notably, organ failure persisting beyond 48 hours is linked to a marked increase in mortality (>50%).*

According to the latest clinical classification standards, the duration of organ dysfunction is the key criterion for
distinguishing mild (MAP), moderately severe (MSAP), and severe AP (SAP). Clinical data indicate that organ failure
occurs in approximately 20% of patients with AP, and mortality can surge to 30% once persistent organ dysfunction is
established.’ In the temporal evolution of organ failure, the respiratory and circulatory systems are often affected early,
manifesting as acute respiratory distress syndrome (ARDS, mortality ~37%) and refractory hypotension.*®’ As the
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disease progresses, it can further involve the kidneys (evidenced by rapidly rising creatinine levels and oliguria), liver,
and central nervous system, creating a vicious cycle of mutually aggravating multiorgan dysfunction and markedly
increasing the risk of severe complications such as infected pancreatic necrosis.® From a therapeutic perspective, early
fluid resuscitation using balanced crystalloids (eg, lactated Ringer’s solution) can improve microcirculation and reduce
the risk of MODS, whereas high-volume hemofiltration (HVHF) can effectively clear inflammatory mediators and
promote recovery of organ function.” Therefore, early identification of AP-associated organ failure and timely interven-
tion are crucial for improving prognosis and survival.'”

Currently, the emergency management of AP complicated by organ failure faces numerous challenges, including the
insufficient sensitivity of early warning indicators and difficulty in determining the optimal timing for intervention.
Traditional scoring systems (eg, SOFA) have limited early predictive power for progression from AP to MODS because
they rely on static parameters and do not incorporate dynamic changes in biomarkers. In-depth exploration of the
pathophysiological mechanisms underlying progression from AP to MODS and the development of diagnosis and
treatment strategies based on organ failure risk assessment have become key research priorities in the emergency care
of AP. Therefore, in this study we aimed to develop and internally validate an early prediction model for MODS in
patients with AP, using routinely collected clinical and laboratory indicators and existing scoring tools to support early
risk stratification and targeted intervention.

Materials and Methods

Data Source

This was a single-center retrospective cohort study at Shanxi Bethune Hospital. We collected clinical data from 784
patients diagnosed with Acute Pancreatitis at Shanxi Bethune Hospital between January 1, 2019, and December 31, 2021.
Based on the inclusion and exclusion criteria, clinical data from 693 patients were included in this study. Given the
retrospective nature of the research, patient data were kept strictly confidential, and all data were anonymized to protect
patient privacy.

Exclusion criteria were as follows: (1) Incomplete clinical data or missing medical records; (2) Non-first hospitaliza-
tion; (3) Chronic pancreatitis, trauma-related pancreatitis, or pregnancy-associated pancreatitis; (4) Patients with tumors;
(5) Patients diagnosed with severe cardiac, cerebral, pulmonary, renal, or other organ dysfunction prior to the onset of
AP; (6) Patients who were tertiary referrals and had received prior medication or invasive interventions.

Sample size adequacy was evaluated using the events-per-variable (EPV) principle for logistic regression, which
recommends >10 outcome events per predictor. We planned to include seven candidate predictors in the final model.
Given the observed MODS incidence of 34.6% in the training cohort, the minimum required sample size was calculated
as N > (10 x 7) / 0.346 = 203 patients, corresponding to at least 70 MODS events. Our training cohort (n = 486)
contained 168 MODS events, which comfortably exceeded this threshold and was therefore considered sufficient to
ensure stable coefficient estimates and to reduce the risk of overfitting.

Data Collection
General Information: Gender, age, Body mass index (BMI), smoking history, alcohol history, diabetes, hypertension,
hyperlipidemia, other chronic diseases.

Laboratory Parameters within 24 hours of admission: Total cholesterol, triglycerides, high-density lipoprotein
cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), serum magnesium, serum calcium, prothrombin
time (PT), white blood cell count (WBC), neutrophil count, lymphocyte count, monocyte count, red blood cell count
(RBC), hemoglobin (Hb), platelet count (PLT), C-reactive protein (CRP).

Inflammatory Indices and Clinical Scoring Parameters for AP: Modified Computed Tomography Severity Index
(MCTSI), Bedside Index for Severity in Acute Pancreatitis (BISAP), Early Warning Score for Acute Pancreatitis
(ERAP), Hemoglobin to Red cell distribution width Ratio (HRR), Neutrophil-to-Lymphocyte Ratio (NLR), Hemoglobin-
Albumin-Lymphocyte-Platelet (HALP) score, C-reactive protein to Albumin Ratio (CAR), D-dimer to serum Calcium
ratio (DDCa), Serum Creatinine to Total Bilirubin ratio (SCTB).
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We performed deduplication, date/logic checks, and physiologic range checks; implausible values were set to missing
a priori. No linkage across separate databases was performed.

Definitions

Diagnosis of Acute Pancreatitis

The diagnosis of AP was consistent with the revised 2012 Atlanta classification, requiring at least two of the following
three criteria: (1) typical acute upper abdominal pain; (2) serum amylase and/or lipase levels at least three times the upper
limit of normal; and (3) characteristic findings of AP on abdominal imaging."'

Multiple Organ Dysfunction Syndrome (MODY)

The Sequential Organ Failure Assessment (SOFA) score is one of the most commonly used tools for assessing organ
failure. It includes six organ systems: respiratory, coagulation, liver, cardiovascular, renal, and neurological, each scored
from 0 (normal) to 4 (most severe dysfunction). An SOFA score >2 in a given organ system indicates organ dysfunction,
and MODS is considered when at least two organ systems are involved.'? In this study, MODS was defined as
dysfunction (SOFA >2) in two or more organ systems during hospitalization.'?

Laboratory Parameters
All laboratory parameters described in this section were obtained from venous blood samples collected within 24 hours
of admission and analyzed using automated biochemical and hematology analyzers.

Modified Computed Tomography Severity Index (MCTSI)

The MCTSI comprises three components: (1) pancreatic inflammation, (2) pancreatic necrosis, and (3) extrapancreatic
complications. The total MCTSI score is calculated as the sum of the inflammation score, necrosis score, and
extrapancreatic complications score. All patients with AP underwent abdominal and pelvic CT scanning within
48 hours of symptom onset. Two experienced radiologists independently assessed pancreatic morphology, local compli-
cations, and extrapancreatic complications while remaining blinded to patient identity.'?

BISAP Score

Introduced in 2008, the Bedside Index for Severity in Acute Pancreatitis (BISAP) score includes five clinical parameters:
(1) blood urea nitrogen (BUN) >25 mg/dL; (2) impaired mental status (Glasgow Coma Scale score <15); (3) presence of
systemic inflammatory response syndrome (SIRS); (4) age >60 years; and (5) presence of pleural effusion. Each
parameter contributes 1 point, yielding a total score ranging from 0 to 5.'*

Emergency Room Assessment for Acute Pancreatitis (ERAP) Score

The ERAP score ranges from 0 to 4 points and is calculated based on four binary indicators, each contributing 1 point if
present: respiratory rate (RR) >22 breaths/minute, Glasgow Coma Scale (GCS) score <15, blood urea nitrogen (BUN)
>25 mg/dL, and C-reactive protein (CRP) >150 mg/L.">'®

Hemoglobin-to-Red Cell Distribution Width Ratio (HRR)

HRR was calculated as hemoglobin divided by red cell distribution width (RDW), both obtained from the same complete
blood count. Previous studies have shown that incorporating HRR can significantly improve the predictive performance
of the SOFA score (C-index = 0.736) and BISAP score (C-index = 0.704) for 30-day mortality in AP. A higher HRR
level is associated with a reduced 30-day mortality risk and may enhance the predictive ability of existing scoring tools."’

HALP Score

The HALP score is a comprehensive scoring system composed of four parameters: Hemoglobin, Albumin, Lymphocyte
count, and Platelet count. These parameters are readily available in clinical practice and are closely related to the patient’s
nutritional status, immune function, and inflammatory response, thus holding potential as a prognostic tool for critically
ill patients. Studies have also found that the HALP score can improve the predictive ability of the SOFA score for short-

term mortality.'®"?
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In this study, all clinical and laboratory variables used to calculate the BISAP, ERAP, HRR, and HALP scores were
obtained within the first 24 hours of admission. This uniform time window ensured that all severity scores reflected early
disease status for the purpose of early risk prediction.

Data Processing and Statistical Analysis
All data processing and statistical analyses were performed using R software (version 4.5.1). Continuous variables were
first assessed for normality using the Shapiro—Wilk test; for normally distributed data, homogeneity of variances was then
evaluated using Levene’s test. Between-group comparisons were conducted using the independent-samples #-test when
variances were equal and Welch’s ¢-test when they were unequal, with results presented as mean + standard deviation.
Non-normally distributed data were summarized as median (interquartile range) and compared using the Mann—Whitney
U-test. Categorical variables were summarized as counts and percentages, and between-group comparisons were
performed using Pearson’s chi-square test or Fisher’s exact test, as appropriate.

Missing data were addressed using multiple imputation (MICE, R package mice, m = 5). All candidate predictors and
the outcome were included in the imputation model, and pooled estimates were obtained using Rubin’s rules.

Subsequently, a machine learning workflow was employed to select predictive variables from the high-dimensional
baseline data and to construct the prediction model: The dataset was randomly split into a training set (70%, n=486) and
a validation set (30%, n=207) at a 7:3 ratio. The Least Absolute Shrinkage and Selection Operator (LASSO) regression
was applied exclusively to the training set for variable selection to identify key predictors. Based on these predictors,
three machine learning models-Generalized Linear Model (GLM), Random Forest (RF), and Support Vector Machine
(SVM)-were constructed and compared. The final model was chosen according to a predefined strategy balancing
predictive accuracy, calibration performance, and clinical interpretability. Predictors with negligible contribution were
removed using backward elimination to improve model parsimony. Model performance was evaluated on the indepen-
dent validation set, assessing discrimination via the Area Under the Receiver Operating Characteristic curve (AUC),
calibration via calibration curves, and clinical utility via Decision Curve Analysis (DCA). Furthermore, internal
validation was performed using 1000 Bootstrap resamples and 10-fold cross-validation to ensure model robustness.

Result

A total of 784 patients with acute pancreatitis were screened during the study period. Of these, 91 were excluded
according to the predefined criteria, and 693 patients were included in the final analysis (Figure 1A). Missing baseline
data for candidate predictors were handled using multiple imputation by chained equations (MICE; m = 5) including all
candidate predictors and the outcome, and results across the imputed datasets were combined using Rubin’s rules. The
pattern and proportion of missing data are presented in Supplementary Figure 1.

Patient Baseline Characteristics

This study included 693 patients with acute pancreatitis, of whom 240 (34.6%) developed MODS and 453 (65.4%) did
not. As summarized in Table 1, baseline characteristics differed markedly between the two groups. Patients who
developed MODS were older than those who did not (56.50 [44.00-69.00] vs 42.00 [33.00-56.00] years, P < 0.001)
and had higher MCTSI, BISAP, and ERAP scores (all P < 0.001).

The distribution of etiologies also differed significantly. Biliary pancreatitis was more common in the MODS group,
whereas hyperlipidemic, alcoholic, and other etiologies were relatively more frequent in the non-MODS group (P <
0.001). In terms of laboratory findings, patients with MODS showed a more pronounced systemic inflammatory response,
with higher white blood cell count (WBC), neutrophil-to-lymphocyte ratio (NLR), C-reactive protein-to-albumin ratio
(CAR), and D-dimer-to-serum calcium ratio (DDCa) (all P < 0.001), together with lower lymphocyte count, hemoglobin-
to-red cell distribution width ratio (HRR), and hemoglobin—albumin—lymphocyte—platelet (HALP) score (P = 0.010, P <
0.001, and P < 0.001, respectively).

Disturbances in lipid metabolism were also more evident in the MODS group: both low-density lipoprotein
cholesterol (LDL-C) and high-density lipoprotein cholesterol (HDL-C) levels were lower than those in the non-MODS
group (both P < 0.001). Regarding comorbidities, hypertension was more prevalent in patients with MODS (33.8% vs
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Figure | Development of the 7-variable nomogram for predicting multiple organ dysfunction syndrome (MODS) in acute pancreatitis. (A) Flowchart of patient selection
and cohort allocation. (B—C) Least absolute shrinkage and selection operator (LASSO) regression for variable selection from 29 candidate predictors, identifying 9 key
variables. (D) Comparison of residual distributions for generalized linear model (GLM), random forest (RF), and support vector machine (SYM) models built on the
9-predictor set. (E) Regression coefficients of the multivariable GLM. (F) Final 7-variable nomogram for predicting individual MODS risk.

Abbreviations: MODS, multiple organ dysfunction syndrome; LASSO, least absolute shrinkage and selection operator; GLM, generalized linear mo RF, random forest; SVM,
support vector machine; MSE, mean squared error; MAE, mean absolute error; AUC, area under the curve; BISAP, bedside index for severity in acute pancreatitis; MCTSI,
modified computed tomography severity index; LDL-C (LDLC), low-density lipoprotein cholesterol; WBC, white blood cell count; ERAP, early risk assessment of acute
pancreatitis; HRR, hemoglobin-to-red cell distribution width ratio; NLR, neutrophil-to-lymphocyte ratio; DDCa, D-dimer-to-calcium ratio.

25.2%, P = 0.017), whereas hyperlipidemia was less frequent (18.8% vs 28.3%, P = 0.006). Taken together, these
differences in etiology, disease severity, inflammatory burden, and metabolic status highlight substantial baseline
heterogeneity between patients with and without MODS and provide a rationale for developing a prediction model for
MODS in acute pancreatitis (Table 1).

Variable Selection
Baseline characteristics were broadly comparable between the training and validation sets, with no statistically significant
differences for most clinical and laboratory variables (Supplementary Table 1). A slight difference was observed only for

C-reactive protein (CRP), whereas all other key predictors remained well balanced between the two groups, indicating
that the random split achieved an adequate distribution of patient features and provided a reasonable basis for subsequent
variable selection and model development.

To identify the most informative predictors and reduce dimensionality, least absolute shrinkage and selection operator
(LASSO) regression was applied to the training set. Starting from 29 candidate clinical variables, LASSO selected nine
predictors associated with the development of MODS: age, low-density lipoprotein cholesterol (LDL-C), white blood cell
count (WBC), modified CT severity index (MCTSI), BISAP score, ERAP score, hemoglobin-to-red cell distribution
width ratio (HRR), neutrophil-to-lymphocyte ratio (NLR), and D-dimer-to-calcium ratio (DDCa) (Figure 1B and C). The
optimal penalty parameter A identified by cross-validation was 0.0325. Among the selected variables, LDL-C and HRR
had negative regression coefficients, suggesting that higher levels of these markers may be associated with a lower risk of
MODS.

Model Construction and Comparison
Based on the nine predictive variables selected by LASSO regression, we constructed three machine learning models—a
generalized linear model (GLM), a random forest (RF), and a support vector machine (SVM)—to evaluate their
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Table | Baseline Characteristics of Patients with Acute Pancreatitis Stratified by

MODS

Characteristic No MODS N = 453' MODS N = 240' p-value?
Sex 299.00 (66.00%) 143.00 (59.58%) 0.094
Age 42.00 (33.00, 56.00) 56.50 (44.00, 69.00) <0.001
Etiology <0.001

[ 144.00 (31.79%) 137.00 (57.08%)

2 71.00 (15.67%) 28.00 (11.67%)

3 61.00 (13.47%) 20.00 (8.33%)

4 177.00 (39.07%) 55.00 (22.92%)
BMI 26.14 (23.44, 29.79) 26.17 (23.20, 29.30) 0.6
Smoking 200.00 (44.15%) 84.00 (35.00%) 0.020
Drinking 200.00 (44.15%) 82.00 (34.17%) 0.011
Diabetes 76.00 (16.78%) 44.00 (18.33%) 0.6
Hypertension 114.00 (25.17%) 81.00 (33.75%) 0.017
Hyperlipidemia 128.00 (28.26%) 45.00 (18.75%) 0.006
Other chronic diseases 332.00 (73.29%) 188.00 (78.33%) 0.14
TC 4.00 (2.69, 5.40) 3.50 (2.58, 4.73) 0.017
TG 1.21 (0.83, 2.53) 1.12 (0.77, 1.92) 0.2
HDLC 1.22 (0.92, 2.22) 1.06 (0.79, 1.39) <0.001
LDLC 2.93 (2.16, 32.40) 2.29 (1.65, 3.33) <0.001
Mg 0.83 (0.75, 0.89) 0.81 (0.74, 0.88) 0.092
Ca 2.17 (2.07, 2.27) 2.07 (1.92, 2.22) <0.001
PT 12.50 (11.90, 13.30) 12.90 (12.10, 14.05) <0.001
WBC 10.70 (7.50, 13.80) 12.65 (9.30, 16.20) <0.001
NEUT 8.43 (5.50, 11.93) 10.50 (7.66, 13.83) <0.001
LYMPH 1.24 (0.87, 1.70) 0.91 (0.63, 1.30) <0.001
MONO 0.61 (0.42, 0.82) 0.62 (0.41, 0.90) 0.4
RBC 4.53 (4.10, 5.03) 4.57 (4.05, 5.07) >0.9
HGB 138.00 (119.00, 155.00) | 132.35 (18.10, 156.00) 0.007
PLT 206.00 (163.00, 255.00) | 188.50 (144.00, 245.00) 0.001
CRP 62.34 (16.60, 126.21) 117.77 (71.08, 200.00) <0.001
MCTSI <0.001

0 11.00 (2.43%) 3.00 (1.25%)

2 202.00 (44.59%) 72.00 (30.00%)

(Continued)
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Table | (Continued).

Characteristic No MODS N = 453! MODS N = 240' p-value?

4 130.00 (28.70%) 60.00 (25.00%)
6 92.00 (20.31%) 75.00 (31.25%)
8 17.00 (3.75%) 30.00 (12.50%)

12 1.00 (0.22%) 0.00 (0.00%)

BISAP <0.001

0 142.00 (31.35%) 16.00 (6.67%)
| 177.00 (39.07%) 57.00 (23.75%)
2 108.00 (23.84%) 92.00 (38.33%)
3 23.00 (5.08%) 57.00 (23.75%)
4 3.00 (0.66%) 17.00 (7.08%)
5 0.00 (0.00%) 1.00 (0.42%)

ERAP <0.001
0 296.00 (65.34%) 77.00 (32.08%)
| 122.00 (26.93%) 81.00 (33.75%)

2 29.00 (6.40%) 59.00 (24.58%)
3 5.00 (1.10%) 19.00 (7.92%)
4 1.00 (0.22%) 4.00 (1.67%)

HRR 10.40 (8.54, 12.36) 9.75 (1.30, 12.64) 0.010
NLR 6.85 (3.94, I 1.16) 12.01 (7.02, 18.48) <0.001
HALP 24.27 (10.54, 41.50) 18.72 (4.06, 31.28) <0.001
CAR 2.05 (0.50, 4.14) 3.76 (1.94, 6.12) <0.001
DDCa 211.98 (96.09, 483.73) | 491.27 (233.58, 1180.41) | <0.001
SCTB 4.41 (2.63, 9.67) 3.23 (1.91, 6.52) <0.001

Notes: Data are presented as n (%) for categorical variables and median (IQR) for continuous variables,
unless otherwise indicated. The value in the Sex row indicates males. Etiology was coded as | = biliary; 2 =
alcohol-related; 3 = hypertriglyceridemia-related; 4 = other.

Abbreviations: MODS, multiple organ dysfunction syndrome; BMI, body mass index; TC, total cholesterol;
TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol;
Mg, magnesium; Ca, calcium; PT, prothrombin time; WBC, white blood cell count; NEUT, neutrophil count;
LYMPH, lymphocyte count; MONO, monocyte count; RBC, red blood cell count; HGB, hemoglobin; PLT,
platelet count; CRP, C-reactive protein; MCTSI, modified computed tomography severity index; BISAP,
bedside index for severity in acute pancreatitis; ERAP, early risk assessment of acute pancreatitis; HRR,
hemoglobin-to-red cell distribution width ratio; NLR, neutrophil-to-lymphocyte ratio; HALP, hemoglobin—
albumin—lymphocyte—platelet index; CAR, C-reactive protein-to-albumin ratio; DDCa, D-dimer-to-calcium
ratio; SCTB, serum creatinine-to-total bilirubin ratio.

performance in predicting MODS. When assessed using mean absolute error (MAE), the GLM performed best (MAE =
0.289), followed by the RF (MAE = 0.310) and SVM (MAE = 0.313). The mean residuals of all three models were close
to zero (GLM: 0.028; SVM: 0.025; RF: 0.006), and the standard deviations of the residuals were similar (GLM: 0.376;
SVM: 0.395; RF: 0.385). These findings indicate that none of the models showed obvious systematic bias and that the
more complex RF and SVM models did not provide a meaningful improvement in predictive accuracy over the GLM.
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Abbreviations: MODS, multiple organ dysfunction syndrome; ROC, receiver operating characteristic; AUC, area under the curve; ERAP, early risk assessment of acute
pancreatltls.

Overall, among the models built using the same set of predictors, the GLM provided the best balance between adequate
accuracy and clinical interpretability and was therefore selected as the final modeling framework for subsequent
nomogram construction (Figure 1D).

Regression Coefficient Analysis of Predictive Variables

Based on the nine variables selected by LASSO regression, we further examined their effects in a multivariable
generalized linear model (logistic regression). The ERAP score had the largest positive regression coefficient (f =
0.755, P < 0.001), indicating a strong association with the development of MODS. Other variables with positive
coefficients included BISAP score (B = 0.183, P = 0.281), modified CT severity index (MCTSI; B = 0.087, P =
0.159), white blood cell count (WBC; B = 0.053, P = 0.062), and age (B = 0.036, P < 0.001). In contrast, low-density
lipoprotein cholesterol (LDL-C; B = —0.039, P < 0.001) and hemoglobin-to-red cell distribution width ratio (HRR; § =
—0.073, P = 0.003) showed negative coefficients, suggesting that higher levels of these markers are associated with
a lower risk of MODS. The D-dimer-to-calcium ratio (DDCa; B = 0.00021, P = 0.039) also reached statistical
significance, although its effect size was very small. The neutrophil-to-lymphocyte ratio (NLR; B = 0.022, P = 0.129)
did not achieve statistical significance in the multivariable model (Figure 1E).

Construction of the Predictive Nomogram

To develop a predictive tool that balanced parsimony with clinical utility, we further optimized the initial multivariable
generalized linear model. Starting from the nine LASSO-selected predictors, we applied backward elimination in the
multivariable logistic regression model. The neutrophil-to-lymphocyte ratio (NLR) was removed because it did not
achieve statistical significance in the multivariable analysis (B = 0.022, P = 0.129) and contributed little to overall model
performance. In contrast, the D-dimer-to-calcium ratio (DDCa) remained statistically significant (B = 0.00021, P =
0.039), but its regression coefficient was extremely small, indicating only a minimal effect on the predicted log-odds of
MODS. In line with the principle of parsimony, DDCa was therefore also excluded to avoid unnecessary model
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complexity. The remaining seven core variables—age, LDL-C, WBC, MCTSI, BISAP, ERAP, and HRR—were incor-
porated into the final nomogram for individualized risk prediction (Figure 1F).

Performance Verification and Evaluation of the Final Model

The final 7-variable logistic regression model demonstrated strong predictive performance for MODS. In the training
cohort (n = 486), the model achieved an AUC of 0.829, which was slightly higher in the independent validation cohort
(AUC = 0.846). Using the optimal cutoff probability determined by the Youden index (0.28), the model yielded an
accuracy of 0.773, sensitivity of 0.819, specificity of 0.748, positive predictive value of 0.634, and negative predictive
value of 0.886 in the validation cohort, indicating good overall discriminative ability and particularly strong ruling-out
capacity (Figure 2A).

Comparison with alternative models further highlighted the efficiency of the simplified approach. The 7-variable
model retained nearly all the discriminative ability of the full 9-variable model (validation AUC: 0.846 vs 0.852), while
markedly outperforming the ERAP-only model (AUC: 0.712). These findings underscore the incremental predictive
value of combining ERAP with age, LDL-C, WBC, MCTSI, BISAP, and HRR in a unified framework (Figure 2B).

Subgroup analyses stratified by the etiology of acute pancreatitis demonstrated consistent performance across the
major etiologic categories. In the validation cohort, the model achieved AUCs of 0.845 for biliary AP, 0.829 for alcoholic
AP, and 0.864 for AP due to other causes. Corresponding sensitivity and negative predictive value remained high when
applying the global cutoff of 0.28—for instance, 0.914/0.885 in biliary AP, 0.800/0.895 in alcoholic AP, and 0.800/0.922
in other etiologies. Performance was lower in hypertriglyceridemia-associated AP (AUC = 0.669; sensitivity/NPV =
0.429/0.778), likely reflecting both the small sample size and etiologic heterogeneity in this subgroup (Supplementary
Table 2).

Calibration analyses further confirmed the reliability of the model. Calibration curves in both the training and
validation cohorts showed close agreement between predicted and observed MODS probabilities, supported by non-
significant Hosmer—Lemeshow tests (P > 0.05) and low Brier scores of 0.157 and 0.144, respectively.

Decision curve analysis showed that the 7-variable and 9-variable models provided substantially greater net clinical
benefit across a wide range of threshold probabilities than the ERAP-only, treat-all, and treat-none strategies, with nearly
overlapping net-benefit curves for the two multivariable models (Figure 2C).

Internal validation using 1000 bootstrap resamples and 10-fold cross-validation demonstrated good robustness,
yielding an optimism-corrected C-index of approximately 0.839 (Figure 3). Taken together, these results support the
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Figure 3 Internal validation of the 7-variable nomogram. (A) Bootstrap validation of the final model based on 1000 resamples. (B) Ten-fold cross-validation of the final
model.
Abbreviations: OOB, out-of-bag; C-index, concordance index; Cl, confidence interval; AUC, area under the curve.
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7-variable model as a well-calibrated, discriminative, and clinically practical tool for early MODS risk stratification in
patients with acute pancreatitis.

Discussion

In this retrospective cohort of 693 patients with acute pancreatitis, we developed and internally validated a parsimonious
7-variable nomogram to predict the risk of multiple organ dysfunction syndrome (MODS) using clinical and laboratory
data collected within the first 24 hours of admission. The model demonstrated good discrimination in both the training
(AUC = 0.829) and validation cohorts (AUC = 0.846), together with favorable calibration and decision curve perfor-
mance. At a pragmatic cutoff probability of 0.28, the nomogram achieved a high negative predictive value (0.886),
supporting its primary role as an early rule-out tool for MODS. Importantly, the simplified 7-variable model retained
almost all of the discriminative ability of the original 9-variable model, while clearly outperforming the ERAP score
alone, and showed generally consistent performance across major etiological subgroups of acute pancreatitis.

Compared with existing prognostic tools in acute pancreatitis, our approach has several distinctive features.
Traditional scoring systems such as SOFA, BISAP and the modified CT severity index (MCTSI) were not specifically
designed to predict MODS as an independent outcome, but rather overall disease severity or mortality. SOFA is widely
used to quantify established organ dysfunction and has been repeatedly associated with mortality in critically ill
patients.'> BISAP and MCTSI have been validated for early risk stratification in acute pancreatitis, but they provide
only a coarse categorization of severity and do not integrate newer dynamic inflammatory and metabolic markers.'®'
More recently, the ERAP score has been proposed as an easy-to-use emergency triage tool that combines respiratory rate,
mental status, blood urea nitrogen and C-reactive protein to predict adverse outcomes in acute pancreatitis. Our findings
confirm ERAP as the single strongest predictor within the multivariable model, but also show that combining ERAP with
age, MCTSI, BISAP, white blood cell count, low-density lipoprotein cholesterol (LDL-C) and the hemoglobin-to-red cell
distribution width ratio (HRR) yields substantially better discrimination than ERAP alone, without sacrificing bedside
feasibility. Thus, the present nomogram can be viewed as an ERAP-anchored, MODS-focused extension of existing
scoring systems.

The individual predictors included in the final model are biologically plausible and align with current understanding
of MODS pathophysiology in acute pancreatitis. ERAP, BISAP and MCTSI collectively capture the global burden of
systemic inflammatory response, early organ dysfunction and local pancreatic injury, which have all been strongly linked
to persistent organ failure. Age and white blood cell count reflect baseline vulnerability and systemic inflammatory load,
respectively, both of which predispose patients to progression from transient to persistent organ dysfunction. Of
particular interest, LDL-C and HRR entered the model with negative coefficients, indicating that lower values are
associated with increased MODS risk. Generally, low-density lipoprotein cholesterol (LDL-C) is considered
a detrimental factor; however, our findings suggest that higher LDL-C may serve as a marker of lower risk against
MODS in AP, whereas low LDL-C is associated with increased risk. A plausible explanation is that during the
pathological process of AP, activated inflammatory cells (such as macrophages) extensively uptake and metabolize
LDL-C via scavenger receptors to synthesize pro-inflammatory cytokines and reactive oxygen species, leading to
a marked reduction in circulating LDL-C and indirectly reflecting the intensity of the inflammatory response.?’
Clinical studies further indicate that low LDL-C levels are closely associated with the occurrence of persistent organ
failure (POF), a core clinical phenotype of MODS, possibly through mechanisms involving lipid metabolism disorders,
endothelial dysfunction and impaired microcirculatory perfusion.?' Notably, LDL-C levels have been reported to exhibit
a U-shaped relationship with AP severity, whereby both excessively high and excessively low LDL-C concentrations are
associated with a higher risk of severe acute pancreatitis; our results extend these observations by demonstrating that
LDL-C behaves as an independent inverse predictor of MODS in this cohort.?? Several studies have also reported that
reduced levels of LDL-C and high-density lipoprotein cholesterol are associated with necrotizing pancreatitis and worse
outcomes in acute pancreatitis or critical illness, which is consistent with this mechanistic framework.

Similarly, HRR integrates information on anemia and red cell size heterogeneity, linking impaired oxygen-carrying
capacity and heightened inflammatory stress.”*** A lower HRR may therefore reflect both tissue hypoxia and a pro-
inflammatory milieu, which jointly amplify the risk of multi-organ injury. Several recent studies have highlighted HRR
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and related hemoglobin-based composite indices (such as the HALP score) as prognostic markers in cardiovascular
disease, critical illness and acute pancreatitis, with lower HRR consistently associated with higher short-term and long-
term mortality.”>*® Our results are consistent with this mechanistic framework and extend previous observations by
demonstrating that LDL-C and HRR preserve independent prognostic value for MODS even after adjustment for
established severity scores.

From a clinical perspective, the main utility of our nomogram lies in early, individualized risk stratification during the
first 24 hours of hospitalization. Because all seven predictors are routinely measured in standard care, the model can be
readily implemented at the bedside or embedded within electronic health record systems. In practice, patients with a low
predicted probability of MODS—for example, below the 0.28 cutoff used in this study—could be managed with close
observation on a general ward, whereas those with intermediate or high predicted risk might warrant early admission to
a monitored unit, more frequent reassessment of organ function or escalation of supportive therapies. The high negative
predictive value observed across major etiologic subgroups (biliary, alcoholic and other causes) suggests that the
nomogram is particularly well suited for ruling out MODS in a broad spectrum of patients, thereby helping clinicians
prioritize intensive care resources for those at greatest risk. At the same time, performance was more modest in
hypertriglyceridemia-associated acute pancreatitis, underscoring the need for cautious interpretation in this subgroup
and for further refinement of the model in etiologically heterogeneous cohorts.’

This study has several limitations. First, it was a single-center, retrospective analysis based on routinely collected electronic
health records from Shanxi Bethune Hospital; selection and information bias cannot be completely ruled out, and patterns of
care in our institution may limit the generalizability of the findings to other settings. Second, although we attempted to
minimize overfitting by adhering to an events-per-variable rule for sample size planning, using LASSO for variable selection,
and performing bootstrap resampling and cross-validation, the nomogram underwent only internal validation. External
validation in independent cohorts and prospective impact studies are required before it can be recommended for routine
clinical use. Third, several potentially relevant variables—such as dynamic changes in laboratory parameters, detailed
imaging-based severity scores, and novel inflammatory or lipid biomarkers—were unavailable or had excessive missingness
and thus were not incorporated into the model, which may have resulted in residual confounding. Fourth, missing data were
handled using multiple imputation under a missing-at-random assumption; we did not perform additional sensitivity analyses,
such as complete-case analysis or varying prediction thresholds, so the robustness of our findings under different missing-data
mechanisms and decision thresholds remains uncertain. Finally, the model was developed using variables collected within the
first 24 hours of admission and was designed to predict early in-hospital MODS; its applicability to patients with late-onset
organ dysfunction, recurrent acute pancreatitis, or different etiologic spectra should be explored in future studies.

Future prospective studies should therefore focus on validating and, if necessary, recalibrating this model in diverse
populations, integrating it into real-time electronic decision-support systems, and evaluating whether its use can improve
patient-centered outcomes such as MODS incidence, ICU utilization, and mortality.

Conclusion

Our internally validated 7-variable nomogram, based on a generalized linear model, showed good discrimination and
a high negative predictive value for early prediction of multiple organ dysfunction syndrome in patients with acute
pancreatitis. It may assist clinicians in early risk stratification and resource allocation, but external validation and
prospective impact studies are needed before it can be routinely implemented in clinical practice.

Data Sharing Statement
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