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Risk prediction and clinical utility
analysis of postoperative
pancreatic fistula: a comparative
study of multivariable logistic
regression and random forest
models
Kaixuan Zhang and Kunlun Chen*

Department of Hepatobiliary Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou
University, Zhengzhou, China
Objective: Compare the performance of the Multivariable logistic regression (LR)
model based on traditional statistical methods and the Random Forest (RF)
model in machine learning for predicting clinically relevant postoperative
pancreatic fistula (CR-POPF) after pancreatoduodenectomy (PD).
Background: CR-POPF is a common and severe complication following PD.
Traditional statistical models are widely used to predict it, but the rise of
machine learning has garnered attention for its potential in predictive
medicine. Comparing the performance of traditional statistical methods and
machine learning models provides insight into the optimal approach for CR-
POPF prediction.
Methods: Clinical data from patients undergoing PD were collected. CR-POPF
prediction models were developed using Multivariable LR and RF, and their
predictive performance was compared using Calibration curves, ROC curves
and DCA curves.
Results: In the calibration curve analysis, the Multivariable LR model shows
better calibration than the RF. The Multivariable LR model achieved an AUC of
0.96, while the RF model achieved an AUC of 0.90, indicating superior
predictive accuracy of the Multivariable LR model. Decision curve analysis
demonstrated that the Multivariable LR model provided higher net benefit
across most threshold ranges than the RF model.
Conclusion: The Multivariable LR model outperformed the RF model in
predicting CR-POPF after PD and can be considered the preferred method for
CR-POPF risk assessment.

KEYWORDS

postoperative pancreatic fistula, pancreatoduodenectomy, surgical complications,
random forest, machine learning

Introduction

PD is a commonly used surgical approach for treating benign and malignant diseases

of the pancreatic head, distal common bile duct, and periampullary region (1, 2). One of its

most dreaded complications is CR-POPF, which occurs in 10%–20% of patients and is

associated with higher mortality, delayed gastric emptying, infections and bleeding,

prolonged hospital stays, increased costs, and unplanned readmissions (3–5). How to
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accurately predict CR-POPF remains a pressing challenge for

clinicians. Precise prediction of CR-POPF facilitates risk

stratificationand the development of personalized treatment

strategies for patients undergoing PD.

Machine-learning methods, especially ensemble algorithms

such as the Random Forest, have recently been introduced into

high throughput omics data because they model complex

nonlinear interactions that conventional LR may overlook (6–11).

However, its performance and relevance studies with

conventional clinical data have not been thoroughly evaluated.

For CR-POPF, no study has quantified whether RF outperforms

the widely used multivariable LR scores for CR-POPF (11, 12).

The original Fistula Risk Score and its alternative version, and

several single-centre nomograms built with multivariable LR are

widely used to predict CR-POPF; however, their discrimination

(AUC = 0.70–0.85) declines in heterogeneous cohorts (13, 14). In

other studies that developed CR-POPF prediction models using

logistic regression, fewer variables were incorporated, and the

assessments were rather superficial, so the clinical benefit

remains uncertain (15, 16). Here, we construct both models in a

289-patient East-Asian cohort and compare their discrimination,

calibration and decision-curve performance to determine the

more clinically useful strategy for CR-POPF risk stratification.
Methods

This study was conducted in accordance with the Declaration of

Helsinki and approved by the Ethics Committee of the First Affiliated

Hospital of Zhengzhou University (Approval No.: 2024-KY-

0532-001), with a waiver of informed consent. A retrospective

analysis was conducted on the clinical data of patients who

underwent PD surgery across all campuses of the First Affiliated

Hospital of Zhengzhou University from January 2019 to March 2024,

with routine postoperative follow-up conducted. The surgical

approaches included OPD (Open Pancreaticoduodenectomy), LPD

(Laparoscopic Pancreaticoduodenectomy), and RPD (Robotic

Pancreaticoduodenectomy).

Inclusion criteria: (1) Patients undergoing PD treatment for

benign or malignant tumors around the ampulla. (2) Generally

in good physical health, specifically defined as: Left ventricular

ejection fraction ≥50%, no recent myocardial infarction or

unstable angina within 6 months; No recent stroke or transient

ischemic attack within 6 months, no uncontrolled epilepsy or

cognitive impairment; No severe chronic obstructive pulmonary

disease, GOLD stage III–IV, Forced Expiratory Volume in 1 s
Abbreviations

CR-POPF, clinically relevant postoperative pancreatic fistula; PD,
pancreatoduodenectomy; ROC, receiver operating characteristic; AUC, area
under the curve; DCA, decision curve analysis; BMI, body mass index; ASA,
American society of anesthesiologists; ECOG, eastern cooperative oncology
group; VIF, variance inflation factor; CA19-9, carbohydrate antigen 19-9;
CEA, carcinoembryonic antigen; ISGPS, international study group on
pancreatic fistula; OPD, open pancreaticoduodenectomy; LPD, laparoscopic
pancreaticoduodenectomy; RPD, robotic pancreaticoduodenectomy; SD,
standard deviation; IQR, interquartile range; MDA, mean decrease accuracy.
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[FEV1] ≥60% predicted; estimated glomerular filtration rate

≥60 ml/min/1.73 m2, no requirement for dialysis. (3) No prior

systemic anti-tumor treatments before surgery, including but not

limited to chemotherapy, radiotherapy, or immunotherapy. (4)

Complete clinical and follow-up data are available.

Exclusion criteria: (1) Vascular involvement. (2) Distant

metastasis of the tumor. (3) Special intraoperative situations:

Patients converted from laparoscopic or robotic surgery to open

surgery. Patients undergoing combined resection of other

complex organs (e.g., spleen, major vascular reconstruction). (4)

Special populations: Pregnant or lactating women. Children (<18

years) or elderly patients (>80 years).

Included patients: After applying the inclusion and exclusion

criteria and considering dataset balance, 289 patients were

included. 137 patients were in the CR-POPF group, and 152

patients were in the non-CR-POPF group.

The clinical variables included in our prediction model were

selected based on previous literature and clinical experience

(17, 18). Observation indicators: (1) Preoperative demographic

characteristics of patients: age, gender, body mass index (BMI),

smoking history, drinking history, preoperative jaundice status,

history of heart disease, hypertension, diabetes, upper abdominal

surgery, and ECOG score. (2) Preoperative laboratory test-related

variables: preoperative blood sample levels (i.e., hemoglobin

level, white blood cell count, neutrophil/lymphocyte

ratio), plasma total bilirubin level, and related tumor markers,

namely carbohydrate antigen 19-9 (CA19-9), cancer antigen

125 (CA125), and carcinoembryonic antigen (CEA). (3)

Perioperative-related data: preoperative bile drainage, ASA score

(American Society of Anesthesiologists), total operative time,

surgical approach, estimated blood loss, intraoperative plasma

transfusion volume, intraoperative red blood cell transfusion

volume, and number of lymph nodes dissected. (4) Intraoperative

evaluation of tumor location, pancreatic texture, and pancreatic

duct diameter.

Selection of included variables: This study focused on

preoperative and intraoperative factors affecting the occurrence of

pancreatic fistula to construct a risk prediction model applicable

during or before surgery, aiming to guide early clinical

interventions. Therefore, only preoperative variables (e.g., age,

gender, BMI) and intraoperative variables (e.g., pancreatic duct

diameter, pancreatic texture, intraoperative blood loss, surgical

duration) were included in the analysis. Postoperative variables

(e.g., duration of intravenous analgesic use, amylase levels in

drainage fluid) were not included in this study, as they are only

available postoperatively, making them unsuitable for

preoperative risk assessment and potentially a result rather than

a cause of pancreatic fistula.

The classification of pancreatic fistula is primarily based on the

criteria proposed by the International Study Group on Pancreatic

Fistula (ISGPS) (19). Based on the clinical impact and required

interventions, postoperative pancreatic fistula is classified into

three grades: Biochemical Leak: No clinical significance;

observation only is required. Grade B fistula: Requires additional

treatment but poses no life-threatening risk. Grade C fistula:

Severe; requires urgent intervention or surgery and is life-
frontiersin.org
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threatening. Clinically relevant POPF (CR-POPF) includes Grade

B and Grade C fistulas, while Biochemical Leak or the absence of

a fistula are classified as non-clinically relevant pancreatic fistula

(non-CR-POPF). The pancreatic texture was classified

retrospectively from the original operative notes recorded by the

attending surgeons. In these operative records, surgeons explicitly

described the pancreatic texture as either soft or firm based on

direct intraoperative palpation and subjective surgical judgement.

No standardized instrument or quantitative measure was

routinely employed for this assessment. Cases lacking clear

documentation regarding pancreatic texture were excluded from

analysis for consistency. The pancreatic duct diameter variable is

defined as a binary variable. Positive (pancreatic duct diameter

≥3 mm) indicates a relatively wide duct, while negative

(pancreatic duct diameter <3 mm) indicates a narrower duct.

This threshold is based on relevant literature and clinical

experience (20) and is commonly used for assessing

postoperative pancreatic fistula risk.

Missing data were handled using the multiple imputation

method. All imputation procedures were conducted using the

MICE package in R software (version 4.3.1, R Core Team,

Vienna, Austria). Descriptive statistics were performed using

SPSS software (Version 22, IBM Corp., Armonk, NY, USA)

to compare the baseline characteristics of the CR-POPF

group (137 cases) and the non-CR-POPF group (152 cases).

Normally distributed continuous variables were expressed

as mean ± standard deviation (SD) and compared using

the independent sample t-test. Non-normally distributed

continuous variables were expressed as median (interquartile

range, IQR), denoted as M (Q1, Q3), and compared using the

Mann–Whitney U test. Categorical variables were expressed as

frequencies and percentages and compared using the chi-

square test or Fisher’s exact test where appropriate. Univariate

LR analysis was performed to identify potential risk factors for

CR-POPF, with CR-POPF as the dependent variable and

preoperative and intraoperative factors (e.g., age, sex, BMI,

pancreatic duct diameter, and pancreatic texture) as

independent variables. Results were reported as odds ratios

(ORs) with corresponding 95% confidence intervals (CIs).

A two-tailed P-value <0.05 was considered statistically

significant variables demonstrating statistical significance were

chosen for subsequent multivariate analysis.

Multicollinearity test: To evaluate potential multicollinearity,

the Variance Inflation Factor (VIF) was employed to analyze the

selected variables (21). VIF values were calculated using a linear

regression model (lm function), with a VIF value <10 indicating

no severe multicollinearity between variables. The analysis was

conducted using R software. Primarily using the car package.

Correlation Analysis (22): Correlation analysis was conducted on

the selected variables. The correlation matrix was calculated

using Pearson correlation coefficients, and the analysis was also

conducted in R software, primarily visualized using the

corrplot package.

Model Construction and Evaluation: To effectively avoid

overfitting and enhance the robustness of the results, a 10-fold

cross-validation approach is employed for training and evaluating
Frontiers in Surgery 03
the model. Specifically, the data are randomly divided into 10

folds; in each iteration, one fold is designated as the validation

set, while the remaining nine folds serve as the training set. This

procedure is repeated 10 times, and the average metric is

reported as the final evaluation. Continuous variables were log-

transformed if skewed and then standardized, categorical

variables were one-hot encoded, and all preprocessing was

executed within each cross-validation fold to avoid data leakage.

Multivariable LR (23) was conducted to investigate the

independent effects of the selected variables on the occurrence of

CR-POPF. CR-POPF occurrence was set as the dependent

variable, Variables with P-value <0.05 in univariate analysis were

used as independent variables. Results were expressed as ORs and

their 95% CIs. To clearly illustrate the results of the Multivariable

LR analysis, this study utilized the forestplot package in R software

to generate a forest plot. The plot showed each variable’s OR and

95% CIs, helping readers understand their independent roles in

the occurrence of postoperative pancreatic fistula. To improve the

interpretability of the forest plot, the X-axis was transformed using

a base-10 logarithmic scale. This transformation compresses the

variable range for better visualization while maintaining the

original OR and CI values.

The RF (24) was constructed using 500 decision trees

(ntree = 500), with 3 variables randomly selected (mtry = 3) for

node splitting, to evaluate the importance of each variable.

Variable importance was measured by the Mean Decrease

Accuracy (MDA), reflecting the contribution of each variable to

the model’s predictive performance. The analysis was performed

using the randomForest package in R software. To visually

present feature importance, bar charts were created using the

ggplot2 package, showing the ranking of variable importance.

To assess the agreement between predicted probabilities and

actual event occurrence, this study employed calibration curve

analysis (25) for both the Multivariable LR and RF models.

Specifically, predicted probabilities were grouped into equal-sized

bins, and each bin’s mean predicted probability was plotted

against the corresponding observed proportion of events.

A diagonal line (y = x) represented perfect calibration, enabling

direct visual comparison of how closely each model’s predictions

matched reality. The plots were generated in R using ggplot2,

with larger deviations from the diagonal indicating poorer

calibration performance.

To evaluate the predictive performance of the models, Receiver

Operating Characteristic (ROC) curve analysis (26) was used to

compare the classification accuracy of the Multivariable LR

model and the RF model. The ROC curves were drawn by

matching predicted probabilities with actual pancreatic fistula

outcomes, and the area under the curve (AUC) was calculated

using the pROC package in R software to measure the

discriminatory power of the models. The ROC curves were

visualized using the ggplot2 package, with the AUC displayed as

annotations on the plot. Model performance was compared

based on AUC values, with higher values closer to 1 indicating

better predictive accuracy.

To further evaluate the clinical utility of the Multivariable LR

model and the RF model in predicting CR-POPF, this study
frontiersin.org
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TABLE 1 Comparison of baseline, clinical, and intraoperative
characteristics between POPF and non-POPF groups.

Variable Non-
pancreatic

fistula group

Pancreatic
fistula group

P
value

Gender 0.21
Male 90 (59.2) 91 (66.4)

Female 62 (40.8) 46 (33.6)

Smoking history 0.06
Yes 45 (29.6) 55 (39.8)

No 107 (70.4) 82 (60.2)

Drinking history 0.69
Yes 34 (22.4) 28 (20.4)

No 118 (77.6) 109 (79.6)

Presence of

jaundice

0.03

Yes 50 (32.9) 62 (45.3)

No 102 (67.1) 75 (54.7)

History of heart

disease

0.99

Yes 20 (13.2) 18 (12.9)

No 132 (86.8) 119 (87.1)

History of

hypertension

0.16

Yes 43 (28.3) 29 (21.5)

No 109 (71.7) 108 (78.5)

History of diabetes 0.60
Yes 28 (18.4) 22 (16.1)

No 124 (81.6) 115 (83.9)

History of upper

abdominal surgery

0.29

Yes 14 (9.2) 18 (12.9)

No 138 (90.8) 119 (87.1)

ECOG score 0.54
0 81 (53.3) 76 (55.5)

1 63 (41.4) 51 (37.2)

2 7 (4.6) 10 (7.3)

3 1 (0.7) 0 (0.0)

ASA score 0.24
Ⅰ 5 (3.3) 9 (6.5)

II 123 (80.9) 100 (73.1)

III 23 (15.1) 28 (20.4)

IV 1 (0.7) 0 (0.0)

Biliary drainage 0.30
Yes 28 (18.4) 19 (13.8)

No 124 (81.6) 118 (86.2)

Surgical approach 0.84
Open surgery 58 (38.2) 54 (39.4)

Laparoscopic surgery 56 (36.8) 46 (33.6)

Robotic surgery 38 (25.0) 37 (27.0)

Pancreatic texture <0.001
Soft 43 (28.3) 115 (83.9)

Firm 109 (71.7) 22 (16.1)

Pancreatic duct

diameter

<0.001

Small 20 (13.2) 100 (73.1)

Large 132 (86.8) 37 (26.9)

(Continued)

TABLE 1 Continued

Variable Non-
pancreatic

fistula group

Pancreatic
fistula group

P
value

Tumor location 0.58
Duodenum or

ampulla of Vater
53 (34.9) 46 (33.3)

Pancreas 63 (41.4) 73 (53.3)

Bile duct 36 (23.7) 18 (12.9)

Age (years) 59.48 ± 11.47 54.87 ± 12.01 0.94

BMI (kg/m²) 22.90 ± 2.84 26.38 ± 1.81 0.02

Hemoglobin level
(1012/L)

120.5 (107.2, 131.0) 120.2 (101.1, 126.0) 0.61

White blood cell count
(109/L)

6.1 (4.9, 8.2) 6.6 (4.8, 9.5) 0.53

Neutrophil-to-
lymphocyte ratio

2.9 (2.0, 5.3) 3.2 (1.9, 5.4) 0.74

CA19-9 (U/ml) 41.8 (10.3, 156.3) 213.6 (65.7, 240) 0.01

CA125 (U/ml) 12.6 (8.1, 21.8) 15.4 (9.6, 20.5) 0.63

CEA (ng/ml) 3.1 (1.7, 4.9) 2.6 (1.6, 4.4) 0.57

Plasma total bilirubin
level (μmol/L)

81.8 (22.1, 205.2) 79.9 (12.5, 197.0) 0.56

Surgery duration (h) 5.2 (4.5, 6.0) 4.9 (4.4, 5.6) 0.52

Estimated blood
loss (ml)

200 (150, 400) 300 (150, 550) 0.61

Intraoperative
transfusion volume (ml)

0.0 (0.0, 0.0) 0.0 (0.0, 450) 0.09

Intraoperative red blood
cell transfusion
volume (U)

0.0 (0.0, 0.0) 0.0 (0.0, 2.0) 0.08

Number of lymph
nodes removed

9.0 (6.0, 11.0) 8.0 (5.0, 14.0) 0.84

BMI represents body mass index; ECOG represents the eastern cooperative oncology group;

ASA represents the American society of anesthesiologists; CA represents carbohydrate

antigen; CEA represents carcinoembryonic antigen.
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employed the Decision Curve Analysis (DCA) (27) method to

calculate the Net Benefit of the two models across different

threshold probabilities. DCA was performed using the dcurves

package with a threshold probability range of 0–1. DCA

evaluated the clinical utility of the predictive models by

comparing the net benefits of different strategies, such as Treat

None and Treat All.
Results

Baseline characteristics of patients

A total of 289 patients were included in this study, with 137

cases in the CR-POPF group and 152 cases in the non-CR-POPF

group. The baseline characteristics of the two groups were

compared (Table 1). Demographics and Preoperative Variables:

There was no significant difference in gender distribution

(P = 0.21), age distribution (P = 0.94), or surgical approach

(P = 0.84) between the CR-POPF and non-CR-POPF groups.

However, patients in the CR-POPF group had a significantly

higher BMI compared to the non-CR-POPF group (P = 0.02).

The prevalence of preoperative jaundice was significantly higher
frontiersin.org
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in the CR-POPF group (45.3%) compared to the non-CR-POPF

group (32.9%) (P = 0.03). Smoking and drinking histories showed

no statistical differences between the two groups (P > 0.05).

Comorbidities, including hypertension, diabetes, and

cardiovascular disease, were similarly distributed between the

groups (P > 0.05). Laboratory and Tumor-Related Variables:

Serum CA19-9 levels were significantly higher in the CR-

POPF group compared to the non-CR-POPF group (P = 0.01),

suggesting an association with an increased risk of CR-POPF.

However, levels of CA125, CEA, and Plasma total bilirubin

did not differ significantly between the groups (P > 0.05).

Intraoperative Characteristics: Key intraoperative variables,

including estimated blood loss and the number of lymph nodes

dissected, were comparable between the two groups (P > 0.05).

However, pancreatic texture and pancreatic duct diameter

showed significant differences. Patients with a soft pancreatic

texture were more likely to develop CR-POPF (P < 0.001).

Similarly, a smaller pancreatic duct diameter (<3 mm) was

strongly associated with CR-POPF (P < 0.001).
Univariate LR analysis

Univariate LR analysis was performed to evaluate the

relationship between various preoperative and intraoperative

factors and the occurrence of CR-POPF. The dependent variable

was defined as the presence of CR-POPF, while each individual

variable was analyzed as an independent variable. The results are

summarized in Table 2. Higher BMI was significantly associated

with an increased risk of CR-POPF (OR = 1.68, 95% CI: 1.28–

2.19, P < 0.001). Patients with preoperative jaundice had a higher

likelihood of developing CR-POPF (OR = 3.06, 95% CI: 1.03–

9.07, P = 0.044). Soft pancreatic texture was strongly correlated

with an elevated risk of CR-POPF (OR = 0.03, 95% CI: 0.01–0.08,

P < 0.001). Smaller pancreatic duct diameter was associated with

a significantly higher risk of CR-POPF (OR = 0.06, 95% CI:

0.016–0.19, P < 0.001). Elevated CA19-9 levels were significantly

linked to an increased risk of CR-POPF (OR = 1.01, 95% CI:

1.01–1.01, P = 0.001).
Multicollinearity assessment

To evaluate potential multicollinearity among the selected

independent variables (jaundice, CA19-9, pancreatic texture, and

pancreatic duct diameter), the VIF was calculated using a linear

regression model. The results indicated that all VIF values were

below the commonly accepted threshold of 10, suggesting no

severe multicollinearity in the model. The specific VIF values were

as follows: Jaundice: VIF = 1.28, CA19-9: VIF = 1.27, Pancreatic

Texture: VIF = 1.01, Pancreatic Duct Diameter: VIF = 1.01. It

should be noted that BMI was used as the dependent variable in

this linear regression model to compute the VIF values for the

remaining independent variables (jaundice, CA19-9, pancreatic

texture, and pancreatic duct diameter). Therefore, BMI itself does

not have a corresponding VIF value in this analysis. Additionally,
Frontiers in Surgery 05
the correlation matrix analysis revealed that the correlation

coefficients among variables were generally low, with absolute

values ranging from 0.001 to 0.459. The results of the correlation

matrix analysis are presented in Figure 1, The analysis of VIF and

the correlation matrix indicated that the five selected variables

(BMI, jaundice, CA19-9, pancreatic texture, and pancreatic duct

diameter) had low levels of multicollinearity, as all VIF values

were less than 1.5 and all correlation coefficients were under 0.8.

This indicates that these variables demonstrated good

independence in this study and can be used as independent

variables in the Multivariable model for further analysis.
Multivariable LR

Multivariable LR analysis identified pancreatic duct diameter,

pancreatic texture, CA19-9 levels, and BMI as significant

independent predictors of CR-POPF (Figure 2). A smaller

pancreatic duct diameter (OR = 0.02, 95% CI: 0.01–0.05, P = 0.004)

and soft pancreatic texture (OR = 0.03, 95% CI: 0.02–0.10,

P = 0.005) were strongly associated with an increased risk of CR-

POPF. Elevated CA19-9 levels (OR = 1.03, 95% CI: 1.01–1.05,

P = 0.010) and higher BMI (OR = 2.21, 95% CI: 1.21–4.03,

P = 0.010) also significantly increased the risk. However,

preoperative jaundice was not found to be a significant predictor

(OR = 2.24, 95% CI: 0.21–9.56, P = 0.508). These findings suggest

that pancreatic duct and texture characteristics, along with CA19-9

levels and BMI, are critical factors for predicting CR-POPF.
RF

The RF model identified pancreatic duct diameter, pancreatic

texture, and CA19-9 levels as the most important predictors of

CR-POPF (Figure 3), with pancreatic duct diameter showing the

highest importance. BMI also demonstrated moderate predictive

importance, while jaundice contributed the least to the model’s

performance. These results underscore the critical role of

pancreatic anatomy and tumor markers in accurately predicting

CR-POPF risk.
Model performance evaluation

The model performance evaluation of the multivariable LR

model and the RF model is shown in Table 3. Although the RF

model demonstrated reasonable discrimination and calibration,

the LR model outperformed it across most metrics, suggesting a

preferable balance between discrimination and calibration for

CR-POPF prediction in this dataset.
Calibration curve

The blue solid line represents the original calibration curve of

the Multivariable LR model (Figure 4). Overall, it is close to the
frontiersin.org
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TABLE 2 Univariate LR analysis results for CR-POPF.

Variable β S.E. Z P OR (95% CI)

Gender
Male 1.00 (reference)

Female −0.32 0.57 −0.56 0.575 0.73 (0.24–2.23)

Smoking history
No 1.00 (reference)

Yes 0.46 0.56 0.83 0.407 1.59 (0.53–4.72)

Drinking history
No 1.00 (reference)

Yes −0.14 0.67 −0.21 0.833 0.87 (0.23–3.25)

Jaundice
No 1.00 (reference)

Yes 1.12 0.55 2.02 0.044 3.06 (1.03–9.07)

History of heart disease
No 1.00 (reference)

Yes 0.02 0.80 0.02 0.985 1.02 (0.21–4.84)

History of hypertension
No 1.00 (reference)

Yes −0.94 0.78 −1.21 0.228 0.39 (0.08–1.80)

History of diabetes
No 1.00 (reference)

Yes −1.15 1.06 −1.09 0.276 0.32 (0.04–2.51)

History of upper abdominal surgery
No 1.00 (reference)

Yes 0.42 0.81 0.51 0.607 1.52 (0.31–7.41)

ECOG score
0 1.00 (reference)

1 −0.56 0.62 −0.90 0.370 0.57 (0.17–1.94)

2 0.94 0.88 1.08 0.281 2.57 (0.46–14.30)

3 −13.37 1,455.40 −0.01 0.993 0.00 (0.00–Inf)

ASA score
I 1.00 (reference)

II −0.80 1.14 −0.71 0.480 0.45 (0.05–4.17)

III −0.43 1.26 −0.34 0.734 0.65 (0.06–7.64)

IV −13.96 1,455.40 −0.01 0.992 0.00 (0.00–Inf)

Biliary drainage
Yes 1.00 (reference)

No −1.15 1.06 −1.09 0.276 0.32 (0.04–2.51)

Surgical approach
Open surgery 1.00 (reference)

Laparoscopic surgery −1.47 0.80 −1.83 0.068 0.23 (0.05–1.11)

Robotic surgery −0.39 0.64 −0.61 0.542 0.68 (0.19–2.36)

Pancreatic texture
Soft 1.00 (reference)

Firm −3.51 0.94 −3.75 <0.001 0.03 (0.01–0.08)

Pancreatic duct diameter
Small 1.00 (reference)

Large −2.89 0.63 −0.4.45 <0.001 0.06 (0.016–1.9)

Tumor location
Duodenum or ampulla of Vater 1.00 (reference)

Pancreas 053 0.86 0.62 0.540 1.70 (0.31–9.24)

Bile duct 0.83 0.82 1.01 0.312 2.29 (0.46–11.35)

Age −0.03 0.02 −1.46 0.145 0.97 (0.93–1.01)

BMI 0.52 0.14 3.80 <0.001 1.68 (1.28–2.19)

Hemoglobin level −0.00 0.01 −0.35 0.730 1.00 (0.98–1.02)

White blood cell count 0.07 0.07 1.00 0.318 1.07 (0.94–1.22)

(Continued)
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TABLE 2 Continued

Variable β S.E. Z P OR (95% CI)
Neutrophil-to-lymphocyte ratio 0.01 0.03 0.53 0.596 1.01 (0.96–1.07)

CA19-9 0.01 0.00 3.23 0.001 1.01 (1.01–1.01)

CA125 0.00 0.00 0.85 0.393 1.00 (1.00–1.01)

CEA −0.04 0.07 −0.51 0.613 0.96 (0.83–1.11)

Plasma total bilirubin level −0.00 0.00 −0.62 0.532 1.00 (1.00–1.00)

Surgery duration −0.14 0.22 −0.64 0.524 0.87 (0.56–1.34)

Estimated blood loss 0.00 0.00 0.01 0.995 1.00 (0.99–1.00)

Intraoperative transfusion volume 0.00 0.00 1.00 0.318 1.00 (0.99–1.00)

Intraoperative red blood cell transfusion volume 0.25 0.26 0.97 0.098 1.28 (0.78–2.12)

Number of lymph nodes removed 0.01 0.06 0.09 0.931 1.00 (0.89–1.13)

β represents the regression coefficient, describing the direction and magnitude of the variable’s impact on the risk of pancreatic fistula; S.E. represents the standard error used to assess the
uncertainty of the estimated value; Z represents the test statistic; OR (95% CI) refers to the odds ratio and its 95% confidence interval; Inf represents infinity; BMI represents body mass

index; ECOG represents the Eastern Cooperative Oncology Group; ASA represents the American Society of Anesthesiologists; CA represents carbohydrate antigen; CEA represents

carcinoembryonic antigen.

FIGURE 1

Correlation heatmap of risk factors for clinically relevant postoperative pancreatic fistula.
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FIGURE 2

Multivariable LR analysis of factors associated with clinically relevant postoperative pancreatic fistula.

FIGURE 3

Variable importance plot from the RF model for predicting clinically relevant postoperative pancreatic fistula.

TABLE 3 Model performance comparison between LR and RF.

Model AUC (95% CI) Accuracy %
(95% CI)

Sensitivity %
(95% CI)

Specificity %
(95% CI)

Calibration
slope ± SE

Calibration
intercept ± SE

LR 0.964 (0.932–0.995) 87.4 (83.9–90.0) 48.0 (39.8–56.4) 98.0 (93.5–99.7) 1.03 ± 0.11 −0.02 ± 0.04

RF 0.901 (0.793–0.998) 81.0 (76.5–84.7) 45.5 (37.0–54.3) 92.0 (86.7–96.4) 0.95 ± 0.15 0.05 ± 0.06

Metrics are expressed as value (95% CI); calibration coefficients are estimate ± SE; bootstrap = 1,000. AUC represents the area under the curve; 95% CI refers to 95% confidence interval.
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FIGURE 4

Comparison of the calibration curves for the predictive performance of the multivariable LR and RF models.
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diagonal, indicating that the predicted probabilities from

multivariable LR align well with the actual incidence. There is a

slight deviation in the range where the actual occurrence

probability is below 0.2, but the overall trend remains stable. In

the high-probability region (greater than 0.5), it closely matches

the diagonal. The red solid line represents the calibration curve

of the RF model. The RF shows large fluctuations in its

predictions when the actual occurrence probability is below 0.2.

Within the 0.2–0.5 probability band, the RF typically

underestimates the actual incidence. In contrast, for probabilities

above 0.5, the RF’s calibration is close to the diagonal. Overall,

Multivariable LR demonstrates superior calibration compared to

RF, especially in the medium-to-high probability range, where its

predictions align more closely with actual incidence. Meanwhile,

the RF is unstable in the low-probability range.
Receiver operating characteristic

The predictive performance of the Multivariable LR model and

the RF model was evaluated using ROC curve analysis (Figure 5).

The Multivariable LR model achieved an AUC of 0.96, Its 95%

CI is 0.93–0.99, and an accuracy of 0.87 indicating excellent

discriminatory power. The RF model demonstrated an AUC of

0.90, Its 95% CI is 0.79–0.99, and an accuracy of 0.81 also

reflecting strong predictive ability. Comparatively, the LR model

slightly outperformed the RF model in terms of AUC, suggesting

its superior accuracy in predicting CR-POPF. Both models
Frontiers in Surgery 09
displayed robust performance, validating their utility in clinical

risk prediction.
Decision curve analysis

DCA was performed to evaluate the clinical utility of the

Multivariable LR model and the RF model across a range of

threshold probabilities (Figure 6). Both models demonstrated net

benefit across clinically relevant thresholds compared to the

“Treat All” and “Treat None” strategies. The Multivariable LR

model consistently provided a higher net benefit compared to the

RF model, particularly within the threshold probability range of

0.1–0.6. Beyond this range, both models showed comparable

performance, maintaining clinical utility. These findings indicate

that the Multivariable LR model offers better practical value for

risk prediction and clinical decision-making in the context of

CR-POPF.
Discussion

This study identified pancreatic duct diameter, pancreatic

texture, CA19-9 levels, and BMI as key independent risk factors

for CR-POPF. Among these, pancreatic duct diameter and

pancreatic texture were found to have the most significant

influence on CR-POPF risk, consistent with prior research

emphasizing the anatomical and physiological characteristics of

the pancreas as critical determinants (28, 29). Elevated CA19-9
frontiersin.org
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FIGURE 5

Receiver operating characteristic (ROC) curves comparing the predictive performance of LR and RF models.

FIGURE 6

Comparison of the decision curve analysis (DCA) curves for the clinical utility of multivariable LR and RF models.
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levels and higher BMI also showed a strong correlation with CR-

POPF, reinforcing the role of tumor markers and patient-related

factors in surgical outcomes.

The Multivariable LR model demonstrated superior predictive

accuracy compared to the RF model, achieving a better calibration,

a higher area under the curve (AUC) and greater clinical utility in

decision curve analysis (DCA). While RF, as a machine learning

algorithm, offers the advantage of handling complex variable

interactions and high-dimensional datasets, its application to

conventional clinical data involving a limited number of variables

appears less optimal. LR, on the other hand, benefits from its

simplicity, interpretability, and suitability for smaller datasets,

making it more practical for clinical applications.

Several factors may explain why the LR model outperformed

the RF model in our study. First, the sample size was relatively

small, which may have limited the ability of the RF to capture

complex interactions between variables. RF algorithms generally

require large datasets to fully utilize their ability to model

complex nonlinear relationships. Second, the predictor variables

selected in our study primarily exhibited strong linear or near-

linear associations with the outcome, as supported by both

univariate and Multivariable LR analyses. The lack of complex

non-linear patterns within the data may have favored the

performance of LR. Third, the relatively limited number of

predictor variables, coupled with low multicollinearity as

confirmed by VIF analysis, likely reduced the necessity for

complex ensemble methods, further enhancing the suitability of

LR in this context. These data characteristics are well-aligned

with the strengths of LR, explaining its superior performance in

this study.

A smaller pancreatic duct diameter may lead to impaired

pancreatic juice drainage, elevated intrapancreatic pressure, and

an increased risk of anastomotic leakage (30). Furthermore, a

smaller pancreatic duct diameter increases the complexity of the

anastomosis, potentially resulting in loose sutures or incomplete

duct-to-intestine anastomosis, causing pancreatic juice leakage

(31). The soft pancreatic tissue is relatively loose and lacks

fibrous support, making it difficult to secure during suturing

(19), which compromises the stability of the anastomosis and

increases the likelihood of postoperative pancreatic fluid leakage.

Related research indicates that patients with soft pancreatic

texture have a higher volume of pancreatic fluid secretion and

increased enzyme activity (32). Clinically, pancreatic texture is

influenced by underlying pathological conditions. A soft

pancreatic parenchyma is commonly observed in patients with a

normal pancreas or in those with periampullary tumors without

significant pancreatic duct obstruction. In contrast, a firm

pancreatic texture is typically associated with chronic pancreatitis

or pancreatic ductal adenocarcinoma, where longstanding

inflammation or tumor-induced desmoplastic reaction results in

extensive fibrosis and parenchymal atrophy (33, 34). Therefore,

the underlying disease processes may significantly affect the risk

of postoperative CR-POPF by impacting the mechanical

properties of the pancreas. If these fluids leak, they can cause

enzymatic autodigestion of the surrounding tissues, resulting in

pancreatic fistula. High levels of CA19-9 are usually indicative of
Frontiers in Surgery 11
more severe pancreatic inflammation or tumor burden, such as

pancreatic cancer or biliary obstruction (35–37). These

pathological conditions may weaken pancreatic tissue, making

postoperative pancreatic fistula more likely. BMI is recognized as

a reliable indicator of protein-calorie malnutrition and obesity.

A research found that BMI is correlated with CR-POPF, possibly

because a higher BMI is associated with increased visceral fat in

the pancreas (38), which softens and weakens the pancreatic

texture, significantly increasing the difficulty of pancreatoenteric

anastomosis and the risk of CR-POPF. Elis (39) also

demonstrated that BMI ≥30 kg/m2 is a risk factor for CR-POPF.

Studies by Le Bian (40) and Zou (41) found that BMI ≥25 kg/m2

is a risk factor for CR-POPF. Despite the lack of statistical

significance of preoperative jaundice status in Multivariable LR

and RF analyses, related studies indicate a strong link between

preoperative jaundice and CR-POPF. Research has shown that

preoperative TB >250 μmol/L warrants biliary drainage to reduce

bilirubin levels, thereby significantly decreasing the occurrence of

CR-POPF. Chen et al. (42) through a multicenter retrospective

analysis of 1,465 patients undergoing PD, concluded that

preoperative biliary drainage decreases the risk of CR-POPF,

underscoring the impact of preoperative TB levels on CR-POPF

incidence. Research conducted by Xi Yiqing and Shen et al.

(43, 44), similarly concluded that elevated preoperative serum

bilirubin levels are a risk factor for postoperative pancreatic fistula.

Despite these limitations, this study also presents several novel

contributions to the field. This study systematically compares the

predictive performance of a multivariable LR model and RF

model for CR-POPF in an East Asian cohort. It provides a

multidimensional evaluation of model performance. Moreover,

this study employs robust internal validation to enhance the

reliability of the results. Finally, by focusing on routine

preoperative and intraoperative variables, our study developed a

clinically applicable model that can assist PD patients in real-

time risk stratification and personalized perioperative

management. These features contribute to the methodological

rigor and practical significance of our findings. Using the LR-

based risk score, patients can be stratified into low and high CR-

POPF-risk categories, allowing peri-operative management to be

individualized. Preoperatively, patients predicted to have a high

risk of CR-POPF receive biliary drainage, metabolic optimisation.

Intraoperatively, if the patient is predicted to be high risk,

surgical modifications, such as reinforced suturing, can be

considered. Postoperatively, for high-risk patients, extending the

duration of drainage and providing anti-infective therapy can

be considered.

While this study provides valuable insights into the risk factors

for CR-POPF, the relatively small sample size and limited scope of

analyzed variables may constrain the generalizability of the

findings. External validation was not performed in this study due

to the limited sample size available. Therefore the generalizability

and real-world predictive performance of our models remain to

be confirmed by future external validation studies. Additionally,

the retrospective design inherently introduces unmeasured

confounding variables, which may affect the internal validity of

the findings. Further large-scale, prospective studies are
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warranted to validate these results. Future research should explore

the integration of novel biomarkers and advanced imaging

techniques for more precise preoperative risk assessment.

Additionally, the application of artificial intelligence in the

prediction and management of CR-POPF warrants

further investigation.
Conclusion

This study identified pancreatic duct diameter, pancreatic

texture, CA19-9 levels, and BMI as key risk factors for CR-POPF.

The Multivariable LR model demonstrated better predictive

performance and greater clinical utility compared to the RF

model, as confirmed by Calibration curve analysis, Receiver

Operating Characteristic and Decision Curve Analysis. These

findings highlight the importance of incorporating anatomical,

biochemical, and clinical factors into risk assessments to enhance

surgical outcomes.
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