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analysis for predicting clinically relevant postoperative pancreatic 
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Background: Preoperative risk assessment of clinically relevant postoperative pancreatic fistula (CR-POPF) 
is still lacking. This study aimed to develop and validate a combined model based on radiomics, pancreatic 
duct diameter, and body composition analysis for the prediction of CR-POPF in patients undergoing 
pancreaticoduodenectomy (PD).
Methods: Multivariable logistic regression was used to construct a combined model in conjunction with 
radiomics score (Rad-score), pancreatic duct diameter, and visceral fat area/total abdominal muscle area 
index (VFA/TAMAI). The models were internally validated using 1,000 bootstrap resamples. The predictive 
performance of these models was assessed using receiver operating characteristic (ROC) curves, calibration 
curves, and decision curve analysis (DCA).
Results: The preoperative combined model was validated by 1,000 bootstrap resampling with the area 
under the ROC curve (AUC) of 0.839 (95% confidence interval: 0.757–0.907). The calibration curves 
and DCA showed that the combined model outperformed the clinical model and radiomics model. The 
combined model was presented as a web-based calculator (https://whyyjyljz.shinyapps.io/DynNomapp/).
Conclusions: We explored a method of combining radiomics features, pancreatic duct diameter, and body 
composition analysis predictors in preoperative assessment for risk of CR-POPF and developed a combined 
model that showed relatively good performance, but future studies with a larger sample size are needed to 
verify the stability and generalizability of this model.
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Introduction

Pancreaticoduodenectomy (PD) is the main surgical 
approach used in the treatment of pancreatic diseases 
involving the head of the pancreas. There is a high 

incidence of postoperative morbidity and mortality with 

PD due to its extensive resections, intricate vasculature of 

the anatomical region, and the complexity of reconstructive 

anastomoses (1). As one of the most common and 
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dangerous postoperative complications of PD, the incidence 
of postoperative pancreatic fistula (POPF) still fluctuates 
between 5% and 40% (1,2), which seriously affects the 
early survival and long-term prognosis of patients, prolongs 
hospital stay, and increases medical costs (3,4). For the 
needs of clinical practice and research, the International 
Study Group of Pancreatic Surgery (ISGPS) proposed the 
concept of clinically relevant POPF (CR-POPF) in 2016, 
including grade B pancreatic fistula and grade C pancreatic 
fistula. CR-POPF emphasizes the changes in clinical 
interventions or clinical outcomes caused by POPF, not just 
the increase in amylase in abdominal drainage fluid (5). The 
incidence of CR-POPF among patients undergoing PD is 
approximately 10–28% at present (6). 

The widely used risk assessment tools for CR-POPF 
are pancreatic fistula risk score (FRS) (7) and alternative 
pancreatic fistula risk score (A-FRS) (8), but both are mainly 
based on intraoperative factors which are not conducive 
to the preoperative evaluation of CR-POPF. Moreover, 
the intraoperative evaluation of pancreatic texture is 
subjective due to deviations in judgment standards between  
operators (9). The accuracy of pancreatic texture evaluation 
has reduced further as a result of the popularity of 
laparoscopic technique, making it more challenging to 
standardize the evaluation (10). Therefore, it is necessary to 

develop a preoperative risk assessment method with more 
objective factors.

Compared with the qualitative or semiquantitative 
data obtained through imaging technology, radiomics 
technology enables in-depth analysis and high-throughput 
analysis of imaging data, which can be used as a biomarker 
for disease diagnosis, grading, and prognosis evaluation 
(11-14). The radiomics features extracted from the 
pancreatic parenchyma include shape-based features and 
textural features and these features may reflect the textural 
pattern or tissue distribution, pancreatic texture, degree of 
pancreatic fibrosis, and pancreatic duct dilatation related to 
POPF (7,15). To date, several studies have used radiomics 
to predict POPF and showed good predictive performance 
(16,17). Therefore, it is reasonable to assume that radiomics 
has great potential in predicting CR-POPF.

Body composition analysis is another important aspect 
of POPF risk assessment (18,19). To date, many studies 
have shown the value of computed tomography (CT)-based 
body composition analysis in predicting POPF, which can 
describe the distribution of adipose and skeletal muscle 
tissue quantitatively (8,20-22). The visceral fat distribution 
reflects fat infiltration of the pancreas (20) and visceral 
obesity may indicate greater pancreatic parenchymal 
fragility (22). The pancreatic leak occurring in a fatty 
environment is more likely to be harmful because of the 
lipolytic activity of pancreatic enzymes (23). Meanwhile, the 
decrease in skeletal muscle is an objective index reflecting 
the fragility of patients and is associated with delayed 
healing postoperatively (24). At the same time, skeletal 
muscle may secrete specific myokines to resist the harmful 
effects of proinflammatory adipokines (cytokines) expressed 
in obesity. However, this inhibitory effect is weakened when 
skeletal muscle is reduced (25). 

At present, there is no relevant research on the application 
of combining radiomics, pancreatic duct diameter, and 
body composition analysis to the prediction of CR-POPF 
in patients undergoing PD. Hence, the purpose of this 
study was to establish a combined model that incorporates 
the radiomics score (Rad-score), pancreatic duct diameter, 
and body composition analysis indicators and compare it 
with a single Rad-score or clinical model that incorporates 
pancreatic duct diameter and body composition analysis 
to determine the predictive value of the combined model. 
We present this article in accordance with the TRIPOD 
reporting checklist (available at https://gs.amegroups.com/
article/view/10.21037/gs-24-167/rc).

Highlight box

Key findings
• We have developed a model that combines radiomics and body 

composition analysis, which can be used for accurate preoperative 
prediction of clinically relevant postoperative pancreatic fistula 
(CR-POPF).

What is known and what is new? 
• Previous studies have found that both computed tomography 

(CT)-based radiomics and body composition analysis can be used 
for predicting CR-POPF.

• We have combined quantitative body composition analysis with 
radiomics for the first time to enhance the predictive ability of the 
model. In addition, we have found that radiomics can reflect the 
softness and hardness of pancreatic texture.

What is the implication, and what should change now? 
• By identifying high-risk CR-POPF patients before surgery, 

nutritional support can be provided to reduce risks and facilitate 
preoperative doctor-patient communication. At the same time, 
surgery for such patients should be performed by experienced 
physicians.
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Methods

Patient characteristics

The study’s whole procedure is depicted in Figure 1. The 
study encompassed patients who were treated with PD 
at Wushan County People’s Hospital between January 
2015 and November 2021. The inclusion criteria were as 
follows: (I) available preoperative contrast-enhanced CT 
scan performed within 1 month before PD; (II) patients 
with complete perioperative clinical data, including history 
of present illness, personal history, past history, and 
laboratory examination; (III) complete operation-related 
data and postoperative pathology results and amylase 
level of abdominal drainage fluid; and (IV) complete 
postoperative treatment plan and nursing-related data. 
The exclusion criteria were as follows: (I) patients with 
limited CT examinations due to technical issues or poor 
image quality; and (II) the lack of necessary clinical data 

affecting the judgment of CR-POPF. Consequently, a total 
of 139 patients were enrolled according to the inclusion and 
exclusion criteria (Figure S1). 

The study was conducted in accordance with the 
Declaration of Helsinki (as revised in 2013). The study was 
approved by the Ethics Committee of Wushan County 
People’s Hospital of Chongqing (No. WSEC2023-06) and 
the requirement for written informed consent to participate 
was waived for its retrospective nature.

Surgical procedure

All PD procedures were completed by the same team 
of surgeons of hepatobiliary surgery at Wushan County 
People’s Hospital. The operation experience is rich, the 
team members are fixed, and the operation process is 
consistent with standard PD. The digestive tract was 
reconstructed by the Child method, that is, according to 

Figure 1 Workflow in our study. Rad, radiomics; ROI, region of interest; LASSO, the least absolute shrinkage and selection operator; VFA, 
visceral fat area; TAMAI, total abdominal muscle area index; ROC, receiver operating characteristic; AUC, the area under the receiver 
operating characteristic curve; DCA, decision curve analysis; SFA, subcutaneous fat area; TAMA, total abdominal muscle area; Len, length; 
Avg, average; HU, Hounsfield unit.
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the pancreaticojejunal, bilioenteric, and gastrointestinal 
anastomosis. The pancreaticoduodenal anastomosis adopts 
duct-to-mucosa anastomosis, end-to-end or end-to-side 
of the proximal end of the stump and the jejunum. Three 
intra-abdominal drains and one pancreatic duct stent were 
routinely placed in all patients. The first one is a silicone 
groove drainage tube, which passes through the tail of the 
pancreaticojejunostomy, behind the pancreaticojejunostomy 
and bilioenterostomy to the hepatorenal space, and is led 
out through the left abdominal wall. The second intra-
abdominal drain also uses a silicone groove tube, which 
passes in front of the biliary-enteric anastomosis, points to 
the splenic fossa along the liver, reaches the deepest part of 
the lesser omental sac, exits through the right abdominal 
wall, and crosses the first drainage tube on the right side of 
the biliary-enteric anastomosis. The third intra-abdominal 
drain is a latex single-lumen tube, placed in front of the 
pancreaticojejunostomy, pointing to the lesser omental 
sac, exiting through the right abdominal wall, crossing 
with drain 1 at the tail of the pancreaticojejunostomy, and 
crossing with drain 2 at the lesser omental sac. 

During the process of pancreatic duct stent drainage, 
the tube at one end was cut into 3–4 lateral holes and 
placed into the main pancreatic duct. In the internal 
drainage group, the other end of the pancreatic duct 
stent tube was placed 1–2 cm into the jejunum through 
the pancreaticojejunostomy, allowing pancreatic juice to 
be discharged into the jejunum. In the external drainage 
group, the other end of the pancreatic duct stent tube was 
inserted into the jejunum and moved about 10–15 cm along 
the free end of the jejunum. Then, the pancreatic duct stent 
tube was punctured from the jejunum to the abdominal 
cavity and led out through the abdominal wall to form 
external drainage. Unified and standardized postoperative 
management was carr ied out  after  the operat ion  
(Appendix 1). 

CT-based body composition analysis 

The enhanced CT process and equipment parameters are 
shown in Appendix 2. Height and weight were obtained 
from medical records. Body mass index (BMI) was 
calculated as weight (kg)/height2 (m2). The visceral fat 
area (VFA) (cm2) and subcutaneous fat area (SFA) (cm2) 
were measured on CT images at the level of the umbilicus, 
and the total abdominal muscle area (TAMA) (cm2) was 
measured at the level of the third lumbar vertebra (L3). 
Specific tissue demarcation using predefined Hounsfield 

unit (HU) thresholds was performed by Syngo Via 
(version vb20; Siemens, Erlangen, Germany) software  
(Figure S2). Tissue boundaries were obtained by semi-
automated measurement and manual outlining, and corrected 
manually as needed by a radiologist with rich experience in 
abdominal image diagnosis who was blinded to the clinical 
data. VFA and SFA were identified using the following 
adipose tissue thresholds: −150 to −50 HU and −190 to  
−30 HU, respectively. TAMA was identified using the 
following muscle tissue threshold: −29 to +150 HU. The 
TAMA, including paravertebral muscle and abdominal wall 
muscle, was normalized to stature by dividing the muscle area 
by the patient’s height squared, which is termed the TAMA 
index [TAMAI = TAMA (cm2)/height2 (m2)]. The HU 
average calculation (HUAC) is measured in HU and consists 
of the average of the measurements of the densitometric 
attenuation coefficient by the muscular adipose infiltration 
of the right and left psoas (26). It is calculated according to 
the formula HUAC = (right psoas density/right psoas area) 
+ (left psoas density/left psoas area)/right + left psoas area 
(Figure S3). 

Radiomic feature extraction and selection 

Contrast-enhanced CT image acquisition parameters are 
detailed in Appendix 2. The CT images of each patient in 
the portal vein phase were exported from the image storage 
and transmission system and uploaded to 3D Slicer (version 
4.11.20210226, open-source software, https://www.slicer.
org/) in Digital Imaging and Communications in Medicine 
(DICOM) format. The drawing tool available in the Editor 
module of 3D Slicer was used to segment the region of 
interest (ROI), and an ROI was defined in this study as 
the plane of the body and tail of the pancreas that can 
expose the maximum diameter of the pancreatic duct in the 
portal venous phase of abdominal contract-enhanced CT 
(Figure S4A). The pancreatic duct diameter was measured 
at the same section with ROI by Syngo Via (version vb20) 
software (Figure S4B). When the tumor or other focus was 
present on the section, we chose the normal pancreatic 
body and tail tissue as the ROI without the tumor or other 
focus intended for resection. The segmentation of the ROI 
was independently completed by two doctors who had 
more than 10 years of experience in interpretation related 
to abdominal CT imaging and were blinded to the clinical 
data. The radiomics function module of 3D Slicer was used 
to extract the radiomics features.

The Z score was used for standardization of radiomics 

https://cdn.amegroups.cn/static/public/GS-24-167-Supplementary.pdf
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features. The interclass correlation coefficient (ICC) 
was used to evaluate the consistency between the two 
observers, and radiomics features with ICC <0.75 were 
excluded (Figure S5). Spearman correlation analysis and 
Pearson correlation analysis were used to analyze the linear 
correlation between each feature. For a set of features with 
correlation coefficients greater than 0.9, one of them was 
deleted randomly. Furthermore, the least absolute shrinkage 
and selection operator (LASSO) logistic regression method 
by 10-fold cross-validation was used to select the most 
useful features (Figure S6). The Rad-scores were calculated 
for each patient by a linear combination of selected features 
weighted by their respective coefficients.

Models building and validation

The impacts of clinicopathological features, pancreatic 
duct diameter, and body composition measures on CR-
POPF were assessed by univariate and multivariate logistic 
regression analysis; only statistically significant variables in 
univariate analysis were entered into multivariate logistic 
regression analysis. Then, variables with P<0.05 in the 
multivariate logistic regression analysis were used to build 
a preoperative clinical model, and these variables were 
used together with the Rad-score to build a preoperative 
combined model. The models were internally validated by 
1,000 bootstrap resampling and the evaluation indicators of 
model performance, including the sensitivity, specificity, and 
the area under the receiver operating characteristic (ROC) 
curve (AUC), were the averages obtained from 1,000 times 
bootstrap resampling. 

Statistical analysis

The Kolmogorov-Smirnov test was used to test the 
normality of the data. Continuous data conforming to a 
normal distribution were expressed as the mean ± standard 
deviation (SD), and continuous data with a nonnormal 
distribution were expressed as the median (upper and 
lower quartiles). Categorical data were expressed as 
frequencies and percentages. The Chi-squared test was 
used for the comparison between categorical variables. 
The Mann-Whitney U test was used for the comparison 
of nonnormally distributed continuous variables, and an 
independent sample t-test was used for the comparison of 
normally distributed continuous variables. The combined 
model and clinical model were constructed by multivariate 
logistic regression. ROC curve and AUC were used to 

evaluate the discrimination of the model. The calibration 
curve was used to evaluate the calibration of the model; 
decision curve analysis (DCA) was performed to compare 
the net benefits at different threshold probabilities. The 
accuracy, sensitivity, specificity, positive predictive value 
(PPV), and negative predictive value (NPV) were also 
calculated at a cut-off value that maximized the value of 
the Youden index. DeLong’s test was used to compare the 
performance of different models. All the above analyses 
were completed using R software (version 3.6.3; www.
r-project.org). Statistical significance was indicated by a P 
value less than 0.05.

Results

Patient characteristics

A total of 139 consecutive patients undergoing PD were 
included in this study. They were divided into a non-CR-
POPF group (n=107) and a CR-POPF group (n=32). The 
incidence of CR-POPF in this study was 23.02%. The CR-
POPF group had a higher BMI (23.72 vs. 22.26 kg/m2,  
P=0.01), larger SFA (150.09 vs. 122.82 cm2, P=0.03), smaller 
pancreatic duct diameter (3.85 vs. 6.3 mm, P=0.001), larger 
VFA/TAMAI (2.80 vs. 1.84, P=0.001), higher proportion 
of soft pancreas (71.88% vs. 23.36%, P<0.001), and higher 
preoperative total bilirubin level (94.40 vs. 51.60 μmol/L, 
P=0.03). The two groups were not significantly different 
in age, sex, smoking history, drinking history, past 
history (diabetes, hypertension, preoperative pancreatitis, 
abdominal operation history), serum albumin, Controlling 
Nutritional status (CONUT) grade, HUAC, American 
Society of Anesthesiologists (ASA) grading, operative time, 
diameter of pancreatic duct stent, intraoperative blood loss, 
intraoperative blood transfusion, pancreatic fluid drainage 
method, and pancreaticoenteric anastomosis method  
(Table 1).

Radiomics signature construction

A total of 1,130 groups of five categories of features were 
extracted, including shape features (n=14), first-order 
features (n=18), texture features: gray level cooccurrence 
matrix features (n=24), gray level dependence matrix 
features (n=14), gray level size zone matrix features (n=16), 
gray level run length matrix features (n=16), neighboring 
gray tone difference matrix features (n=5), wavelet features 
(n=744), and features based on the Laplacian of Gaussian 
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Table 1 Comparison of baseline characteristics of patients with or without clinically relevant pancreatic fistula

Characteristics Non-CR-POPF (n=107)
CR-POPF (n=32) [grade B POPF (n=27) + 

grade C POPF (n=5)]
P value

Age (years) 61.00 [51.00, 67.00] 65.00 [57.75, 70.25] 0.10

Sex 0.49

Male 63 (58.88) 21 (65.63)

Female 44 (41.12) 11 (34.38)

Smoking history 0.36

No 57 (53.27) 20 (62.50)

Yes 50 (46.73) 12 (37.50)

Drinking history 0.21

No 71 (66.36) 25 (78.13)

Yes 36 (33.64) 7 (21.87)

History of abdominal surgery 0.84

No 69 (64.49) 20 (62.50)

Yes 38 (35.51) 12 (37.50)

Preoperative pancreatitis 0.09

No 92 (85.98) 31 (96.88)

Yes 15 (14.02) 1 (3.13)

Hypertension 0.91

No 86 (80.37) 26 (81.25)

Yes 21 (19.63) 6 (18.75)

Diabetes 0.21

No 87 (81.31) 29 (90.63)

Yes 20 (18.69) 3 (9.38)

BMI (kg/m2) 22.26±2.71 23.72±2.72 0.01

SFA (cm2) 122.82±58.89 150.09±60.04 0.03

VFA (cm2) 79.26 [53, 108.38] 111.51 [70.9, 145.44] 0.002

TAMAI 43.24±7.04 42.01±8 0.40

VFA/TAMAI 1.84 [1.16, 2.64] 2.80 [1.77, 3.35] 0.001

HUAC 43.96±9.12 42.56±10.65 0.46

ONS 0.93

TPN 75 (70.09) 23 (71.88)

SP 27 (25.23) 8 (25.00)

TP 5 (4.67) 1 (3.13)

Table 1 (continued)
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Table 1 (continued)

Characteristics Non-CR-POPF (n=107)
CR-POPF (n=32) [grade B POPF (n=27) + 

grade C POPF (n=5)]
P value

Pancreatic duct diameter (mm) 6.3 [3.87, 8.91] 3.85 [3.1, 5.14] 0.001

Diameter of pancreatic duct stent (Fr) 0.07

5 7 (6.54) 4 (12.50)

6 28 (26.17) 14 (43.75)

7.5 16 (14.95) 7 (21.88)

8 16 (14.95) 4 (12.50)

9 19 (17.76) 3 (9.38)

10.5 16 (14.95) 0

12 5 (4.67) 0 <0.001

Pancreas texture

Hard 82 (76.64) 9 (28.13)

Soft 25 (23.36) 23 (71.88)

Albumin (g/L) 37.54±3.96 36.38±3.80 0.18

Total bilirubin (μmol/L) 51.60 [10.25, 150.55] 94.40 [59.23, 174.58] 0.03

Total cholesterol (mg/dL) 177.5 [150.81, 218.29] 198.69 [168.94, 265.46] 0.04

Total lymphocyte count (/mm2) 1,180 [945, 1,540] 1,085 [937.5, 1,610] 0.62

ASA grade 0.77

I 1 (0.93) 1 (3.13)

II 56 (52.34) 17 (53.13)

III 49 (45.79) 14 (43.75)

IV 1 (0.93) 0

Operation time (minutes) 365.00 [315.00, 430.00] 375.00 [350.00, 441.25] 0.32

Intraoperative blood loss (mL) 0.74

<700 84 (78.50) 26 (81.25)

≥700 23 (21.50) 6 (18.75)

Intraoperative blood transfusion 0.62

No 72 (67.29) 20 (62.50)

Yes 35 (32.71) 12 (37.50)

Pancreatic fluid drainage method 0.056

Internal drainage 54 (50.47) 10 (31.25)

External drainage 53 (49.53) 22 (68.75)

Pancreaticoenteric anastomosis method 0.53

Duct-to-mucosa 67 (62.62) 20 (62.50)

End-to-end 24 (22.43) 5 (15.63)

End-to-side 16 (14.95) 7 (21.88)

Table 1 (continued)
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Table 1 (continued)

Characteristics Non-CR-POPF (n=107)
CR-POPF (n=32) [grade B POPF (n=27) + 

grade C POPF (n=5)]
P value

Results of postoperative pathology 0.91

Neoplasm 91 (85.05) 29 (90.63)

Chronic pancreatitis/pancreatic duct 
stone

9 (8.41) 2 (6.25)

Others 7 (6.54) 1 (3.13)

CONUT grade 0.56

Normal 30 (28.04) 10 (31.25)

Mild 61 (57.01) 15 (46.88)

Moderate 15 (14.02) 7 (21.88)

Severe 1 (0.93) 0

Categorical data were expressed as frequencies (percentages). Continuous data conforming to a normal distribution were expressed as 
the mean ± standard deviation, and continuous data with a non-normal distribution were expressed as the median [upper, lower quartiles]. 
CR-POPF, clinically relevant postoperative pancreatic fistula; BMI, body mass index; SFA, subcutaneous fat area; VFA, visceral fat area; 
TAMAI, total abdominal muscle area index; HUAC, Hounsfield unit average calculation; ONS, oral nutritional supplements; TPN, total 
parenteral nutrition; SP, short peptide formula; TP, total protein formula; Fr, French; ASA, American Society of Anesthesiologists; CONUT, 
Controlling Nutritional status.

filter (n=279).
After ICC and Spearman or Pearson correlation 

analysis, 196 features remained. LASSO-logistic regression 
yielded 11 radiomics features related to CR-POPF and 
the corresponding coefficients (Figure S6). The formula 
for calculating the Rad-score is shown in Table 2. Through 
this formula, we calculated the Rad-score of each patient. 
The Rad-score of patients with CR-POPF was significantly 
higher than that of patients without CR-POPF (Figure 2).

Models development and validation

The body composition measures, pancreatic duct diameter, 
and clinicopathological features were included in the 
univariate logistic regression. The variables with P<0.05 
included pancreatic duct diameter, BMI, SFA, VFA, and 
VFA/TAMAI. The above variables except VFA were 
included in the multivariate logistic regression, as a result, 
the VFA/TAMAI and pancreatic duct diameter were 
variables with P<0.05 (Table 3).

Finally, VFA/TAMAI and pancreatic duct diameter were 

Table 2 The variables and weight coefficients used by Rad-scores

Variables Coefficient

Intercept −1.2034

Log-sigma-3-0-mm-3D_firstorder_90Percentile −0.5046

Log-sigma-3-0-mm-3D_glrlm_RunEntropy 0.1242

Log-sigma-3-0-mm-3D_glrlm_RunVariance 0.0051

Log-sigma-5-0-mm-3D_ngtdm_Coarseness −0.8381

Wavelet-LLH_glrlm_RunLengthNonUniformity 0.0242

Wavelet-LLH_glszm_SmallAreaEmphasis 0.1364

Wavelet-LHL_glszm_
LargeAreaHighGrayLevelEmphasis

0.0280

Wavelet-LHL_glszm_SmallAreaEmphasis 0.6832

Wavelet-HLL_glszm_
LargeAreaHighGrayLevelEmphasis

0.0096

Wavelet-HLH_ngtdm_Contrast −0.1069

Wavelet-LLL_glszm_
LargeAreaHighGrayLevelEmphasis

0.1628

Rad, radiomics; LLH, low-low-high; LHL, low-high-low; HLL, 
high-low-low; HLH, high-low-high; LLL, low-low-low.

https://cdn.amegroups.cn/static/public/GS-24-167-Supplementary.pdf
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included in the clinical model and the combined model with 
Rad-score. The ROC curve of the training set is shown 
in Figure 3A. Moreover, we validated the model internally 
through 1,000 bootstrap resampling and compared the 
predictive efficiency of the Rad-score, clinical model, and 
combined model. The ROC curve of each model after 
1,000 bootstrap resampling is shown in Figure 3B, and the 
AUC values were 0.824 [95% confidence interval (CI): 
0.73–0.889], 0.745 (95% CI: 0.642–0.832), and 0.839 (95% 
CI: 0.757–0.907), respectively. The accuracy, sensitivity, 
specificity, PPV, and NPV are listed in Table 4.

The calibration curves of the three models are shown in 
Figure 4A. It can be seen that the three models had good 
calibration, but the calibration of the combined model and 
Rad-score were better than clinical model. The DCA curves 
of the three models are shown in Figure 4B. When the risk 
threshold was between 10% and 28%, the net benefits of 
the combined model were greater than those of the clinical 
model and Rad-score. The preoperative combined model 
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Figure 2 Comparison of radiomics scores between patients with 
or without clinically relevant pancreatic fistula. ***, P<0.001. CR-
POPF, clinically relevant postoperative pancreatic fistula; Rad, 
radiomics.

Table 3 Univariate and multivariate logistic regression of risk factors for clinically relevant pancreatic fistula

Variables
Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value

Sex

Male 1.00 – –

Female 0.75 (0.32, 1.71) 0.49 – –

Age (years) 1.02 (0.99, 1.07) 0.13 – –

Smoking history

No 1.00 – –

Yes 0.68 (0.30, 1.54) 0.36 – –

Drinking history

No 1.00 – –

Yes 0.55 (0.22, 1.40) 0.21 – –

History of abdominal surgery

No 1.00 – –

Yes 1.09 (0.48, 2.47) 0.84 – –

Preoperative pancreatitis

No 1.00 – –

Yes 0.20 (0.03, 1.56) 0.12 – –

Table 3 (continued)
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Table 3 (continued)

Variables
Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value

Hypertension

No 1.00 – –

Yes 0.95 (0.35, 2.59) 0.91 – –

Diameter of pancreatic duct stent (Fr)

5 1.00 – –

6 0.87 (0.22, 3.5) 0.85 – –

7.5 0.77 (0.17, 3.49) 0.73 – –

8 0.44 (0.08, 2.27) 0.33 – –

9 0.28 (0.05, 1.56) 0.15 – –

10.5 0 (0, Inf) 0.99 – –

12 0 (0, Inf) 0.99 – –

Diabetes

No 1.00 – –

Yes 0.45 (0.13, 1.63) 0.22 – –

BMI (kg/m2) 1.23 (1.05, 1.44) 0.01 1.32 (0.94, 1.37) 0.20

Albumin (g/L) 0.93 (0.84, 1.03) 0.15 – –

Total bilirubin (μmol/L) 1.00 (1.00, 1.01) 0.09 – –

CONUT grade

Normal 1.00 – –

Mild 0.74 (0.3, 1.84) 0.51 – –

Moderate 1.4 (0.44, 4.41) 0.57 – –

Severe 0 (0, Inf) 0.99 – –

HUAC 0.98 (0.94, 1.03) 0.46 – –

ONS

TPN 1.00 – –

SP 0.97 (0.39, 2.42) 0.94 – –

TP 0.65 (0.07, 5.87) 0.70 – –

Results of postoperative pathology

Neoplasm 1.00 – –

Chronic pancreatitis/pancreatic duct stone 0.70 (0.14, 3.41) 0.66 – –

Others 0.45 (0.05, 3.80) 0.46 – –

Table 3 (continued)



Wu et al. Predictive model for POPF1598

© AME Publishing Company. Gland Surg 2024;13(9):1588-1604 | https://dx.doi.org/10.21037/gs-24-167

Table 3 (continued)

Variables
Univariate Multivariate

OR (95% CI) P value OR (95% CI) P value

ASA grade

I 1.00 – –

II 0.30 (0.02, 5.12) 0.41 – –

III 0.29 (0.02, 4.87) 0.39 – –

IV 0 (0, Inf) 0.99 – –

Operation time (minutes) 1.00 (0.99, 1.01) 0.41 – –

Intraoperative blood loss (mL)

<700 1.00 – –

≥700 0.84 (0.31, 2.29) 0.74 – –

Pancreatic fluid drainage method

Internal drainage 1.00 – –

External drainage 2.24 (0.97, 5.18) 0.059 – –

Intraoperative blood transfusion

No 1.00 – –

Yes 1.23 (0.54, 2.81) 0.62 – –

SFA (cm2) 1.01 (1.00, 1.01) 0.03 0.99 (0.99, 1.01) 0.91

VFA (cm2) 1.01 (1, 1.02) 0.003 – –

TAMAI 0.98 (0.92, 1.03) 0.40 – –

VFA/TAMAI 1.72 (1.22, 2.42) 0.002 1.55 (1.02, 2.27) 0.04

Pancreatic duct diameter (mm) 0.78 (0.67, 0.92) 0.003 0.8 (0.68, 0.94) 0.008

OR, odds ratio; CI, confidence interval; Inf, infinity; Fr, French; BMI, body mass index; CONUT, Controlling Nutritional status; HUAC, 
Hounsfield unit average calculation; ONS, oral nutritional supplements; TPN, total parenteral nutrition; SP, short peptide formula; TP, total 
protein formula; ASA, American Society of Anesthesiologists; SFA, subcutaneous fat area; VFA, visceral fat area; TAMAI, total abdominal 
muscle area index.

is displayed in the form of a nomogram in Figure 5A. To 
facilitate validation by other researchers, we designed the 
nomogram as a web-based calculator (Figure 5B). The web-
based calculator can be used directly by visiting https://
whyyjyljz.shinyapps.io/DynNomapp/. 

In addition, because the soft texture of pancreas is a 
recognized risk factor for CR-POPF (27), we added the 
data of pancreatic texture obtained by intraoperative 
palpation. Subsequently, we combined the pancreatic duct 
diameter, VFA/TAMAI, and Rad-score with pancreatic 
texture, and constructed the intraoperative clinical model 
and intraoperative combined model by logistic regression. 
The AUC values of the intraoperative clinical model 

and intraoperative combined model in the training set 
reached 0.808 (95% CI: 0.720–0.896) and 0.860 (95% 
CI: 0.793–0.927), respectively. The AUC values of these 
two models in the validation set reached 0.799 (95% CI: 
0.709–0.879) and 0.857 (95% CI: 0.777–0.915), respectively  
(Figure S7A,S7B).  Moreover,  the ef f icacy of  the 
intraoperative combined model was verified by DCA and 
calibration curve analysis (Figure S7C,S7D). In order to 
facilitate usage and external verification, we transformed it 
into a nomogram (Figure S7E).

Interestingly, we divided the patients into a soft pancreas 
group and a hard pancreas group according to the pancreas 
texture. Comparing the Rad-score between the two groups, 

https://whyyjyljz.shinyapps.io/DynNomapp/
https://whyyjyljz.shinyapps.io/DynNomapp/
https://cdn.amegroups.cn/static/public/GS-24-167-Supplementary.pdf
https://cdn.amegroups.cn/static/public/GS-24-167-Supplementary.pdf
https://cdn.amegroups.cn/static/public/GS-24-167-Supplementary.pdf
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we found that the Rad-score of the soft pancreas group was 
significantly higher than that of the hard pancreas group 
(P<0.001) (Figure S7F).

Discussion

In this study, the clinical model was established by pancreatic 
duct diameter and VFA/TAMAI, and the combined 
model was established by pancreatic duct diameter, VFA/
TAMAI, and Rad-score. All variables included in the three 
models were collected from preoperative CT images. The 

preoperative combined model was superior to the Rad-
score and clinical model in discrimination and net benefit. 
Furthermore, Rad-score and combined model were superior 
to clinical model in calibration. 

Several studies have reported that imaging features 
including pancreat ic  duct  diameter  measured by 
preoperative CT are independently related to POPF  
(28-30). We measured the maximum of the pancreatic 
duct diameter by preoperative CT at the section revealing 
the maximum diameter of the pancreatic duct at the tail 
and body, and found that this variable was an independent 

Figure 3 Comparison of ROC curves of each model. (A) Comparison of ROC curves of each model in the training set; (B) comparison of 
ROC curves of each model in 1,000 bootstrap resampling validation set. AUC, the area under the ROC curve; ROC, receiver operating 
characteristic; Rad, radiomics.

Table 4 Comparison of the discrimination of each model in training set and validation set by 1,000 bootstrap resampling

Variables AUC P value Accuracy Sensitivity Specificity PPV NPV

Training set

Clinical model 0.751 0.02§ 0.755 0.625 0.804 0.429 0.934

Rad-score 0.824 0.14† 0.705 0.844 0.673 0.476 0.876

Combined model 0.842 0.24‡ 0.712 0.906 0.664 0.438 0.947

Validation set by 1,000 bootstrap resampling

Clinical model 0.745 0.02§ 0.646 0.755 0.613 0.368 0.893

Rad-score 0.824 0.14† 0.725 0.789 0.706 0.445 0.917

Combined model 0.839 0.24‡ 0.738 0.802 0.719 0.46 0.924
§, the P value reflects the comparison between the clinical model and the combined model; †, the P value reflects the comparison between 
the clinical model and the Rad-score; ‡, the P value reflects the comparison between the Rad-score and the combined model. AUC, area 
under the receiver operating characteristic curve; PPV, positive predictive value; NPV, negative predictive value; Rad, radiomics.
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Figure 4 Comparison of calibration curves and decision curves for each model. (A) Calibration curves; (B) decision curves. Rad, radiomics.

Figure 5 Presentation of the preoperative combined model. (A) Nomogram of the combined model predicting clinically relevant pancreatic 
fistula; (B) web-based calculator of the combined model predicting clinically relevant pancreatic fistula. Rad, radiomics; VFA, visceral fat 
area; TAMAI, total abdominal muscle area index.

risk factor for CR-POPF. When the R1 margin of PDAC 
is found by intraoperative frozen biopsy, it is often 
necessary to expand the scope of pancreatic resection. 
At this time, the position of the anastomosis will change 
compared with the preoperative estimated position (31,32). 
Therefore, the measurement of the maximum diameter 
of the pancreatic duct is more objective than the pre-
operative estimated diameter of the pancreatic duct at the 
anastomosis. Moreover, 11 radiomics features extracted 
from the pancreatic parenchyma were used to establish 
the Rad-score. Zhang et al. used preoperative CT portal 
venous phase images to extract 1,219 radiomics features 
from pancreatic parenchyma and selected 11 features to 

develop a calculation formula to obtain a Rad-score to 
predict POPF (16). Subsequently, we found that the Rad-
score of the soft pancreas group was significantly higher 
than that of the hard pancreas group, which showed that 
the radiomics features we obtained could reflect pancreatic 
texture. Lin et al. extracted 102 radiomics features from the 
proximal 20–60% from the head to the tail of pancreas and 
the nomogram was developed to predict CR-POPF with 
11 selected radiomics features, demographic information, 
and radiological features (17). However, we found that the 
radiomics features extracted in our study were different 
from the radiomics features in the studies of Lin et al. and 
Zhang et al. This difference may be related to different 
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outcomes, image data sources, image quality, and feature 
extraction methods between these studies. This difference 
illustrates that more studies are needed to improve the 
biological interpretability of radiomics for predicting CR-
POPF and to assess the heterogeneity of features between 
different models. 

BMI, SFA, VFA, and VFA/TAMAI were included as body 
composition analysis indicators and we found that BMI, 
SFA, and TAMAI were not independent risk factors for CR-
POPF. BMI defines the overall obesity status of the body, 
including different states dominated by subcutaneous fat 
and visceral fat. Visceral fat includes intraperitoneal fat and 
retroperitoneal peripancreatic fat, which reflect pancreatic 
fatty infiltration related to POPF (33,34). Thus, correlation 
between VFA and POPF is stronger than that between BMI 
and POPF. In the same way, SFA is not an independent 
risk factor of CR-POPF, which partly explains why visceral 
obesity is a more rational risk factor of CR-POPF. VFA 
could not be included in the multivariate logistic-regression 
analysis simultaneously with VFA/TAMAI because there is 
collinear between VFA and VFA/TAMAI. A previous study 
compared VFA and TAMAI alone with VFA/TAMAI, and 
confirmed that VFA/TAMAI had better for CR-POPF (22). 
When combined with visceral obesity as defined by VFA/
TAMAI, skeletal muscle loss produces insulin resistance 
related to metabolic syndrome and surgical stress response (35). 
Moreover, biochemical leak (BL) is more likely to progress 
to more dangerous CR-POPF due to severe celiac lipolysis 
in patients with sarcopenic obesity (22). Thus, VFA/TAMAI 
was included as a body composition analysis predictor in 
the clinical model and the combined model. However, since 
the patients in this cohort did not undergo bioimpedance 
electric analysis and functional assessment of dynamometer, 
our model did not have these two potential CR-POPF-
related body composition analyses (36,37).

The better performance of the preoperative combined 
model than the other models in the validation set illustrates 
that the information provided by radiomics, pancreatic 
duct diameter, or body composition analysis alone is still 
incomplete. Radiomics or pancreatic duct diameter only 
provides the characteristics of the pancreas itself, but in 
fact, CR-POPF is closely related to the patient’s general 
condition and the visceral environment of the pancreas. 
Therefore, a combined model is more valuable for 
predicting CR-POPF. 

This study also has some limitations. First, this study is a 
single-center retrospective study, which needs to be validated 
by a large multicenter prospective cohort. Second, in this 

study, only internal validation by 1,000 bootstrap resamples 
of three models was carried out, and no external validation 
was conducted. Third, we did not compare the combined 
model with the currently widely used FRS model due to the 
lack of necessary clinical information in some patients such 
as intraoperative direct measurement of pancreatic duct 
diameter. The pancreatic duct diameter used in our model 
was the maximum diameter of pancreatic duct measured by 
CT, rather than the actual diameter of the pancreatic duct 
at the anastomosis. However, previous studies (16,17) have 
confirmed that Rad-score is superior to the FRS model in 
predicting POPF. In addition, limited by our sample size, 
we did not analyze patients with grade B POPF or grade 
C POPF. Moreover, the current study shows that the risk 
factors of pancreatic fistula after distal pancreatectomy 
include combined organ resection, the closure methods of 
pancreatic stump, and diabetes (38,39), so our model is not 
suitable for patients with distal pancreatectomy.

Conclusions

We explored a potential approach of combining radiomics 
features, pancreatic duct diameter, and VFA/TAMAI 
in preoperative assessment for risk of CR-POPF and 
established a combined model based on these factors. The 
combined model outperformed a single Rad-score and 
clinical model, but larger sample-sized studies are needed 
to validate the generalization and stability of this model and 
show the biological interpretability of radiomics and body 
composition analysis in predicting CR-POPF.
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