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Objective: The objective of the study was to develop and validate a radiomics-based formula 

for the preoperative prediction of postoperative pancreatic fistula (POPF) in patients undergoing 

pancreaticoduodenectomy (PD).

Materials and methods: A total of 117 consecutive patients who underwent PD were enrolled 

in this retrospective study. Radiomics features were extracted from portal venous phase computed 

tomography of the above patients. The least absolute shrinkage and selection operator logistic 

regression was used to construct a formula of Rad-score calculation. Then the performance of 

the formula was assessed with standard pancreatic Fistula Risk Score.

Results: The Rad-score could predict POPF with an area under the curve (AUC) of 0.8248 in 

the training cohort and of 0.7609 in the validation cohort. Patients who had experienced POPF 

generally had a statistically higher Rad-score than those who had not experienced POPF in 

both cohorts. The AUC of the Rad-score was statistically higher than the Fistula Risk Score for 

predicting POPF in both the training and validation cohort.

Conclusion: A novel radiomics-based formula was developed and validated for predicting 

POPF in patients who underwent PD, which provides a new method for identifying POPF risks 

and may help to improve informed decision-making in the prevention of POPF at low cost.

Keywords: pancreatoduodenectomy, postoperative pancreatic fistula, diagnostic imaging, 

radiomics

Introduction
Pancreaticoduodenectomy (PD) is one of the most complicated operations to perform 

and is the primary treatment for resectable periampullary and pancreatic tumors or 

benign occupying lesions. Although improvements in surgical techniques and peri-

operative management have led to a perioperative mortality rate of less than 5%,1–3 a 

high incidence of surgical complication remains. At present, postoperative pancreatic 

fistula (POPF) is one of the most harmful complications after pancreatic resection, with 

a rate of 3%–45% at high-volume centers.4 POPF is the major cause of complications, 

such as delayed gastric emptying, intra-abdominal infection, and postoperative hemor-

rhage. In certain situation, the POPF may lead to serious complications, for example, 

reoperation, multiple organ failures, and even death.5 It is important to identify the 

risk factors for the development of POPF, and the presurgical identification of patients 

who are at risk of POPF is also a significant step in the management of patients with 

the disease. Many studies have been published to find the risk factors associated with 

pancreatic fistula after a PD, such as sex, age, body mass index (BMI), heart disease, 

pancreatic texture, diameter of pancreas, and blood loss.6,7
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Although many risk factors for POPF have been reported, 

it is still difficult to integrate various risk factors and signifi-

cantly predict the accuracy of POPF. A scoring system that 

provides a good prediction of the occurrence of POPF will be 

helpful for the perioperative risk management of PD. Recent 

studies revealed that several scoring system could achieve 

relatively good predictive accuracy for predicting POPF.8

As an alternative approach, computed tomography (CT) 

is an important tool that has been widely used to assess 

tumoral and anatomical tissue characteristics for surgical 

management.9 However, before surgical management, CT 

has been typically used to comprehend the blood flow and 

other anatomical variations to help safely perform the surgery 

to some extent. But the large quantity of additional useful 

information, contained in CT images, has not been utilized. 

With technological advancements, medical imaging is not 

only applied to qualitative diagnoses but also to quantitative 

techniques. In recent years, radiomics, which has received 

increasing attention, has turned captured images into high 

fidelity and high throughput data.10

The hypothesis of radiomics is that a large number of 

imaging features can be quantified to apply for treatment 

management and predict cancer characteristic or as potential 

imaging biomarkers.11 Several studies have described that 

radiomics has an enormous potential value in cancer manage-

ment and can promote the understanding of tumor biology 

and better implementation of precision medicine.12 As a 

newly established field, radiomics uses advanced computa-

tional methods to mine medical imaging data and transform 

these data into quantitative parameters for clinical application 

of cancer diagnosis, staging, prognosis, treatment response, 

disease monitoring,12–14 and even for the medical practice 

of nonneoplastic lesions, such as discriminating high-risk 

atherosclerotic plaque and detecting Meniere’s disease.15,16

As far as we know, no studies have previously used 

radiomics approach that integrated the data that can be col-

lected into a radiomics scoring (Rad-score) system to assess 

normal pancreatic parenchyma, and determined whether 

this new method could provide better POPF predictions for 

patients undergoing PD surgery.

Thus, the aim of the present study was to develop and 

validate a radiomics formula for individual preoperative 

prediction of POPF in patients undergoing PD surgery.

Materials and methods
Data source and study population
A total of 117 consecutive patients who underwent PD in 

Zhujiang Hospital of Southern Medical University were 

enrolled in this retrospective study according to the follow-

ing inclusion criteria: 1) patients who underwent standard 

procedures of PD surgery with curative intent; 2) standard 

contrast-enhanced CT performed less than 10 days before 

surgical resection, with the image data stored intact; and 3) 

pathologically confirmed benign and malignant occupying 

lesions. The exclusion criteria were: 1) patients had a missing 

pancreatic fistula variable; 2) pathologically confirmed dif-

fuse lesions; and 3) other malignant tumors existed simultane-

ously. The patients were divided into two separate cohorts by 

using a random number table at a ratio of 2:1. Eighty patients 

constituted the training cohort and the other 37 constituted 

the validation cohort. This study was approved by the local 

ethics committee of Zhujiang Hospital. All patients signed 

a written informed consent and were treated in accordance 

with the Declaration of Helsinki.

For all cases, demographic and pretreatment clinical data 

(age, genders, alcohol and smoking history, family history, 

medical history, and BMI) and surgical details, detailed 

imaging studies, pathology findings, and laboratory values 

(serum CA-19–9, bilirubin, albumin, etc.) were obtained from 

electronic medical record. We used 3D Slicer for quantita-

tive analysis of the portal venous phase of the CT,17 which 

were retrieved from the picture archiving and communica-

tion system. The CT image acquisition and segmentation of 

region of interests (ROIs) are described in Supplementary 

materials S1 and S2.

surgical procedures for PD
All surgeries were performed by the corresponding authors, 

who have more than 30 years of pancreatic surgery experi-

ence, with the help of a professional team.

During the reconstruction phase, we implemented manual 

end-to-side pancreaticojejunostomy in double layer. At the 

end of each procedure, two intra-abdominal drainage tubes 

were inserted. One tube was left in the hepaticojejunostomy 

area and the other was left near the pancreaticojejunostomy. 

All patients were managed according to the standard postop-

erative procedures. To achieve the safety and quality of the 

surgery, all surgical treatment and postoperative management 

were supervised by the same surgical team.

extraction of radiomics features
We obtained a total of 1,219 CT image features from the 

pancreatic parenchyma. Since the tumor can be completely 

removed after PD surgery, the preoperative analysis of the 

heterogeneity of the lesion was not necessary, and only the 

characteristics of the pancreatic parenchyma were extracted. 
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Finally, we obtained several targeted features for the pancre-

atic parenchyma, and they were classified into the following 

four groups: parenchyma shape and size-based features 

(n=16), intensity for pancreatic parenchyma (n=19), pan-

creatic textural features (n=74), and wavelet (n=1,110). The 

mathematical description of all features can be found in the 

online documentation of the PyRadiomics software,18 and in 

Supplementary material S3.

Definitions
The diagnosis of POPF was judged according to the defi-

nitions and classifications described in the International 

Study Group of Pancreatic Surgery guidelines.4 The amylase 

content of any measurable volume of drainage liquid on or 

after postoperative day 3 that is more than thrice the upper 

normal serum value (125 IU/L) was defined as POPF. POPF 

was then determined as follows: biochemical leakage ([BL] 

formerly grade A POPF) – the presence of a BL is defined 

as the pancreatic amylase output that is three times higher 

than the upper normal serum level (>375 IU/L), from the 

drain tube placed during surgery. The patient with BL was 

fed orally and maintained in good clinical condition. In clini-

cally significant grade B, pancreatic fistula is present in the 

increased amylase activity in fluid from any drain tube and 

the increased amylase is associated with clinically relevant 

conditions necessitating any change in the management of 

the intended postoperative route. In the presence of grade B 

POPF, whenever organ failure or clinical instability develops, 

this condition is called grade C POPF and usually requires 

reoperation, prolonged hospitalization, stay in intensive care 

units, results in organ failure, and even death. In the present 

study, patients with fistula (BL, grade B, and grade C) were 

grouped as POPF (+) group and the other patients were 

grouped as POPF (-) group.

For each patient, the following composite variables were 

calculated and recorded. According to Callery et al, the Fis-

tula Risk Score (FRS) was obtained using five parameters: 

gland texture (0–2 points), pathology (0–1 points), main 

pancreatic duct diameter (0–4 points), and intraoperative 

blood loss (0–3 points).19

Data analysis
Feature selection and construction of the Rad-score 
system
In order to avoid the “curse of dimensionality,”20,21 which 

would lead to a large false-positive result, we used a logistic 

regression with least absolute shrinkage and selection opera-

tor (LASSO) regularization to obtain the most informative 

features from the primary cohort. The penalty parameter 

adjustment was performed by tenfold cross-validation based 

on minimum criteria. Each patient then obtained a score 

through a Rad-score calculation, constructed with a linear 

combination of selected features weighted by their respec-

tive coefficients.22

Predictive validation of Rad-score and comparison to 
other existing methods
The potential predictive value of the Rad-score system with 

POPF was first evaluated in the primary cohort and then 

verified in the validation cohort by using the area under the 

curve (AUC) of the receiver operating characteristic (ROC). 

The AUCs of the FRS scores in predicting POPF were also 

calculated, and the comparisons between the Rad-score and 

FRS were performed using DeLong’s test in both the cohorts.

statistical analysis
Statistical analyses were performed with R software version 

3.4.2 (https://www.r-project.org). Categorical variables were 

compared using the chi-squared test or Fisher’s exact test, 

and continuous variables were compared using the Mann–

Whitney U test. The “glmnet” package was used to perform 

LASSO logistic regression analysis. The “pROC” package 

was used in the creation of ROC curves and the calculation 

and comparisons of AUCs. A two-sided P-value <0.05 was 

accepted as indicative of statistical significance.

Results
Patient characteristics
The patient characteristics of the study participants are 

described in Table 1. The pretreatment clinical data, surgi-

cal details, pathology types, and laboratory values have no 

statistical differences between the two cohorts. In the primary 

cohort, 38 patients were female and 42 were male, while in 

the validation cohort, there were 16 females and 21 males. 

The ratio of female to male is basically equal. The ages 

(mean ± SD) of the primary and validation cohorts were 

56.34±13.84 and 60.16±10.41 years. There were 34 and 14 

patients experiencing POPF in the primary and validation 

cohorts, respectively. The characteristics of POPF in the 

primary and validation cohorts are given in Table 2. There are 

no significant differences between the two cohorts in POPF 

prevalence (P=0.234). Four patients (5.0%) in the training 

cohort and none in the validation cohort died in the hospital 

from surgical complications: massive bleeding caused by 

POPF in 3 patients, and organ failure in 1.
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cohort, eleven potential predictive features of POPF-related 

features with nonzero coefficients were selected in the 

LASSO logistic regression model (Figure 1A and B). The 

eleven features were all derived from the pancreatic paren-

chyma. The formula for the Rad-score calculation is listed 

in Table 3.

Patients who had experienced POPF generally had 

higher Rad-scores than those who had not suffered from 

POPF (Figure 2A and B). As shown in Table 4, there was a 

significant difference between the Rad-scores of these two 

groups (POPF (−) vs POPF (+)) in the primary cohort and 

in the validation cohort.

Discrimination power of the Rad-score 
and comparison with FRs system
The predictive accuracy of the Rad-score formula was sat-

isfactory, with an AUC of 0.8248 (95% CI, 0.7364–0.9132) 

in the primary cohort. In order to validate the formula, the 

conducted formula was applied to the validation cohort and 

the AUC was found to be 0.7609 (95% CI, 0.6066–0.9152) 

(Figure 3A and B).

In the training cohort, the AUC of the Rad-score was 

higher than the FRS for predicting POPF (P<0.05). In the 

validation cohort, there was still statistically significant dif-

ferences between the Rad-score and the FRS (P<0.05). The 

detailed results of the discrimination power are shown in 

Figure 4A and B.

Discussion
In the present study, a new approach was conducted to 

predict the incidence of POPF with patients who underwent 

PD. The results of the present study support our hypothesis 

that potential POPF-predictive imaging biomarker which 

contain pancreatic features in a radiomics context can well 

predict POPF.

Texture analysis is a form of quantitative image processing 

that is used to evaluate the spatial interrelationships of pixel 

intensities and is useful in medical (clinical) practice.23–25 

Radiomics is a class of quantitative imaging features of tex-

ture analysis and is considered as a potential bridge between 

medical imaging and personalized precise medicine.12

Radiomics was originally focused on tumor tissues. 

However, several findings considered that radiomics could 

also be applied to nonneoplastic lesions.15,16 There is no study 

that has previously used radiomics approach to predict POPF.

For the construction of the Rad-score calculation for-

mula, 1,219 candidate radiomics features were reduced to 

11 potential predictors by LASSO method. Based on the 

Table 1 Characteristics of patients in the primary and validation 
cohorts

Characteristics Primary 
cohort

Validation 
cohort

P-value

age, mean ± sD, years 56.34±13.84 60.16±10.41 0.174

BMi, mean ± sD, kg/m² 21.67±3.15 22.35±3.31 0.197

gender, n (%)
Female
Male

38 (47.5)
42 (52.5)

16 (43.2)
21 (56.8)

0.668

Diabetes mellitus 4 2 1.0

hypertension 9 7 0.262

smoker (current) (%) 6 8 0.06

Drinking habit (current) 
(%)

5 5 0.342

Ca-199 (U/ml) 301.48±527.08 283.35±768.34 0.667

Cea (U/ml) 5.08±8.10 3.11±1.98 0.506

Pancreatic duct 
diameter (mm)

<3 mm
>3 mm

21
59

14
23

0.203

Texture of the pancreas, 
n (%) 

soft
Rough

37 (46.3)
43 (53.7)

16 (43.2)
21 (56.8)

0.761

intraoperative blood 
loss, mean ± sD (ml)

502.60±444.18 481.43±383.50 0.987

Pathological diagnosis, 
n (%)

Pancreatic cancer
Cholangiocarcinoma
ampullary carcinoma
Duodenal cancer
Pancreatic benign 
tumor

Other

33 (41.3)
2 (2.5)
15 (18.8)
21 (26.3)
4 (5.0)

5 (6.3)

16 (43.2)
1 (2.7)
7 (18.9)
13 (35.1)
0 (0)

0 (0)

0.184

Note: Other includes pancreatic pseudocyst and pancreatic cyst.
Abbreviations: BMi, body mass index; Cea, carcinoembryonic antigen.

Table 2 Postoperative characteristics of patients in the primary 
and validation cohorts

According to the 
ISGPF of POPF, 
n (%)

Primary cohort 
(n=80)

Validation 
cohort 
(n=37)

P-value

0.234

Bl 18 (22.5) 7 (18.9)  

grade B 8 (10) 6 (16.2)  

grade C 8 (10) 1 (2.7)  

Abbreviations: Bl, biochemical leakage; isgPF, international study group of 
Pancreatic Fistula; POPF, postoperative pancreatic fistula.

Radiomics feature selection and 
Rad-score calculation
A total of 1,219 radiomics features of pancreatic parenchyma 

were extracted from preoperative CT images. In the primary 
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Figure 1 Radiomics feature selection using the lassO regression.
Notes: (A) The tuning parameter (lambda) was selected in the lassO model using tenfold cross-validation via minimum criteria. Two dashed vertical lines were drawn at 
the optimal values by using the minimum criteria and the standard error of the minimum criteria. The value of 0.0736 with log (λ), -2.6097, was chosen (minimum criteria) 
according to tenfold cross-validation. (B) LASSO coefficient profiles of the 1,219 texture features. A coefficient profile plot was produced against the log (λ) sequence. 
Vertical line was drawn at the value selected using tenfold cross-validation, where optimal lambda resulted in eleven nonzero coefficients.
Abbreviation: lassO, least absolute shrinkage and selection operator.

Table 3 Rad-score calculation formula

Rad-score= -6.34907–0.002009672*log-sigma-1–0-mm-3D_firstorder_Kurtosis

+0.0002217893*log-sigma-3–0-mm-3D_firstorder_Maximum

+0.08755741*log-sigma-4–0-mm-3D_firstorder_Skewness

–4.839234*hhh_gldm_smallDependencelowgraylevelemphasis

+3.12135*lhl_glcm_imc2

+1.333126*lhl_glrlm_Runentropy

–9.788694*lhl_glszm_smallarealowgraylevelemphasis

+7.885982*lhh_glcm_imc2

–3.23331*hhl_gldm_smallDependencelowgraylevelemphasis

–0.01287862*HLH_firstorder_Kurtosis

–0.2409615*hlh_glszm_Zoneentropy

Notes: l and h indicate a low-pass (ie, scaling) and a high-pass (ie, wavelet) function, respectively. The decompositions are constructed in this manner, applying their 
respective ordering of low- or high-pass filtering in x, y and z-direction. For example, LHH is then interpreted as the high-pass sub band, resulting from directional filtering 
of X with a low-pass filter along x-direction, a high-pass filter along y-direction and a high-pass filter along z-direction.
Abbreviation: Rad-score, radiomics score.
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Figure 2 Rad-score for each patient in (A) the training cohort and (B) the validation cohort.
Abbreviations: POPF, postoperative pancreatic fistula; Rad-score, radiomics score.
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Table 4 Rad-score results

Cohorts POPF (+) POPF (-) P-value

Primary cohort -0.076 (-0.256 to 0.153) -0.536 (-0.801 to -0.204) <0.0001
Validation cohort 0.102 (-0.012 to 0.569) -0.258 (-0.515 to  0.125) <0.008

Abbreviations: POPF, postoperative pancreatic fistula; Rad-score, radiomics score.

Figure 3 ROC curve of Rad-score in (A) the training cohort and (B) the validation cohort.
Note: The area under the ROC curve was 0.8248 and 0.7609, respectively, for training and validation cohort.
Abbreviations: Rad-score, radiomics score; ROC, receiver operating characteristic.
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Abbreviations: FRS, fistula risk score; Rad-score, radiomics score; ROC, receiver operating characteristic.
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formula, we found that patients who had experienced POPF 

generally had a statistically higher Rad-score than those 

who had not suffered from POPF in the primary cohort, and 

the same was also confirmed in the validation cohort. The 

result suggests that patients with higher Rad-scores are at 

greater risk of developing POPF. The radiomics signature 

demonstrated adequate discrimination with an AUC of 0.8248 

in the primary cohort and 0.7609 in the validation cohort, 

respectively. The result also suggests that this model has a 

good predictive ability.

In recent years, a number of countries have successfully 

established a variety of systems for predicting POPF.8 In 

2011, Yamamoto et al conducted an indicator, including five 

parameters to assess the risk of pancreatic fistula, and it had 

good accuracy after clinical verification, but the acquisition 

of the indicators requires cumbersome measurement and 

calculation.26

Roberts et al established a predictive model based on the 

BMI index and the main pancreatic duct diameter, and the 

model has been further verified.27 Gaujoux et al established 

a predictive model based on BMI index, pancreatic defibra-

tion, and pancreatic steatosis while Graham et al established 

a predictive model based on age, BMI index, pancreatic 

duct diameter, and amylase on the first day after surgery.28,29 

The above two sets of predictive models require the precise 

determination of postoperative indicators and have not been 

verified.

Compared to other predictive systems, FRS system that 

was proposed by Callery et al is only used for the prediction 

of postoperative clinical pancreatic fistula.19 It is of great 

value for clinical prediction of grade B and C pancreatic 

fistula. The FRS system is easily grasped by clinicians and 

helps to better predict the occurrence of pancreatic fistula in 

clinical work. There are three external validation articles to 

confirm the usefulness of this approach.30–32 Because of the 

above reasons, the FRS is widely used in the clinical practice.

In the present study, the performance of the Rad-score is 

good and superior to the performance of FRS system, and 

hence we think radiomics could well apply to predict POPF. 

However, we can see that one discrepancy of note between 

the current and original studies is the lower AUC (0.5930 

or 0.5202) that was found in the present study and it was 

abnormally lower than the original study. This difference 

might be due to characteristics of the patients, particular 

POPF risk factor profiles, variations in management styles 

between surgeons, and different definitions of predictive 

fistula at the end point. A large-scale sample of prospective 

study is required for high-quality evidence.

In our study, the POPF (+) group includes BL, grade B, 

and grade C. The reason for this classification is that although 

this will increase the incidence of pancreatic leakage, early 

prevention is the key to complications, so it is necessary to 

improve the sensitivity of the diagnosis for early interven-

tion. (At our institution, this involves amylase-rich effluents 

that exceed 375 IU/L. Those below are designated in the “no 

fistula” group.)

There are several potential limitations to this study. The 

major limitation is its retrospective nature. The result we 

obtained is from a single-center study and it does not have a 

large number of patients, and lacked external validation from 

other hospitals. Since the present study is a retrospective study, 

based on available variables, we only compared the formula 

to some of the proposed methods. Multicenter large-scale 

samples are required for high-quality evidence for future clini-

cal applications. But this study shows us the possibility that 

radiomics can be applied for the prediction of POPF.

Conclusion
A novel radiomics-based formula was developed and vali-

dated for predicting POPF in patients who underwent PD. 

The formula provides a new method for identifying POPF 

risks and may improve informed decision-making in the 

prevention of POPF at low cost.
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Supplementary materials
CT image acquisition
All patients underwent contrast-enhanced abdominal CT 

using a Philips Brilliance 64-MDCT scanner. The scanning 

parameters included a current of 200 mA, voltage of 120 

kV, rotation time of 0.5 seconds, detector combination of 

0.625×64 mm, pitch of 0.894, and bed speed of 47.5 mm/s. 

After non-enhanced CT, thin slice and dynamic abdominal 

three-phase tomography were performed after an intravenous 

contrast agent, namely nonionic Iopamiro was administered. 

Each patient received 80–100 mL of vascular contrast agents 

at a rate of 5 mL/s with a pump injector. Arterial phase scan, 

which was automatically triggered 8 seconds after the vas-

cular CT value of diaphragm portion of the abdominal aorta 

reached 100 HU, was achieved by contrast tracking. The 

portal venous phase scan was started with the same standard 

and with a 60 second delay. Contrast-enhanced CT data were 

reconstructed to a thickness of 1.0 mm.

Portal venous phase CT images were chosen for seg-

mentation and radiomics feature extraction for two reasons: 

1) good differentiation of the tumor tissue and pancreatic 

parenchyma from other tissues was evident; and 2) several 

previous studies have shown that the analysis of radiomics 

features in this phase is useful and that the analysis of this 

phase is the condign standard for most institutions.1–3

segmentation of ROis
The ROIs of this study only included the remaining pancreatic 

parenchyma portion that the tumor was removed from, after PD. 

Portal venous phase CT data were retrieved from the institution 

archive. By using the Medical Imaging Interaction Toolkit, ROI 

of the largest cross-sectional area was initially depicted around 

the tumor contour. The ROI was further refined by excluding 

air regions having a range of thresholds from which any pixels 

with attenuation values <−50 HU and >300 HU were removed 

from the analysis. In total, 1,219 imaging texture features from 

the category of histogram were finally extracted.

Radiomics features
The PyRadiomics software (http://www.radiomics.io/index.

html) was used to compute image features. All of the features 

can be found on the website https://pyradiomics.readthedocs.

io/en/latest/features.html.4–5

We obtained a total number of 1,219 CT image features 

from pancreatic parenchyma. Because the tumor was totally 

removed after PD, we do not consider that the preoperative 
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heterogeneous analysis of lesions is necessary. Finally, we 

choose to evaluate some targeted features for pancreatic 

parenchyma, which are divided into the following four groups:

1. Group 1: first-order features for pancreatic parenchyma.

2. Group 2: shape- and size-based features for pancreatic 

parenchyma.

3. Group 3: textural features for pancreatic parenchyma.

4. Group 4: wavelet features for pancreatic parenchyma.

We only show the corresponding features of Rad-score calcula-

tion formula, and their description can be found on the website.5
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