
R E S E A R C H Open Access

© The Author(s) 2023. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, 
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included 
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The 
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available 
in this article, unless otherwise stated in a credit line to the data.

Matsui et al. BMC Surgery          (2023) 23:310 
https://doi.org/10.1186/s12893-023-02213-1

BMC Surgery

*Correspondence:
Hiroaki Nagano
hnagano@yamaguchi-u.ac.jp

Full list of author information is available at the end of the article

Abstract
Background Since clinically relevant postoperative pancreatic fistula (CR-POPF) can cause intra-abdominal 
hemorrhage and abscesses, leading to surgery-related deaths after pancreaticoduodenectomy (PD), its preoperative 
prediction is important to develop strategies for surgical procedures and perioperative management. This study 
aimed to establish a novel prediction model for CR-POPF using preoperative markers.

Methods On a training set of 180 patients who underwent PD at the Yamaguchi University Hospital, a combination 
of CR-POPF predictors were explored using the leave-one-out method with a unique discrete Bayes classifier. This 
predictive model was confirmed using a validation set of 366 patients who underwent PD at the Osaka University 
Hospital.

Results In the training set, CR-POPF occurred in 60 (33%)　of 180 patients and 130 (36%)　of 366 patients in the 
validation set using selected markers. In patients with pancreatic ductal adenocarcinoma (PDAC), the main pancreatic 
duct (MPD) index showed the highest prognostic performance and could differentiate CR-POPF with 87% sensitivity 
and 81% specificity among 84 patients in the training set. In the validation set, the sensitivity and specificity of the 
MPD index-based model for 130 PDAC samples were 93% and 87%, respectively. In patients with non-PDAC, the 
MPD index/body mass index (BMI) combination showed the highest prognostic performance and could differentiate 
CR-POPF with 84% sensitivity and 57% specificity among 96 patients in the training set. In the validation set, the 
sensitivity and specificity of the MPD index/BMI-based model for 236 non-PDAC samples were 85% and 53%, 
respectively.

Conclusion We developed a novel prediction model for pancreatic fistulas after PD using only preoperative markers. 
The MPD index and MPD index/BMI combination will be useful for CR-POPF assessment in PDAC and non-PDAC 
samples, respectively.
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Background
Pancreaticoduodenectomy (PD) is one of the most dif-
ficult surgical procedures. In recent years, the post-PD 
mortality rate at high-volume centers has decreased to 
< 2% owing to improvements in surgical techniques and 
perioperative management [1, 2]. However, post-PD 
morbidity rates remain high (16–50%) [3–5]. Among 
the most important post-PD complications, postopera-
tive pancreatic fistula (POPF) can cause intra-abdominal 
hemorrhage and abscesses, leading to surgery-related 
deaths. Post-PD pancreatic fistula occurred in 15–45% 
of patients, according to the 2016 edition of the Interna-
tional Study Group of Pancreatic Surgery (ISGPS), and 
was associated with a mortality rate of up to 9% [6].

According to the ISGPS diagnostic criteria, POPF is 
classified as biochemical leak (without adverse clinical 
consequences) or clinically relevant POPF (CR-POPF), 
which is severe and requires various treatments. In 
recent years, proactive, risk-based management of pan-
creatic anastomosis has been advocated before serious 
complications occur with CR-POPF [7, 8]. Therefore, it is 
important to preoperatively predict CR-POPF risk, which 
is difficult with a single factor because POPF is associated 
with a number of confounders, including disease-related 
factors (such as pancreatic texture) and patient-related 
factors (such as obesity) [9, 10].

Therefore, in recent years, prediction models using 
multiple markers have been developed to predict POPF. 
However, most of them consist of intraoperative or post-
operative markers, and few have preoperative predictive 
utility [11, 12]. This study aimed to predict CR-POPF 
with a high degree of accuracy by focusing solely on pre-
operative clinicoradiological data. We attempted to pre-
vent missing CR-POPF. We extracted predictive markers 
of CR-POPF from previous literature and differentiated 
CR-POPF using a unique classifier [13].

Methods
Patients
For the training analysis, patients who underwent PD at 
the Department of Gastroenterological, Breast and Endo-
crine Surgery, Yamaguchi University Graduate School of 
Medicine, were selected. A total of 188 patients under-
went PD between January 2010 and December 2020. 
Patients were excluded from the analysis if they met any 
of the following criteria: hepatopancreatoduodenectomy 
(n = 2) and two-stage pancreatojejunostomy [14] (n = 6). 
Ultimately, 180 patients were enrolled in the training set.

For the validation analysis, 371 patients, who under-
went PD at the Department of Gastroenterological Sur-
gery, Osaka University Graduate School of Medicine, 
from January 2011 to December 2020, were selected. 
Inclusion and exclusion criteria for study participation 
were similar to those for the training set. Patients were 

excluded from the analysis if they met any of the follow-
ing criteria: hepatopancreatoduodenectomy (n = 2), PD 
for remnant pancreatic lesions (n = 2), and PD concomi-
tant with colectomy for colon cancer (n = 1). Finally, 366 
patients were enrolled in the validation set.

The collected data were statistically analyzed and 
assessed at Yamaguchi University. Approval from the 
institutional review board was obtained from each 
institution (IRB number: H2021-163). The study was 
conducted in accordance with Good Clinical Practice 
guidelines and the Declaration of Helsinki.

Assessment of clinical and radiological findings
Each patient was evaluated using routine preopera-
tive computed tomography (CT) or magnetic resonance 
imaging images and clinical data, including preopera-
tive characteristics, postoperative complications, and 
histopathological diagnosis, from a prospectively main-
tained computer database. The collected data included 
patient age, sex, height, weight, body mass index (BMI),
　presence/absence of diabetes, serum albumin level, 
total peripheral blood lymphocyte count, histopathologi-
cal diagnosis, main pancreatic duct (MPD) size, stump 
thickness, stump width, preoperative biliary drainage 
(yes/no), and preoperative therapy. The prognostic nutri-
tional index (PNI) [15] and controlling nutritional status 
(CONUT) score [16], indicators of nutritional status, 
were assessed in accordance with the following equation, 
as described previously.

Preoperative radiological markers included visceral fat 
area (VFA) [17], parenchymal thickness, MPD size, MPD 
index [18], presence of sarcopenia, and preoperative 
diagnosis [19].

Definition of CR-POPF
According to the 2016 ISGPS guidelines, POPF was 
defined as a drain output of any measurable volume of 
fluid with amylase levels > 3 times the upper institutional 
limit of normal for serum amylase for each specific insti-
tution and association with clinically relevant develop-
ment [6]. POPF was classified into three grades (A-C). 
Grade A implied that there was no deviation from the 
normal postoperative procedure and no impact on post-
operative hospital stay duration. Grade B POPF required 
a change in the management of the expected postopera-
tive pathway, including persistent drainage for > 3 weeks, 
percutaneous or endoscopic drainage, and angiographic 
procedure for bleeding. Grade C POPF led to organ fail-
ure, secondary operation, or subsequent POPF-related 
mortality. Grades B and C were defined as CR-POPF.

Marker selection
We extracted predictive markers of CR-POPF 
from the previous literature, and the following 14 
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clinicopathological markers were used as CR-POPF pre-
dictors: age [20], sex [21], BMI [22], VFA [23], PNI [24], 
serum albumin level [22], parenchymal thickness [25], 
MPD size [26], MPD index [18], presence of diabetes 
mellitus [27], presence of preoperative biliary drainage 
[28], CONUT score [29], presence of sarcopenia [30], and 
preoperative diagnosis [21].

Among the candidate markers, a combination of two 
markers was selected under the conditions and exam-
ined. There were N training samples in total. Of note, 
marker selection was performed using only the training 
samples. In pattern recognition fields, markers cannot 

be selected based on their individual effectiveness [31]. 
Therefore, the combination of these markers should be 
carefully selected. As shown in Fig. 1, we used the leave-
one-out method [32] to identify the optimal combina-
tion of markers. According to this method, one training 
sample was selected as a sub-test sample from N train-
ing samples, and the remaining N 1 training samples were 
assigned as sub-training samples. To explore marker 
combinations, we initially selected one combination of 
two markers. The discrete Bayes classifier (Additional 
File) was designed using N 1 sub-training samples, and 
the re-substitution estimate was obtained by classifying 

Fig. 1 Selection of the optimal combination of markers
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N 1 sub-training samples using the classifier. Next, fea-
ture criteria, such as sensitivity, specificity, and F1 mea-
sure, were calculated. One sub-test sample was not used 
for marker selection. This process was repeated until all 
two-marker combinations were evaluated. Among all 
two-marker combinations, a combination with either 
maximal sensitivity, subjected to a specificity ≥ 50%, or a 
maximal F1 measure was selected. In the leave-one-out 
method, the aforementioned process was repeated N 
times (i.e., until each training sample had been selected 
only once as a sub-test sample). Among the N resulting 
combinations, the most frequently selected combination 
in the leave-one-out loop was considered optimal. When 
the number of markers was 3, marker selection was 
repeated according to the same procedure. Additional 
details concerning the discrete Bayes classifier were pro-
vided in previous studies [13, 33, 34].

Results
Patient characteristics
Table  1 showed the demographic and clinicopathologi-
cal characteristics of 180 patients from Yamaguchi Uni-
versity and 366 patients from Osaka University who 
underwent PD. According to the ISGPF classification, 
CR-POPF occurred in 60 (33%) patients of the training 
set and 130 (36%) patients of the validation set, with no 
significant difference between two groups. In-hospital 
mortality was 1.7% in the training set and 0.6% in the vali-
dation set, with no significant difference between the two 
groups. There were no significant differences in the base-
line and clinical data between the training and validation 
sets, except that the training samples had higher preop-
erative albumin levels (P < 0.001), higher PNI (P < 0.001), 
thicker pancreatic parenchyma (P = 0.0007), larger 
MPD size (P = 0.023), higher frequency of samples with 
CONUT score ≥ 3, higher frequency of samples with pan-
creatic ductal adenocarcinoma (PDAC) (P = 0.0004), and 
lower frequency of preoperative radiation (P < 0.0001). 
Regarding pancreatic-enteric anastomosis, all were pan-
creatojejunostomy with no pancreatogastrostomy in the 
training set, whereas in the validation set, pancreatoje-
junostomy and pancreatogastrostomy were performed 
in 335 (91.5%) and 31 (8.5%) samples, respectively. How-
ever, there was no difference in operative time and blood 
loss between the training and validation sets.

Assessment of optimal marker combination for the 
training samples
Initially, we performed analyses on all cases. Neverthe-
less, we could not develop highly accurate risk models 
(Additional Table). It has been reported that the pan-
creatic exocrine function is involved in pancreatic fistu-
las; generally, the exocrine function is often impaired in 
pancreatic cancer compared with non-pancreatic cancer 

[35]. Therefore, we differentiated between pancreatic 
and non-pancreatic cancers; moreover, we performed 
analyses separately within each group by categorizing all 
cases into pancreatic cancer and non-pancreatic cancer 
groups. Marker selection was performed using 84 PDAC 
training samples from a total of 180 available training 
samples from Yamaguchi University. According to the 
leave-one-out method with 84 PDAC training samples on 
the discrete Bayes classifier, the optimal combination of 
predictive markers was determined (Fig. 1), and classifi-
cation performance for the combination was then evalu-
ated. Table 2 shows the diagnostic potential of CR-POPF 
using various combinations of predictive markers in the 
discrete Bayes classifier. For PDAC, we could differenti-
ate CR-POPF with 87% sensitivity, 81% specificity, 50% 
positive predictive value, 97% negative predictive value, 
and F1 measure of 0.63, using only the MPD index. In 
contrast, the results of the two-marker combination on 
the discrete Bayes classifier were as follows: 93% sensi-
tivity, 73% specificity, 44% positive predictive value, 98% 
negative predictive value, and F1-measure of 0.60 for the 
combination of MPD index and BMI; 73% sensitivity, 
94% specificity, 73% positive predictive value, 94% nega-
tive predictive value, and F-measure of 0.73 for the com-
bination of MPD index and presence of sarcopenia; 87% 
sensitivity, 81% specificity, 50% positive predictive value, 
97% negative predictive value, and F-measure of 0.63 for 
the combination of MPD index and PNI; and 87% sensi-
tivity, 81% specificity, 50% positive predictive value, 97% 
negative predictive value, and F-measure of 0.63 for the 
combination of MPD index and presence of preoperative 
biliary drainage. Next, marker selection was conducted 
for 96 non-PDAC training samples. The design of the 
discrete Bayes classifier with the selected combination 
and the evaluation of its classification performance were 
performed in the same manner as for PDAC samples. 
MPD index as a single marker resulted in 78% sensitivity, 
63% specificity, 65% positive predictive value, 72% nega-
tive predictive value, and F-measure of 0.71. In contrast, 
we could differentiate CR-POPF with 84% sensitivity, 
57% specificity, 63% positive predictive value, 80% nega-
tive predictive value, and F-measure of 0.72 using the 
combination of MPD index and BMI. The results of the 
three-marker combination on the discrete Bayes classi-
fier were as follows: 98% sensitivity, 39% specificity, 59% 
positive predictive value, 96% negative predictive value, 
and F-measure of 0.73 for the combination of BMI, VFA, 
and MPD size; 84% sensitivity, 57% specificity, 63% posi-
tive predictive value, 80% negative predictive value, and 
F-measure of 0.72 for the combination of MPD index, 
age, and BMI; and 84% sensitivity, 57% specificity, 63% 
positive predictive value, 80% negative predictive value, 
and F-measure of 0.72 for the combination of MPD 
index, presence of sarcopenia, and BMI.　Therefore, we 
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Table 1 Demographic and clinical characteristics of the training and validation sets
Training set
N = 180
 N (col%)

Validation set
N = 366
 N (col%)

P-value

CR-POPF 0.634

Present 60 (33) 130 (36)

Absent 120 (67) 236 (64)

Male sex 107 (59) 225 (61) 0.709

Age, median (range), years 69 (45–87) 70 (21–86) 0.891

BMI, median (range) 22.3
(15.4–33.9)

21.7
(12.5–36.2)

0.189

VFA (cm2) 90.0
(7.2–303.0)

Albumin (g/dL) 4.0
(2.4-5.0)

3.8
(2.3–4.9)

< 0.001

PNI 47.7
(29.2–61.8)

45.7
(29.1–60.7)

< 0.001

Parenchymal thickness (mm) 13.0
(5.0–24.0)

11.9
(4.5–31.7)

0.0007

MPD size (mm) 4.0
(2.0–15.0)

3.95
(1.0-25.9)

0.023

MPD index 0.33
(0.11–0.92)

0.34
(0.07-1.00)

0.592

Diabetes mellitus 0.636

Yes 62 (34) 134 (37)

No 118 (66) 232 (63)

CONUT score 0.096

≥3 56 (31) 117 (39)

<3 124 (69) 185 (61)

Preoperative biliary drainage 0.579

Yes 76 (42) 145 (40)

No 104 (58) 221 (60)

Sarcopenia

Yes 96 (53)

No 84 (47)

Preoperative diagnosis 0.0004

PDAC 84 (47) 137 (37)

Ampullary carcinoma 29 (16) 28 (8)

Cholangiocarcinoma 21 (12) 61 (17)

IPMN 22 (12) 85 (23)

Others 24 (13) 55 (15)

Preoperative radiation < 0.0001

Yes 5 (3) 60 (16)

No 175 (97) 306 (84)

Pancreatic-enteric anastomosis < 0.001

Pancreaticojejunostomy 180 (100) 335 (91)

Pancreaticogastrostomy 0 (0) 31 (9)

Operation time (minutes) 524
(325–1080)

520
(285–1121)

0.292

Blood loss (mL) 590 600 0.449

(70-7806) (10-16070)

In-hospital mortality 3 (1.7) 2 (0.6) 0.338
BMI, body mass index; CONUT score, controlling nutritional status score; CR-POPF, clinically relevant postoperative pancreatic fistula; IPMN, intraductal papillary 
mucinous neoplasm; MPD, main pancreatic duct; MPD index, MPD size/parenchymal thickness; PDAC, pancreatic ductal adenocarcinoma; PNI, prognostic nutrition 
index; VFA, visceral fat area.
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adopted the MPD index as a single marker for PDAC and 
MPD index/BMI as a two-marker combination for non-
PDAC. For all samples in the training set, this prediction 
model showed 85% sensitivity, 71% specificity, 70% posi-
tive predictive value, and 90% negative predictive value. 
Based on these results, we developed a prediction model 
as shown in Fig. 2.

Validation of prediction model
We used a validation set of 366 patients from Osaka Uni-
versity, which was independent of the training set. The 
results are shown in Tables 3 and 4. For 130 PDAC test 
samples in the validation set, the prediction model using 

only the MPD index had 93% sensitivity, 87% specificity, 
47% positive predictive value, and 99% negative predic-
tive value. For 236 non-PDAC test samples in the vali-
dation set, the prediction model using the two-marker 
combination of MPD index and BMI showed 85% sensi-
tivity, 53% specificity, 64% positive predictive value, and 
78% negative predictive value. For all test samples in the 

Table 2 Classification results for the training set
Predictive Marker Sensi-

tivity
(%)

Speci-
ficity
(%)

PPV
(%)

NPV
(%)

PDAC training samples
MPD index (cut-off 0.3) 87 81 50 97

MPD index (cut-off 0.3), sarco-
penia (+/-)

73 94 73 94

MPD index (cut-off 0.3), PNI 
(cut-off 45)

87 81 50 97

MPD index (cut-off 0.3), preop-
erative biliary drainage (+/-)

87 81 50 97

Non-PDAC training samples
MPD index (cut-off 0.3) 78 63 65 72

MPD index (cut-off 0.3), BMI 
(cut-off 25)

84 57 63 80

BMI (cut-off 0.3), VFA (cut-off 
100), MPD size (cut-off 3)

98 39 59 96

MPD index (cut-off 0.3), age 
(cut-off 65), BMI (cut-off 25)

84 57 63 80

MPD index (cut-off 0.3), sarco-
penia (+/-), BMI (cut-off 25)

84 57 63 80

BMI, body mass index; MPD, main pancreatic duct; MPD index, MPD size/
parenchymal thickness; NPV, negative predictive value; PDAC, pancreatic ductal 
adenocarcinoma; PNI, prognostic nutritional index; PPV, positive predictive 
value; VFA, visceral fat area.

Table 3 Classification results for the validation set
Predictive Marker Sensi-

tivity
(%)

Speci-
ficity
(%)

PPV
(%)

NPV
(%)

PDAC test samples
MPD index (cut-off 0.3) 93 87 47 99

Non-PDAC test samples
MPD index (cut-off 0.3), BMI (cut-off 25) 85 53 64 78
BMI, body mass index; MPD, main pancreatic duct; MPD index, MPD size/
parenchymal thickness; NPV, negative predictive value; PDAC, pancreatic ductal 
adenocarcinoma; PPV, positive predictive value.

Table 4 Confusion matrix of the prediction results on validation 
set for CR-POPF
PDAC cases

Actual
CR-POPF (+) CR-

POPF (-)
Predicted CR-POPF (+) 14 16

CR-POPF (-) 1 104

Total 15 120

Non-PDAC 
cases

Actual
CR-POPF (+) CR-

POPF (-)
Predicted CR-POPF (+) 98 53

CR-POPF (-) 17 61

Total 115 114
CR-POPF, clinically relevant postoperative pancreatic fistula; PDAC, pancreatic 
ductal adenocarcinoma

Fig. 2 Prediction model for clinically relevant postoperative pancreatic fistula (CR-POPF).
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validation set, this prediction model showed 86% sensi-
tivity, 71% specificity, 62% positive predictive value, and 
90% negative predictive value.

Discussion
This study established a novel prediction model of CR-
POPF after PD by using a discrete Bayes classifier with 
only preoperative parameters. As a result, the prediction 
model was constructed using the preoperative diagnosis 
of disease, MPD index (ratio of pancreatic duct diameter/
pancreatic parenchymal diameter) [18], and BMI to strat-
ify the training samples into high- and low-risk groups. 
This prediction model was as accurate in the validation 
set as in the training set. The ISGPS recommends the 
use of an external pancreatic duct stent and somatosta-
tin analogs for high-risk samples after PD [8]. Recent 
reports also suggested that pancreatojejunostomy was 
better than pancreatogastrostomy for high-risk samples 
[7]. However, there are several advantages to predicting 
the risk of CR-POPF not only in terms of the choice of 
surgical technique and perioperative management but 
also in other aspects. For example, based on the risk of 
CR-POPF, preoperative informed consent can be pro-
vided more cautiously. Specifically, in frail and vulner-
able patients with benign or borderline tumors, or with 
uncertain pathological behavior, the preoperative risk 
prediction may be helpful when deciding whether to pur-
sue conservative treatment or surgical intervention. To 
implement such a policy, it is important to identify high-
risk samples preoperatively. Several useful single risk 
markers for pancreatic fistula were previously reported. 
However, POPF is confounded by multiple markers, 
and its accurate prediction based on single risk mark-
ers is difficult. Therefore, it is important to create a more 
accurate predictive model by combining multiple risk 
markers with documented usefulness. Several risk mod-
els for POPF using multiple markers have been reported. 
Many previous reports used intraoperative or postop-
erative parameters, such as intraoperative blood loss or 
drain findings, which make it difficult to preoperatively 
schedule the details of the surgical procedure or prepare 
the medications to be used [36]. Nevertheless, in recent 
years, there have been several reports of predictive mod-
els using only preoperative parameters [37–39]. These 
models combined independent risk markers extracted 
from univariate and multivariate analyses. However, the 
combination of multiple markers extracted in this man-
ner is not always optimal. We differentiated CR-POPF by 
using an original discrete Bayes classifier [13], which is 
unique and can handle both non-numerical and numeri-
cal data on the basis of Bayes’ decision theory using 
posterior probability. The leave-one-out method was 
adopted in the model design to explore the optimal com-
bination of markers and evaluate the distinguishability. 

Using this estimation, we can eliminate ambiguity in the 
determination of CR-POPF and obtain an objective prob-
ability distribution.

Our risk model first classified PDAC and non-PDAC 
during the development of our risk model. As shown 
in the Additional Table, the classification performance 
for the training set with stratified PDAC vs. non-PDAC 
samples was superior to that of the training set with two 
groups combined. This finding might result from a dif-
ference in the mechanism by which pancreatic fistulas 
develop between PDAC and non-PDAC samples.

As previously reported, many PDAC samples have 
increased physical strength due to fibrosis caused by 
pancreatitis associated with pancreatic duct obstruction, 
resulting in “hard pancreas” [40]. Additionally, in PDAC 
samples, the distal MPD is dilated and easily sutured dur-
ing surgery. The passage of pancreatic juice through the 
anastomosis might be smooth. In PDAC samples, the 
decline of exocrine function may lead to a decreased fre-
quency of CR-POPF [41]. In contrast, most non-PDAC 
samples are “soft pancreas” with little MPD dilatation, 
little fibrosis of parenchyma, and preserved exocrine 
function. Therefore, PDAC or non-PDAC may be major 
predictors of a soft or hard pancreas, respectively. In 
PDAC samples, the classification performance of a sin-
gle marker (MPD index) was optimal without require-
ment for combination with other markers. As mentioned 
above, most pancreatic samples are hard pancreas. 
However, not all PDAC samples are hard pancreas, and 
lesions in the uncinate process of the pancreas or groove 
region may not be hard pancreas because there is no 
MPD obstruction. As a result, the MPD index will be low 
in such samples because the pancreatic parenchyma does 
not undergo atrophy without MPD dilatation. Therefore, 
a lower MPD index may be a predictor of soft pancreas, 
which is susceptible to CR-POPF, in PDAC samples, and 
is clinically reasonable.

In contrast, for non-PDAC samples, the two-marker 
combination was superior to a single marker, but a three-
marker combination was not necessary. As described 
above, most non-PDAC samples were soft pancreas with 
a thin MPD and non-atrophied parenchyma, resulting in 
a lower MPD index. These samples may be at a high risk 
for CR-POPF because of the fragile pancreas and pre-
served pancreatic exocrine function. However, even in 
non-PDAC samples, when the MPD is obstructed by an 
invading lesion, the MPD index is higher because of MPD 
dilatation and fibrotic atrophy of the pancreatic paren-
chyma, which results in a hard pancreas. Such samples 
are less likely to develop pancreatic fistulas because they 
have the same mechanism as PDAC samples. However, 
non-PDAC samples, such as some samples of intraductal 
papillary mucinous neoplasm, may sometimes have a 
dilated MPD and high MPD index but are soft pancreas 
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without obstructive pancreatitis and fibrosis [42]. In such 
samples, a high MPD index can be a false negative for 
CR-POPF risk. Therefore, BMI may be a complementary 
risk factor in such samples. BMI was reportedly associ-
ated with soft-textured fatty pancreas and CR-POPF. The 
physical fragility of the fatty pancreas may be the cause of 
CR-POPF [10].

Although significant differences could not be exam-
ined because this was a one-time result, the performance 
of our predictive model for the test samples in the vali-
dation set was similar to that of the training sample. 
While the performance of the predictive model gener-
ally degrades with test samples as compared to train-
ing samples, no degradation was observed because our 
prediction model was highly accurate. In particular, the 
prediction accuracy was maintained despite some back-
ground differences between the training and validation 
sets. Notably, the training set included only pancreatoje-
junostomy, while the validation set included both pancre-
atojejunostomy and pancreatogastrostomy. However, the 
performance of our prediction model for the validation 
set was not degraded.

POPF risk prediction can be influenced by a variety of 
factors, including the surgeon’s level of training and dif-
ferences in management at the facility. In this study, the 
training and validation samples were obtained at differ-
ent facilities, and the validation sample had a larger num-
ber of cases than the training sample; nonetheless, the 
validation sample had the same prediction accuracy as 
the training sample. The validation sample usually has a 
lower prediction accuracy than the training sample, and 
therefore this prediction system may be reproducible. 
For example, in this study, the cutoff for BMI was set at 
25  kg/m2, which corresponds to the standard thresh-
old for obesity as defined by the Japanese Society for 
the Study of Obesity [43]. However, this threshold may 
be different in other countries. Since our study sample 
was limited to Japanese participants, more research is 
required to verify our findings in individuals from other 
countries.

This study had several limitations. First, the data were 
collected retrospectively. There were variations in the 
observation points of the data (e.g., timing of blood bio-
chemistry and CT scans). Additionally, owing to insuf-
ficient pathological samples of the remaining pancreatic 
transection, we were unable to verify the pathology of our 
hypotheses. Second, the frequency of CR-POPF at these 
two facilities is higher than that reported in recent years 
[6]. This is because these two facilities used to be cau-
tious in dealing with POPF and actively used octreotide 
and replaced drain based on strict criteria. This may have 
led to overtreatment for some cases. With the current 
improvement in treatment practices, the use of such pro-
cedures is gradually decreasing. Hence, the in-hospital 

mortality rate was lower in our study than that previously 
reported [44]. Recent studies have reported the efficacy 
of drain replacement and octreotide administration in 
patients with CR-POPF before serious complications 
develop [45, 46]. Therefore, it would be necessary to ana-
lyze the countermeasure for POPF; however, this was a 
retrospective study, and thus we could not perform the 
analysis due to missing data. Finally, because the results 
were obtained at only two facilities, there was some con-
cern that the MPD index measurement results might vary 
if the results were verified in a larger number of facilities. 
Therefore, our predictive model should be validated in 
future prospective studies using a larger number of cen-
ters. Our next goal is to conduct a larger prospective 
study and identify high-risk patients for whom CR-POPF 
should be managed preoperatively and intraoperatively.

Conclusions
We developed a novel prediction model for pancreatic 
fistulas after　PD using only preoperative markers. For 
CR-POPF assessment, the MPD index will be useful in 
PDAC samples, while the MPD index/BMI combination 
will be useful in non-PDAC samples.
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