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Abstract

Three-dimensional surgical simulation, already in use for hepatic surgery, can be used in

pancreatic surgery. However, some problems still need to be overcome to achieve more

precise pancreatic surgical simulation. The present study evaluates the performance of

SYNAPSE VINCENT® (version 6.6, Fujifilm Medical Co., Ltd., Tokyo, Japan) in the semiau-

tomated surgical simulation of the pancreatic parenchyma, pancreatic ducts, and peripan-

creatic vessels using an artificial intelligence (AI) engine designed with deep learning

algorithms. One-hundred pancreatic cancer patients and a control group of 100 nonpan-

creatic cancer patients were enrolled. The evaluation methods for visualizing the extraction

were compared using the Dice coefficient (DC). In the pancreatic cancer patients, tumor

size, position, and stagewise correlations with the pancreatic parenchymal DC were ana-

lyzed. The relationship between the pancreatic duct diameter and the DC, and between the

manually and AI-measured diameters of the pancreatic duct were analyzed. In the pancre-

atic cancer/control groups, the pancreatic parenchymal DC and pancreatic duct extraction

were 0.83/0.86 and 0.84/0.77. The DC of the arteries (portal veins/veins) and associated

sensitivity and specificity were 0.89/0.88 (0.89/0.88), 0.85/0.83 (0.85/0.82), and 0.82/0.81

(0.84/0.81), respectively. No correlations were observed between pancreatic parenchymal

DC and tumor size, position, or stage. No correlation was observed between the pancreatic

duct diameter and the DC. A positive correlation (r = 0.61, p<0.001) was observed between

the manually and AI-measured diameters of the pancreatic duct. Extraction of the pancreatic

parenchyma, pancreatic duct, and surrounding vessels with the SYNAPSE VINCENT® AI

engine assumed to be useful as surgical simulation.
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Introduction

Precise recognition of anatomic variations and the relationships of tumors with the surround-

ing organs and vessels is required to safely perform hepatobiliary pancreatic surgery. Pancre-

atic surgeries, such as pancreaticoduodenectomy (PD), usually involve resection of the

gastroduodenal artery and pancreaticoduodenal arcade, including the inferior pancreatico-

duodenal artery, which can exhibit significant anatomic variation [1, 2]. Recognition of the

hepatic arterial blood supply and anatomy of fragile veins, including the left gastric vein, infe-

rior mesenteric vein and jejunal vein, are also essential to avoiding or minimizing the risk of

surgical complications [3–5].

Although identifying the main pancreatic duct on the resected pancreatic surface is also

crucial for dissecting pancreatic tissue or reconstructing the pancreatojejunostomy anastomo-

sis, precise recognition of a nondilated main pancreatic duct is very difficult in normal (i.e.,

soft) pancreatic tissue because the pancreatic duct cannot be simulated by 2D multidetector

computed tomography (MDCT) alone [6–8].

Recent advances in workstations for radiological diagnostic imaging have made it easier to

construct 3D images of vasculature and organs. In 2013, we originally developed and expanded

3D surgical simulation technology that was already in use for hepatic surgery for pancreatic

surgery [9, 10]. We previously reported that 3D surgical simulations in pancreatic surgery

helped enhance the surgical staff’s understanding of the surgical anatomy, improve periopera-

tive factors, and predict pancreatic duct positions in the pancreatectomy planes and even the

residual pancreatic volume [11–13].

However, some problems still need to be overcome to achieve more precise pancreatic sur-

gical simulation. The surgical simulation analysis includes the highly variable and complex

peripancreatic vessels, the effect of infiltration and inflammation of the cut surface on the pan-

creatic parenchyma and surrounding vessels, individual differences in the contrast-enhanced

imaging of the pancreatic parenchyma, and accuracy of recognition when maneuvering in the

pancreatic duct. For these reasons, high-precision automatic extraction using software has

been difficult, and surgeons must manually modify these 3D images based on extensive experi-

ence and knowledge of peripancreatic anatomy.

Herein, the present study evaluates the performance of SYNAPSE VINCENT1 (version

6.6, Fujifilm Medical Co., Ltd., Tokyo, Japan), which enables semiautomated surgical simula-

tions of the pancreatic parenchyma, pancreatic ducts, and peripancreatic vessels using an arti-

ficial intelligence (AI) engine designed with deep learning algorithms.

Materials and methods

Patients

The AI engine for pancreatic analysis in SYNAPSE VINCENT1 was designed using deep

learning algorithms. In addition to the pancreatic parenchyma, pancreatic ducts, and peripan-

creatic vessels, the system can extract regions such as the spleen, kidney, and duodenum from

dynamic MDCT images. We evaluated the extraction accuracy of this AI engine in 100 pancre-

atic cancer patients and a control group of 100 nonpancreatic cancer patients. The background

characteristics of the 100 patients with pancreatic cancer are shown in Table 1. The evaluation

methods for visualizing the pancreatic parenchyma and pancreatic duct were compared using

the Dice coefficient (the ratio of the average number of elements in the two sets to the number

of common elements; the closer the value is to 1, the higher the similarity). For vascular extrac-

tion (arteries, portal veins/veins), sensitivity and specificity were calculated along with the

Dice coefficient, in addition to visual evaluation of the images by a senior pancreatic surgeon
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(three-stage evaluation, Fig 1). This study was approved by the ethics review committee of our

institute and Fujifilm Medical Corporation. All data were fully anonymized before we accessed

them; therefore, the ethics committee waived the requirement for informed consent in this ret-

rospective study.

3D images used in the present study

Dynamic contrast-enhanced CT images in the arterial phase and portal vein phase with slick

thicknesses from 0.75 to 1.00 mm were input into the SYNAPSE VINCENT1 AI engine for

pancreatic analysis. Arteries were extracted in the arterial phase, and the pancreas, pancreatic

duct, and portal veins/veins were extracted in the portal vein phase (Fig 2A–2D). The correct

mask was prepared using SYNAPSE VINCENT1, in which the masks for the pancreas, pan-

creatic duct, arteries, and portal veins/veins were manually marked by a senior pancreatic sur-

geon for important sites in the preoperative simulation of the pancreas.

Evaluation of the accuracy of the extracted 3D images (Fig 3A and 3B)

To determine the similarity between the correct mask and extracted mask, the Dice similarity

coefficient was calculated [14, 15]. This index evaluates the matching rate of elements in two

sets and is defined below, where TP means true positives, FP means false positives, and FN

Table 1. The background characteristics of the 100 patients with pancreatic cancer.

Factor

CT-Slice width (mm)

0.75 68

1.00 32

Stage (UICC, 8th edition)

0 7

IA 18

IB 7

IIA 27

IIB 16

III 11

IV 14

Tumor size (mm) 26 (5.0–80)

Pancreatic duct size (mm) 4 (1.0–15)

Location 67 (60.5%)

Head 56

Body 31

Tail 13

NLR, neutrophil-to-lymphocyte ratio; BMI, body mass index; ASA, American Society of Anesthesiologists; PS,

performance status; CEA, carcinoembryonic antigen; CA19-9, carbohydrate antigen 19–9; CA72-4, carbohydrate

antigen 72–4; AFP, α-fetoprotein; Well, well differentiated adenocarcinoma; Moderately, moderately differentiated

adenocarcinoma; Poorly, poorly differentiated adenocarcinoma; UICC, Union for International Cancer Control;

LADG, laparoscopy-assisted distal gastrectomy; B-I, Billroth-I; B-II, R-Y, Roux-en Y

�: p<0.05

https://doi.org/10.1371/journal.pone.0276600.t001
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means false negatives:

DSC ¼
2TP

2TPþ FPþ FN

It is important to correctly recognize the courses of the pancreatic ducts, arteries, and portal

veins/veins. Therefore, the Dice coefficient was calculated based on the center voxel of the

extracted mask. However, it is not possible to obtain a perfect match when comparing the cen-

ter voxels of the correct mask and extracted mask, and there can be slight deviations that do

not have a clinical impact. Therefore, δ, which is equal to the average maximum radius of the

correct mask, was introduced and defined as follows:

TPc ¼ Gc \ d Pcð Þ < dð Þ

FPc ¼ d Gcð Þ > dð Þ \ Pc

FNc ¼ Gc \ d Pcð Þ > dð Þ

DSCc ¼
2TPc

2TPc þ FPc þ FNc

Here, Gc is the center voxel set of the correct mask, Pc is the center voxel set of the extracted

mask, and d(x) is the distance from set x. Although the AI engine can extract peripheral blood

Fig 1. Three-stage visual evaluation of the images by a senior pancreatic surgeon. For arteries and portal veins/veins, sensitivity and specificity were

calculated along with the Dice coefficient, in addition to visual evaluation of the images by a surgeon (three-stage evaluation). For visual evaluation, the

sensitivity of the pancreatic surgeon in identifying each blood vessel was defined as 1.0 if the area required for the preoperative simulation could be

extracted, 0.5 if there was any interruption or only the branch could be extracted, and 0.0 otherwise.

https://doi.org/10.1371/journal.pone.0276600.g001
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vessels of low clinical importance in certain areas, the correct mask, extracted by the pancreatic

surgeon, is applied only for important sites in the preoperative simulation. Therefore, FPc rep-

resents the peripheral blood vessels extracted from the analysis of the complete image, and the

clinical value of the extracted arterial mask and portal vein/vein masks is underestimated.

Fig 2. A three-dimensional (3D) image from a pancreatic cancer patient. The red color represents the arteries; pink represents the veins, including

the portal vein; yellow represents the pancreas; turquoise represents the pancreatic duct; blue represents the renal vein and inferior vena cava; dark

yellow represents the kidney; light pink represents the spleen; copper represents the stomach and duodenum; and dark pink represents the pancreatic

tumor. A This view is an anterior 3D image. B This view is a left-sided lateral 3D image. C This view is an anterior 3D image only with pancreas,

pancreatic duct, peripancreatic vessels including the artery and veins including the portal vein, and pancreatic tumor. D This view is an anterior 3D

image only with the peripancreatic vessels, including the artery and veins including the portal vein.

https://doi.org/10.1371/journal.pone.0276600.g002
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Thus, the vascular region outside the correct mask range, which does not have a clinical effect,

was excluded from the calculation.

For arteries and portal veins/veins, sensitivity and specificity were calculated along with the

Dice coefficient, in addition to visual evaluation of the images by a surgeon (three-stage evalu-

ation). Sensitivity and specificity were defined as follows:

Sens ¼
TPc

TPc þ FNc

Prec ¼
TNc

TNc þ FNc

where TNc is the true-negative rate based on the center voxel; if the center voxel of the

extracted arterial mask is not included in the δ of the correct portal vein/vein mask or the cen-

ter voxel of the extracted portal vein/vein mask is not included in the δ of the correct arterial

mask, δ is defined as TNc. With regard to the visual evaluation, the sensitivity of the pancreatic

surgeon in identifying each blood vessel was defined as 1.0 if the area required for the preoper-

ative simulation could be extracted, 0.5 if there was any interruption or only the branch could

be extracted, and 0.0 otherwise. For the peripancreatic vessels to be visually evaluated, the

arteries included the hepatic artery, splenic artery, gastroduodenal artery, left gastric artery,

posterior inferior pancreatic duodenal artery, jejunal artery, and middle colic artery; the portal

veins/veins included the jejunal veins, ileocolic veins, inferior mesenteric vein, gastrocolic

venous trunk, right gastroepiploic vein, posterior superior pancreatic duodenal vein, accessory

right colic vein, middle colic vein, and left gastric vein.

Comparison of clinical data in pancreatic cancer patients

Among the patients with pancreatic cancer, the following were studied to examine the effec-

tiveness of the image analysis, such as in identifying the pancreatic parenchyma of the tumor

and vascular infiltration and the accuracy of AI extraction: tumor size, position (head, body,

tail), and stagewise correlations between the Dice coefficient of the pancreatic parenchyma

and the Dice coefficient of the main pancreatic duct, between the main pancreatic duct

Fig 3. Evaluation of the accuracy of the extracted 3D images using the Dice coefficient. A The Dice similarity

coefficient evaluates the matching rate of elements in two sets and is defined below, where TP means true positives, FP

means false positives, and FN means false negatives. B The Dice similarity coefficient evaluates the matching rate of

elements in two vessels data sets and is defined below, where Gc is the center voxel set of the correct mask, Pc is the

center voxel set of the extracted mask, TP means true positives, FP means false positives, and FN means false negatives.

https://doi.org/10.1371/journal.pone.0276600.g003
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diameter and the main pancreatic duct Dice coefficient, and between the manually measured

diameter of the main pancreatic duct and the AI-measured diameter.

Statistical analyses

The Dice coefficients for extraction of the pancreatic parenchyma, pancreatic duct, and vessels,

including arteries, portal veins and veins, were compared using the unpaired t test and Fisher’s

exact test. Similarly, the sensitivity of visual inspection for peripancreatic vascular extraction

and clinical data were compared using the unpaired t test and Fisher’s exact test.

Correlations between tumor size and the Dice coefficient of the pancreatic parenchyma and

between the main pancreatic duct diameter and main pancreatic duct Dice coefficient are pre-

sented as scatter plots and were analyzed using Pearson tests. Correlations between the diame-

ters of the main pancreatic duct in 3D simulations and the corresponding actual diameters are

presented as scatter plots and were analyzed using Pearson tests.

Statistical analyses were performed using a statistical analysis software package (SPSS Statis-

tics, version 21; IBM, Armonk, NY, USA), and p values < 0.05 were considered significant.

Result

Accuracy of the extracted 3D images

Overall, the Dice coefficients for parenchymal and ductal extraction were 0.84 and 0.81,

respectively. In the pancreatic cancer group/control group, the Dice coefficients of pancreatic

parenchyma and pancreatic duct extraction were 0.83/0.86 (p = 0.001) and 0.84/0.77

(p = 0.001), respectively. Visualization of the pancreatic parenchyma was significantly better in

the control group than in the pancreatic cancer group, and visualization of the pancreatic duct

was significantly better in the pancreatic cancer group than in the control group (Table 2).

The overall Dice coefficients of the arteries and portal veins/veins were 0.89 and 0.88,

respectively. In the pancreatic cancer group/control group, the Dice coefficient of the arteries

(portal veins/veins) and associated sensitivity and specificity were 0.89/0.88 (p = 0.394), (0.89/

0.88) (p = 0.275), 0.85/0.83 (0.85/0.82), and 0.82/0.81 (0.84/0.81), respectively. No obviously

significant differences were found in the Dice coefficients between arteries and portal veins/

veins.

In the pancreatic cancer group/control group, the sensitivity of visual inspection for peri-

pancreatic vascular extraction is shown in Table 3, and the mean values were significantly dif-

ferent between the pancreatic cancer group and control group (0.86 and 0.97) (p<0.001); the

values were particularly low in the posterior inferior pancreatic duodenal artery and posterior

superior pancreatic duodenal vein in the pancreatic cancer group.

Table 2. Accuracy of the extracted 3D images including pancreas, pancreatic duct, artery, vein.

Dice coefficients Sensitivity Specifity

Factors All Pancreatic cancer Control p value All Pancreatic cancer Control Pancreatic cancer Control

Pancreas 0.84 0.83 0.86 0.001� - - - - -

Pancreatic duct 0.81 0.84 0.77 0.001� - - - - -

Artery 0.89 0.89 0.88 0.394 0.84 0.85 0.83 0.82 0.81

Vein 0.88 0.89 0.88 0.275 0.83 0.85 0.82 0.84 0.81

�: p<0.05

https://doi.org/10.1371/journal.pone.0276600.t002

PLOS ONE 3D simulation for pancreatic surgery using AI engine with a deep learning algorithm

PLOS ONE | https://doi.org/10.1371/journal.pone.0276600 October 28, 2022 7 / 14

https://doi.org/10.1371/journal.pone.0276600.t002
https://doi.org/10.1371/journal.pone.0276600


Subgroup analysis of pancreatic cancer patients

No correlations were observed between the main pancreatic duct Dice coefficient or pancreatic

parenchymal Dice coefficient and tumor size, position, or stage (Figs 4–6). No correlation was

observed between the main pancreatic duct diameter and main pancreatic duct Dice coeffi-

cient (Fig 7). A positive correlation (r = 0.61, p<0.001) was observed between the manually

measured main pancreatic duct diameter and the AI-extracted main pancreatic duct diameter,

with an average error of -0.17 mm (Fig 8).

Discussion

Based on the Dice coefficient, sensitivity, specificity, and visual evaluation results, the present

study confirmed that the pancreatic parenchyma, pancreatic duct, and peripancreatic vessels

can be extracted with high accuracy using SYNAPSE VINCENT1, which was designed using

a deep learning algorithm. Furthermore, similar analyses on disease stage, tumor size, lesion

site, and pancreatic duct diameter were conducted in the subgroup analysis of the pancreatic

cancer group, but no deterioration in extraction accuracy was observed for any parameter.

Through visual confirmation of the 20 patients (pancreatic cancer group: 15 patients; con-

trol group: 5 patients) in the bottom 10% with significantly lower Dice coefficients of the pan-

creatic parenchyma, the cause of masking failure was found to be replacement of the

pancreatic parenchyma by a tumor in eight cases (40%), atrophy of the pancreatic parenchyma

in seven cases (35%), cystic lesions in four cases (20%), and other reasons in one case (5%).

Because there was no difference in visualizing the pancreas in terms of position or size of the

tumor, thinning of the pancreatic parenchyma due to cystic components and unclear

Table 3. The sensitivity for peripancreatic vascular extraction in the two groups.

Vessels Mean Pancreatic cancer Control p value

Hepatic artery 0.90 0.86 0.94 0.0265�

Splenic artery 0.97 0.94 1.00 0.0011��

GDA 0.97 0.94 1.00 0.0020��

LGA 0.96 0.94 0.97 0.2786

IPDA 0.71 0.58 0.85 0.0000���

Jejunal artery 0.92 0.86 0.99 0.0001���

MCA 0.94 0.89 0.99 0.0003���

Jejunal vein 0.98 0.97 1.00 0.0179�

ICV 0.99 0.98 1.00 0.0235�

IMV 0.99 0.97 1.00 0.0127�

GCT 0.99 0.97 1.00 0.0127�

RGEA 0.97 0.94 1.00 0.0011��

ASPDV 0.67 0.49 0.86 0.0000���

Accessory RCV 0.94 0.90 0.99 0.0003���

MCV 0.97 0.94 1.00 0.0005���

LGV 0.84 0.74 0.94 0.0001���

GDA, gastroduodenal artery; LGA, left gastric artery; IPDA, inferior pancreaticoduodenal artery; MCA, middle colic artery; ICV, iliocolic artery; inferior mesenteric

vein; GCT, gastrocolic trunc; RGEA, right gastroepiproic artery; ASPDV, anterior superior pancreaticoduodenal vein; RCV, right colic vein; LGV. left gastric vein.

�:p<0.05,

��:p<0.01,

���:p<0.001

https://doi.org/10.1371/journal.pone.0276600.t003
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Fig 4. Correlation between tumor size and Dice coefficient of the pancreas.

https://doi.org/10.1371/journal.pone.0276600.g004

Fig 5. Tumor location and Dice coefficient of the pancreas. H means head, B means body, T means tail.

https://doi.org/10.1371/journal.pone.0276600.g005
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boundaries between the tumor and pancreatic parenchyma could be cited as causes of deterio-

ration in extraction.

With regard to the sensitivity in extracting each vessel around the pancreas, deterioration

in extraction accuracy was observed in the posterior superior pancreatic duodenal vein, left

gastric vein, and posterior inferior pancreatic duodenal artery. This may be because these

blood vessels often deviate in their courses, and they display much movement near the tumor,

Fig 7. Correlation between pancreatic duct diameter and Dice coefficient of the pancreatic duct.

https://doi.org/10.1371/journal.pone.0276600.g007

Fig 6. Stage of disease and Dice coefficient of the pancreas.

https://doi.org/10.1371/journal.pone.0276600.g006
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which makes them susceptible to tumor effects. Due to advancements in image analysis in

recent years, the importance of preoperatively understanding how the posterior inferior pan-

creatic duodenal artery and jejunal vein move in pancreatic resection has been reported [16–

18]. Continued accumulation of AI learning data is needed to improve the sensitivity of vascu-

lar extraction, even if tumor effects are present.

Even in pancreatic cancer patients, no changes were observed in the extraction accuracy of

the AI engine for stage, size, or tumor position. Although confirmation by a surgeon is needed,

there is no associated labor cost, as was required with previous software, so image extraction

can be performed semiautomatically and can be widely used in pancreatic resection. Further-

more, pancreatic resection may be possible using 3D images that visualize the peripancreatic

anatomy extracted by the AI engine. The pancreas can be isolated in an arbitrary position, and

the anatomical relationship of the isolated pancreas with the surrounding vessels and sur-

rounding organs, predicted pancreatic duct position in relation to the isolated pancreas, auto-

matic calculations of the excised pancreatic and residual pancreatic regions, shape of the

surface of the resected pancreas, surface area, and thickness of the excised pancreas can also be

obtained automatically from the 3D image.

In particular, with a preoperative understanding of pancreatic duct dissection parameters,

including the pancreatic duct diameter, the pancreas can be dissected along the left edge of the

portal vein in many cases during standard pancreatectomy procedures, such as PD and distal

pancreatectomy, and the dissection line can be easily simulated. Indeed, we previously men-

tioned the importance of preoperative simulations of pancreatic duct dissection [13]. However,

it is difficult to know the three-dimensional position and thickness of a pancreatic duct based

on the position of an isolated pancreas before the procedure, so these data must be obtained

Fig 8. Correlation between AI-simulated diameter and actual diameter of the pancreatic duct.

https://doi.org/10.1371/journal.pone.0276600.g008

PLOS ONE 3D simulation for pancreatic surgery using AI engine with a deep learning algorithm

PLOS ONE | https://doi.org/10.1371/journal.pone.0276600 October 28, 2022 11 / 14

https://doi.org/10.1371/journal.pone.0276600.g008
https://doi.org/10.1371/journal.pone.0276600


during the procedure. However, in cases of a normal pancreas without pancreatic duct dila-

tion, it is difficult to identify the position of the pancreatic duct during the procedure. There-

fore, searching for the position of the pancreatic duct may lead to damage to the pancreatic

duct or prolongation of the procedure duration. Understanding the pancreatic duct resection

approach before surgery with the help of 3D images from the AI engine can help prevent such

situations and may provide useful information for the surgical team [13, 17]. In addition, 3D

images from the AI engine make it possible to share anatomical images from any point of view

and are said to be highly useful in laparoscopic pancreatectomy and robot-assisted pancreatec-

tomy. Moreover, as our previous research has already shown, sharing of the anatomical images

with the surgical staff contributed to the reduced intraoperative blood loss in conjunction with

the mastery of surgical techniques, advances in surgical instruments and perioperative man-

agement in pancreatic surgery [13, 17, 19].

Another clinical benefit of creating preoperative 3D images was assumed to evaluate the

residual pancreatic volume. Our previous studies have already reported that postoperative

pancreatic volume was closely associated with postoperative pancreatic endocrine insuffi-

ciency or useful value for predicting postoperative long-term outcomes in pancreatic cancer

patients [11, 12]. Therefore, the early identification of these high-risk patients can increase the

accuracy of the perioperative benefit/risk assessment and the information given to patients.

We suggested that these patients should be more carefully monitored for the presence of post-

operative pancreatic endocrine insufficiency or the recurrence of pancreatic cancer during the

postoperative follow-up period.

We conclude that extraction of the pancreatic parenchyma, surrounding vessels, and sur-

rounding organs with the SYNAPSE VINCENT1 AI engine can be useful as surgical support.

In the future, we plan to apply this method to surgical navigation with an expanded AI engine

and to diagnostic imaging technology using AI to identify early pancreatic cancer lesions.
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