European Journal of Radiology 169 (2023) 111182

Contents lists available at ScienceDirect

European Journal of Radiology

o %

ELSEVIER

journal homepage: www.elsevier.com/locate/ejrad

Research article , 1) :
Body composition analysis using convolutional neural network in T

predicting postoperative pancreatic fistula and survival after
pancreatoduodenectomy for pancreatic cancer

Jeongin Yoo ™', Soon Ho Yoon ™' Dong Ho Lee®"", Jin-Young Jang®

& Department of Radiology, Seoul National University Hospital, 101 Daehak-ro, Jongno-gu, Seoul, 03080, Republic of Korea
Y Department of Radiology, Seoul National University College of Medicine, 103 Daehak-ro, Jongno-gu, Seoul, 03080, Republic of Korea
¢ Department of Surgery, Seoul National University Hospital, 101 Daehak-ro, Jongno-gu, Seoul, 03080, Republic of Korea

ARTICLE INFO ABSTRACT

Keywords:

Pancreatic neoplasm
Pancreaticoduodenectomy
Pancreatic fistula
Survival analysis

Body composition

Purpose: To evaluate whether body composition measurements acquired using convolutional neural networks
(CNNs) from preoperative CT images could predict postoperative pancreatic fistula (POPF) and overall survival
(0S) after pancreaticoduodenectomy in patients with pancreatic ductal adenocarcinoma (PDAC).

Methods: 257 patients (160 men; median age [interquartile range], 67 [60-74]) who underwent pan-
creaticoduodenectomy for PDAC between January 2013 and December 2017 were included in this retrospective
study. Body composition measurements were based on a CNN trained to segment CT images into skeletal muscle
area, visceral adipose tissue (VAT), and subcutaneous adipose tissue (SAT). Skeletal muscle area, VAT, and SAT
were normalized to height square and labeled as skeletal muscle, VAT, and SAT indices, respectively. The in-
dependent risk factors for clinically relevant POPF (grade B or C) were determined using a multivariate logistic
regression model, and prognostic factors for OS were assessed using Cox proportional hazards regression
analyses.

Results: After pancreatioduodenectomy, 27 patients developed POPF grade B or C (10.5 %, 27/257). The VAT
index (odds ratio [OR] = 7.43, p < 0.001) was the only independent prognostic factor for POPF grade B or C.
During the median follow-up period of 23 months, 205 (79.8 % [205/257]) patients died. For prediction of OS,
skeletal muscle index (hazard ratio [HR] = 0.58, p = 0.018) was a significant factor, along with vascular invasion
(HR = 1.85, p < 0.001) and neoadjuvant therapy (HR = 0.58, p = 0.011).

Conclusions: A high VAT index and a low skeletal muscle index can be utilized in predicting the occurrence of
POPF grade B or C and poor OS, respectively.

1. Introduction timely delivery of adjuvant therapies and decreases overall survival [3].

The indications for pancreaticoduodenectomy have been widening, and

Pancreatic cancer is an aggressive and lethal malignancy with a 5-
year survival of approximately 12 % [1]. Although surgical resection
confers the only curative chance for the treatment of pancreatic cancer,
the prognosis following surgery remains poor. Furthermore, despite
advances in surgical technique and improvements in postoperative
management, postoperative pancreatic fistula (POPF) is still widely
considered to be the greatest contributor to major morbidity and mor-
tality after pancreatoduodenectomy [2]. POPF frequently delays the

the procedure is offered to an increasing number of elderly patients with
multiple comorbidities [4]. Hence, there have been several attempts to
predict POPF preoperatively or intraoperatively [2,4,5]; however, its
accuracy is questionable.

Recently, there has been increasing interest in the impact of various
body compositions on the outcomes of oncology patients. A few studies
have shown that preoperative sarcopenia is associated with reduced
survival in patients with pancreatic cancer following surgery [6-9].

Abbreviations: AUC, area under the receiver operating characteristic curve; CNN, convolutional neural network; IQR, interquartile range; OS, overall survival;
PDAC, pancreatic ductal adenocarcinoma; POPF, postoperative pancreatic fistula; SAT, subcutaneous adipose tissue; VAT, visceral adipose tissue.
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Patients who underwent pancreaticoduodenectomy for pancreatic
ductal adenocarcinoma between January 2013 and December
2017 at our institution (n=260)

Exclusion (n=3)

- no preoperative CT scan including
portal venous phase

Study population (n=257)

Fig. 1. Patient flowchart for enrollment.

Additionally, visceral obesity [10] or sarcopenic obesity [5] were re-
ported as independent predictors of POPF in patients treated with
pancreatic resection for adenocarcinoma. In these studies, measure-
ments of body composition such as skeletal muscle area or visceral or
subcutaneous fat area were performed in a semi-automated manner with
a manual outlining of muscles [6,7,9]. A deep-learning algorithm, which
is being actively used in the medical field, enables the automatic
quantification of muscle and fat amount, which traditionally requires
extensive time and effort from experienced researchers for manual
segmentation. Furthermore, computed tomography (CT), which is per-
formed as the first-line imaging modality in diagnosing pancreatic
cancer, is considered a reliable and reproducible tool for quantifying
both muscular and adipose tissues within the body [11]. Therefore, in
this study, we hypothesized that body composition measurements could
be performed using a deep neural network from preoperative CT images
to predict clinical outcomes in patients with pancreatic cancer.

This study aimed to evaluate whether body composition acquired
using a convolutional neural network (CNN) could predict pancreatic
fistula and overall survival (OS) after pancreaticoduodenectomy in pa-
tients with pancreatic ductal adenocarcinoma (PDAC).

2. Materials and methods

This retrospective study was approved by our institutional review
board (IRB No: 2011-060-1171), and the requirement for signed
informed consent was waived due to the retrospective design [12].

2.1. Patients

The pathologic database at our institution between January 2013
and December 2017 was reviewed, and 267 consecutive patients who
underwent pancreaticoduodenectomy were identified (Fig. 1). The in-
clusion criteria were 1) patients who were pathologically diagnosed
with PDAC, and 2) patients who underwent preoperative contrast-
enhanced CT with an interval of < 4 weeks between CT examination
and surgery. Among 260 patients who met the inclusion criteria, pa-
tients who did not have portal phase CT images (n = 3) were excluded. A
total of 257 patients were included in the study. Clinical and patho-
logical information was obtained from the electronic medical records by
one board-certified radiologist with 6 years in abdominal imaging who
was blinded to body composition data. Resectability status was deter-
mined on the initial CT scan by the same radiologist according to Na-
tional Comprehensive Cancer Network guidelines version 2023.
Negative surgical margins were defined as absence of cancer cells within

1 mm of all resection margins.

2.2. CT image acquisition

All patients underwent abdominal CT scans, including the late
arterial phase (LAP) and portal venous phase (PVP), using various types
of CT scanners owing to the retrospective study design (Supplemental
Materials). The median (interquartile range [IQR]) interval between CT
scanning and pancreaticoduodenectomy was 9 days (3-17).

CT scanning was performed using the following parameters: tube
voltage, 90-120 kVp according to the scanner type; tube current-time
products, 100-300 mAs; rotation time, 0.5 s; pitch, 0.6-1.2; and slice
thickness, 3 mm. The iobitridol (Xenetix 350; Guerbet) was intrave-
nously injected at a dose of 520 mg/kg body weight using a power
injector (Stellent D; Medrad) for 30 s at a rate of 2-5 mL/s according to
body weight, followed by a 20-30-mL saline flush. The timing for LAP
and PVP scans was determined using the bolus tracking technique; the
LAP scan was automatically performed 17 s after the attenuation coef-
ficient of the abdominal aortic blood reached 100 HU. PVP images were
acquired 70 s after the initiation of the contrast media administration.

2.3. Body composition using CNN

After uploading PVP CT images to commercially available segmen-
tation software (MEDIP Deep Catch v1.0.0.0, MEDICAL IP Co. Ltd.,
Seoul, Korea; https://www.medicalip.com/), a three-dimensional U-Net
automatically provided volumetric segmentation of body components
into seven classes with an average segmentation accuracy of 97 %
compared with manual segmentation [13]: skin, bone, muscle, visceral
adipose tissue (VAT), subcutaneous adipose tissue (SAT), internal organs
with vessels, and central nervous system. The network comprised initial
convolutions with an input size of 512 x 512 x 8, three encoders, three
decoders, and a final convolution and was developed using 39,286
labeled whole-body CT images and provided the mean segmentation
accuracy for VAT and SAT of 92.4-98.9 % and 94.1-99.7 %, respec-
tively, in internal and external test datasets [13]. After segmentation,
the software also provided automatic segmentation and labeling of the
body composition area at the L3-level cross-sectional image. An expe-
rienced radiologist who were blinded to clinicopathologic information
of patients confirmed the results of the segmentation. Subsequently, L3
sectional area (cm?) of the skeletal muscle area, SAT, and VAT were
normalized to the height in square meters [4,5,14] and were labeled as
skeletal muscle, VAT, and SAT indices, respectively. In addition, mea-
surement of body composition using CNN was performed twice in
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Table 1
Baseline characteristics of 257 patients who
creaticoduodenectomy for ductal adenocarcinoma.

underwent  pan-

Characteristics Value
Age (y) 67 (60-74)
Sex
Male 160 (62.3 %)
Female 97 (37.7 %)
Body mass index (kg/mz) 23.3 (21.6-24.9)
Preoperative serum albumin (g/dL) 3.9 (3.6-4.1)
Preoperative serum total bilirubin (mg/dL) 1.3 (0.7-3.8)
Preoperative carbohydrate antigen 19-9 (U/mL) 131 (23.1-602)
Preoperative carcinoembryonic antigen (ng/mL) 2.5 (1.7-3.5)
Preoperative biliary drainage
Yes 93 (36.2 %)
No 164 (63.8 %)
Resectability status determined on initial CT scans*
Resectable 195 (75.9 %)
Borderline resectable 58 (22.6 %)
Locally advanced 4 (1.6 %)
Neoadjuvant chemotherapy
Yes 27 (10.5 %)230
No (89.5 %)
Neoadjuvant radiotherapy
Yes 10 (3.9 %)
No 247 (96.1 %)
Tumor size (cm) 3(2.4-3.6)
Main pancreatic duct diameter (mm) 5 (2-6)
Pancreatic texture
Soft 92 (35.8 %)
Hard 165 (64.2 %)
Vessel resection
Yes 52 (20.2 %)
SMV/PV 48 (92.3 %)
CHA' 2 (3.8%)
SMV and SMA' 1(1.9 %)
IvC 1 (1.9 %)
No 205 (79.8 %)

Estimated blood loss (mL)
Operation time (min)
Intensive care unit stay (day)

400 (250-600)
345 (279.5-400)

0 94 (36.6 %)
1 73 (28.4 %)
2 69 (26.9 %)
3 16 (6.2 %)
>3 5(1.9 %)
Adjuvant chemotherapy

Yes 219 (85.2 %)
No 38 (14.8 %)
T staging

TO (no residual tumor) 1 (0.4 %)

T1 8 (3.1 %)

T2 6 (2.3 %)

T3 232 (90.3 %)
T4 10 (3.9 %)

N staging

NO 91 (35.4 %)
N1 166 (64.6 %)
Resection margin

Negative 216 (84.0 %)
Positive 41 (16.0 %)
Vascular invasion

Yes 145 (56.4 %)
No 112 (43.6 %)

Tumor grade

Well differentiated

Moderately differentiated

Poorly differentiated or undifferentiated

17 (6.6 %)
209 (81.3 %)
30 (11.7 %)

No residual tumor 1 (0.4 %)
POPF

No 178 (69.3 %)
Grade A 52 (20.2 %)
Grade B 26 (10.1 %)
Grade C 1 (0.4 %)
Follow-up period 23 (12-46)

Note.—Values are presented as medians (interquartile range) for continuous
variables.
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* Resectability status according to National Comprehensive Cancer Network
guidelines for pancreatic adenocarcinoma version 2023.
t The percentage values were calculated with 52 as the denominators.

randomly selected 50 patients to evaluate the measurement reproduc-
ibility. First, fully automatic segmentation algorithm was used for the
body composition measurements. Then, segmentation was manually
edited by experience radiologist (S.H.Y. with 12 years’ experience in
abdominal imaging) to obtain the body composition measurement
again. The reproducibility of body composition analysis were assessed
between these two measurements (i.e., fully automatic segmentation vs.
manually edited segmentation).

2.4. Endpoints

The primary endpoint was development of POPF, which was defined
according to the 2016 International Study Group guideline [15] as a
drain output of any measurable volume of fluid with an amylase level >
three times the upper limit of the normal serum level, associated with a
clinically relevant development/condition. The severity of POPF was
classified into three grades [15]: grade A, biochemical leak; B, drains
either left in place for > 3 weeks or repositioned; and C, which requires
reoperation or leads to single/multiple organ failure and/or mortality
attributable to POPF.

The secondary endpoint was OS. The survival data of the patients
were obtained from national statistical data from the Korean Ministry of
Government Administration and Home Affairs. The data cutoff date was
November 15, 2021.

2.5. Statistical analysis

All statistical analyses were performed using IBM SPSS Statistics for
Windows (version 25.0; IBM Corp., Armonk, NY, USA), SAS version 9.3
(SAS Institute Inc.; Cary, NC, USA), and MedCalc Statistical Software
version 18.9.1 (MedCalc Software bvba, Ostend, Belgium; https://www.
medcalc.org; 2019). For univariate analysis, continuous variables and
categorical variables were compared using the Mann-Whitney U test and
chi-square test, respectively. Multivariate logistic regression analyses
were performed to assess predictors for the development of POPF grade
B or C. The area under the receiver operating characteristic curve (AUC)
was calculated to estimate the diagnostic performance of body compo-
sition measurements for predicting POPF. The Kaplan-Meier method
was used to estimate OS after pancreaticoduodenectomy. The prognostic
factors for OS were assessed using univariate and multivariate Cox
proportional hazards regression analyses. All variables with p-values <
0.05, in univariate analyses, were included in the multivariate analysis
using a stepwise selection. The optimal cutoff values of body composi-
tion measurements for predicting OS were determined by a statistical
consultant at the Medical Research Collaborating Center at our institu-
tion using the minimal p-value approach based on log-rank test statistics
[16]. Measurement reproducibility was evaluated using intraclass cor-
relation coefficient (ICC). Statistical significance was set at p < 0.05.

3. Results
3.1. Patient characteristics

Of the 257 patients, there were 160 men and 97 women, with a
median age of 67 years (IQR, 60-74) (Table 1). The median tumor size
was 3 cm (IQR, 2.4-3.6). 195 (75.9 %) patients had resectable tumors on
initial CT scans. The majority of the pathologic staging of tumors was T3
and N1. Surgical margins were negative in 216 (84.0 %) patients. The
median follow-up period was 23 months (IQR, 12-46 months).
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Fig. 2. (A) A box-and-whisker plot showing that the group with grade B or C postoperative pancreatic fistula (POPF) has significantly higher visceral adipose tissue
(VAT) index than a group with no or grade A POPF (53.4 [interquartile range, 43.7-71.2] cm?/m? vs. 31.9 [15.4-45.6] cm?/m?, p < 0.001). (B) A graph showing an
area under the receiver operating characteristic curve (AUC) of visceral adipose tissue index for predicting grade B or C postoperative pancreatic fistula.

Table 2
Predictive factors for the development of postoperative pancreatic fistula equal to or more than grade B.

Characteristic Univariate Multivariate
POPF grade B or C P-value Odds radio 95 % CI P-value
Yes (n = 27) No (n = 230)

Age (age) 69.0 67.0 0.111
(65.0-76.0) (59.0-74.0)

Gender (M:F) 22:5 138:92 0.035 2.04 0.69-6.04 0.198

Tumor size (cm) 3.0 3.0 0.887
(2.4-3.6) (2.4-3.6)

Main pancreatic duct diameter (mm) 3.0 4.0 0.018 0.83 0.68-1.02 0.078
(2.0-5.0) (3.0-6.0)

Operation time (hours) 395 341 0.033 1.01 0.99-1.01 0.053
(318-425) (277-393)

Skeletal muscle index (cm?/m?) 46.0 43.4 0.211
(40.7-50.3) (39.1-48.6)

Visceral adipose tissue index (cm?/m?) 53.4 31.9 <0.001 7.43* 2.65-20.8 <0.001
(43.1-71.2) (15.4-45.6)

Subcutaneous adipose tissue index (ecm?/m?) 42.8 40.4 0.356
(29.5-53.8) (26.5-54.0)

Resection margin (positive:negative) 6:21 35:195 0.402

Neoadjuvant radiation therapy 0:27 10:220 0.606

Pancreas texture (soft:hard) 12:15 80:150 0.397

Body mass index (kg/m?) 24.2 23.1 0.028 0.903 0.75-1.09 0.293
(23.0-26.2) (21.5-24.8)

Note.—POPF = postoperative pancreatic fistula; CI = confidence interval.
Values are presented as medians (interquartile range) for continuous variables.
" For the calculation of odds ratio, the cut-off of 42.5 cm?/m? was applied.

3.2. Body composition measurements

Body composition analysis using PVP CT images and CNN was suc-
cessfully performed for all participants. The median analysis time was
41 s (range, 20-71 s). The median (IQR) skeletal muscle, VAT, and SAT
indices (cm?) of the study population were 114.7 (99.1-133.4), 87.9
(44.8-126.4), and 105.9 (72.8-138.4), respectively. Additionally, the
median (IQR) skeletal muscle, VAT, and SAT indices (cm?/m?) were
43.8 (39.2-48.9), 33.7 (17.1-49.1), and 41.0 (27.0-54.0), respectively.
Regarding the measurement reproducibility, ICC between two mea-
surements was 0.981 (95 % CI, 0.967-0.990) for skeletal muscle indices,
0.978 (95 % CI, 0.959-0.987) for VAT indices, and 0.983 (95 % CI,

0.969-0.992) for SAT indices, indicating excellent measurement
reproducibility.

3.3. Predictors for POPF

Among the 257 patients, 178 (69.3 %) did not have POPF, while 79
(30.7 %) had POPF (grade A [n = 52], grade B [n = 26], and grade C [n
= 11). According to univariate analyses, the group with grade B or C
POPF had significantly a higher VAT index (53.4 [IQR, 43.1-71.2] cm?/
m? vs. 31.9 [15.4-45.6] cm?/m?, p < 0.001) (Fig. 2a), smaller MPD
diameter (3 [2-5] mm vs. 4 [3-6] mm, p = 0.018), and a higher pro-
portion of men (M:F, 22 (81.5 %): 5 (18.5 %) vs. 138 (60.0 %): 92 (40.0
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Fig. 3. A 57-year-old man who underwent pancreaticoduodenectomy for pancreatic ductal adenocarcinoma. (A and B) Axial late arterial phase images of preop-
erative CT scan show a 1.8 cm low-attenuated, ill-defined mass in the pancreas head (white arrow) with upstream main pancreatic duct dilatation measuring 6 mm
(arrowheads). (C) A portal venous phase image of preoperative CT scan shows an axial image at the L3 vertebral level. (D) 3D translucent image shows a volumetric
segmentation of portal venous phase images of preoperative CT. A green horizontal plane indicate the L3 vertebral level. (E) An axial image show the results of
segmentation, which are overlaid on orthogonal cross-sectional images. Red, yellow, green, and purple colors indicate skeletal muscle, subcutaneous adipose tissue
(SAT), visceral adipose tissue (VAT), and internal organs, respectively. VAT, SAT, and skeletal muscle indexes of the patient are 66.6 cm?/m?, 29.0 cm?/m?, 46.6
em?/m?, respectively. (F) Axial CT scan taken on postoperative day 7 shows a small amount of fluid collection (asterisk) around the pancreaticojejunostomy. A
surgical drain was repositioned through percutaneous procedures, which indicates postoperative pancreatic fistula grade B. (G) CT angiography taken one month
after the surgery shows a 3 mm pseudoaneurysm (black arrow) at the stump of gastroduodenal artery and a stent graft was placed in the hepatic artery.
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Table 3
Cox survival analysis of the predictors for overall survival in 257 patients with pancreatic ductal adenocarcinoma after pancreaticoduodenectomy.
Characteristic Univariate Multivariate
Hazard ratio 95 % CI P-value Hazard ratio 95 % CI P-value
Gender (male) 0.83 0.62-1.10 0.191
Age (per 1 year) 1.01 0.99-1.02 0.307
T stage 1.71 1.23-2.38 0.002 1.43 0.98-2.09 0.061
Tumor size (cm) 1.32 1.16-1.51 <0.001 1.09 0.93-1.28 0.280
N stage 1.80 1.33-2.43 <0.001 1.33 0.95-1.86 0.093
Vascular invasion 2.06 1.54-2.76 <0.001 1.85 1.35-2.53 <0.001
Resection margin 1.29 0.89-1.87 0.173
Skeletal muscle index (>49.5 cm?/m?) 0.62 0.40-0.95 0.027 0.58 0.37-0.91 0.018
Visceral adipose tissue index 0.69 0.40-0.95 0.028 0.74 0.52-1.05 0.094
(>61.8 cm?*/m?)
Subcutaneous adipose tissue index 1.25 0.95-1.65 0.118
(>40.7 cm?*/m?)
Body mass index 0.99 0.96-1.02 0.351
Adjuvant therapy 0.58 0.39-0.85 0.005 0.58 0.39-0.88 0.011
Intensive care unit stay (days) 1.07 1.02-1.13 0.008 1.04 0.99-1.11 0.136
Operation time (min) 1.00 0.99-1.00 0.666
Note.—CI = confidence interval.
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Fig. 4. Kaplan-Meier estimation of overall survival in 59 patients with skeletal muscle index > 49.5 cm?/m? compared with 198 patients with skeletal muscle index

< 49.5 cm?/m?.

%)) than those in the group with no or grade A POPF (Table 2). How-
ever, multivariate analysis revealed that VAT index was the only inde-
pendent predictive factor for POPF. A representative case is shown in
Fig. 3. When the cut-off value of VAT index was set at 42.5 cm?/m?, the
AUC of VAT index for predicting grade B or C postoperative pancreatic
fistula was 0.790 (95 % CI, 0.735-0.838) with sensitivity of 77.8 % (21/
27) and specificity of 69.6 % (160/230) (Fig. 2b). The calculated odds
ratio of VAT index with cut-off value of 42.5 cm?/m? was 7.43 (95 % CI;
2.65-20.8, p < 0.001).

3.4. Predictors for OS

During the follow-up period, 205 (79.8 % [205/257]) patients died.
The estimated 1-, 3-, and 5-year OS rates were 75.2 %, 32.5 %, and 19.3
%, respectively. Skeletal muscle index (hazard ratio [HR] = 0.62, p =
0.010) was significantly related to OS, along with tumor size (HR =
1.32, p < 0.001), T stage (HR = 1.71, p = 0.002), N stage (HR = 1.80, p
< 0.001), and vascular invasion (HR = 2.06, p < 0.001) in univariate
analyses (Table 3). The optimal cut-off values of skeletal muscle, VAT,
and SAT indices (cm?/m?) were set at 49.5, 61.8, and 40.7, respectively,
using the minimal p-value approach. Multivariate analyses showed that
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skeletal muscle index (HR = 0.58, p = 0.018), vascular invasion (HR =
1.85, p < 0.001) and neoadjuvant therapy (HR = 0.58, p = 0.011) were
independent predictors of OS. When a cutoff skeletal muscle index of
49.5 was applied, the estimated 1-, 3-, and 5-year OS rates in 59 patients
with high skeletal muscle index were 86.2 %, 39.7 %, and 28.8 %,
respectively, and significantly higher than 198 patients with low skeletal
muscle index of 71.9 %, 30.3 %, and 16.3 %, respectively (p = 0.026)
(Fig. 4).

4. Discussion

In our study, automatic measurement of body composition using CT
images and CNN was successfully performed for all patients with PDAC,
without manual segmentation or measurement. The median analysis
time was less than 1 min; thus, body composition analysis was clinically
feasible. Additionally, the VAT index was significantly associated with
the development of POPF grade B or C, while skeletal muscle index was
an independent predictor of OS after pancreaticoduodenectomy for
PDAC. These results suggest that radiologic quantification of body
composition, such as deficiency of skeletal muscle and excessive visceral
fat tissue, might help predict clinical outcomes in patients following
pancreaticoduodenectomy. Considering that all patients with pancreatic
cancer undergo preoperative CT scans for surgical planning, we suggest
that body composition measurement using CNN would be available
without additional radiation exposure, cost, or inconvenient manual
segmentation and is a useful biomarker in clinical practice.

The POPF rate was 30.0 % in our study, which is similar to reported
rates of 16.7 %-27.1 % in previous studies [17-19]. Our study results
showed that the VAT index was the only independent prognostic factor
for POPF grades B or C, which is in line with previous studies [20,21].
The positive association between visceral obesity and POPF might be
elucidated by the fact that excessive adipose tissue may lead to the
production and secretion of adipocytokines, such as leptin, tumor ne-
crosis factor-a, interleukin (IL)-1, and IL-6, which are associated with
adjustment of the immunity [5]. During the postoperative period, pro-
inflammatory adipocytokines can depress the immune system and
delay wound healing, thereby increasing the risk of postoperative
complications, particularly POPF [5].

Our study results demonstrated that skeletal muscle is a significant
predictor of OS, along with vascular invasion and neoadjuvant therapy.
Several studies have evaluated the association between sarcopenia and
long-term survival in patients with pancreatic cancer following resec-
tion. However, the majority of previous studies included heterogeneous
patient groups, such as periampullary cancer or pancreatic malignancy
of other origin [8] or different types of surgery including pan-
creaticoduodenectomy, distal pancreatectomy, or total pancreatectomy
[9,22,23]. Because various pathologies and surgical methods have sig-
nificant effects on OS, our study only included patients with adenocar-
cinoma who underwent pancreaticoduodenectomy. Another strength of
our study is that body composition was automatically measured using a
deep neural network, in contrast to other previous studies where body
composition measurement was performed semi-automatically with a
manual outlining of the border of the muscle and adipose tissue on CT
[8,9,22,23].

The skeletal muscle is the largest organ in the human body, taking up
more than 40 % of the body weight [24]. Accumulating data have shown
that muscle cells produce and secrete several hundreds of cytokines and
other peptides, termed myokines, which influence various systemic re-
sponses [25]. In addition, skeletal muscle contains leukocytes, such as
CDS8 + T cells, regulatory T cells, and neutrophils, which play important
roles in antitumor immunity [26]. Therefore, diminished muscle mass
can lead to abnormal energy homeostasis, impaired cell growth, and
immune dysfunction in cancer patients, resulting in tumor progression
and decreased survival [14]. Another disadvantage of sarcopenia is that
chemotherapy may be insufficiently administered due to toxicity. Sar-
copenia is significantly associated with anticancer drug toxicity, which
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can be attributed to overexposure of anticancer drugs and sensitiveness
to treatment, and is suggested as more relevant for drug dose calculation
than the “classical” body surface area [27]. Considering that the ma-
jority of patients with pancreatic cancer are recommended to receive
chemotherapy in the adjuvant or palliative setting, these relationships
between sarcopenia and drug toxicity may explain the correlation be-
tween sarcopenia and poor prognoses in the current study.

Our study has several limitations. First, this was a retrospective study
including a Korean population only from a single tertiary referral center.
Therefore, a potential selection bias might exist, and further prospective
studies with a larger number of participants are warranted to validate
the results of our study. Second, we measured skeletal muscle area and
adipose tissue at the L3 level and corrected values by the square of body
height, which is most commonly performed [28]. However, the methods
to estimate muscle mass on CT have not yet been validated or stan-
dardized. Last, the CNN was not trained using CT scans of patients with
PDAC.

In conclusion, body composition measurements, including skeletal
muscle, VAT, and SAT indices, could be automatically acquired from
preoperative CT scans using CNN. A high VAT index and a low skeletal
muscle index can be utilized to predict the occurrence of POPF grades B
or C and poor OS, respectively.

CRediT authorship contribution statement

Jeongin Yoo: Writing — original draft, Formal analysis, Data cura-
tion. Soon Ho Yoon: Software, Methodology, Investigation, Conceptu-
alization. Dong Ho Lee: Writing — review & editing, Supervision,
Methodology, Conceptualization. Jin-Young Jang: Investigation, Data
curation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

The authors thank the Medical Research Collaborating Center at
Seoul National University Hospital for statistical analysis and consulta-
tion. .

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.ejrad.2023.111182.

References

[1] R.L. Siegel, K.D. Miller, N.S. Wagle, A. Jemal, Cancer statistics, 2023, CA Cancer J.
Clin. 73 (1) (2023) 17-48.

[2] P. Kambakamba, M. Mannil, P.E. Herrera, P.C. Miiller, C. Kuemmerli, M. Linecker,
J. von Spiczak, M.W. Hiillner, D.A. Raptis, H. Petrowsky, P.-A. Clavien, H. Alkadhi,
The potential of machine learning to predict postoperative pancreatic fistula based
on preoperative, non-contrast-enhanced CT: A proof-of-principle study, Surgery
167 (2) (2020) 448-454.

[3] M.P. Callery, W.B. Pratt, T.S. Kent, E.L. Chaikof, C.M. Vollmer Jr., A prospectively
validated clinical risk score accurately predicts pancreatic fistula after
pancreatoduodenectomy, J. Am. Coll. Surg. 216 (1) (2013) 1-14.

[4] N. Pecorelli, G. Capretti, M. Sandini, A. Damascelli, G. Cristel, F. De Cobelli,

L. Gianotti, A. Zerbi, M. Braga, Impact of Sarcopenic Obesity on Failure to Rescue
from Major Complications Following Pancreaticoduodenectomy for Cancer: Results
from a Multicenter Study, Ann. Surg. Oncol. 25 (1) (2018) 308-317.

[5] M. Jang, H.W. Park, J. Huh, J.H. Lee, Y.K. Jeong, Y.W. Nah, J. Park, K.W. Kim,
Predictive value of sarcopenia and visceral obesity for postoperative pancreatic
fistula after pancreaticoduodenectomy analyzed on clinically acquired CT and MRI,
Eur. Radiol. 29 (5) (2019) 2417-2425.

[6] P. Peng, O. Hyder, A. Firoozmand, P. Kneuertz, R.D. Schulick, D. Huang,

M. Makary, K. Hirose, B. Edil, M.A. Choti, J. Herman, J.L. Cameron, C.L. Wolfgang,

Descargado para Anonymous User (n/a) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en diciembre 07, 2023. Para
uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


https://doi.org/10.1016/j.ejrad.2023.111182
https://doi.org/10.1016/j.ejrad.2023.111182
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0005
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0005
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0010
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0010
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0010
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0010
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0010
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0015
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0015
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0015
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0020
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0020
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0020
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0020
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0025
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0025
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0025
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0025
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0030
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0030

J. Yoo et al.

[71

(8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

T.M. Pawlik, Impact of sarcopenia on outcomes following resection of pancreatic
adenocarcinoma, J. Gastrointest. Surg. 16 (8) (2012) 1478-1486.

S. Okumura, T. Kaido, Y. Hamaguchi, Y. Fujimoto, T. Masui, M. Mizumoto,

A. Hammad, A. Mori, K. Takaori, S. Uemoto, Impact of preoperative quality as well
as quantity of skeletal muscle on survival after resection of pancreatic cancer,
Surgery 157 (6) (2015) 1088-1098.

D.P. van Dijk, M.J. Bakens, M.M. Coolsen, S.S. Rensen, R.M. van Dam, M.J. Bours,
M.P. Weijenberg, C.H. Dejong, S.W. Olde Damink, Low skeletal muscle radiation
attenuation and visceral adiposity are associated with overall survival and surgical
site infections in patients with pancreatic cancer, J. Cachexia. Sarcopenia Muscle 8
(2) (2017) 317-326.

M.H. Choi, S.B. Yoon, K. Lee, M. Song, L.S. Lee, M.A. Lee, T.H. Hong, M.G. Choi,
Preoperative sarcopenia and post-operative accelerated muscle loss negatively
impact survival after resection of pancreatic cancer, J. Cachexia. Sarcopenia
Muscle 9 (2) (2018) 326-334.

N. Pecorelli, G. Carrara, F. De Cobelli, G. Cristel, A. Damascelli, G. Balzano,

L. Beretta, M. Braga, Effect of sarcopenia and visceral obesity on mortality and
pancreatic fistula following pancreatic cancer surgery, Br. J. Surg. 103 (4) (2016)
434-442.

A.D. Weston, P. Korfiatis, T.L. Kline, K.A. Philbrick, P. Kostandy, T. Sakinis,

M. Sugimoto, N. Takahashi, B.J. Erickson, Automated Abdominal Segmentation of
CT Scans for Body Composition Analysis Using Deep Learning, Radiology 290 (3)
(2019) 669-679.

S. von Haehling, J.E. Morley, A.J.S. Coats, S.D. Anker, Ethical guidelines for
publishing in the journal of cachexia, sarcopenia and muscle: update 2017,

J. Cachexia. Sarcopenia Muscle 8 (6) (2017) 1081-1083.

Y.S. Lee, N. Hong, J.N. Witanto, Y.R. Choi, J. Park, P. Decazes, F. Eude, C.O. Kim,
H. Chang Kim, J.M. Goo, Y. Rhee, S.H. Yoon, Deep neural network for automatic
volumetric segmentation of whole-body CT images for body composition
assessment, Clin. Nutr. 40 (8) (2021) 5038-5046.

T. Sakamoto, T. Yagyu, E. Uchinaka, K. Miyatani, T. Hanaki, K. Kihara,

T. Matsunaga, M. Yamamoto, N. Tokuyasu, S. Honjo, Sarcopenia as a prognostic
factor in patients with recurrent pancreatic cancer: a retrospective study, World J.
Surg. Oncol. 18 (1) (2020) 1-7.

C. Bassi, G. Marchegiani, C. Dervenis, M. Sarr, M.A. Hilal, M. Adham, P. Allen,
R. Andersson, H.J. Asbun, M.G. Besselink, The 2016 update of the International
Study Group (ISGPS) definition and grading of postoperative pancreatic fistula: 11
years after, Surgery 161 (3) (2017) 584-591.

C. Contal, J. O’Quigley, An application of changepoint methods in studying the
effect of age on survival in breast cancer, Comput. Stat. Data Anal. 30 (3) (1999)
253-270.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]
[26]

[27]

[28]

European Journal of Radiology 169 (2023) 111182

J.C. McAuliffe, K. Parks, P. Kumar, S.F. McNeal, D.E. Morgan, J.D. Christein,
Computed tomography attenuation and patient characteristics as predictors of
complications after pancreaticoduodenectomy, HPB (Oxford) 15 (9) (2013)
709-715.

A. Mathur, H.A. Pitt, M. Marine, R. Saxena, C.M. Schmidt, T.J. Howard, A. Nakeeb,
N.J. Zyromski, K.D. Lillemoe, Fatty pancreas: a factor in postoperative pancreatic
fistula, Ann. Surg. 246 (6) (2007) 1058-1064.

K.J. Roberts, J. Hodson, H. Mehrzad, R. Marudanayagam, R.P. Sutcliffe,

P. Muiesan, J. Isaac, S.R. Bramhall, D.F. Mirza, A preoperative predictive score of
pancreatic fistula following pancreatoduodenectomy, HPB (Oxford) 16 (7) (2014)
620-628.

H. Tranchart, S. Gaujoux, V. Rebours, M.P. Vullierme, S. Dokmak, P. Levy,

A. Couvelard, J. Belghiti, A. Sauvanet, Preoperative CT scan helps to predict the
occurrence of severe pancreatic fistula after pancreaticoduodenectomy, Ann. Surg.
256 (1) (2012) 139-145.

C.M. Park, J.S. Park, E.S. Cho, J.K. Kim, J.S. Yu, D.S. Yoon, The effect of visceral fat
mass on pancreatic fistula after pancreaticoduodenectomy, J. Invest. Surg. 25 (3)
(2012) 169-173.

M. Sugimoto, M.B. Farnell, D.M. Nagorney, M.L. Kendrick, M.J. Truty, R.L. Smoot,
S.T. Chari, M.R. Moynagh, G.M. Petersen, R.E. Carter, N. Takahashi, Decreased
Skeletal Muscle Volume Is a Predictive Factor for Poorer Survival in Patients
Undergoing Surgical Resection for Pancreatic Ductal Adenocarcinoma,

J. Gastrointest. Surg. 22 (5) (2018) 831-839.

S. Okumura, T. Kaido, Y. Hamaguchi, A. Kobayashi, H. Shirai, S. Yao, S. Yagi,

N. Kamo, E. Hatano, H. Okajima, K. Takaori, S. Uemoto, Visceral Adiposity and
Sarcopenic Visceral Obesity are Associated with Poor Prognosis After Resection of
Pancreatic Cancer, Ann. Surg. Oncol. 24 (12) (2017) 3732-3740.

J.M. Argilés, S. Busquets, B. Stemmler, F.J. Lopez-Soriano, Cachexia and
sarcopenia: mechanisms and potential targets for intervention, Curr. Opin.
Pharmacol. 22 (2015) 100-106.

B.K. Pedersen, M.A. Febbraio, Muscles, exercise and obesity: skeletal muscle as a
secretory organ, Nat. Rev. Endocrinol. 8 (8) (2012) 457-465.

J.G. Tidball, Regulation of muscle growth and regeneration by the immune system,
Nat. Rev. Immunol. 17 (3) (2017) 165-178.

M. Hilmi, A. Jouinot, R. Burns, F. Pigneur, R. Mounier, J. Gondin, C. Neuzillet,
F. Goldwasser, Body composition and sarcopenia: The next-generation of
personalized oncology and pharmacology? Pharmacol. Ther. 196 (2019) 135-159.
K. Lee, Y. Shin, J. Huh, Y.S. Sung, L.S. Lee, K.H. Yoon, K.W. Kim, Recent Issues on
Body Composition Imaging for Sarcopenia Evaluation, Korean J. Radiol. 20 (2)
(2019) 205-217.

Descargado para Anonymous User (n/a) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en diciembre 07, 2023. Para
uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2023. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S0720-048X(23)00496-5/h0030
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0030
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0035
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0035
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0035
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0035
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0040
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0040
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0040
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0040
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0040
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0045
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0045
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0045
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0045
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0050
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0050
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0050
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0050
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0055
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0055
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0055
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0055
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0060
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0060
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0060
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0065
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0065
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0065
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0065
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0070
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0070
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0070
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0070
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0075
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0075
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0075
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0075
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0080
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0080
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0080
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0085
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0085
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0085
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0085
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0090
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0090
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0090
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0095
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0095
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0095
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0095
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0100
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0100
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0100
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0100
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0105
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0105
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0105
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0110
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0110
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0110
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0110
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0110
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0115
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0115
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0115
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0115
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0120
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0120
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0120
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0125
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0125
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0130
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0130
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0135
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0135
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0135
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0140
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0140
http://refhub.elsevier.com/S0720-048X(23)00496-5/h0140

	Body composition analysis using convolutional neural network in predicting postoperative pancreatic fistula and survival af ...
	1 Introduction
	2 Materials and methods
	2.1 Patients
	2.2 CT image acquisition
	2.3 Body composition using CNN
	2.4 Endpoints
	2.5 Statistical analysis

	3 Results
	3.1 Patient characteristics
	3.2 Body composition measurements
	3.3 Predictors for POPF
	3.4 Predictors for OS

	4 Discussion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary data
	References


