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pancreatic ADCs were significantly higher in the patients 
with PAF than in those without PAF. An ADC higher 
than 1.50 × 10−3 mm2/s (Az = 0.719, observer-1) or 
1.35 × 10−3 mm2/s (Az = 0.752, observer-2) was optimal 
for predicting the development of postoperative PAF.
Conclusion Measuring the preoperative non-tumorous 
pancreatic ADC may be useful for the prediction of a post-
operative PAF.

Keywords Pancreas · Post-operative anastomotic failure · 
MRI · Diffusion-weighted imaging · Apparent diffusion 
coefficient

Introduction

Postoperative pancreatic anastomotic failure (PAF) remains 
a significant problem after pancreatectomy because it may 
lead to deleterious secondary complications such as peri-
pancreatic fluid collection, abscess formation, or bleeding 
from adjacent major vessels [1, 2]. It is generally reported 
that the incidence of clinically relevant PAF after pancreati-
coduodenectomy is 7.6–36.4 % [3], in accord with the defi-
nition of PAF issued by the International Study Group of 
Pancreatic Fistula (ISGPF) [4].

The most frequently reported risk factors for PAF 
after pancreatectomy tend to be the anatomic features 
of a pancreatic remnant, such as a small pancreatic duct 
and a thick pancreas [3, 5]. The hardness of the pancre-
atic parenchyma is well known to be associated with the 
development of PAF after pancreatectomy [6]. Pancreatic 
fibrosis with decreased softness of the gland is thought to 
be associated with a decreased risk of PAF. A low rate of 
PAF in the presence of firm pancreatic parenchyma has 
been reported [7].

Abstract 
Purpose To determine whether the preoperative pancre-
atic apparent diffusion coefficient (ADC) can be used to 
predict the development of postoperative pancreatic anasto-
motic failure (PAF).
Materials and methods We retrospectively examined the 
cases of 79 patients who underwent pancreatic head resec-
tion between January 2010 and October 2013. The patients 
underwent 1.5-T MR imaging including diffusion-weighted 
imaging before surgery. The main pancreatic duct diameter 
(MPD), the pancreatic parenchymal thickness (PT), and the 
ADC of the pancreatic remnant parenchyma were meas-
ured. Two radiologists blinded to the patients’ outcomes 
performed the measurements. The imaging parameters 
were compared between the patients who developed PAF 
and those who did not. The cut-off ADC for the develop-
ment of PAF was calculated with a receiver operating char-
acteristic analysis.
Results The imaging parameters were highly corre-
lated between the two observers. The MPD and PT did 
not differ significantly among the patients. The mean 
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Several investigators have attempted to use dynamic com-
puted tomography (CT) [6] or dynamic magnetic resonance 
(MR) imaging to demonstrate the degree of pancreatic fibro-
sis [8]. According to one report, the signal intensity ratio on 
unenhanced T1-weighted MR images has a diagnostic accu-
racy in prediction of PAF after pancreatectomy [9]. A recent 
study has shown promising results of the use of diffusion-
weighted (DW) images in the diagnosis of the fibrosis [10]. 
Replacement of normal pancreatic parenchyma with fibrotic 
tissue cause decreased apparent diffusion coefficient (ADC) 
values [11]. This finding was attributed to the replacement 
of normal pancreatic parenchyma with fibrotic tissue and/
or reduced exocrine function that may reduce the amount of 
diffusible tissue water and result in decreased ADCs [12]. 
Thus, we adopted ADC as a main MR parameter for predict-
ing PAF. To our knowledge, the value of ADC in preopera-
tive MR imaging has not been quantified as a tool for pre-
dicting postoperative PAF in a large patients.

In the present retrospective study, we investigated 
whether ADC measurement by preoperative DW MR imag-
ing of the pancreas can be used as an accurate predictor of 
postoperative PAF in patients undergoing pancreatectomy.

Materials and methods

Patients

Approval for this retrospective study was obtained from the 
institutional review board of our hospital and the require-
ment for informed consent was waived. From January 2010 
to October 2013, 104 consecutive patients underwent pan-
creatic head resection for pancreatic, periampullary and 
biliary diseases in our hospital. The criteria for inclusion 
in the present study were: pancreatic head resection, and a 
preoperative MR imaging and contrast-enhanced multide-
tector row CT (MDCT) examination performed at our hos-
pital within the 3 months preceding the operation. Among 
the 104 patients, 93 consecutive patients underwent preop-
erative MR imaging and an MDCT examination. Fourteen 
of the 93 patients were excluded because it was difficult 
to assess the pancreatic tissue due to substantial artifact 
or atrophic pancreas on MR imaging. Thus, the remaining 
79 patients comprised the patient series for this study. The 
median time between the MDCT examination and surgery 
was 14 days (1–140 days). The median time between the 
MRI and surgery was also 14 days (2–54 days).

Surgical procedures

A pancreatic head resection was achieved with a subtotal 
stomach-preserving pancreaticoduodenectomy (SSPPD) 

(n = 59), pancreaticoduodenectomy (PD) (n = 9), hepato-
pancreatoduodenectomy (HPD) (n = 9), or duodenum-
preserving pancreas head resection (DPPHR) (n = 2) for 
various indications. Among the 79 patients, the final diag-
nosis was bile duct cancer in 36 patients, pancreatic can-
cer in 19 patients, duodenal cancer in 15 patients, intra-
ductal papillary mucinous neoplasm in 4, endocrine tumor 
in 3, solid-pseudopapillary neoplasm of the pancreas in 
1, and duodenal adenoma in 1. For reconstruction, pan-
creatojejunostomy (n = 71) or pancreatogastrostomy 
(n = 8) was performed. Although a pancreatojejunostomy 
is more commonly performed at our hospital, a pancrea-
togastrostomy is performed for the patients with severe 
comorbidities. The pancreatic stent tube was inserted 
into the remnant pancreatic duct. One closed-suction 
drain was routinely placed in proximity to the pancreatic 
anastomosis.

Definitions of pancreatic anastomotic failure

All patients were followed up by their team of surgeons, 
and evaluations of the amylase level of drainage fluid, 
serum amylase level, C-reactive protein, and white blood 
cell count were performed on days 1, 2, and 4 after surgery. 
Drains were removed when the drainage fluid did not show 
high amylase or signs of infection after postoperative days 
3–6.

As noted earlier, PAF was defined and classified in 
accord with the ISGPS classification [4]. The ISGPS defi-
nition of PAF provides three levels of severity. Three dif-
ferent grades of postoperative PAF (grades A, B, and C) 
are defined according to the clinical effect on the patient’s 
hospital course: grade A does not need specific treatment, 
grade B requires prolonged drainage or special medical 
treatment, and grade C requires invasive therapy [4]. In the 
present analyses, we combined grades B and C as the clini-
cally relevant “PAF group,’’ and we combined grade A and 
no PAF as the “no-PAF group” because it is well known 
that PAF grade A is not clinically relevant and therefore 
should not be considered as representing an important com-
plication [6, 13].

Postoperative CT was not planned routinely but was 
carried out if the patient’s clinical symptoms suggested an 
intra-abdominal inflammatory complication. In cases with 
drainage failure, percutaneous drainage was facilitated by 
ultrasound [14]. Major visceral arterial bleeding was man-
aged by transcatheter arterial embolization (TAE) instead 
of emergency surgery [2, 15]. Percutaneous drainage and 
TAE were performed by four interventional radiologists 
(authors Y.S., D.A., T.S, and B.T., with 17, 15, 10, and 
7 years of post-training experience in abdominal interven-
tional radiology).
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Preoperative MDCT technique

All patients were examined with a 320-detector-row CT 
instrument (Acquilion One; Toshiba Medical Systems, 
Tochigi, Japan). Unenhanced CT scans and enhanced CT 
scans in four-phase (arterial phase, pancreatic parenchymal 
phase, portal phase, and equilibrium phase) were obtained. 
An automatic bolus-tracking program (Real Prep, Toshiba 
Medical Systems) was used to determine the start timing 
of scanning for each phase after contrast material injection. 
The nonionic contrast material (560 mg of mean iodine per 
kg body weight) was delivered over 30 s. All images were 
reconstructed with a thickness of 2 mm. We used pancre-
atic parenchymal phase for pancreatic analysis.

Preoperative MR imaging technique

A 1.5-T superconducting system (Intera Achieva Nova 
Dual; Philips Medical Systems, Best, the Netherlands) 
with a six-channel torso array coil was used to perform 
MR imaging. We applied MR imaging with the contrast 
agent gadolinium ethoxybenzyl diethylenetriamine pen-
taacetic acid (Gd-EOB-DTPA) to investigate the presence 
of liver metastasis [16]. A negative oral contrast agent for 
MR imaging and antiperistaltics were not administered. 
The basic MR imaging with Gd-EOB-DTPA consisted of 
the following imaging sequences: breath-hold two-dimen-
sional (2D) fat-suppressed axial T1-weighted fast field-
echo imaging; respiratory-triggered 2D fat-suppressed 
axial T2-weighted turbo spin-echo imaging; respiratory-
triggered 2D fat-suppressed axial heavy-T2-weighted turbo 
spin-echo imaging; free breathing 2D axial DW imaging 
with a single-shot echo-planer sequence; and breath-hold-
ing Gd-EOB-DTPA-enhanced imaging with fat-suppressed 
3D spoiled fast field-echo sequence. Immediately after 
an intravenous administration of a bolus of Gd-EOB-
DTPA (Primovist, Bayer Healthcare; 0.025 mmol/kg body 
weight), dynamic imaging in the arterial, portal venous and 
equilibrium phase was performed using a T1-weighted fat-
suppressed sequence. Fifteen minutes postinjection, the 
T1-weighted fat-suppressed sequence was repeated.

In the present study, we analyzed two sequences (heavy-
T2-weighted images and DW images) from basic MR 
imaging with Gd-EOB-DTPA protocols. ADC maps were 
generated from the DW imaging, and we calculated the 
ADC values of normal pancreatic parenchyma. The param-
eters used in this study are shown in Table 1.

Image analysis

The pancreatic parenchymal thickness (PT) and main 
pancreatic duct diameter (MPD) were measured by pan-
creatic parenchymal phase in MDCT and 3-mm axial 

heavy-T2-weighted MR images (Fig. 1). These were meas-
ured at the presumed pancreatic remnant site, which was 
determined with reference to the positional relationships 
with adjacent vessels (at the left side of the superior mesen-
teric vein). Duct dilatation was defined as MPD larger than 
3 mm in diameter. The MPD was defined in a ventrodorsal 
direction. The PT was obtained in an approximately ven-
trodorsal direction vertical to the main pancreatic duct. We 
defined the MPD and PT as anatomical features.

The ADC values were measured by placing an ROI at 
two points in two segments of the pancreas (body and tail). 
The ROIs were placed in the pancreatic tissue unaffected by 
the tumor, distal to the left side of the superior mesenteric 
vein. The pancreas body and pancreas tail were divided at 
the left edge of the aorta according to the definition by the 
Union for International Cancer Control [17]. The ADC val-
ues were calculated for each ROI automatically by imager 
software (Vox Base, J-MAC, Sapporo, Japan).

A minimum area of 20 mm2 of pancreatic parenchyma 
was required for ADC measurement, as this was the small-
est ROI available with our measurement software, and it 
was the size used in our study. The largest possible oval 
ROI was placed making effort to avoid the pancreatic duct, 
cystic lesion, extrapancreatic structures, and artifacts. The 
mean value of the ROIs was computed for each patient.

Two radiologists (K.S., and S.Y., each with 8 years of 
post-training experience in interpreting body MR images) 
who had no knowledge of the patients’ clinical information 

Table 1  Sequence parameters used in MR imaging of the pancreas

2D two dimensional, TSE turbo spin echo, EPI echo planar imaging 
NA not applicable

Parameter Heavy T2-weighted 
imaging

Diffusion-weighted 
imaging

Respiratory control Respiratory triggered Respiratory triggered

Sequence 2D single-shot TSE 2D single-shot EPI

Fat suppression No Yes

Repetition/echo time 
(ms)

2,000/200 2,000/66

Flip angle 90 90

b value (s/mm3) NA 0 and 1,000

Field of view (cm) 42 × 30 42 × 30

Matrix 256 × 256 128 × 90

No. of signals  
acquired

1 2

Sensitivity encoding 
factor

2 2

Section thickness  
(mm)

3 6

Intersection gap 0 0

No. of sections 58 29

Acquisition time 33 s 1 min 28 s
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performed all measurements by using a commercially 
available digital imaging and communications in medicine 
(DICOM) viewer (Vox Base).

Statistical analysis

We compared the PAF group and the no-PAF group using 
the Wilcoxon/Kruskal–Wallis test for continuous variables 
and chi-square tests for categorical variables. As for ADC, 
we evaluated the correlation between the severity of PAF 
and ADC. We evaluated the interobserver agreement by 
interclass correlation coefficient (ICC) using a two-way 
mixed-effects model for absolute agreement. ICC scores 
range from 0 to 1, representing a level of agreement as fol-
lows: ≤0.40 = poor to fair, 0.41–0.60 = moderate, 0.61–
0.80 = substantial, 0.81–1.00 = almost perfect agreement 
[18].

We composed nonparametric receiver operating char-
acteristic (ROC) curves for ADC values to assess the abil-
ity of ADC values to predict the development of PAF, and 
we calculated cutoff values, sensitivity, and specificity. We 
measured each model’s accuracy by determining the area 
under curve (AUC) to evaluate how well the model dis-
tinguished patients with and without PAF. The data analy-
ses were performed with commercially available software 
(JMP10, SAS institute, Cary, NC). In all comparisons, a 
p < 0.05 was considered to indicate a significant difference.

Results

Patient population and outcomes

The patients’ characteristics and outcomes are summarized 
in Table 2. There were 54 men (68.5 %) and 25 women 
(31.5 %) with a mean age of 68.1 years (median 68 years; 
range 41–83 years). No postoperative mortality was 
observed. Based on the ISGPS classification, 14 patients 
(17.7 %) developed a clinically relevant PAF (seven grade 
B and grade C) and constituted the PAF group for this 
study. The no-PAF group consisted of the remaining 65 
patients (no-PAF or grade A). Thirteen patients in the PAF 
group were managed by interventional radiology without 
operation (13 percutaneous drainage, seven percutaneous 
TAE). One PAF patient required hematoma evacuation, in 
addition to percutaneous drainage and TAE. No significant 
differences were observed between the PAF group and the 
no-PAF group in terms of age, sex, and type of operation. 
No-PAF occurred in the patients with pancreatic cancer, 
and only pancreatic cancer showed a significant difference 

Fig. 1  Preoperative imaging of a patient with pancreatic head ade-
nocarcinoma without subsequent PAF. a Contrast-enhanced MDCT: 
the main pancreatic duct diameter (MPD) was 3.32 mm and the 
pancreatic parenchymal thickness (PT) was 11.88 mm. b Heavy-
T2-weighted image: MPD 3.41 mm, PT 10.25 mm. c ADC meas-
ured on an ADC map in the nontumoral pancreatic parenchyma 
(pancreatic body and tail). The averaged value of the two ROIs was 
1.013 × 10−3 mm2/s
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for the development of PAF (p = 0.048). No difference was 
seen between the two groups in terms of disease other than 
pancreatic cancer.

CT and MRI assessment

1. Interobserver variability
The interobserver agreement was substantial or almost per-

fect for each parameter: MPD in MDCT (ICC 0.940, 
p < 0.01), PT in MDCT (ICC 0.786, p < 0.01), MPD in 
MR imaging (ICC 0.969, p < 0.01), PT in MR imaging 
(ICC 0.762, p < 0.01), and ADC (ICC 0.871, p < 0.01).

2. Imaging parameters of the PAF and no-PAF groups
Among the imaging parameters, no considerable dif-

ference in MPD, PT, or duct dilatation was noted 
between the PAF and no-PAF groups (Table 3), 
but the pancreas ADC was significantly differ-
ent between the two groups (p = 0.011 observer 1, 
p = 0.003 observer 2) (Fig. 2). In the PAF group, the 
ADCs of the pancreas ranged between 1.14 × 10−3 
and 1.70 × 10−3 mm2/s with a mean value of 
1.45 × 10−3 ± 0.17 × 10−3 mm2/s (observer 1) and 
between 1.15 × 10−3 and 1.70 × 10−3 mm2/s with a 
mean value of 1.52 × 10−3 ± 0.17 × 10−3 mm2/s 
(observer 2). In the no-PAF group, the ADCs 
of the pancreas ranged between 0.83 × 10−3 
and 2.00 × 10−3 mm2/s with a mean value of 
1.30 × 10−3 ± 0.24 × 10−3 mm2/s (observer 1) and 

between 0.97 × 10−3 and 1.90 × 10−3 mm2/s with a 
mean value of 1.34 × 10−3 ± 0.29 × 10−3 mm2/s 
(observer 2). The association of the PAF grade and 
ADC is presented in Table 4. In two observers, ADC 
varied significantly between no-PAF and PAF grade 
B, but not between PAF grade B and PAF grade C. In 
observer 1, ADC was higher in patients with PAF grade 
C compared with those with no-PAF, but the difference 
was not significant. In observer 2, ADC was signifi-
cantly higher in patients with PAF grade C compared 
with those with no-PAF.

Table 2  Patient population and outcomes

Values are mean with range or number of patients

IPMN intraductal papillary mucinous neoplasm, pNET pancreatic 
neuroendocrine tumor, SPN solid-pseudopapillary neoplasm, SSPPD 
subtotal stomach-preserving pancreaticoduodenectomy, PD pancrea-
ticoduodenectomy, HPD hepatopancreaticoduodenectomy, DPPHR 
duodenum-preserving pancreas head resection

No-PAF (n = 65) PAF (n = 14) p value

Mean age, years (range) 67.6 (43–82) 70.6 (53–83) 0.215

Male:female 44:21 10:4 0.785

Diagnosis

 Bile duct cancer 26 10 0.065

 Pancreatic cancer 19 0 0.048

 Duodenal cancer 13 2 0.905

 IPMN 3 1 0.779

 pNET 2 1 0.961

 Others (SPN, duodenal 
adenoma)

2 0 0.334

Operation

 SSPPD 49 10 0.976

 PD 7 2 0.930

 HPD 7 2 0.930

 DPPHR 2 0 0.785

Table 3  Imaging assessment of remnant pancreas

Data are mean ± standard deviation

PT pancreatic parenchymal thickness, MPD main pancreatic duct 
diameter, 1 observer 1, 2 observer 2

Imaging parameter No-PAF 
(n = 65)

PAF  
(n = 14)

p value

MDCT PT 1 (mm) 13.56 ± 3.90 15.37 ± 3.12 0.114

MDCT PT 2 (mm) 11.58 ± 4.60 15.27 ± 4.01 0.585

MDCT MPD 1 (mm) 4.21 ± 2.60 3.15 ± 1.71 0.057

MDCT MPD 2 (mm) 3.37 ± 2.48 2.94 ± 1.71 0.415

MDCT duct dilatation 
1 > 3 mm [n (%)]

37 (57 %) 5 (36 %) 0.150

MDCT duct dilatation 
2 > 3 mm [n (%)]

28 (43 %) 5 (37 %) 0.612

MR PT 1 (mm) 14.26 ± 3.88 15.00 ± 3.26 0.504

MR PT 2 (mm) 15.26 ± 3.42 15.55 ± 3.65 0.928

MR duct dilatation  
1 > 3 mm [n (%)]

34 (52 %) 6 (43 %) 0.521

MR duct dilatation  
2 > 3 mm [n (%)]

31 (48 %) 7 (50 %) 0.875

MR MPD 1 (mm) 4.18 ± 2.54 3.15 ± 1.19 0.869

MR MPD 2 (mm) 3.74 ± 2.17 3.29 ± 2.35 0.504

MR ADC 1 (×10−3 mm2/s) 1.30 ± 0.24 1.45 ± 0.17 0.011

MR ADC 2 (×10−3 mm2/s) 1.34 ± 0.29 1.52 ± 0.17 0.003

Fig. 2  Bile duct cancer in a 72-year-old woman who subsequently 
developed postoperative PAF. The averaged ADC value of the nontu-
moral pancreatic parenchyma was 1.575 × 10−3 mm2/s
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3. ADC threshold levels for PAF
We calculated the cut-off values for the ADC of the pan-

creas with respect to the presence of a PAF (Table 5). 
The ROC analysis revealed that the cut-off value of 
1.354 (AUC = 0.719) had 78.6 % sensitivity and 
67.7 % specificity (observer 1), and that the cut-off 
value of 1.495 (AUC = 0.752) had 78.6 % sensitivity 
and 78.5 % specificity (observer 2) for the develop-
ment of PAF.

Discussion

PAF is a leading cause of morbidity and mortality after PD. 
To achieve acceptable outcomes, it is necessary to perform 
an accurate preoperative assessment of the PAF risk as well 
as appropriate surgical techniques and perioperative man-
agement, especially for high-risk cases. Factors underlying 
the development of PAF have been studied [19, 20]. The 
most widely recognized risk factor for the development of 
PAF is intraoperative soft texture of the remnant pancreas 
[3, 6, 21]. For example, Yeo et al. [22] reported no-PAF in 
their patients with a firm pancreas compared to a 25 % PAF 
rate in the patients with a soft pancreas. A firm pancreas 
is thought to decrease the softness of the gland [21, 23]. 
Pancreatic firmness is mainly affected by underlying pan-
creatic pathology such as chronic pancreatitis [24]. Thus, 
the assessment of preoperative features of pancreatic paren-
chymal texture that are highly linked to the occurrence of 
PAF is a promising area of investigation.

It was shown that CT or MR imaging can detect fibrotic 
change in the liver and pancreas [11, 25]. Tajima et al. 
[8] used dynamic contrast-enhanced MR with Gd-DTPA 
to assess fibrosis in the remnant pancreas after PD. They 

noted that the time-signal intensity curve (TIC) in normal 
pancreas showed a rapid rise followed by a rapid decline, 
whereas the TIC in fibrotic pancreas showed a slow rise to 
a peak followed by a slow decline or plateau. They reported 
that patients with a rapid rise in the TIC profile more fre-
quently developed PAF than patients with a slowly rising 
TIC profile (93 vs 52 %, p = 0.006), and they concluded 
that the TIC obtained from MR is a reliable indicator for 
fibrosis in the remnant pancreas. In this study, we used Gd-
EOB-DTPA as a contrast agent. In view of enhancement 
effects, the standard dose of Gd-EOB-DTPA is 25 % com-
pared with Gd-DTPA (0.025 mmol/kg of Gd-EOB-DTPA 
vs 0.1 mmol/kg of Gd-DTPA). The enhancement effect 
of abdominal solid organs in dynamic contrast-enhanced 
MR imaging with Gd-EOB-DTPA is significantly weaker 
than with that of Gd-DTPA [26]. Thus, we did not evaluate 
dynamic-enhanced MR imaging.

Hashimoto and Traverso [20] analyzed the pancreatic 
late/early enhancement ratio (L/E ratio), which is the ratio 
of pancreatic enhancement in the late phase of CT to the 
enhancement during the early phase, and they found that 
the histologic degree of pancreatic fibrosis showed a good 
correlation with the L/E ratio. They concluded that an 
L/E ratio ≤1.0 is correlated with a soft pancreas, and they 
reported that their patients with an L/E ratio ≤1.0 devel-
oped PAF significantly more frequently than the patients 
with an L/E ratio >1.0 (65 vs 10 %, p < 0.001).

The pancreatic firmness may be influenced by pancre-
atic fat infiltration [27]. Using dual-gradient MR imaging, 
Lee et al. [23] found that a relative signal intensity decrease 
was correlated with the pancreatic fat content and predicted 
the development of PAF. They concluded that the measure-
ment of fat content by MR imaging allowed them to predict 
the occurrence of PAF with 72.5 % sensitivity and 75.9 % 
specificity. Their results were almost the same as ours.

DW imaging measures changes in the microscopic dif-
fusion of water. In the liver, fibrosis and cirrhosis have 
been shown to reduce diffusion [28]. DW imaging has also 
been used for the assessment of chronic pancreatitis [29]. 
The ADC values for patients with pancreatitis are lower 
than those found for patients with normal pancreases [11, 
25]. This finding is attributed to the replacement of normal 

Table 4  Correlation between PAF grade and ADC

Data are mean ± standard deviation

1 observer 1, 2 observer 2, B grade B, C grade C

No-PAF PAF B PAF C p value

All  
groups

No-PAF  
versus PAF B

No-PAF  
versus PAF C

PAF B  
versus PAF C

ADC1 (×10−3 mm2/s) 1.30 ± 0.24 1.52 ± 0.17 1.38 ± 0.15 0.022 0.012 0.210 0.125

ADC2 (×10−3 mm2/s) 1.34 ± 0.29 1.52 ± 0.20 1.52 ± 0.15 0.013 0.022 0.042 0.610

Table 5  Most accurate ADC threshold levels for PAF versus no PAF

Area under  
the curve

Best cut-off 
ADC

Sensitivity 
(%)

Specificity 
(%)

Observer 1 0.719 1.354 78.6 67.7

Observer 2 0.752 1.495 78.6 78.5
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pancreatic parenchyma with fibrous tissue and/or reduced 
exocrine function that may reduce the amount of diffusive 
tissue water and result in decreased ADCs [11]. Watanabe 
et al. [9] showed that the expression of activated pancreatic 
stellate cells was correlated with the progression of fibrosis. 
They documented that the ADC values of pancreatic paren-
chyma were highly correlated with the expression of acti-
vated pancreatic stellate cells.

However, no data were available to date that com-
pared the relationships between the ADC values and 
postoperative PAF development in a large patient series. 
Here we observed significantly higher pancreatic ADC 
values in the patients with PAF compared to those with 
no-PAF. According to previous studies [9, 12], the high 
ADC values may reflect the soft, nonfibrotic pancreatic 
remnant. Although there was a significant overlap in 
ADCs between our patients with PAF and the patients 
without PAF, the most discriminating ADC cut-off value 
setting on the ROC yielded sufficiently high sensitivity 
and specificity for the prediction of PAF. Accordingly, 
we believe that the ADC measurement may be use-
ful for the prediction of the occurrence of PAF, and for 
preoperative risk stratification and postoperative patient 
management.

Pancreatic duct size and PT are recognized risk factors 
for PAF [3, 6, 20]. In our present study, however, these 
anatomical features were not significant predictors of the 
development of PAF. The reason for this discrepancy might 
be the differences in study populations. In our study, the 
percentage of patients with pancreatic cancer was rela-
tively low (19 of 79 patients; 24.1 %). Generally, pancre-
atic ductal dilatation and pancreatic atrophy are detected in 
many cases of pancreatic head cancer.

Our study has several limitations. First, this was a retro-
spective study, and it relied on clinical evaluations for the 
diagnosis of PAF, in which the intraoperative and histo-
pathologic findings of the remnant pancreas were lacking. 
Thus, our results should be considered preliminary. A pro-
spective study with comparisons of ADC values and histo-
pathological findings is needed. Second, we adopted ADC 
as a main MR parameter for predicting PAF; however, it is 
necessary to determine which imaging parameters, such as 
unenhanced T1-weighted image, chemical shift gradient-
echo image, and dynamic contrast-enhanced study, are the 
most useful for PAF prediction. Third, the percentage of 
the patients having duct dilatation was low compared with 
previous reports [3, 6]. Thus, it is not clear whether our 
ADC results may be applied in the patients with pancreatic 
duct dilatation and pancreatic atrophy. Fourth, ADC meas-
urements are unavoidably subject to error, particularly in 
body imaging applications, due to both a low signal-to-
noise ratio and artifacts caused by physiologic motion and 
magnetic susceptibility. Peristalsis and respiratory motion 

results in blurring. Susceptibility artifacts from the pres-
ence of bowel gas may be marked on DW imaging. We 
used multiple signal acquisition rather than a breath-hold 
technique, to improve the patients’ tolerance of the com-
plex protocol. Therefore, ADC measurement could not 
be performed in 14 patients (15.4 %), and these missing 
data could have affected the results. In particular, measure-
ments often could not be made in the patients with severe 
pancreatic atrophy. This may induce a bias; however, the 
clinical importance of this is mitigated since a severely 
atrophic pancreas is thought to be linked to a decreased 
incidence of PAF. To optimize imaging, several procedures 
may be helpful. Prior to imaging, oral negative contrast 
agents can eliminate the signals from the gastrointestinal 
system [30]; antiperistaltics to reduce blurring artifacts 
may also be beneficial. Fifth, ADC measurements also 
have a major limitation for quantitative evaluation. Braith-
waite et al. demonstrated the overall coefficient of varia-
tion value as 14 % in abdominal DW imaging, and they 
stated that a change in ADC values less than approx. 27 % 
will not be clinically detectable with confidence with one 
acquisition in a single individual [31]. To use the ADC as 
a qualitative tool, it is necessary to perform repeated meas-
urements carefully.

In conclusion, our results suggest that an elevated ADC 
value obtained with DW imaging is a risk factor for the 
development of PAF. We believe that ADC measurement 
could serve as a noninvasive biomarker to efficiently per-
form preoperative risk stratification, patient counseling, 
and pre- and postoperative patient management. A large 
cohort study is called for to test our present findings.
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