
This copy is for personal use only.  
To order printed copies, contact reprints@rsna.org

This copy is for personal use only.  
To order printed copies, contact reprints@rsna.orgORIGINAL RESEARCH • GASTROINTESTINAL IMAGING

Postoperative pancreatic fistula (POPF), which can  
potentially lead to catastrophic abscess and hemorrhage, 

is one of the most serious complications of pancreatectomy 
(1) and remains the leading risk factor for postoperative 
morbidity and mortality (2,3).

Several preoperative imaging indicators of POPF risk 
have been identified (4–8), including morphologic fea-
tures of the pancreatic stump (eg, thickness, area, main  
pancreatic duct [MPD] diameter), signal intensity at  
T1-weighted imaging, apparent diffusion coefficient (ADC),  
and fat fraction. These parameters are used to evaluate 
the morphologic characteristics or to establish a correla-
tion with histologic changes (eg, fibrosis) of the pancre-
atic stump (9,10). However, none of these parameters can 
be used to directly assess pancreatic texture or stiffness. 
Magnetic resonance (MR) elastography was developed as 
a technique to measure tissue stiffness (11). Following the 
development of a three-dimensional wave field inversion 
algorithm based on acquisition of spin-echo echo-planar 
images, MR elastography has been successfully applied in 
organs with complex geometry, including the brain, lung, 
and pancreas (12–16). Moreover, 40-Hz vibration with a 

pancreas-tailored soft driver provided robust estimates of 
tissue shear stiffness in both healthy and diseased pancreas 
and provided a better wave pattern and higher amplitude 
of motion than did imaging at 60 Hz (12,15,17). In our 
study, we hypothesized that the morphologic and me-
chanical qualities of the pancreatic stump measured with 
preoperative MR imaging could serve as accurate markers 
for predicting POPF.

Thus, the purpose of our study was to describe the 
performance of several MR parameters, including mor-
phologic features, pancreatic stiffness, ADC, and signal 
intensity at T1-weighted imaging of the pancreatic stump, 
for predicting POPF and to study the histologic changes 
underlying these parameters.

Materials and Methods

Patients
We retrospectively reviewed a single-center, prospec-
tively maintained database with approval from the lo-
cal institutional review board. We evaluated patient 
studies obtained between December 2013 and August 
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Purpose: To describe the relationship between conventional magnetic resonance (MR) imaging parameters and MR elastography of 
the pancreas in association with pancreatic histologic features and occurrence of postoperative pancreatic fistula (POPF).

Materials and Methods: Patients who underwent preoperative MR imaging (MR elastography and diffusion-, T1-, and T2-weighted 
imaging) followed by pancreatectomy with pancreaticoenteric anastomosis were included. The relationships between preoperative 
MR imaging parameters, demographic data, and intraoperative factors with POPF risk were analyzed with logistic regression analy-
ses. The correlation of MR imaging parameters with histologic characteristics was evaluated with multivariate regression analysis.

Results: A total of 112 patients (64 men, 48 women; median age, 58 years) were evaluated. Forty-two patients (37.5%) developed 
POPF and 20 (17.9%) developed high-grade POPF (grades B and C). Lower pancreatic stiffness (1.43 kPa; odds ratio [OR], 
9.196; 95% confidence interval [CI]: 1.92, 43.98), nondilated main pancreatic duct (MPD) diameter (,3 mm; OR, 7.298; 
95% CI: 1.51, 35.34), and larger stump area (211 mm2; OR, 9.210; 95% CI: 1.53, 55.26) were risk factors for POPF. Lower 
pancreatic stiffness (1.27 kPa; OR, 8.389; 95% CI: 1.88, 37.41) was the only independent predictor of high-grade POPF. Log-
transformed pancreatic stiffness was independently associated with fibrosis (b = 0.060; 95% CI: 0.052, 0.068), acinar atrophy (b = 
0.015; 95% CI: 0.003, 0.028), and lipomatosis (b = 20.016; 95% CI: 20.026, 20.006).

Conclusion: Preoperative MR assessment of pancreatic stiffness, MPD diameter, and stump area are important predictors of POPF.
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2017. MR elastography was added to the routine pancreatic 
MR imaging protocol in patients who gave written informed 
consent to accept the inclusion of MR elastography into his 
or her clinical pancreatic MR protocol. The 167 consecutive 
patients who underwent both pancreatectomy and preop-
erative pancreatic MR imaging in the local hospital were in-
cluded initially. However, 55 patients were excluded, 17 for 
technical failure of MR elastography (detailed in Appendix 
E1 [online], determined both at the time of the original MR 
imaging and upon retrospective review), 22 because surgery 
was performed without pancreaticoenteric anastomosis, and 
16 for inadequate specimens (Fig 1). Thus, we included 112 
patients (median age, 58.0 years; range, 21–76 years): 64 
men (median age, 60.0 years; range, 21–76 years) and 48 
women (median age, 54.0 years; range, 31–74 years). These 
patients underwent pancreatectomy for the following indi-
cations: pancreatic ductal adenocarcinoma (n = 49), chronic 
pancreatitis (n = 20), pancreatic neuroendocrine tumor 
(n = 7), intraductal papillary mucinous neoplasm (n = 5),  
solid pseudopapillary tumor (n = 7), serous cystadenoma  
(n = 3), mucinous cystadenoma (n = 1), common bile duct 
cancer (n = 4), cancer of the ampulla of Vater (n = 15), and 
duodenal carcinoma (n = 1). Patient characteristics, imaging 
features, intraoperative factors (anastomosis, surgery time, 
blood loss, pancreatic texture determined with surgeon’s 
palpation, stump mobilization, and MPD diameter assessed 
intraoperatively), and postoperative histologic features in 
POPF and non-POPF groups are shown in Table 1.

The Mayo Clinic and two authors (K.J.G. and R.L.E.) have 
intellectual property rights and financial interest in MR elastog-
raphy. The authors without conflict of interest (Y.S. and Q.G.) 
controlled the data for the study.

Image Acquisition
All patients were instructed to fast completely for at least 8 
hours before the examination to avoid possible alteration of 
pancreatic perfusion and compression by a full stomach. MR 
examinations were performed by using a 3.0-T MR system 
(Signa HDX; GE Healthcare, Milwaukee, Wis) with an eight-
channel phased-array body coil. Our MR protocol included 
the following pulse sequences (detailed imaging parameters 
are summarized in Table E1 [online]): (a) axial T1- and T2-
weighted imaging (with and without fat suppression), (b) MR 
elastography, (c) quick breath-hold diffusion-weighted imag-
ing acquisition with b values of 0 and 800 sec/mm2 (four sig-
nals acquired, acquisition time included two 22-second breath 
holds), and (d) coronal images with fast imaging obtained with 
steady-state acquisition. The total acquisition time was approx-
imately 15–20 minutes. MR elastography was performed by 
using 40-Hz vibrations and a 32-section spin-echo echo-planar 
imaging pulse sequence that covered the entire pancreas to ob-
tain volumetric vector displacement for imaging the propagat-
ing shear waves (12,15,17,18). See Appendix E1 (online) and 
Figure E1 (online) for details of MR elastographic acquisitions, 
failures, and verification of wave propagation.

Image Analysis
The feasibility of MR elastography was assessed on the basis of 
another separate prospective study involving 40 healthy volun-
teers. The reproducibility of MR elastographic acquisition was 
assessed in 20 of 40 volunteers and in 10 of the 112 patients by 
two readers (a primary reader, Y.S., with 5 years of experience 
interpreting MR elastograms, and a secondary reader, Ying 
Liu, with 3 years of MR elastography experience), as detailed 
in Appendix E1 (online). After the feasibility and reproduc-
ibility of MR elastography were established, only the stiffness 
values from the primary reader were further used. To measure 
stiffness, regions of interest were drawn on the magnitude im-
ages to outline the pancreatic stump; they were transferred au-
tomatically from the magnitude image to the wave images and 
elastograms to obtain tissue stiffness values in kilopascals. Care 
was taken to ensure that magnitude images had sufficient illu-
mination and had no noise, flow, or motion artifacts affecting 
the pancreas. Both the wave images and the local frequency es-
timation confidence map were checked to verify wave propaga-
tion within each region of interest of the pancreas. Invalid wave 
data were defined as both wave images and local frequency es-
timation confidence maps that showed invalid results (detailed 
in Appendix E1 and Fig E1 [online]).

Additional measurements were obtained by the primary 
reader, who was unaware of the clinical and histopathologic find-
ings except for tumor location and surgical procedure. Regions 
of interest were drawn on elastograms (mean area 6 standard 
deviation, 322.6 mm2 6 185.7), T1-weighted images (mean 
area, 221.9 mm2 6 144.2), and ADC maps of the pancreatic 
parenchyma (mean area, 234.6 mm2 6 166.4) near the resection 
margin; masses, artifacts, boundaries, and visible pancreatic duct 
were avoided (Fig 2). All parameters were calculated by averaging 
the measurements from three sections (6 one section) (19,20). 
To calculate the signal intensity ratio on T1-weighted images, 

Abbreviations
ADC = apparent diffusion coefficient, CI = confidence interval, MPD = 
main pancreatic duct, OR = odds ratio, POPF = postoperative pan-
creatic fistula

Summary:
Quantitative preoperative MR assessments of mechanical and morpho-
logic characteristics of the pancreatic stump are strongly predictive of 
pancreaticoenteric anastomotic fistula. Lower pancreatic stiffness was 
associated with relatively less pancreatic fibrosis, higher grade of acinar 
atrophy, and lipomatosis.

Implications for Patient Care
 n Pancreatic stiffness showed a positive association with pancreatic 

fibrosis and acinar atrophy but an inverse association with pancre-
atic lipomatosis.

 n Lower pancreatic stiffness at MR elastography was the strongest 
risk factor for postoperative pancreatic fistula (POPF) in multi-
variate analysis that assessed several MR parameters, patient char-
acteristics, and intraoperative factors.

 n Preoperative MR quantification of pancreatic stiffness may serve 
as an imaging biomarker for POPF risk in patients undergoing 
pancreatectomy with pancreaticoenteric anastomosis and could 
supersede risk prediction based on subjective assessment by surgi-
cal palpation.
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Statistical Analysis
Statistical analysis is detailed in Appendix E1 (online). To 
determine the accuracy of parameters for predicting POPF, 
nonparametric receiver operating characteristic curves were 
composed, and cutoffs were determined by maximizing  
the sum of sensitivity and specificity. Jackknife leave-one-out 
cross-validation was applied to all the obtained performance 
indexes to generate cross-validated parameters. A multivariate 
logistic regression model was used to determine the rela-
tive importance in predicting POPF and high-grade POPF, 
respectively, of risk factors selected because they appeared 
associated with POPF and/or high-grade POPF (P , .10), 
in either univariate logistic regression analysis or correlation 
analysis (Table 1). Strengths of associations were presented 
as odds ratios (ORs) with 95% confidence intervals (CIs). 
Stepwise multiple linear regression tests were conducted to 
study the association between histologic changes and the 
log-transformed pancreatic stiffness (normally distributed). 
Cross-validation of receiver operating characteristic analysis 
was performed with R software (R version 3.4.0; R Proj-
ect for Statistical Computing). All other statistical analy-
ses were performed by using SPSS software (version 16.0 J; 
IBM, Chicago, Ill).

Results

Correlation of Preoperative MR Imaging Parameters 
with Histologic Findings
Table 2 summarizes the distribution of MR imaging param-
eters stratified according to fibrosis stage (acinar atrophy and 
lipomatosis are summarized in Table E3 [online]). Pancreatic 
fibrosis showed a strong positive correlation with pancreatic 
stiffness (r = 0.797; P , .001), a weak positive correlation 
with MPD diameter (r = 0.398; P , .001), and a negative cor-
relation with signal intensity ratio at T1-weighted imaging  

two round regions of interest (approxi-
mately 80–150 mm2) were drawn in the 
bilateral paraspinal muscles. The diam-
eter of the MPD and the width of the 
pancreatic stump were measured on the 
axial T2-weighted images. The thickness 
of the pancreatic stump was measured 
on the coronal images. The stump area 
was calculated by multiplying pancre-
atic thickness by pancreatic width. The 
pancreas-to-duct ratio was calculated by 
dividing pancreatic thickness by MPD 
diameter. The pancreatic volume was 
calculated by multiplying the estimated 
area of pancreatic tissue on each section 
by the interval between sections based 
on T1-weighted images. For all measure-
ments, the regions of interest were kept 
constant among all MR images and care-
fully adjusted by the primary reader. An 
MPD diameter of less than 3 mm was 
considered normal, that is, nondilated. A 
body mass index of less than 25 kg/m2 was considered normal.

Clinical Data Collection
All surgeries were performed by a lead pancreatobiliary surgeon 
(F.G., with 18 years of experience in pancreatic surgery) and 
a dedicated surgical team. The lead surgeon and an assistant 
surgeon (with 10 years of experience in pancreatic surgery) 
assessed the firmness of the pancreatic stump, which was re-
corded as soft, medium, or hard, by intraoperative palpation 
(21). The MPD diameter, stump area, and mobilization of the 
pancreatic remnant (in millimeters) were also measured intra-
operatively at the cut surface. The interval between MR imag-
ing and pancreatectomy ranged from 1 to 21 days (median, 7 
days). The clinical data collection is detailed in Appendix E1 
(online). The criteria for POPF grades A, B, and C are sum-
marized in Table E2 (online) (22).

Pathologic Evaluation
Histologic evaluation of the pancreatic surgical specimens was 
performed by two experienced pathologists who were blinded 
to the radiologic findings and clinical data (Yue Li and one 
nonauthor, with 12 and 17 years of experience in pancreatic 
pathology, respectively) in consensus. Pancreatic fibrosis at 
the resection margin was graded as F0, normal parenchyma 
with no fibrotic change; F1, mild fibrosis with thickening of 
periductal fibrous tissue; F2, moderate fibrosis with marked 
sclerosis of interlobular septa and no evidence of architectural 
change; and F3, severe fibrosis with architectural disruption 
(23). The severity of exocrine gland atrophy was classified 
according to the percentage of viable exocrine gland area as  
A0 (mild), 75%–100%; A1 (moderate), 25%–75%; and 
A2 (severe), 0%–25% (24). The degree of lipomatosis was 
graded as L0 (normal), 0%–10%; L1 (mild), 10%–20%; 
L2 (marked), 20%–30%; and L3 (severe), greater than 30% 
(4,9).

Figure 1: Flow chart illustrates patient selection process for study cohort. POPF = postopera-
tive pancreatic fistula.
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Multivariate regression analysis showed that log-transformed 
pancreatic stiffness was independently associated with pancreatic 
fibrosis (b = 0.060; 95% CI: 0.052, 0.068; P , .001), acinar 
atrophy (b = 0.015; 95% CI: 0.003, 0.028; P = .018), and lipo-
matosis (b = –0.016; 95% CI: –0.026, –0.006; P = .001). Ap-
proximately 73.7% of the total variability in pancreatic stiffness 
values could be explained by these three variables in this model 
(adjusted R2 = 0.737, P < .001).

(r = –0.317; P = .001) and pancreas-to-duct ratio (r = 20.411;  
P , .001). ADCs tended to decrease as fibrosis progressed 
but did not differ significantly (r = –0.157; P = .098). Hav-
ing pancreatic ductal adenocarcinoma or chronic pancreati-
tis was positively correlated with both fibrosis (r = 0.449; 
P , .001) and pancreatic stiffness (r = 0.543; P , .001) 
and tended to be correlated with MPD size (r = 0.168; P 
= .076).

Table 1: Univariate Analysis of Clinical Risk Factors for Postoperative Pancreatic Fistula

Parameter

No. of Patients or Median Value* Correlation Coefficient†

All Patients POPF No POPF POPF High-Grade POPF
Patient characteristics
 Age (y) 58 (51–62) 58 (48–62) 59 (51–62) 20.118 (.216) 20.124 (.191)
 Sex (M/F) 64/48 26/16 38/32 0.129 (.248) 0.086 (.444)
 BMI (kg/m2) 22.8 (20.5–24.3) 23.4 (21.0–24.7) 22.6 (20.5–24.7) 0.240 (.011)‡ 0.167 (.078)‡

 Diabetes mellitus (yes/no) 35/77 16/26 19/51 0.114 (.230) 0.083 (.386)
 History of weight loss (yes/no)§ 62/50 19/23 43/27 20.158 (.097)‡ 20.044 (.648)
 History of jaundice (yes/no) 41/71 18/24 23/47 0.100 (.292) 0.081 (.395)
 History of smoking (yes/no) 66/46 23/19 43/27 20.066 (.492) 20.132 (.165)
 Alcohol abuse (yes/no) 12/100 4/38 8/62 20.109 (.253) 20.111 (.243)
MR imaging parameters
 MPD diameter (mm) 3.3 (2.5–4.4) 2.9 (2.2–3.5) 3.5 (3.0–4.7) 20.389 (,.001)‡ 20.273 (.004)‡

 Stiffness at MR elastography (kPa) 1.34 (1.22–1.57) 1.24 (1.15–1.34) 1.49 (1.28–1.68) 20.472 (,.001)‡ 20.422 (,.001)‡

 SI ratio at T1-weighted imaging 1.44 (1.26–1.61) 1.59 (1.32–1.77) 1.37 (1.24–1.53) 0.114 (.233) 0.052 (.589)
 ADC (3103 mm2/sec) 1.39 (1.32–1.46) 1.38 (1.33–1.47) 1.41 (1.32–1.46) 20.017 (.862) 20.005 (.955)
 Pancreatic thickness (mm) 15.5 (14.4–17.9) 17.5 (15.1–18.0) 15.1 (14.4–17.7) 0.160 (.092)‡ 0.179 (.059)‡

 P/D 4.02 (3.09–5.46) 5.09 (4.10–6.34) 3.73 (2.97–4.41) 0.410 (,.001)‡ 0.336 (,.001)‡

 Stump area (mm2) 200 (169–277) 266 (199–287) 188 (168–271) 0.255 (.007)‡ 0.304 (.001)‡

 Remnant volume (cm3) 20.3 (16.9–28.2) 26.3 (17.8–30.0) 19.3 (16.3–25.4) 0.238 (.011)‡ 0.307 (.001)‡

Operative and intraoperative factors
 Anastomosis (end-to-side/ 
  duct-to-mucosa)

63/49 24/18 39/31 0.125 (.190) 0.110 (.246)

 Operative time (min) 453 (352–514) 458 (354–534) 442 (325–492) 0.116 (.224) 0.130 (.170)
 Blood loss (mL) 470 (338–528) 482 (355–596) 449 (328–509) 0.127 (.183) 0.123 (.198)
Pancreatic texture by surgeon’s  
  palpation
 Soft/medium/hard 47/53/12 24/18/0 23/35/12 20.293 (.002)‡ 20.199 (.035)‡

 Stump mobilization (mm) 35 (25–45) 35 (27–47) 33 (23–43) 0.181 (.057)‡ 0.011 (.912)
 MPD diameter (mm) 3.4 (2.5–4.7) 2.7 (2.1–3.4) 4.1 (3.1–5.2) 20.379 (,.001)‡ 20.294 (.002)‡

Histopathologic features of  
  pancreatic stump
 Fibrosis (F0/F1/F2/F3) 59/27/11/15 34/8/0/0 25/19/11/15 20.552 (,.001)‡ 20.343 (,.001)‡

 Acinar atrophy (A0/A1/A2) 56/45/11 29/13/0 27/32/11 20.321 (.001)‡ 20.360 (,.001)‡

 Lipomatosis (L0/L1/L2/L3) 62/33/14/3 19/15/6/2 43/18/8/1 0.159 (.100) 0.177 (.062)‡

Histopathologic features of mass
 PDAC or CP (yes/no) 69/43 20/22 49/21 20.223 (.018)‡ 20.159 (.094)‡

 Ampullary (yes/no) 15/97 6/36 9/61 0.020 (.832) 0.090 (.343)
 Cholangiocellular (yes/no) 4/108 1/41 3/67 20.050 (.603) 20.036 (.707)
 IPMN (yes/no) 5/107 2/40 3/67 0.050 (.603) 0.090 (.347)

Note.—ADC = apparent diffusion coefficient, BMI = body mass index, CP = chronic pancreatitis, IPMN = intraductal papillary mucinous 
neoplasm, MPD = main pancreatic duct, P/D = pancreas-to-duct ratio, PDAC = ductal pancreatic carcinoma, SI = signal intensity.
* Numbers in parentheses are the interquartile range.
† Numbers in parentheses are P values, which were calculated with the nonparametric Spearman correlation test.
‡ Statistically significant (P , .10).
§ Weight loss (3 kg over the previous 6 months) was assessed by patient interview before MR examination.
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risk for POPF showed a significant correlation with preop-
erative parameters, including pancreatic stiffness, stump area, 
remnant volume, pancreas-to-duct ratio, MPD diameter, body 
mass index, weight loss, intraoperative pancreatic texture at 

Performance of Parameters for Predicting POPF
The incidence rates of POPF and high-grade POPF were, re-
spectively, 37.5% (42 of 112 patients) and 17.9% (20 of 112 
patients) (Fig 2). Univariate analysis (Table 1) showed that the 

Figure 2: Preoperative MR images and postoperative CT scan in 47-year-old woman undergoing pancreaticoduodenectomy for pancreatic duc-
tal adenocarcinoma. Regions of interest (in yellow) were placed near resection margin. Pancreatic parenchyma is outlined in red. Postoperative 
histologic assessment showed mild fibrosis (F1) of the pancreatic stump without pathologic acinar atrophy (A0) or lipomatosis (L0). A, T2-weighted 
image shows nondilated, 2-mm-diameter pancreatic duct (arrows). B, T1-weighted MR image shows oval regions of interest in pancreas and 
bilateral paraspinal muscles. Pancreas-to-muscle signal intensity ratio was 1.16. C, Apparent diffusion coefficient (ADC) map obtained at b value 
of 800 sec/mm2 shows oval region of interest. Mean ADC was 1.38 mm2/sec 6 0.22. D, Magnitude image shows oval region of interest in pan-
creas. E, Elastogram obtained in same cross-section coregistered with the magnitude image in D. Mean stiffness value was 1.22 kPa 6 0.68. F, 
Postoperative follow-up CT scan shows pancreaticojejunal anastomosis site. Figure E2 (online) and further clinical evaluation helped confirm grade 
A postoperative pancreatic fistula.

Table 2: Imaging Parameters Stratified according to Histologic Fibrosis Stage

Parameter F0 (n = 59) F1 (n = 27) F2 (n = 11) F3 (n = 15) r*
Stiffness (kPa) 1.24 6 0.13 1.42 6 0.12 1.65 6 0.08 1.94 6 0.28 0.797 (,.001)†

SI ratio at T1-weighted imaging 1.48 6 0.29 1.5 6 0.3 1.35 6 0.17 1.13 6 0.28 20.317 (.001)†

ADC (3103 mm2/sec) 1.4 6 0.11 1.46 6 0.18 1.39 6 0.06 1.32 6 0.07 20.157 (.098)
MPD diameter (mm) 3.01 6 0.94 3.98 6 1.55 3.71 6 1.11 4.89 6 2.36 0.398 (,.001)†

Thickness (mm) 16.26 6 2.1 15.03 6 2.53 16.46 6 2.34 16.45 6 1.7 20.076 (.426)
Stump area (mm2) 234.2 6 59.8 190.3 6 69.3 222.2 6 78.7 232.4 6 51.7 20.159 (.095)
P/D 5.20 6 1.68 3.77 6 1.96 4.20 6 1.28 3.41 6 1.14 20.411 (,.001)†

Remnant volume (cm3) 23.1 6 6.7 19.4 6 7.5 22.3 6 8.2 23.2 6 5.7 20.091 (.342)

Note.—Unless otherwise noted, data are means 6 standard deviations. ADC = apparent diffusion coefficient, MPD = main pancreatic 
duct, P/D = pancreas-to-duct ratio, SI = signal intensity.
* r is the Spearman correlation coefficient obtained from the nonparametric Spearman correlation test. Numbers in parentheses are  
P values.
† Statistically significant (P , .05).
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palpation, stump mobilization, and diagnosis 
of either pancreatic ductal adenocarcinoma 
or chronic pancreatitis. On the basis of mul-
tivariate analysis (Table 3), lower pancreatic 
stiffness (1.43 kPa) (OR, 9.196 [95% CI: 
1.92, 43.98]), nondilated MPD (OR, 9.210 
[95% CI: 1.53, 55.26]), and larger stump 
area (211 mm2) (OR, 7.298 [95% CI: 1.51, 
35.34]) were independently associated with in-
creased risk for POPF. Lower pancreatic stiff-
ness was the only independent preoperative risk  
factor for high-grade POPF (OR, 8.389 [95% 
CI: 1.88, 37.41]).

Pancreatic stiffness (median, 1.49 kPa; 
interquartile range, 1.28–1.68 kPa) was sig-
nificantly greater in patients without POPF 
than in those with grade A POPF (median, 
1.32 kPa; interquartile range, 1.19–1.37 
kPa) and high-grade POPF (median, 1.23 
kPa; interquartile range, 1.12–1.24 kPa) 

Table 3: Multivariate Analysis of Risk Factors for Postoperative Pancreatic Fistula

Parameter

POPF (n = 42) High-grade POPF (n = 20)

Odds Ratio* P Value Odds Ratio* P Value
Lower stiffness 9.196 (1.92, 43.98)† .005† 8.389 (1.88, 37.41)† .005†

Nondilated MPD 7.298 (1.51, 35.34)† .014† 1.411 (0.25, 8.02) .698
P/D 1.350 (0.30, 6.66) .667 4.389 (0.63, 30.48) .135
Stump area 9.210 (1.53, 55.26)† .015† 2.300 (0.14, 8.15) .561
Remnant volume 0.805 (0.15, 4.48) .805 4.821 (0.34, 68.18) .245
Normal BMI 0.685 (0.16, 2.83) .601 0.303 (0.03, 3.00) .307
No weight loss 2.485 (0.76, 8.18) .134 1.149 (0.25, 5.27) .858
Palpation 1.614 (0.42, 6.20) .485 3.544 (0.73, 17.10) .116
Stump mobilization 1.000 (0.96, 1.05) .985 0.897 (0.19, 4.16) .889
PDAC or CP 0.825 (0.18, 3.71) .802 0.282 (0.04, 1.91) .195

Note.—Multivariate analyses were performed by using a logistic regression model including all parameters with P , .10 in the univariate 
analysis (Table 1). BMI = body mass index, CP = chronic pancreatitis, MPD = main pancreatic duct, P/D = pancreas-to-duct ratio,  
PDAC = pancreatic ductal adenocarcinoma.
* Numbers in parentheses are 95% confidence intervals.
† Statistically significant (P , .05).

Figure 3: Axial MR magnitude images (left col-
umn) and MR elastograms (right column) from three 
cases: One case developed grade A postoperative 
pancreatic fistula (POPF) and two did not develop 
POPF. A, Images in 36-year-old woman who under-
went pancreaticoduodenectomy for solid pseudo-
papillary neoplasm (yellow circle). Elastogram shows 
that mean stiffness value of pancreatic stump (white 
outline) was 1.19k Pa 6 0.32 with POPF grade 
A. B, Images in 64-year-old man who underwent 
pancreaticoduodenectomy for cystadenoma (yellow 
circle). Elastogram shows that mean stiffness value 
of pancreatic stump (black outline) was 1.89 kPa 6 
0.31 without POPF. C, Images in a 55-year-old man 
who underwent pancreaticoduodenectomy for focal 
chronic pancreatitis (mass not shown). Elastogram 
shows that mean stiffness value of pancreatic stump 
(black outline) was 2.41kPa 6 0.43. All correspond-
ing wave images are shown in Figure E1 (online).
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differences in stump characteristics, both mechanical (lower pan-
creatic stiffness) and morphologic (MPD size and stump area), 
were independent risk factors for POPF. Softer pancreatic tissue 
combined with a nondilated MPD and a larger stump area creates 
a more challenging condition for suturing, which leads to a higher 
possibility of anastomotic fistula (21,23). The risk for POPF is 
minimized, regardless of any other risk factor, when the pancreatic 
stiffness is greater than1.59 kPa (1.51 kPa for high-grade POPF 
for 100% specificity). This is reasonable because a hard stump 
with advanced fibrosis and severe atrophy of the exocrine tissue 
permits easier anastomosis and secretes markedly less pancreatic 
juice. The detrimental effect of a larger stump area might be ex-
plained by greater suture requirements and more pancreatic juice, 
producing a higher likelihood of anastomosis leakage (21).

The lack of other significant factors in our multivariate 
analysis might be explained by their intrinsic correlation with 
stiffness or morphologic characteristics because these predic-
tor variables are not independently associated with POPF risk. 
For instance, pancreatic texture by palpatory assessment was 
obviously correlated with MR elastography–determined stiff-
ness. Similarly, pancreatic ductal adenocarcinoma and chronic 
pancreatitis are known to be associated with a dilated MPD 
and obstructive pancreatitis, and in our study they were cor-
related with MPD and pancreatic stiffness. Thus, preoperative 
MR evaluation, which reflects the morphologic and mechani-
cal features of the stump, integrates the contribution of other 
risk factors into a single test, yielding a measurement that is 
more directly relevant to the POPF risk.

Imaging findings used to evaluate POPF risk primarily cor-
respond to the degree of fibrosis in the stump (4,8). Diffusion-
weighted–based techniques, imaging diffusion, and perfusion 
parameters have been used to assess fibrotic changes in tissue. 
However, in recent studies and in our study, ADCs have dif-
fered little among different fibrosis stages. Studies of intravoxel 
incoherent motion-derived quantitative parameters also had 
inconsistent results in terms of correlation with fibrotic pro-
gression (8,27) (ie, the perfusion fraction was negatively cor-
related with fibrosis in the study by Yoon et al [8] but had a 
trend toward positive correlation in the study by Hecht et al 
[27]). Of note, our study proved that MR elastography–based 
stiffness values were predominantly associated with pancreatic 
fibrosis, more strongly than were any other MR imaging pa-
rameter examined (28,29).

Morphologic measurements at the pancreatic stump are an-
other set of independent predictors of POPF. These measure-
ments were proved to be associated with the severity of acinar 
atrophy in our study, reflecting the proportion of viable aci-
nar gland and, thus, the expected volume of pancreatic juice 
(21,24). Consistent with previous reports, MPD diameter and 
stump area were among the most reliable predictors of POPF.

Previous work has shown inconsistent relationships be-
tween fat infiltration and POPF risks. Although Lee et al 
(30) and Gaujoux et al (9) reported that fat infiltration con-
tributed to higher POPF rates, it did not differ significantly 
among groups with different POPF grades in the study by 
Yoon et al (8) and our study. To our knowledge, our study 
was the first to identify a negative correlation between fat 

(Mann-Whitney U test, P = .002 and P , .0001, respec-
tively), as shown in Figures 3 and 4. Raw and cross-validated 
estimates of diagnostic accuracy to predict POPF with both 
MR elastography and surgeon’s palpation are reported in  
Tables 4 and 5, respectively. Both raw and cross-validated 
estimates show that MR elastography had higher ac-
curacy than did palpation for predicting POPF (stiff-
ness 1.43 kPa: 70.5% vs 63.4% for raw estimate [P , 
.001] and 67.9% vs 63.4% for cross-validated estimate  
[P = .383]) and high-grade POPF (stiffness 1.27 kPa: 
73.2% vs 61.6% for both raw and cross-validated estimates 
[P , .001 for both]). When the cutoff for pancreatic stiffness 
was defined as greater than 1.59 kPa (1.51 kPa for high-grade 
POPF), the specificity reached 100%, with 100% negative 
predictive value. Stiffness still had significantly better sensi-
tivity than did palpation for POPF (P , .001 for raw data 
and P = .003 for cross-validated data) and for high-grade 
POPF (P = .003 for raw data and P = .006 for cross-validated 
data). Detailed diagnostic performance results are shown in 
Appendix E1 (online).

Discussion
The results of our study demonstrate that preoperative MR 
imaging values for pancreatic stiffness, MPD diameter, and 
stump area are highly significant determinants of POPF risk. 
Compared with palpatory assessment by the surgeon, MR elas-
tography achieved better predictive power and accuracy for the 
prediction of both POPF and higher-grade POPF.

Consistent with previous studies (21,23,25,26), our univariate 
analysis showed that large body mass index, no history of weight 
loss, soft pancreas at palpation, nondilated MPD, large pancreas-
to-duct ratio, large stump area and remnant volume, and exten-
sively mobilized stump are all correlated with increased POPF 
risk. Furthermore, our multivariate analysis revealed that local 

Figure 4: Box plots show pancreatic stiffness at MR elastography 
for patients without postoperative pancreatic fistula (POPF), with 
POPF grade A, and with POPF grades B and C. Boundaries of box 
indicate 25th and 75th percentiles, line within box indicates median, 
and whiskers indicate range. Horizontal brackets indicate significant 
differences in paired comparison by using Mann-Whitney U test with 
Bonferroni correction (P , .017 for all).
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Table 4: Diagnostic Performance of MR Elastography for Prediction of Postoperative Pancreatic Fistula and  
High-Grade (B and C) Postoperative Pancreatic Fistula: Raw Performance Parameters

Parameter

POPF High-Grade POPF

Shear Stiffness Palpation Shear Stiffness Palpation
Cutoff (kPa) 1.43 … 1.27 …
AUC* 0.78 (0.70, 0.87) 0.66 (0.57, 0.75) 0.82 (0.73, 0.91) 0.64 (0.53, 0.75)
Sensitivity (%)* 90.5 (77.4, 97.3) [38/42] 57.1 (41.0, 72.3) [24/42] 85.0 (62.1, 96.8) [17/20] 60.0 (36.1, 80.9) [12/20]
Specificity (%)* 58.6 (46.2, 70.2) [41/70] 67.1 (54.9, 77.9) [47/70] 72.8 (62.6, 81.6) [67/92] 62.0 (51.2, 71.9) [57/92]
PPV (%) 56.7 (44.0, 68.8) [38/67] 51.1 (36.1.0, 65.9) [24/47] 40.5 (25.6, 56.7) [17/42] 25.5 (13.9, 40.3) [12/47]
NPV (%) 91.1 (78.8, 97.5) [41/45] 72.3 (59.8, 82.7) [47/65] 95.7 (88.0, 99.1) [67/70] 87.7 (77.2, 94.5) [57/65]
Accuracy (%)* 70.5 (60.9, 77.4) [79/112] 63.4 (54.5, 72.3) [71/112] 73.2 (64.3, 81.3) [82/112] 61.6 (52.7, 70.5) [69/112]

Note.—Cutoff values were based on receiver operating characteristic curve analysis. Numbers in parentheses are 95% confidence intervals. 
Numbers in brackets are raw data. AUC = area under the receiver operating characteristic curve, NPV = negative predictive value, POPF = 
postoperative pancreatic fistula, PPV = positive predictive value.
* The area under the receiver operating characteristic curve for MR elastography was significantly higher than that of palpatory assess-
ment for predicting both POPF risk (P = .0006) and high-grade POPF risk (P = .003). The McNemar test revealed that MR elastography 
had significantly higher sensitivity (P , .001) and accuracy (P , .001) than did palpation for predicting POPF risk and had significantly 
higher sensitivity (P = .003), specificity (P = .03), and accuracy (P , .001) for predicting high-grade POPF risk.

Table 5: Diagnostic Performance of MR Elastography for Prediction of Postoperative Pancreatic Fistula and  
High-Grade (B and C) Postoperative Pancreatic Fistula: Cross-Validated Performance Parameters

Parameter

POPF High-Grade POPF

Shear Stiffness Palpation Shear Stiffness Palpation
Cutoff (kPa) 1.43 … 1.27 …
AUC* 0.71 (0.63, 0.79) 0.62 (0.53, 0.72) 0.76 (0.66, 0.86) 0.61 (0.49, 0.73)
Sensitivity (%)* 83.3 (71.4, 92.9) [35/42] 57.1 (42.9, 71.4) [24/42] 80.0 (60.0, 95.0) [16/20] 60.0 (40.0, 80.0) [12/20]
Specificity (%)* 58.6 (47.1, 70.0) [41/70] 67.1 (55.7, 78.6) [47/70] 71.7 (62.0, 80.4) [66/92] 62.0 (52.2, 71.7) [57/92]
PPV (%) 54.7(47.1, 62.7) [35/64] 51.1 (40.5, 62.2) [24/47] 38.1 (29.3, 48.7) [16/42] 25.5 (17.1, 34.2) [12/47]
NPV (%) 85.4 (76.4, 93.8) [41/48] 72.3 (64.6, 80.3) [47/65] 94.3 (89.5, 98.6) [66/70] 87.7 (81.7, 93.8) [57/65]
Accuracy (%)* 67.9 (58.9, 75.9) [76/112] 63.4 (54.5, 72.3) [71/112] 73.2 (64.3, 81.3) [82/112] 61.6 (52.7, 70.5) [69/112]

Note.—Cutoff values were based on receiver operating curve analysis. Numbers in parentheses are 95% confidence intervals. Numbers in 
brackets are raw data. AUC = area under the receiver operating characteristic curve, NPV = negative predictive value, POPF = postoperative 
pancreatic fistula, PPV = positive predictive value.
* The area under the receiver operating characteristic curve for MR elastography was significantly higher than that of palpatory assessment 
for predicting both POPF risk (P = .016) and high-grade POPF risk (P = .011). The McNemar test revealed that MR elastography had 
higher sensitivity (P = .003) than palpation for predicting POPF risk and a trend toward higher accuracy without significance (P = .383). 
MR elastography also had significantly higher sensitivity (P = .006), specificity (P = .05), and accuracy (P , .001) for predicting high-grade 
POPF risk.

infiltration and MR elastography–determined pancreatic 
stiffness. The possible correlation of POPF risk and fatty 
pancreatic changes, observed by others, might be essentially 
due to an inherent relationship between soft texture and 
POPF risk. When fibrosis and acinar atrophy predominate 
to cause high stiffness (.1.59 kPa for POPF and 1.51 kPa 
for high-grade POPF), POPF risk was minimized regard-
less of lipomatosis. Therefore, we propose that these three 
stump-related MR parameters—lower pancreatic stiffness, 
nondilated MPD, and larger stump area (which indicate 
lower fibrosis, higher acinar excretion, and lipomatosis)— 
are highly predictive of higher POPF risk.

Our study has several limitations. First, this is a retrospec-
tive study; thus, additional, prospective, multicenter studies 
are required to independently validate these results. Second, 

MR elastography has lower resolution than does standard 
MR imaging pulse sequences. The recently proposed spin-
echo echo-planar imaging MR elastography with three-
dimensional processing can improve resolution and provide 
robust estimation of pancreatic stiffness (12,15,17). Third, 
most of our patients (86 of 112 patients) had a body mass 
index less than 25 kg/m2, so our results should be confirmed 
in larger samples that include more overweight or obese pa-
tients. Fourth, our data were obtained from a single 3.0-T 
imager; therefore, data from 1.5-T units and different ven-
dors should be analyzed in further studies. Fifth, we did not 
evaluate whether Dixon sequences and intravoxel incoherent 
motion-derived sequences helped predict POPF risk. Finally, 
the value of our reproducibility data is limited because repro-
ducibility was based on only two readers.
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In conclusion, quantitative preoperative MR assessments 
of mechanical and morphologic characteristics of the pancre-
atic stump are strongly predictive of pancreaticoenteric anas-
tomotic fistula. Lower pancreatic stiffness was associated with 
relatively less pancreatic fibrosis, a higher grade of acinar atro-
phy, and lipomatosis. We believe that preoperative identifica-
tion of patients at high risk for POPF will help improve overall 
care for patients undergoing pancreatectomy with pancreatico-
enteric anastomosis.
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