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ARTICLE INFORMATION AIM: To evaluate the potential value of magnetic resonance imaging (MRI) for predicting
postoperative pancreatic fistula (POPF) in patients with pancreatic cancer (PC) and non-

Article history: pancreatic cancer (non-PC).

Received 24 October 2017 MATERIAL AND METHODS: This retrospective study was approved by the institutional re-

Accepted 20 February 2019 view board and written informed consent was waived. Forty patients underwent pan-

creatoduodenectomy due to PC (n=31) and non-PC (n=9). The pancreas-to-muscle signal
intensity ratio (SIR) on three-dimensional (3D)- fast field echo (FFE) T1-, in- and opposed-
phase T1-, and T2-weighted images, as well as the apparent diffusion coefficient (ADC)
value of the pancreas were measured. The frequency of POPF and MRI measurements were
compared between patients with PC and non-PC. The MRI measurements were also compared
with the grade of pancreatic fibrosis on pathological findings, fat deposition, and interstitial
oedema.

RESULTS: The frequency of POPF was significantly higher in patients with non-PC than in
those with PC (p=0.0067), with an odds ratio of 10.4. The SIR on 3D-FFE T1-weighted images
was significantly higher in patients with non-PC (p=0.0001) and those with POPF (p=0.017)
than in those with PC and those without POPF, respectively. Multiple regression analysis
demonstrated that the SIR on 3D-FFE T1-weighted image was independently associated with
the grade of pancreatic fibrosis (p<0.0001).

CONCLUSION: The frequency of POPF was significantly higher in patients with non-PC than
in those with PC was inversely related to the grade of pancreatic fibrosis. The SIR on 3D-FFE T1-
weighted image might be a potential imaging biomarker for predicting POPF.

© 2019 The Royal College of Radiologists. Published by Elsevier Ltd. All rights reserved.
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potentially causes vascular injury, followed by rupture of a
pseudoaneurysm."? Several risk factors were reported to be
associated with the frequency of POPF; these include male
sex, old age, increased body mass index, narrow diameter of
the main pancreatic duct, soft pancreatic parenchyma,
presence of fatty pancreas, long duration of the surgical
procedure, and high volume of intraoperative blood loss.® A
previous study demonstrated that the frequency of POPF was
lower in cases that had a soft pancreas with ampullary cancer
or those with bile duct cancer, compared with cases that had
a relatively hard pancreas with pancreatic cancer (PC).*

PC is well known to cause pancreatic fibrosis more
frequently than distal bile duct, ampullary, and duodenal
cancers.” In patients with PC, two major mechanisms of
paraneoplastic pancreatic fibrosis were reported.®’ First,
the PC cells activate the surrounding pancreatic stellate cells
(PSCs); this activation leads to fibrosis of the tumour and
pancreatic tissues.’ Second, the PC cells that originate
from the pancreatic ductal epithelial cells can easily
obstruct the tiny ductules; consequently, obstructive
pancreatitis can be frequent and cause a desmoplastic re-
action in the pancreatic tissue.®’

Previous studies demonstrated that the signal intensity
of the pancreas on Tl-weighted images decreased
constantly as pancreatic fibrosis progressed.® It was
postulated that MRI signals would reflect changes in the
paraneoplastic pancreatic tissue and may differ between
patients with PC and those with non-PC or between those
with POPF and those without POPF. Hence, the purpose of
the present study was to evaluate the potential value of MRI
in predicting POPF in patients with PC and non-PC.

Materials and methods
Patients

This retrospective study was approved by the institu-
tional review board and written informed consent was
waived. From October 2010 to March 2017, 42 consecutive
patients underwent MRI before pancreatoduodenectomy to
evaluate local tumour extension and tumour staging. Two
patients were excluded because the necessary sequences
for the evaluation were not obtained. Therefore, the
remaining 40 patients (mean age, 69.94+7.9 [means+1
standard deviation] years; age range, 52—82 years),
including 23 men (mean age, 69.4+9.0 years; range, 52—82
years) and 17 women (mean age, 70.64+6.4 years; range,
58—81 years), comprised the study cohort (Fig 1).

MRI of the pancreas was performed using a 1.5-T (Intera
Achieva Nova Dual; Philips Medical Systems, Best, the
Netherlands) and 3-T MRI system (Intera Achieva Quasar
Dual; Philips Medical Systems, Best, the Netherlands) using
a six-channel torso array coil. The basic MRI protocol and
imaging parameters are summarised in Table 1.

Reference standard

The interval between preoperative MRI and pan-
creatoduodenectomy ranged from 1 to 91 days (mean, 34
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Eligible patients

42 patients underwent pancreatoduodenectomy for pancreatic head
cancer or other pancreatic or bile duct tumors

| | Excluded patients (1= 2)
v Lack of necessary sequences for the evaluation

Final population (7= 40)
23 men, 17 women, age range 52-82 years, mean age 69.9 + 7.9 years

Figure 1 Flow diagram of study enrollment population. Mean age is
means=+1 standard deviation.

days). In the 40 patients, the histopathological diagnoses
were pancreatic head adenocarcinoma (n=31), intra-
ductal papillary mucinous carcinoma (n=2), extrahepatic
bile duct carcinoma (n=2), ampullary carcinoma (n=2),
intraductal papillary mucinous neoplasm (n=1),
mucinous cystic adenoma (n=1), and paraganglioma
(n=1).

For the assessment of pancreatic fibrosis, the non-
tumoural pancreatic tissues abutting the resected area
were evaluated by an experienced pathologist (N.S. with
19 years of experience in oncologic pathology). Azan
staining was performed to grade the proliferation of the
collagenous materials contributing to pancreatic fibrosis;
specimens stained with haematoxylin—eosin were used to
grade the degrees of fat deposition and interstitial oedema
in the non-tumoural pancreatic parenchyma distal to the
lesion. The grading criteria for pancreatic fibrosis were as
follows'?: FO=normal pancreatic parenchyma, no fibrotic
changes; Fl=mild fibrous tissue; F2=moderate fibrosis
with marked sclerosis of interlobular septa and no evi-
dence of architectural changes; and F3=severe fibrosis
with architectural destruction. The grading criteria for fat
deposition were as follows”: L0=0—10% deposition in the
pancreatic parenchyma (x40 magnification); L1=11-20%;
L2=21-30%; and L3=>31%. The grading criteria for inter-
stitial oedema were as follows®: EO=no or slight interstitial
oedema (x40 magnification); El=mild periductal or
interlobular oedema; E2=moderate periductal or inter-
lobular oedema; and E3=severe periductal or interlobular
oedema.

The development of POPF was defined according to
the definition of the International Study Group for
Pancreatic Society.!! POPF was diagnosed as amylase
content in the drainage fluid on or after postoperative
day 3 of greater than three times the upper limit of the
normal serum value. All patients were followed up based
on the amylase level in the drainage fluid and the serum
amylase levels on postoperative days 1, 3, and 5. Three
different grades of POPF (grades A, B, and C) were defined
according to the clinical impact on the patient’s hospital
course: grade A required few changes in treatment or
deviation from the normal clinical pathway; grade B
required some changes in treatment or adjustment in the
clinical pathway, such as prolonged drainage or specific
medical treatment; and grade C required invasive
treatment.
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Table 1
MRI sequences and parameters.
Parameter 1.5-T 3-T
T1WI In/out T2WI DWI T1WI In/out T2WI DWI
Sequence 3D FFE GRE 2D TSE 2D EP 3D FFE GRE 2D TSE 2D EP
Respiratory control BH BH RT FB BH BH RT BH
Fat suppression Yes No Yes Yes Yes No Yes Yes
TR (ms) 160 223 1,200 1,371 160 242 1,600 2,292
TE (ms) 4.1 4.6/2.3 80 49 41 23,4.6/1.1,35 80 46
Flip angle (degree) 75 80 90 90 75 60 90 90
FOV (cm) 38x30 38x30 38x30 38x30 38x30 38x30 38x30 38x30
Matrix 320224 320x224 320224 12890 320224 288x230 512x256 112x90
Parallel imaging factor 1.1 1.6 1.6 2.0 1.1 2.2 2.0 3.0
Section thickness (mm) 5 5 5 7 5 5 5 6
Intersection gap (mm) 1 1 1 0 1 1 1 0
No. of sections 30 30 30 30 30 30 30 30
Acquisition time 24 s 234s 4 min Tmin7s 24 s 21s 3 min 41.2's
b-values (mm?/s) NA NA NA 0, 500 NA NA NA 0, 500

T1WI, T1-weighted imaging; T2WI, T2-weighted imaging; DWI, diffusion-weighted imaging; 3D, three dimensional; 2D, two dimensional; FFE, fast field-echo;
GRE, gradient recalled-echo; TSE, turbo spin-echo; EP, echo-planar; BH, breath-hold; RT, respiratory-triggered; FB, free-breathing; TR, repetition time; TE, echo

time; FOV, field of view; NA, not applicable.

Quantitative image analysis

The operation time and intraoperative blood loss were
recorded from the hospital information. Two radiologists
(Y.N. and N.K,, with 7 and 6 years, respectively, of post-
training experience of interpreting abdominal MRI im-
ages) who had no knowledge of the patients’ clinical or
histopathological information measured in consensus the
signal intensities of the pancreatic parenchyma (Slpancreas)
and paraspinal muscle (SIyyscle) 0N three-dimensional (3D)-
fast field echo (FFE) T1-, in- and opposed-phase T1-, and T2-
weighted images in order to calculate the signal intensity
ratio (SIR=Slpancreas/SImuscle). The apparent diffusion coef-
ficient (ADC) values of the pancreatic parenchyma were also
calculated.

For each measurement, a circular region of interest (ROI;
50—150 mm?) was placed at the side of the pancreatic head
adjacent to the resection plane in order to match, as closely
as possible, the locations of the surgical specimen on his-
topathological evaluation, with reference to postoperative
images; the ROI was devoid of dilated pancreatic duct,
vessels, or artefacts. The radiologists were allowed to zoom
in the images during ROI measurements of atrophic
pancreatic tissues. For all measurements, the size, shape,
and position of the ROI were kept constant among all MRI
images by applying a copy-and-paste function on the
viewer. If the ROI was placed in an inadequate location
among the different sequences, the radiologists carefully
adjusted the location of the ROIs.

Statistical analysis

Statistical analyses were performed using MedCalc
Software for Windows (version 16.8.4). The Mann—Whitney
U and Fisher’s exact tests were conducted to evaluate dif-
ferences in patients’ age, gender, body mass index (BMI),
operation time, intraoperative blood loss, and the propor-
tion of PC and non-PC between patients with and those

without POPF. The Mann—Whitney U test was conducted to
evaluate differences in grade of pancreatic fibrosis, fat
deposition, and interstitial oedema, as well as differences in
the MRI measurements between patients with PC and those
with non-PC.

Spearman’s rank correlation tests were conducted to
evaluate the relationship between the MRI measurements
and the grades of pancreatic fibrosis, fat deposition, and
interstitial oedema. Ordinal logistic regression analyses
were conducted to evaluate the relationship of the MRI
measurements with the grades of pancreatic fibrosis, fat
deposition, and interstitial oedema. Kruskal—Wallis test
with post-hoc tests as described by Conover'? was con-
ducted subsequently to compare the grade of the patho-
logical changes with the statistically associated MRI
measurements. The area under the receiver operating
characteristic (ROC) curve (AUC) was calculated for differ-
entiating patients with POPF and those without POPF. The
optimal threshold that yielded the highest Youden index
was determined, and the sensitivity and specificity were
then calculated. A post-hoc power analysis was conducted
to assess the ability to detect differences between patients
with PC and those with non-PC using commercially avail-
able software (G*Power, version 3.1.7; University of Dus-
seldorf, Dusseldorf, Germany) with an effect size of 0.30,
which is a medium effect, a significance level of 5%, and a
total sample size of 40 patients. A p-value of <0.05 was
defined as significant.

Results

The patients’ background factors are summarised in
Table 2. Eleven patients (27.5%) in the study population
developed grade A POPF. No significant differences were
observed between patients with POPF and those without
POPF in terms of age, gender, BMI, operation time, and
intraoperative blood loss. The proportion of non-PC
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cases was significantly higher in patients with POPF
(54.5%) than in those without POPF (10.3%; p=0.0067).
The patients with non-PC demonstrated an odds ratio of
10.4 (95% confidence interval: 1.9—56) for developing
POPF.

The histopathologic grade, SIR, ADC value, and frequency
of POPF between patients with PC and those with non-PC
are summarised in Table 3. For histopathologic grade,
fibrosis grade (p=0.019) and fat deposition (p=0.012) were
significantly lower in patients with non-PC than in those
with PC. The SIR on 3D-FFE T1-weighted images
(p=0.0001), in-phase (p=0.011) and opposed-phase
(p=0.043) T1-weighted images, and ADC value (p=0.0042)
were significantly higher in patients with non-PC than in
those with PC (Fig 2).

The relationships between the MRI measurements and
the grades of pancreatic fibrosis, fat deposition, and
interstitial oedema are summarised in Table 4. The
Spearman rank correlation test showed that the SIR on
3D-FFE T1-weighted images (r=-0.63, p<0.0001); in-
phase (r=-0.44, p=0.0042) and opposed-phase T1-
weighted images (r=-0.36, p=0.023); and ADC value
(r=—0.49, p=0.0012) were significantly correlated with
the grade of pancreatic fibrosis. The ADC value was
correlated with the interstitial oedema grade (r=—0.33,
p=0.041). No significant correlation was found the be-
tween other MRI measurements and the histopathologic
grades of fat deposition (p=0.13) and interstitial oedema
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Figure 2 Boxplot showing the SIRs on 3D T1-weighted FFE images,
in- and opposed-phase T1-weighted images, and ADC value in pa-
tients with PC and non-PC. The SIR on 3D T1-weighted FFE images, in-
and opposed-phase T1-weighted images, and ADC value in patients
with non-PC were significantly higher than those with PC. Note that
the boundaries of boxes closest to zero are the 25th percentile, lines
in boxes are the medians, boundaries of boxes farthest to zero are the
75th percentile, error bars are the smallest and largest values in 1.5
box lengths of 25th and 75th percentiles, and dots are defined as a
value that is larger than the upper quartile plus three times the
interquartile range.

Table 2
Patients background factors.
POPF positive POPF negative p-Value

Case number 11 29 NA
Patients age 70.8+6.5 (58.0—80.0) 69.6+£8.5 (52.0—82.0) 0.95
Male: female 8:3 15:14 0.30
BMI 21.34+10.9 (17.1-27.7) 21.14£3.1 (15.2-27.4) 0.69
Operation time (min) 396.9453.7 (292.0—486.0) 479.6+108.0 (350.0—750.0) 0.054
Intraoperative blood loss (mL) 823.24:334.0 (250.0—1415.0) 1091.0+816.4 (145.0—-3210.0) 0.68
PC: non-PC 5:6 26:3 0.0067"

Data are means + 1 standard deviation with ranges in parentheses; NA, not applicable; POPF, postoperative pancreatic fistula; BMI, body mass index.

*p<0.05, significant difference.

Table 3

Comparison of grades for pancreatic fibrosis, fat deposition, and interstitial oedema, and magnetic resonance imaging measurements between pancreatic

cancer and non—pancreatic cancer cases.

Parameter

Pancreatic cancer

Histopathological grades

Fibrosis 2.32+0.87 (0.00—3.00)

Fat deposition
Interstitial oedema
Signal intensity ratio

3D-FFE T1-weighted imaging
In-phase T1-weighted imaging
Opposed-phase T1-weighted imaging

T2-weighted imaging
ADC value

1.06+0.93 (0.00—3.00)
1.42+1.09 (0.00—3.00)

1.1240.24 (0.80—1.68)
1.06+0.21 (0.75—1.68)
1.07+0.20 (0.79—1.63)
2.85+0.88 (1.43—-5.17)
1.40+0.29 (0.92—2.26)

Non-pancreatic cancer p-Value
1.44+1.01 (0.00—3.00) 0.019"
0.33+1.00 (0.00—3.00) 0.012"
1.89+0.93 (0.00—3.00) 0.26
1.66+0.27 (1.33—2.01) 0.0001"
1.28+0.24 (0.93—1.59) 0.011"
1.21+0.21 (0.97-1.57) 0.043"
2.33+0.66 (1.64—3.49) 0.10
1.91+0.45 (1.17—-2.40) 0.0042"

Data are means+1 standard deviation with ranges in parentheses.
*p<0.05, significant difference.
FFE, fast field-echo. ADC, apparent diffusion coefficient.
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Table 4
Correlation of magnetic resonance imaging (MRI) measurements with grades for pancreatic fibrosis, fat deposition, and interstitial edema.
MRI measurements Pancreatic fibrosis Fat deposition Interstitial oedema
r value p-Value r value p-Value r value p-Value
Signal intensity ratio
3D-FFE T1-weighted imaging —-0.63 < 0.0001 -0.013 0.94 -0.29 0.076
In-phase T1-weighted imaging —0.44 0.0042 0.0049 0.98 -0.10 0.53
Opposed-phase T1-weighted imaging -0.36 0.023 -0.16 0.33 -0.16 0.31
T2-weighted imaging 0.22 0.17 0.20 0.23 0.24 0.13
ADC value -0.49 0.0012 -0.24 0.14 -0.33 0.041
FFE, fast field-echo. ADC, apparent diffusion coefficient.
(p=0.98). Ordinal logistic regression analysis showed that Discussion

the SIR on 3D-FFE T1-weighted images was indepen-
dently associated with the grade of pancreatic fibrosis
(coefficient=—2.06, p<0.0001). The other parameters
were not significant. The mean SIR on 3D-FFE T1-
weighted images gradually decreased as the grade of
pancreatic fibrosis progressed (p<0.0001). The mean SIR
on 3D-FFE T1-weighted images was significantly lower in
cases of grade F3 pancreatic fibrosis than in those with
grades FO, 1, and 2 (p<0.05) and was also significantly
lower in F2 cases than in F1 cases (p<0.05; Figs 3—5). No
significant difference was found in the SIR on 3D-FFE T1-
weighted images between cases with grade FO and those
with grade F1 pancreatic fibrosis.

For predicting the development of POPF, the SIR on 3D-
FFE T1-weighted images, with a cut-off value of 1.11, yielded
a sensitivity of 91%, specificity of 55%, and AUC of 0.75. Post-
hoc power analysis demonstrated that there was 19% power
to detect an effect size of 0.3 between patients with PC and
those with non-PC.

22F
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Figure 3 Boxplot showing the signal intensity ratio on 3D T1-
weighted FFE images for pancreatic fibrosis grade. Horizontal
brackets indicate the significant differences (p<0.05). Note that the
boundaries of boxes closest to zero are the 25th percentile, lines in
boxes are the medians, boundaries of boxes farthest to zero are the
75th percentile, error bars are the smallest and largest values in 1.5
box lengths of 25th and 75th percentiles, and dots are defined as a
value that is larger than the upper quartile plus three times the
interquartile range.

Soft pancreatic parenchymal tissue has been reported
previously as one of the significant risk factors for devel-
oping POPF, which has an incidence of approximately 5% in
chronic pancreatitis, 12% in PC, 15% in ampullary cancer, and
33% in bile duct cancer.”® The present results supported the
previous findings that the frequency of POPF was signifi-
cantly higher in patients with non-PC than in those with PC.
The grade of pancreatic fibrosis was significantly lower in
patients with non-PC than in those with PC. It was assumed
that the present results were based on the strong associa-
tion between pancreatic fibrosis and PC, which has already
been reported as a result of activation of PSCs and second-
ary to pancreatic ductal obstruction or pancreatitis."

Stepwise multiple regression analysis demonstrated that
the SIR on 3D-FFE T1-weighted images was independently
associated with the grade of pancreatic fibrosis and that
there was no significant correlation between any of the MRI
measurements and the grades of fat deposition or intersti-
tial oedema, except for the marginal correlation between
the ADC value and grade of interstitial oedema. It is well

Figure 4 Axial 3D T1-weighted FFE image in a 73-year-old woman
with pancreatic head cancer. Histopathological examination showed
the pancreatic fibrosis grade of F3. The signal intensity ratio was 0.92.
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Figure 5 Axial 3D T1-weighted FFE image in a 74-year-old man with
ampullary cancer. Histopathological examination showed the
pancreatic fibrosis grade of F1. The signal intensity ratio was 1.62.

known that normal pancreatic parenchyma exhibits relative
hyperintensity on T1-weighted images because the
pancreatic juice is rich in glycoproteins and the endo-
plasmic reticulum within the pancreatic cells contribute to
the T1 shortening effect'*!>; however, the signal intensity
of the pancreas on T1-weighted images gradually decreases
with progression of pancreatic atrophy, fibrosis, interstitial
oedema, or fat deposition.? According to the present results
of multiple regression analysis, the decreased SIR on 3D-FFE
T1-weighted images was mainly caused by pancreatic
fibrosis, rather than by fat deposition or interstitial oedema.

A previous report also demonstrated that the pancreatic
ADC value was significantly lower in patients with acute
pancreatitis than in controls.'® Another report discussed
that there might be several reasons for the decreased ADC
value observed in acute pancreatitis; these include acinar
cell death, invasion of the acinar space by poly-
morphonuclear leukocytes, deposition of fibrin in intercel-
lular spaces, and microthrombi in blood vessels.!” In the
present study, there was a negative weak correlation be-
tween the ADC value and the grade of interstitial oedema
grade on univariate analysis. ADC may be a possible
biomarker for estimating the degree of pancreatitis or
interstitial oedema.

According to the present results, the SIR on 3D-FFE T1-
weighted images and the ADC value reflected pancreatic
fibrosis and interstitial oedema, respectively. These results
support the development of paraneoplastic pancreatic
fibrosis in patients with PC. Therefore, pancreatic fibrosis is
more frequently caused by PSC activation and/or obstructive
pancreatitis in patients with PC than in those with non-PC. In
any case, pancreatic fibrosis was strongly associated with
POPF and the SIR on 3D-FFE T1-weighted images, rather than
the ADC value, was more strongly correlated with POPF.

Y. Noda et al. / Clinical Radiology 74 (2019) 490.e1—490.e6

The present study had several limitations. First, the
single-centre, retrospective study design with a relatively
small sample size might have caused selection bias. Further
prospective clinical studies need to be performed on a
larger population to validate the present results. Second,
free-breathing diffusion-weighted images were used. The
respiratory motion-related artefacts may have incurred a
certain degree of errors in the measurements of the ADC
value.

In conclusion, the frequency of POPF was significantly
higher in patients with non-PC than in those with PC and
was inversely related to the grade of pancreatic fibrosis. The
SIR on the 3D-FFE T1-weighted images might be a potential
imaging biomarker for predicting POPF.
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