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Original Article

Quantitative parameters of intravoxel incoherent motion diffusion
weighted imaging (IVIM-DWI): potential application in predicting
pathological grades of pancreatic ductal adenocarcinoma
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Background: The aim of this study was to compare intravoxel incoherent motion diffusion weighted
imaging (IVIM-DWI) parameters such as standard apparent diffusion coefficient (ADCy,,4.ra), pure diffusion
coefficient (Dy,,), pseudodiffusion coefficient (Dy,,) and perfusion fraction (f) for differentiating pancreatic
ductal adenocarcinoma (PDAC) with different pathological grades.

Methods: Institutional Review Board of our hospital approved this study protocol. Subjects comprised
38 PDAC:s confirmed by pathology. Pancreatic multiple b values DWI with 15 b values of 0, 10, 20, 40,
60, 80, 100, 150, 200, 400, 800, 1,000, 1200, 1,500, and 2,000 s/mm’ was performed using GE Discovery
MR750 3.0T scanner. ADC,, g0y D

exponential models. Parameters of well/moderately differentiated and poorly differentiated PDAC were

dow D and f values of all PDACs were calculated using mono- and bi-
compared using Independent Sample #-test. P values <0.05 were considered significant.

Results: Mean Dy, value of well/moderately differentiated PDAC was significantly lower than that of
poorly differentiated PDAC (0.540x107 zs. 0.676x10™ mm?/s, P<0.001). Mean f value of well/moderately
differentiated PDAC was significantly higher than that of poorly differentiated PDAC (60.3% vs. 38.4%,
P<0.001). The area under curve value of f in differentiating well/moderately differentiated PDAC from
poorly differentiated PDAC was slightly higher than that of Dy, (0.894>0.865). When the D, value was
less than or equal to 0.599x10” mm?/s, the sensitivity and specificity were 100% and 84.6% respectively.
When f value was greater than 49.6%, the sensitivity and specificity were 92.0% and 84.6% respectively.
Conclusions: D, and f derived from IVIM-DWI model can be used to distinguish well/moderately
differentiated PDAC from poorly differentiated PDAC. And to serve this purpose, Dy, and f have high
diagnostic performance. IVIM-DWI is a promising and non-invasive tool for predicting pathological grade
of PDAC.
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pseudodiffusion coefficient; perfusion fraction
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is one of the
leading death causes of cancer worldwide (1). Surgical
eradication is the only curative therapy for PDAC. However,
most PDAC patients have no chance to receive surgery due
to metastasis or local invasion at the diagnosis (2). Therefore,
a non-invasive detection and diagnosis method at the early
stage of PDAC is needed to improve efficacy and prognosis
and to fill in the blank in this area (3,4).

A meta-analysis about imaging tests for staging of
PDAC showed that endoscopic ultrasound with fine-
needle aspiration (EUS-FNA) was more accurate than CT
in T staging and similar in accuracy to CT in assessing
resectability (5). However, another meta-analysis showed
EUS-FNA had the most frequent rate of adverse reaction
such as pancreatitis, a procedural pain, bleeding and
perforation compared with other imaging modalities (6). A
study has shown that perfusion CT can predict tumor grade
of PDAC (7). However, excess exposure to radiation limits
its application in evaluating PDAC.

Apparent diffusion coefficient (ADC) derived from
diffusion weighted imaging (DWI) can be used to measure
the magnitude of hindered water diffusion in tissues. It
can be applied to assess tissue microstructure at the early
stage of diseases. DWI has been increasingly applied in
differentiating benign lesions from malignant ones in the
abdomen as MR technology advances. Recently, DWI has
been extensively used to detect and characterize pancreatic
lesions (2,8-21). However, conflicting results have been
reported for ADC values in characterizing pancreatic
cancer (PC). Yoshikawa et al. (22) reported that PC had a
higher ADC value than normal pancreas while some studies
showed no significant difference in ADC values between
PC and normal pancreatic parenchyma (8,17-19). However,
more studies have shown that ADC values of PC are much
lower than those of normal pancreas (13-16,20).

The ADC values can reflect Brownian motion of water
protons not only in tissue extracellular and intercellular
space but also in tissue microcirculation (perfusion effects)
(23-25). Perfusion effects may affect the reliability of
ADC in characterizing tissue microstructure (26). Based
on the intravoxel incoherent motion (IVIM) model, DWI
with sufficient b values by using the biexponential analysis
enables to separately reflect pure tissue diffusivity and
information about microcapillary perfusion (10,23-27).
Intravoxel incoherent motion diffusion weighted imaging
(IVIM-DWI) can simultaneously provide information about

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

Ma et al. IVIM of pancreatic ductal adenocarcinoma

tumor perfusion and diffusion characteristics without using
contrast medium, which is meaningful to patients with renal
insufficiency (28). Although quantitative parameters derived
from IVIM-DWI have been increasingly used to diagnose
and differentiate pancreatic lesions recently (10,11,14,18),
there has been no report applying them in classifying
PDAC into different pathological grades.

Therefore, our study aimed to compare IVIM-DWI
derived parameters such as standard ADC (ADC,,d.ra0)s
pure diffusion coefficient (D,,,), pseudodiffusion coefficient
(Dyy) and perfusion fraction (f) of PDAC with different
pathological grades.

Methods
Patients

The study protocol was granted by the Institutional Ethical
Review Board of our hospital with a waiver of informed
consent. From May 2014 to August 2017, 108 patients with
a suspect focal solid pancreatic mass seen in CT examination
were referred for inclusion in this study. Eligibility inclusion
criteria included: histologically confirmed diagnosis of
PDAC by surgery or aspiration biopsy; PDAC with clear
pathological grade; without chemotherapy or radiotherapy
before MRI examination; and no contraindications to
MRI examination. Finally, among 108 patients, 70 were
excluded due to various reasons. The case accrual process
was summarized in Figure 1. Finally, 38 patients (25 men
and 13 women, age range: 20-73 years, mean age: 53.2+
14.2 years) with histopathologically confirmed PDAC were
enrolled in this study. Of these, 25 patients were proven
to be well/moderately differentiated PDAC, and 13 to be
poorly differentiated PDAC. All patients in the final cohort
underwent routine pancreatic MR imaging and multiple b
values DW imaging within 1 week before surgery.

MRI protocols

All MR examinations were performed at a whole-body 3.0T
MR scanner (Discovery MR750, GE Medical Systems,
Milwaukee, Wis., USA) with a 32-channel body array coil.
Routine pancreatic MR imaging protocols included axial
respiratory triggering fat-suppressed FSE T,WI and 3D
Liver Acquisition with Volume Acceleration Flex (LAVA
Flex) sequence with breath-hold. Pancreatic axial respiratory
triggering DW imaging was employed with 15 b values of
0, 10, 20, 40, 60, 80, 100, 150, 200, 400, 800, 1,000, 1,200,

gims.amegroups.com Quant Imaging Med Surg 2018;8(3):301-310
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108 patients with a suspect focal solid pancreatic mass
seen in CT examination

55 patients excluded due to pathology
other than PDAC:
PNET (n=43)
SPT of pancreas (n=8)
accessory spleen located in pancreas
(n=1)
cholandiocarcinoma located in
pancreatinc segment of common bile
duct (n=2)
mass trpe chronic pancreatitis (n=1)

\ 4

> 6 patients lost to follow-up

9 PDAC confirmed by biopsy without
pathological grade

Y

38 PDAC confirmed by surgery with pathological grade
were enrolled in thos study finally

Figure 1 Flowchart shows patient selection process. Of all the
108 patients, 38 were finally enrolled. CT, computed tomography;
PDAC, pancreatic ductal adenocarcinoma; PNET, pancreatic
neuroendocrine tumor; SPT, solid pseudopapillary tumor; IPMN,

intraductal papillary mucinous tumor.

1,500, and 2,000 s/mm’. The detailed parameters for each
sequence were summarized in Table 1. No adverse events
occurred during MR examinations.

Data analysis

All DWT data were sent to an AW 4.6 workstation provided
by the manufacturer (GE Healthcare, Milwaukee, WI)
after the examination. All functional parameters maps were
post-processed using the MADC programs on AW 4.6
workstation.

Standard ADC value was calculated by mono-exponential
model using the total available b values according to the
following equation:

S(b)/Sy=exp(-b-ADC) [1]

The IVIM parameters were calculated by bi-exponential
fitting according to the following equation, suggested by Le
Bihan ez al. (24):

S(b)/Sy=F-exp(-b-Dy)+(1-f)-exp(-b-Dyey) 2]

Where S(b) corresponds to mean signal intensity on
DWI with a certain b value. S, is the mean signal intensity

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Table 1 Magnetic resonance imaging parameters
Sequences

Parameters

Axial FSE T2WI Axial LAVA flex  DWI
Repetition time, ms 10,000 4.3 6,600
Echo time, ms 70 1.6 81.5-82.3
Slice thickness, mm 4.0 4.0 4.0
Slice gap, mm 0.5 0 1.0
Matrix size, mm? 320x320 260x210 128x128
Field of view, mm’ 360x360 360x324  380x304
Number of excitation 1.5 1 1-8
Flip angle, °© 110 14 90
Bandwidth, Hz/pixel 62.5 200 250
Acquisition Time, s 120-240 11 480-660

Specific number of excitation for each b value is listed as follows:
10 [4], 20 [2], 40 [1], 60 [1], 80 [1], 100 [1], 150 [2], 200 [2], 400
[4], 800 [4], 1,000 [6], 1,200 [6], 1,500 [6], 2,000 [8] s/mm?®.
The numbers in brackets represent number of excitation.
FSE, fast spin echo; LAVA flex, liver acquisition with volume
acceleration flex; DWI, diffusion weighted imaging.

on DWI with b value=0. Dy, represents pure molecular
diffusivity where a physiological perfusion effect is
excluded. Dy, represents the average blood velocity and
mean capillary segment length. f represents the ratio of
water movement within capillaries compared with the total
volume of water in a voxel. Because Dy, is roughly one
order of magnitude greater than Dy, (29), -b-Dy,,, would
be less than -3 at a high b value (>200 s/mm?°), and the term
frexp(-b-Dy,) would be less than 0.05f and can therefore be
neglected. In this case, Eq. [2] can be simplified as follows:
S(b)/Sy=(1-f)exp(-bD,.) 3]
Hence, for high b values (>200 s/mm?) S(b) was first fitted
to Eq. [3] using a linear model, and then pure diffusion

coefficient Dy, was calculated. Although we had previously

calculated the f value using Eq. [3], its accuracy was not
acceptable. Therefore, f was recalculated using Eq. [2].
Then, we fitted S(b) for all b values using Eq. [2] with a
fixed Dy, value using the nonlinear Levenberg-Marquardt
method. When fitting Eq. [2], the initial estimated values
for f and Dy, were set as the previously calculated f value
from Eq. [3] and 10x10~ mm?/s, respectively. Subsequently,
the f and Dy, were obtained.

All measurements were performed by experienced
radiologists with 11 years of experience in abdominal MRI,
who were unaware of the histopathologic results. On DW

gims.amegroups.com Quant Imaging Med Surg 2018;8(3):301-310
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b=1000

B-values (s/mm?)
0 200 400 600 800 10001200 140016001800 2000
Oa—

) —PDAC(Ei—exponé ntibnél)
—+—Measured signals

b=2000 IVIM-curve

Figure 2 DW images with all b values and IVIM curve map. A poorly differentiated PDAC located in pancreatic head. The tumor shows

hyperintensity with different degree on DW images with different b value. The contrast-to-noise ratio increases gradually with the growth

of b value. DW, diffusion weighted; IVIM, intravoxel incoherent motion; PDAC, pancreatic ductal adenocarcinoma.

images with b value which showed tumor most clearly among
all DW images (Figure 2), the largest possible irregular regions
of interest (ROIs) for each PDAC were manually drawn
along the margin of tumor on three of the largest consecutive
lesion slices. More attention was paid to exclude vascular,
pancreatic duct, necrosis area within the lesion in process
of measurement. Well-matched copies of the ROI were
automatically and synchronously generated and appeared on
each functional map of ADC,,, 4, and IVIM-DWI parameters
on corresponding locations by using built-in software (MADC
programs on AW 4.6 workstation). The functional parameter
maps and ROI setting were shown in Figure 34,B,C,D,E.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

The average value of the results of three measurements was
used as the final result. ROI areas of PDAC ranged from
136 mm’ (long diameter x short diameter: 20.5 mm x
14.7 mm) to 895 mm’ (long diameter x short diameter:
46.7 mm x 34.2 mm) with mean areas of 444.75 mm’ (long
diameter x short diameter: 33.9 mm x 25.3 mm).

Statistical analysis

All statistical analyses were performed using SPSS Statistics
(version 17.0, SPSS Inc., Chicago, IL) and MedCalc (version
12.3, MedCalc Software, Mariakerke, Belgium). Parameter

gims.amegroups.com Quant Imaging Med Surg 2018;8(3):301-310
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Figure 3 The different functional parameter maps and ROI setting. ROI 3 represents the tumor area. (A) DW image with b value of

1,200 s/mm’; (B) the functional parameter pseudo color image of ADC, 4. (C) the functional parameter pseudo color image of Dy,,; (D)

the functional parameter pseudo color image of Dy, (E) the functional parameter pseudo color image of f. ROI, regions of interest; DW,

diffusion weighted; ADC,,, 4,0, Standard apparent diffusion coefficient; Dy, pure diffusion coefficient; Dy, pseudodiffusion coefficient; f,

perfusion fraction.

values were recorded as means = standard deviations. Cohen’s
Kappa statistics (k) was used to evaluate the inter-rater
agreement between the two observers for ADC and IVIM-
DWI parameters’ measurements. The Independent Sample 7
"Test was used for the comparison of ADCq,p4uras Ditows Diee 2and
f values between well/moderately differentiated PDAC and
poorly differentiated PDAC. The diagnostic performances
of IVIM-DWI derived parameters were evaluated using
receiver operating characteristics (ROC) analysis. The areas
under curve (AUC) values were compared, and the cut-off
values with the largest Youden index (the sum of sensitivity
and specificity) were calculated from the ROC-curves. The P
values less than 0.05 were considered statistically significant.

Results

Interobserver agreement in imaging analysis

The measurements of IVIM-DWI parameters and ADC
values had the excellent interobserver reproducibility. The
interobserver agreement showed the « value of 0.904 [95%
confidence interval (CI), 0.862-0.947] in ADC values. In
addition, the agreement between two observers was obtained
in Dyg,, Dgy and f values’ measurements with k values of

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

0.917 (95% CI, 0.885-0.949), 0.818 (95% CI, 0.706-0.930),
and 0.889 (95% CI, 0.840-0.939), respectively.

Quantitative analysis of IVIM-DWI parameters

Mean Dy, value of well/moderately differentiated PDAC
was significantly lower than that of poorly differentiated
PDAC (0.540x107 5. 0.676x10”° mm®/s, t=5.635, P<0.001).
Mean f value of well/moderately differentiated PDAC
was significantly higher than that of poorly differentiated
PDAC (60.3% vs. 38.4%, t=5.371, P<0.001). There were
no significant differences for ADC, 4. and Dy, between
well/moderately differentiated and poorly differentiated
PDAC (0.853x10” vs. 0.826x10° mm’/s, t=0.670, P=0.507;
and 3.448x107° vs. 4.225x107° mm?/s, t=0.917, P=0.365;
respectively). Detailed results were shown in Table 2. The
box and whisker plots (Figure 4) compared ADC,,,4.ra
and IVIM-DWI parameters between well/moderately
differentiated and poorly differentiated PDAC.

ROC analysis of IVIM-DWI parameters
AUC value of f was slightly higher than that of Dy, (0.894

gims.amegroups.com Quant Imaging Med Surg 2018;8(3):301-310
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Table 2 Comparison of IVIM-DWI parameters for well/moderately differentiated and poorly differentiated PDAC

Parameters Well/moderately differentiated PDAC (n=25) Poorly differentiated PDAC (n=13) t P

ADC yangard (x107° mm?/s) 0.853+0.092 0.826+0.151 0.670 0.507
Dyow (x107° mm?/s) 0.540+0.038 0.676+0.110 5.635 <0.001
Dpast (x107° mm?/s) 3.448+2.367 4.225+2.683 0.917 0.365
f (%) 60.3+8.9 38.4+16.3 5.371 <0.001

IVIM-DWI, intravoxel incoherent motion and diffusion weighted imaging; PDAC, pancreatic ductal adenocarcinoma; ADCstancara, Standard
apparent diffusion coefficient; Dsiow, pure diffusion coefficient; Drst, pseudodiffusion coefficient; f, perfusion fraction.

A 11004 B 000!
5 10001 —" T 0.800
< 2
svg 0.900 mg 0.700 1
x =}
% 0.800 1 % 06001
< 0.700 J 0.500 A L
0.600 1 0.400 A

Well/moderately Poorly Well/moderately Poorly
differentiated PADC  differentiated PDAC differentiated PADC  differentiated PDAC

C  10.0001 D  so0.0001

8.000 T

- 60.000 1

&

€ 6.000 1

£ s AC
o >

- “~ 40.000 -
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2.000 1 J_ 20,000 J_

0.000 1

WeII/mo'derater Po;)rly WeII/mc;derater Pozl)rly
differentiated PADC  differentiated PDAC differentiated PADC  differentiated PDAC
Figure 4 Box and whisker plots comparing IVIM-DWI parameters between well/moderately differentiated and poorly differentiated
PDAC. The middle line represents the median. The central box represents the measurements from the lower to the upper quartile (25-75
percentiles). Whiskers indicate the range from the maximum to the minimum parameters measurements. There is no significant difference
for ADC,,p4ra and Dy, between well/moderately differentiated and poorly differentiated PDAC (P=0.507 and 0.365, respectively) (A,C).
Mean Dy, value of well/moderately differentiated PDAC is significantly lower than that of poorly differentiated PDAC (P<0.001) (B). Mean
f value of well/moderately differentiated PDAC is significantly higher than that of poorly differentiated PDAC (P<0.001) (D). IVIM-DWI,
intravoxel incoherent motion and diffusion weighted imaging; PDAC, pancreatic ductal adenocarcinoma; ADC,,, .., Standard apparent

diffusion coefficient; Dy,,, pure diffusion coefficient; Dy, pseudodiffusion coefficient; f, perfusion fraction.
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Figure 5 ROC curves of Dy, and f for differentiating well/
moderately differentiated PDAC from poorly differentiated
PDAC. The diagonal line represents the reference line which
indicates the results for a test with 50% sensitivity and 50%
specificity. The largest AUC can be found for f and closely
followed by D
pure diffusion coefficient; f, perfusion fraction; PDAC, pancreatic

ROC, receiver operating characteristic; Dy,

slow*

ductal adenocarcinoma.

Table 3 Results of the ROC Analysis for Dsiow and f
Parameters AUC (95% CI) Optimal Cut-off Sensitivity Specificity

Dsiow 0.865 <0.599x 100%  84.6%
(0.714-0.954)  x10° mm%/s
f 0.894 >49.6% 92.0%  84.6%

(0.751-0.970)

ROC, receiver operating characteristic; AUC, area under the
ROC curve; Dsow, pure diffusion coefficient; f, perfusion fraction.

vs. 0.865). When D, value was less than or equal to
0.599x10” mm?/s, the sensitivity and specificity were 100%
and 84.6% respectively for differentiating well/moderately
differentiated PDAC from poorly differentiated PDAC.
When f value was greater than 49.6%, the sensitivity
and specificity were 92.0% and 84.6% respectively for
differentiating well/moderately differentiated and poorly
differentiated PDAC. ROC curve map was shown in
Figure 5. The detailed results were listed in Table 3.

Discussion

This study showed significant statistical difference in Dy,
and no significant difference in ADC,,4,.¢ between well/
moderately differentiated and poorly differentiated PDAC.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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The calculation of ADC value usually uses the mono-
exponential diffusion model which obeys the Gaussian
distribution based on water molecular Brownian motion in
vivo. However, water molecular diffusion iz vive biologic
tissues is much more sophisticated and always deviates from
Gaussian law (26). ADC value can be influenced not only by
water molecular diffusion in tissue microstructure but also
in tissue microcirculation (24,30). Therefore, ADC value is
no longer the true diffusion coefficient and cannot reflect
sophisticated true diffusion features of water molecular
in vivo tissues (26). Since the ADC,, 4., value in our study
was calculated based on conventional mono-exponential
diffusion model, it might not reflect true diffusion features
of water molecular iz vivo.

Quantitative parameters derived from IVIM-DWI can
separately reflect tissue diffusivity and tissue microcapillary
perfusion (10,23-27). Pure diffusion coefficient (Dy,,)
derived from IVIM-DWI with more and greater b values
can better eliminate the perfusion-related diffusion (31).
It can better reflect the obstacle of free diffusion of
intracellular and extracellular water molecules due to
barriers such as membranes, macromolecules, and fibers
(23,24,32). Quantitative parameters derived from IVIM-
DWTI with the higher b values can better reflect the
characteristics of the non-Gauss diffusion of water molecules
in the tissues (33). An increased number of b values can
decrease the CoV (coefficient of variation) of Dy, and
increase measurement accuracy (34). DWI in our study was
performed with 7 high b values (2200 s/mm®) and highest b
value up to 2,000 s/mm’. D, in our study might be closest
to the true diffusion characteristics of water molecules
in biological tissues. Glandular formation is the crucial
morphological characteristic for grading differentiation of
PDAC (35). Well/moderately differentiated PDAC shows
abundant fibrosis and glandular formation characterized by
neoplastic tubular and duct-like structures (35-37). These
tubular and duct-like structures contain massive mucus
rich in macromolecular protein, which may account for
restrained diffusion of water molecules in well/moderately
differentiated PDAC. Abundant fibrosis within well/
moderately differentiated PDAC can account for more
restricted diffusivity of water molecules iz vivo (8). In
contrast, poorly differentiated PDAC characteristically
shows limited to no glandular formation and mucus (35).
The variability of fibrosis content in poorly differentiated
PDAC may have no significant influence on ADC values
compared with well/moderately differentiated PDAC (8).
This may explain the significant difference in D, value

gims.amegroups.com Quant Imaging Med Surg 2018;8(3):301-310
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between poorly and well/moderately differentiated PDAC
observed in our study.

IVIM-DWI with more b values in segment of low b values
can get more accurate perfusion-related diffusion (31). DWI
in our study was performed with 8 low b values (<200 s/mm”).
The perfusion fraction f in our study might better
demonstrate perfusion characteristics of PDAC. IVIM-DWI
can better demonstrate tumor perfusion characteristics without
contrast enhancement (10,23-27). It may be a recommendable
substitute for perfusion MR imaging for its risk-free of
nephrogenic systemic fibrosis caused by contrast agents and
thus is especially suited for patients with contraindications
to contrast agents or patients with renal dysfunction (26,28).
The perfusion fraction f derived from IVIM-DWI describes
the volume fraction of intravoxel incoherent signals which
comes from the vascular component (23-27,38). The f derived
from IVIM-DWI showed significant positive correlation with
MVD (28). One study demonstrated that well-differentiated
PDAC contained higher MVD than poorly differentiated
PDAC (39). This could explain that f value of well/moderately
differentiated PDAC was significantly higher than poorly
differentiated PDAC in our study. Due to the high variance
and standard deviation (S.D.) in the quantitative analysis (31),
no significant difference in Dy, was observed between well/
moderately differentiated and poorly differentiated PDAC in
our study.

The IVIM-DWI derived f value showed higher diagnostic
performance and closely followed by Dy, in differentiating
well/moderately differentiated and poorly differentiated
PDAC. Wang et al. (40) reported that among the three
parameters, f derived from IVIM-DWTI offered the best
diagnostic value, followed by Dy,,, in evaluating liver fibrosis.
Both studies showed IVIM technique to be used in the
evaluation of abdominal organs. When Dy, value was less
than or equal to 0.599x10” mm’/s and f value was greater
than 49.6%, both sensitivities were greater than 90% and
specificities were 84.6% in differentiating well/moderately
differentiated and poorly differentiated PDAC.

Tumor grade of PDAC is a significant prognostic
indicator after resection (41,42). High tumor grade has
a larger impact on survival than tumor size and lymph
node metastases (43). Therefore, a non-invasive imaging
method for predicting pathological grade of PDAC
before surgery would be helpful to identify the aggressive
prognosis of poorly differentiated tumors. This may allow
clinicians to optimize therapeutic strategy and further
improve prognosis. Our study has shown that Dy, and f
can distinguish well/moderately differentiated and poorly

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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differentiated PDAC. IVIM-DWTI can be an important tool
for predicting pathological grade of PDAC before surgery.

There were several limitations in our study. First, our
study population included only a few poorly differentiated
PDAC. However, all patients underwent surgery and
acquired histopathological grade in our study. Second, only
a respiratory-triggered technique was used, but no pulse
or cardiac triggering was performed. This might lead to
heterogeneous perfusion parameters maps due to pulsating
motion influences caused by large vessels and the high S.D.in
the quantitative analysis, which may limit the measurement
reproducibility. Third, the influences of fibrosis on IVIM-
DWI parameters were not taken into account, which have to
be evaluated in further studies. Finally, the b-factor applied
in this study may not be optimal. Signal-to-noise ratio (SNR)
would decrease with higher b values than 1,000 s/mm’. Low
SNR of image with higher b-value would affect the accuracy
of measurement. DWI with more and higher b values would
increase sampling time. This needs to be further optimized
in order to balance parameter estimation reliability with
minimum sampling time.

In conclusion, both IVIM-DWTI derived parameters Dy,
and f have high diagnostic performance in distinguishing
well/moderately differentiated PDAC from poorly
differentiated PDAC. IVIM-DWI may be a promising non-
invasive tool for predicting pathological grade of PDAC.
Perfusion related parameter f derived from IVIM-DWI
can be used as an early biomarker in evaluating tumor
vascularity of PDAC without use of contrast agents.
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