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Abstract. Background/Aim: We investigated whether the
malignant switch of intraductal papillary mucinous neoplasm
(IPMN) of the pancreas can be predicted by using the Tlo,
T2, and apparent diffusion coefficient (ADC) values of cyst
fluid. Patients and Methods: We retrospectively analyzed the
magnetic resonance (MR) images of 60 patients (26 males, 34
females, mean age 61 years) with branch-duct type and mixed-
type IPMNs. The IPMNs were diagnosed clinically in 39
patients and histologically in 21 patients. The malignant
potential was classified by MR imaging based on the
international consensus guidelines for the management of
IPMN established in 2017. Morphologically, 42 patients had
"worrisome features" and three had "high-risk stigmata."
Histologically, 14 lesions were diagnosed as low-grade
dysplasia and seven as intermediate-grade dysplasia. The
Tlo, T2, and ADC values of cyst fluid in each patient’s largest
cyst were measured on the same slice, avoiding solid
components. Spearman’s rank correlation test was used to
determine the correlation between the morphological
malignancy and the Tlo, T2, and ADC values. These values
were also compared between the low-grade and intermediate-
grade groups by Mann—Whitney U-test. Results: There was a
significant rank-correlation between the morphological
classification and T2 value (p=0.04). The T2 value of the
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intermediate-grade group was significantly higher than that
of the low-grade group (p=0.03). No significant correlations
were morphologically or histologically obtained regarding
T1o and ADC. Conclusion: The T2 value of cyst fluid together
with other MR-signs may be useful for predicting the
malignant switch in IPMN of the pancreas.

The identification of intraductal papillary mucinous neoplasms
(IPMN:s) is increasing with the improvements of diagnostic
imaging. IPMNs exhibit a spectrum of neoplastic
transformation and are not always carcinomas (1, 2), and thus
patients with IPMNs may not necessarily need surgery or
chemotherapy. However, some IPMNs evolve over time and
can become malignant, and therefore surveillance is carried
out for most patients with IPMNs (3). Important roles in this
surveillance are held by imaging procedures such as computed
tomography (CT), ultrasonography (US), and magnetic
resonance imaging (MRI), because the malignancy of IPMNs
is assessed based on morphological features including the size
of the cysts, the diameter of the main pancreatic duct (MPD),
and the presence of mural nodules (4, 5). The cyst fluid from
IPMNSs has not been a focus of assessment of IPMNs and their
malignancy, but the aspects of cyst fluid such as the type of
mucin, pH, tumor protein, and glucose concentration can vary
according to the degree of malignancy (6-8).

Endoscopic ultrasound-fine needle aspiration (EUS-FNA)
is one of the diagnostic methods used to evaluate cyst fluid,
but it cannot be performed easily because it is an invasive
procedure and may cause leakage of the cyst contents,
potentially leading to peritoneal dissemination or gastric
seeding (9, 10). A new noninvasive diagnostic method for
determining the condition of cyst fluid is desired, as such a
method could make the prediction of the malignant switch
of IPMNs more accurate.
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Table 1. Morphological classification based on the International Consensus Guideline 2017.

Classification Risk of malignancy

Findings

High-risk stigmata Highly suggestive of malignancy

1) Obstructive jaundice in a patient with cystic lesion of the head of the pancreas

2) Enhancing mural nodule =5 mm
3) MPD =10 mm in size

Worrisome feature Possible malignancy

1) Cyst =3 cm

2) Enhancing mural nodule <5 mm

3) Thickened/enhancing cyst walls

4) MPD size 5-9 mm

5) Abrupt change in caliber of pancreatic duct with distal pancreatic atrophy
6) Lymphadenopathy

7) Increased serum level of CA19-9

8) Cyst growth rate =5 mm/2 years

Other Not classified into HRS or WF

No WF and a definite branch duct type

HRS: High-risk stigmata; WF: worrisome features; OT: other; MPD: main pancreatic duct.

One of the existing noninvasive diagnostic methods for
IPMNSs is MRI, which is clinically used to evaluate internal
properties of a lesion in addition to morphological features.
Since patients with IPMNs require repeated imaging
examinations for follow-up, MRI also has the advantage of
avoiding repeated radiation exposures. The relaxation time
characteristics such as T2 and T1g can be quantified with MRI.
We speculated that these relaxation times as well as the apparent
diffusion coefficient (ADC) measured on diffusion-weighted
imaging (DWI) have the potential to describe the condition of
cyst fluid. It was reported that these relaxation times are
sensitive to changes in the macromolecular composition and the
content of biological tissues (11). We hypothesized that if these
parameters are indicative of the changes in cyst fluid, they could
be a new biomarker for the assessment of the malignant switch
of IPMNs. We conducted the present study to determine
whether the malignant switch of IPMNs can be predicted by
using the T1g value, T2 value, and/or ADC value of cyst fluid.

Patients and Methods

Patients. This study was approved by the institutional review board of
our hospital (approval no. 28-291). All methods were performed in
accordance with the relevant guidelines and regulations, and all of the
participants signed a written informed consent prior to their MRI scans.

Referring to the medical data recorded at our hospital, we
retrospectively reviewed the MR images of 85 patients with branch-
duct-type or mixed-type IPMNs examined during the 2.5-year
period from October 2015 to April 2018. Patients were excluded for
the following reasons: lack of scanning of T19/T2 map (n=6),
difficulty in evaluating the T2 map due to small cyst size (n=2),
overlying artifacts (n=8), and a lesion outside of the scanning range
(n=9). The final total of 60 patients were enrolled in the study.
IPMNs were diagnosed clinically in 39 patients and histologically
in the other 21 patients. There were 35 BD-IPMNs and 25 mixed-
type IPMNs. The patients were 26 men and 34 women (age
range=41-87 years; mean age 61 years).
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MR techniques. All MRI scans were performed on a 3.0 T MRI
scanner (Ingenia, Phillips Healthcare, Best, The Netherlands) with a
32-channel body coil. All 60 patients underwent MR examinations
including magnetic resonance cholangiopancreatography (MRCP),
T1o map, T2 map, and DWI. The imaging protocol included MRCP
images [Repetition time (TR)/ Echo time (TE)=1,230/384 ms, echo
train length=100, field of view (FOV)=30x30 cm; matrix=320x319,
slice thickness=1 mm, volume thickness=80 mm, respiratory-
triggered], DWI images (TR/TE=1,135/58 ms, FOV=38x38 cm;
matrix=112x116, slice thickness=5 mm, intersection gap=1 mm, 0.676
half scan factor, 1 signal average, spectral pre-saturation inversion
recovery, 2.5 SENSE factor, b-factor of 0, 500, and 1,000 s/mm?2,
diffusion gradients applied in three axes, 2.5 sections acquired. ADC
maps were automatically generated on the operating console using all
three images, with b-factors of 0, 500, and 1,000 s/mm?2) and the
T10/T2 quantification sequence (TR/TE=1.6/5.4 ms, FOV=360x306
mm, matrix=160x128, slice thickness=10 mm, time of
recovery=10,000 ms, number of slices=3; For T1g: the times of the
spin lock pulse [TSL]=0/20/40/60 ms, spin-lock frequency=500 Hz;
For T2: preparation TE=0/20/40/60ms; total acquisition time=17 s).

When a mural nodule was suspected on MRCP, fat-suppressed
gradient-echo T1-weighted images with an enhanced three-
dimensional T1 high-resolution isotropic volume excitation
(eTHRIVE) were obtained before and after hand injection of a total
amount of Gadobutrol (Gadovist: Bayer, Osaka, Japan) based on the
patient’s body weight (0.1 mmol/kg). The imaging parameters of
eTHRIVE were as follows: TR/TE=3.0 ms/1.4 ms, flip angle (FA)
10°, matrix=252x200, FOV=36x36 cm, slice thickness/gap=3
mm/—1.5 mm, Spectral Selective Water Suppression Prepulse
(SPAIR), scan time 17.9 s, and breath-holding.

Image analysis.

Evaluation of the malignant potential of IPMNs. Morphological
classification: We classified the IPMNs into three categories
dependent on the interpretation results: "high-risk stigmata" (HRS),
"worrisome feature" (WF), and "other" (OT). These malignancy
categories were based on the International Consensus Guidelines
2017 for the management of IPMN and mucinous cystic neoplasm
(MCN) of the pancreas (3) (Table I). Two radiologists (S.T. and
A N. with 7 and 23 years of experience as radiologists, respectively)
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Table II. The correlation between morphological classification and cyst size, MPD, Tlo, T2 or ADC.

Cyst size (mm) MPD (mm) Tlg (ms) T2 (ms) ADC (x10-3 mm?/s)
High-risk stigmata (n=3) 54+29.2 11.7+5.8 375.0+68.8 423.4+104.6 3.32+0.58
Worrisome features (n=42) 38.4+74 4.6+2.0 361.2+122.1 367.7£109.7 3.12+0.30
Other (n=15) 23.6+4.5 34+0.7 361.8+135.7 307.5£108.0 3.07+0.26
Rho 0.69 0.40 -0.009 0.26 0.09
p-Value <0.0001 0.0014 0.94 0.04 0.47

MPD: Main pancreatic duct; ADC: apparent diffusion coefficient.

Table III. Summary of cyst size, MPD diameter, T190 value, T2 value or ADC value in histological classification.

Cyst size (mm) MPD (mm) T1o (ms) T2 (ms) ADC (x10-3 mm?/s)
Intermediate-grade dysplasia (n=7) 46.6x£19.4 6.0+4 .4 401.5+68.9 406.9+82.2 3.35+0.32
Low-grade dysplasia (n=14) 33.9+9.6 6.36+3.7 331.1£156.8 294.0+112.5 3.10+0.32
p-Value 0.08 0.40 0.40 0.03 0.14

MPD: Main pancreatic duct; ADC: apparent diffusion coefficient.

performed all the measurements of cyst size, the MPD dilatation,
and the mural nodules on the MRCP images consensually using a
picture archiving and communication system (PACS) workstation
(Synapse; Fuji). They were blinded to the patients’ histologic
diagnosis as well as all clinical and laboratory information. Cyst
size was defined as the major axis diameter on axial or coronal
view. For multiple lesions, we mainly focused on the largest cyst.
MPD diameter was recorded at the maximal point of MPD
dilatation. Mural nodules were defined as hyperdense nodules that
protruded into the dilated branch duct, which enhanced after the use
of contrast agents during MRI.

Measurement of the T1o, T2, and ADC values of the IPMNs. For
the measurement of the T1o and T2 values, the T19 and T2 maps
were generated by using original software in an Interface Definition
Language (IDL) virtual machine. Tlgo and T2 maps were
reconstructed by fitting the T1p- and T2-weighted images voxel-by-
voxel to the following equations:

T1o map: S (TSL)=S (0)xexp (-TSL/T19)
T2 map: S (TE)=S (0)xexp (-TE/T2)

The Tlo and T2 values were measured by using the software
Image] (ver. 1.80, U.S. National Institutes of Health, MA, USA).
We selected a slice on each cyst that appeared to be the largest of
the three slices and then placed as large a region-of-interest (ROI)
as possible on the T1¢ and T2 maps, avoiding areas of artifacts and
solid parts.

We measured the ADC values by using a PACS workstation. We
selected the same slice on which the Tl1g and T2 values were
measured and then placed as large an ROI as possible on the ADC
map, avoiding areas of artifacts and solid parts.

Histological analysis. Twenty-one IPMNs confirmed by surgery
(n=1) or biopsy (n=20) were assessed by one pathologist (Y.K., with
10 years of experience as a pathologist). The lesions were

subcategorized based on the degree of dysplasia, consistent with the
2010 World Health Organization classification. The most
predominant degree of dysplasia was recorded for each lesion.

Statistical analysis. We assessed the correlations between the
morphological classification (i.e., HRS, WF, OT) and the MRI
findings such as cyst size, MPD diameter, T1p value, T2 value, and
ADC value by using Spearman’s rank correlation test. The
comparison of the average cyst size, MPD diameter, T1o value, T2
value, or ADC value with the histological classification was
performed using the Mann—Whitney U-test. Results with p-values
<0.05 were considered significant. All analyses were performed
using R ver. 3.1.1 software (12).

Results

Morphological and histological classification findings. By
the morphological examination, the 60 patients were
classified into HRS (n=3), WF (n=42), and OT (n=15). The
21 histologically confirmed IPMNs were classified into
seven cases with intermediate-grade dysplasia and 14 cases
with low-grade dysplasia.

Correlations between the morphological classifications and
MRI findings. Table II shows the correlations between the
morphological classifications and the cyst size, MPD
diameter, T1p value, T2 value, or ADC value. In addition to
cyst size and MPD diameter, the T2 value was also
significantly associated with the morphological malignancy
(Figure 1). In contrast, there was no significant rank-
correlation between the morphological classification and the
T1p value or the ADC value (Figure 2).
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Cyst size; 50mm, MPD; 5mm

Cyst size; 47mm, MPD; 5mm

Cyst size; 20mm, MPD; 3mm

Figure 1. Clinical cases’ T2 map and MRCP findings in high-risk stigmata (HRS), worrisome feature (WF), and other (OT). A, B) Representative
HRS case with an enhancing solid component within the cyst. A) A high T2 value (525.8 ms) was shown on the T2 map. B) Magnetic resonance
cholangiopancreatography (MRCP) findings: Intraductal papillary mucinous neoplasm of the secondary duct, multifocal (located in the head, body
and tail). C, D) Representative WF case due to cyst size. C) A moderate T2 value (380.9 ms) was shown on the T2 map. D) MRCP: Intraductal
papillary mucinous neoplasm of the secondary duct, located in the head. E, F) Representative OT case. E) A low T2 value (119.4 ms) was shown
on the T2 map. F) MRCP: Intraductal papillary mucinous neoplasm of the secondary duct, located in the tail.

Comparison of MRI findings with the histological classifications.
Table III compares the MRI findings between the intermediate-
grade dysplasia group (n=7) and the low-grade dysplasia group
(n=14). The T2 values were significantly higher in the
intermediate-grade dysplasia group compared to those in the
low-grade dysplasia group (Figure 3). There was no significant
difference between the two groups in cyst size, MPD diameter,
T1p value or ADC value (Figure 4).
Discussion
The results of our present retrospective analysis
demonstrated that 1) there was a significant rank-correlation
between the morphological classification and the T2 values
of cyst fluid, and 2) the T2 values of the intermediate-grade
dysplasia group were significantly higher than those of the
low-grade dysplasia group. To our knowledge, this is the first
study to demonstrate a relationship between the T2 value and
the degree of malignancy in IPMN. The histology reflects
the malignancy of a target IPMN, while the morphology of
the malignancy reflects both the target lesion and its
progress. However, cyst fluid’s T2 values were correlated
with two kinds of malignancy set up in the present study.
Radiological modalities such as CT and MRI play a vital
role in the surveillance of IPMNs, but the existing literature
regarding their diagnostic accuracy and ability to assess the
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involvement and size of the main pancreatic duct in IPMN is
limited (13, 14). According to the International Consensus
Guidelines 20173, EUS is recommended when worrisome
features are suspected on CT/MRI. In addition, MRI has shown
less accurate results than EUS to identify nodules and/or
vegetation (15). These findings represent the limitations of
MRI for surveillance. In contrast, recent studies used cystic
fluid not only for diagnosis but also to assess the tumor grade
(16-18). Therefore, the assessment of cyst fluid could improve
the management of IPMNs using MRI.

Our present findings revealed that of the T2, Tlg, and
ADC values, only the T2 value can be associated with the
degree of malignancy in IPMN. One of the causes of this
result is the mucin profile. Mucin is a hydrophilic
macromolecular substance. In earlier research, core proteins
for mucins (MUCs) were detected by immunohistochemistry.
The mucin expression profile of IPMN cells is a major
contributor to the phenotypic classification of IPMNs and is
associated with the degree of malignancy. It was shown that
IPMNs with an aggressive behavior and a poor outcome
expressed MUC1 but did not express MUC2, whereas IPMNs
with indolent behavior and a favorable outcome did not
express MUCI but did express MUC2 (19-23). MUC1 is one
of the membrane-tethered mucins expressed on the surface
of epithelial cells. In contrast, MUC?2 is one of the human
gel-forming secreted mucins.
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Figure 2. Rank-correlations between the morphological classification and the T19o value, T2 value, or ADC value. The T2 value was significantly
associated with the morphological classification (p=0.04, r=0.26). *p<0.05, OT: other, WF: worrisome features, HRS: high-risk stigmata.

We hypothesize that the binding of water to mucin results
in an increase in the amount of bound water, a decrease in
the tumbling rate of protons, and finally the occurrence of
the T2 shortening effect. Because T2 values were measured
by placing ROIs in the center of IPMNs, the T2 values
should be lower in MUC2-positive cysts (which are
suggestive of less malignancy) and higher in MUC1-positive
cysts (suggestive of more malignancy). This hypothesis can
account for the present observation that the T2 value was
higher in both the morphologically and histologically
malignant groups. Considering that IPMNs exhibit a
spectrum of neoplastic transformation, using the T2 value
may predict malignant switch of IPMNs earlier than doing
so based on the morphological transformation.

In fact, we observed that the cyst size and MPD diameter
did not differ significantly between our patients with
intermediate-grade dysplasia and those with low-grade
dysplasia. The T2 value of the cyst fluid may enhance the
diagnostic performance of the malignant potential and may
be useful for the management of IPMN. For instance, in
cases in which the T2 value of the cyst becomes higher
during surveillance, it might be better to shorten the follow-
up interval or to perform another work-up for the [IPMN in
order to capture malignant transformation earlier.

New imaging techniques such as the T1p map reveal the
molecular level and could provide new perspectives in the
imaging of IPMN. The cyst fluid of an IPMN changes as its
malignancy progresses. The T1g value of the IPMN can be

used to investigate tumor components by reflecting the
interactions between motion-restricted water molecules and
their local macromolecular environment. However, our present
analyses revealed no correlation between the T1g values and
the degree of malignancy of the IPMNs. There were several
reasons for this result, as follows. First, the optimal scan
settings remain obscure because there are no previous studies
of T1p maps for IPMNs. The TSL and TE used herein were
set at values related to previous investigations on the
prediction of liver fibrosis (24, 25). Second, the T1Q value
could be too long to be measured due to the noise, because a
long TSL provides low signal intensity. Third, a quantitative
evaluation of cyst fluid using T1o mapping may not be
appropriate for predicting the malignancy of IPMNs because
the water molecule dispersion within the cyst is too large. The
development of a new scanning technique may enhance the
performance of T19 mapping. This is an important issue to be
solved in future research.

Our analyses also showed that there was no significant
difference in the ADC values between the present low-grade
dysplasia and intermediate-grade dysplasia groups. In earlier
studies, benign lesions tended to have lower cyst fluid viscosity
than more malignant lesions (26, 27), which may indicate that
the diffusion in low-grade IPMNs is less restricted. In fact,
several research groups have described the utility of ADC
values for assessing the aggressiveness of [IPMNs (28-31).
Those researchers reported lower ADC values in branch-duct
IPMNs with high-grade dysplasia (28), in malignant IPMNs
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Figure 3. Clinical cases’ T2 map and magnetic resonance cholangiopancreatography (MRCP) in intermediate-grade dysplasia and low-grade
dysplasia. A, B) Representative case of intermediate-grade dysplasia IPMN. A) A high T2 value (393.8 ms) was shown on the T2 map. B) MRCP:
Intraductal papillary mucinous neoplasm of the secondary duct, multifocal (located in the head, body and tail). C, D) Representative case of low-
grade dysplasia IPMN. C) A low T2 value (165.5 ms) was shown on the T2 map. D) MRCP: Intraductal papillary mucinous neoplasm of the

secondary duct, multifocal (located in the head and tail).

(30), and in IPMNs with a focal invasive component (31).
These studies defined low-grade dysplasia or intermediate-
grade dysplasia as benign IPMN. Our present findings are thus
consistent with those of the previous reports. Simply put, an
ADC map may be inappropriate for predicting the malignancy
of incipient IPMNs.

In recent years, detailed histologic and genetic analyses
have clarified the mechanisms underlying the progression
from IPMN to pancreatic ductal adenocarcinoma (PDAC)
(32). There are three different pathways of progression: the
sequential subtype, the branch-off subtype, and the de novo
subtype. The field carcinogenesis of each of these pathways
differs, and the precursors — including incipient IPMN — are
already diverse (32). The characteristics of incipient IPMNs
could thus be important for surveillance; that is, our results
suggest that only T2 mapping may be useful for the detection
of malignant switch of IPMNs at the stage of early neoplastic
change.

This study has some limitations. There could have been an
influence of the partial volume effect on the measurement of
the T1o and/or T2 values, especially for small-sized lesions.
However, there was no significant difference in lesion size

3900

between our low-grade and intermediate-grade dysplasia
groups. There could also have been differences in the slice
level between the images obtained with different TSL or TE
values. Our cohort had a small number of IPMNs classified
as HRS (n=3) and no IPMN classified as being in the high-
grade dysplasia group. Thus, to translate T2 imaging into
clinical applications for use as an early imaging biomarker of
the IPMN grade, further technical improvements and larger
HRS cohorts are warranted. In addition, the histological
confirmation of IPMN was obtained by biopsy, not surgery.
The most predominant degree of dysplasia may be actually
changed. Finally, this study focused on cyst fluid and did not
assess the risk of the entire pancreas, such as PDAC
concomitant with IPMN. However, it seems appropriate to
focus on cyst fluid of incipient IPMNs from the standpoint of
their progression to PDAC because the incipient IPMNs are
already diverse.

In conclusion, the T2 value of cyst fluid was significantly
increased as the malignancy of IPMNs advanced
morphologically and histologically. The T2 value of cyst
fluid may be useful for predicting the malignant switch in
IPMN of the pancreas.
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Figure 4. Box plot showed comparisons between low-grade dysplasia (low-grade) and intermediate-grade dysplasia (intermediate-grade) in each
parameter: cyst size, main pancreatic duct (MPD) diameter, T10 value, T2 value, and apparent diffusion coefficient (ADC) value. The box shows
the interquartile range (IQR). The whiskers add 1.5 times the IQR to the 75 percentile and subtract 1.5 times the IQR from the 25" percentile.
The T2 value was significantly higher in the intermediated-grade dysplasia group than in the low-grade dysplasia (p=0.03).
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