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Objective: To evaluate the value of "F-fluorodeoxyglucose PET/MRI added to contrast-enhanced CT (CECT) in initial staging,
assessment of resectability, and postoperative follow-up of biliary tract cancer.

Materials and Methods: This retrospective study included 100 patients (initial workup [n = 65] and postoperative follow-up
[n = 35]) who had undergone PET/MRI and CECT for bile duct or gallbladder lesions between January 2013 and March 2020.
Two radiologists independently reviewed the CECT imaging set and CECT plus PET/MRI set to determine the likelihood of
malignancy, local and overall resectability, and distant metastasis in the initial workup group, and local recurrence and distant
metastasis in the follow-up group. Diagnostic performances of the two imaging sets were compared using clinical-surgical-
pathologic findings as standards of reference.

Results: The diagnostic performance of CECT significantly improved after the addition of PET/MRI for liver metastasis (area
under the receiver operating characteristic curve [A,]: 0.77 vs. 0.91 [p = 0.027] for reviewer 1; 0.76 vs. 0.92 [p = 0.021] for
reviewer 2), lymph node metastasis (0.73 vs. 0.92 [p = 0.004]; 0.81 vs. 0.92 [p = 0.023]), and overall resectability (0.79 vs.
0.92 [p = 0.007]; 0.82 vs. 0.94 [p = 0.021]) in the initial workup group. In the follow-up group, the diagnostic performance of
CECT plus PET/MRI was significantly higher than that of CECT imaging for local recurrence (0.81 vs. 1.00 [p = 0.029]; 0.82 vs.
0.94 [p = 0.045]).

Conclusion: PET/MRI may add value to CECT in patients with biliary tract cancer both in the initial workup for staging and
determination of overall resectability and in follow-up for local recurrence.

Keywords: Positron-emission tomography; Magnetic resonance imaging; Biliary tract neoplasms; Multidetector computed
tomography

INTRODUCTION

The global prevalence of biliary tract cancers such as bile
duct (BD) and gallbladder (GB) cancers exhibit striking
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variability, with the highest prevalence of BD cancer
reported in Southeast Asia [1] and that of GB cancer in
South America and Southeast Asia [2,3]. Recent reports
have shown that the prevalence and mortality rates are
continuously increasing in several countries [4]. To date,
surgery has been the only approach to achieve a cure,

and improved surgical techniques and radiation therapy
have made it possible to perform more aggressive curative
resections [5]. Indeed, tumor resection margins and
metastatic lymph nodes have been reported as important
determinants for recurrence-free and overall survival [6,7].
Thus, imaging tests for biliary tract cancers should provide
comprehensive information to guide the selection of
optimal surgical candidates by allowing accurate staging.
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Integrated "*F-FDG PET/MRI for Biliary Tract Cancer

Current major guidelines, including the National
Comprehensive Cancer Network [8] and the European
Association for the Study of the Liver [9] recommend
either contrast-enhanced CT (CECT) or MRI, but not PET
as a standard imaging modality for staging of BD cancer
[10]. Several studies have demonstrated the superior
performance of PET/CT to that of CT in detecting distant
metastases or metastatic lymph nodes in patients with BD
cancer, but its reported accuracy in detecting metastatic
lymph nodes was variable (13.3-91.7%) [11-13]. To date,
there has been no single ideal imaging modality for the
comprehensive evaluation of BD cancers, but instead, a
multimodal approach (e.g., multiphasic CECT plus MRI with
MR cholangiopancreatography plus PET) has frequently been
applied [14]. Recently, a whole-body **F-fluorodeoxyglucose
(FDG) PET/MRI system has been developed, and promising
results have been reported regarding its role in the
diagnosis, staging, and monitoring of various oncologic
diseases, including pancreatic and colorectal cancers
[15-18]. To our knowledge, however, there has been no
comparison between PET/MRI and CECT in patients with
biliary tract cancer, and data regarding the diagnostic
performance of PET/MRI are limited.

The purpose of this study was, therefore, to evaluate
the additional value of the integrated *F-FDG PET/MRI
compared with CECT alone in the initial staging, assessment
of resectability, and postoperative follow-up of biliary tract
cancers.

MATERIALS AND METHODS

Patients

This retrospective study was approved by our Institutional
Review Board, and informed consent was waived (IRB
No. 1908-134-1057). Inclusion criteria were consecutive
patients who underwent PET/MRI at our institution for
further evaluation of either a BD or GB lesion detected
on CECT from January 2013 to March 2020 (Fig. 1). The
decisions to perform PET/MRI in these patients were based
on multidisciplinary conferences, including abdominal
radiologists. Exclusion criteria were: 1) no reference
standard (n = 20); 2) > 2-month interval between CT and
PET/MRI (n = 6); and 3) concurrent hepatic metastases
from other primary malignancies (n = 3). A total of 100
patients were included; 65 patients underwent PET/MRI for
initial workup of the suspected biliary tract cancer, and 35
patients underwent PET/MRI for further characterization
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of a new lesion detected on follow-up CT after surgical
resection of biliary tract cancer.

Image Acquisition

CECT Imaging Protocol

Abdominopelvic CT examinations were performed using
multidetector CT (MDCT) scanners with 16-320 channels
(Supplementary Table 1) using 100 or 120 kVp. Images
were reconstructed with a 3-mm slice thickness and a
2-mm reconstruction interval. Patients underwent a multi-
phasic CT scan (n = 81), including precontrast, arterial, and
portal venous phases, or single- or dual-phase CT (n = 19).
In general, CECT scans were obtained after an injection of
iobitridol (Xenetics 350, Guerbet) based on body weight
(525 mg I/kg, 1.5 mL/kg) for 35 seconds (injection rate,
2.0-5.0 mL) with an automatic power injector (Stellant
Dual, Medrad) followed by a 30-mL saline flush. The CT scan
was performed from approximately 10 cm cranial to the
diaphragmatic dome to the anal verge.

PET/MRI Protocol

All examinations were performed using a 3T simultaneous
PET/MRI scanner (Biograph mMR, Siemens Healthineers). All
patients fasted for at least 6 hours before the examination.
The serum glucose levels were examined to ensure they
were < 200 mg/dL and each patient received an intravenous
injection of FDG (5.2 MBq/kg) 60 minutes before the scan.
Our PET/MRI protocol consisted of two parts [19]: 1) whole-
body PET/MRI and 2) dedicated PET/MRI (Supplementary
Material, Supplementary Tables 2, 3). The dedicated PET/MRI
protocol was either liver MRI using gadoxetic acid (n = 52)
or pancreatobiliary MRI using extracellular contrast media
(n = 48). Simultaneous regional PET was acquired while
performing a dedicated MRI. The total acquisition time for
PET/MRI was approximately 60-80 minutes.

Image Analysis

All images were reviewed by two board-certified
radiologists (8 years” experience in abdominal imaging,
including PET/MRI). They independently reviewed the CT
images first, followed by CT plus PET/MRI set without an
interval because this study aimed to evaluate the additional
value of PET/MRI to CT. The reviewers were blinded to the
clinical-surgical-pathologic results, except the fact that the
patients had suspected biliary tract cancer or a history of
surgery for biliary tract cancer.
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Patients underwent PET/MRI for further evaluation
of BD or GB lesion detected on CECT (n = 129)

No reference standard (n = 20)
No PET/MRI within 2 months after CECT (n = 6)

4

| Concurrent hepatic metastases from other primary
malignancy (n = 3)

‘ Study population (n = 100)

v v
‘ Initial workup (n = 65) ‘ ‘ F/U after surgical resection (n = 35) ‘
[ [
v v v ]
Surgical resection No surgical resection No recurrence Recurrence
(n = 40) (n=25) (n=28) (n=27)
Benignancy Malignancy Benignancy Malignancy Clinical diagnosis (n = 15)
(n=3) (n=137) (n=3) (n=22) Histopathologic analysis
\ \ - Liver biopsy (n = 11)
RO resection (n = 29) Local unresectability* (n = 3) ‘ B Tr(ans_—b;hary biopsy
R1/2 resection (n = 6) \ =)

Palliative op. (n = 2) Distant metastasis (n = 19) ‘

Reference standard for local resectability (n = 40)
1) Resectable
RO resection (n = 29)
R1/2 resection due to peritoneal seeding (n = 2)
Palliative op. due to peritoneal seeding (n = 1)
2) Unresectable
R1/2 resection (n = 4)
Palliative op. (n = 1)
Local unresectability* (n = 3)

Fig. 1. Patient enrollment process and clinical-surgical-pathologic findings in the study population. *Local unresectability was
determined on the basis of a multidisciplinary conference including imaging diagnosis of local unresectability. BD = bile duct, CECT = contrast-

enhanced CT, F/U = follow-up, GB = gallbladder, op. = operation

Initial Workup

The reviewers assessed the likelihood of malignancy,
local resectability, distant metastasis including distant
lymph node, liver, and peritoneal seeding, and the overall
resectability. They then assigned a confidence level
using a 5-point scale to the CT imaging set, and then
to the CT with PET/MRI set. Lesions detected on the CT
scan and PET/MRI were evaluated on the basis of their
morphology (segmental BD stricture, wall thickening, or
mass formation) and pattern of contrast enhancement
(stronger enhancement of the lesion than the adjacent
liver parenchyma) [20] and scored as follows: 1, definitely
benign; 2, probably benign; 3, indeterminate; 4, probably
malignant; 5, definitely malignant. For local resectability,
the longitudinal tumor extent along the BD and vascular
invasion was considered. Bismuth-Corlette type 1V, type
IIT with contralateral vascular invasion or atrophy of the
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contralateral liver, and invasion of the main portal vein or
the common hepatic artery were regarded as unresectable
[21]. Local resectabhility was scored as follows: 1, definitely
unresectable; 2, probably unresectable; 3, indeterminate; 4,
probably resectable; and 5, definitely resectable [20].

The likelihood of metastasis was scored on a five-point
scale as 1 (definite benignancy) to 5 (definite malignancy).
On CT, liver metastasis was determined based on the
characteristic findings of a hypovascular solid mass with
or without rim enhancement. Positive lymph nodes were
determined on the basis of short-axis diameter > 10 mm
and morphological features such as internal necrosis or
the degree of enhancement [22,23]. On PET/MRI, diffusion
restriction, FDG uptake, T2 intermediate intensity, and
hepatobiliary phase defect were additionally used to
characterize the lesions [19]. Classification of regional/
distant lymph nodes was made according to the American
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Joint Committee on Cancer 8th guideline [24]. Overall
tumor resectability was scored as 1 (definitely unresectable)
to 5 (definitely resectable) according to the criteria for
unresectability: local unresectability or distant metastasis.

Follow-Up after Surgical Resection

The reviewers assessed the likelihood of local recurrence
and distant metastasis using a five-point scale and specified
the location. On CT images, local recurrence was evaluated
based on the morphology of the surgical bed (irregular mass
or soft tissue infiltration with or without invading adjacent
vessels or BD) and pattern of contrast enhancement
(stronger enhancement of the lesion than the adjacent liver
parenchyma) [5]. On PET/MRI, diffusion restriction and
FDG uptake were also considered. The evaluation of distant
metastasis to the lymph node, liver, and peritoneal seeding
on CT and PET/MRI was performed using the same method
as above.

Standard of Reference

Malignancy or benignity was determined using either
histopathology or clinical follow-up for > 12 months.
The reference standard for tumor resectability was based
on the surgical records, histopathologic analyses, and
correlation with clinical and imaging follow-up findings.
In patients who had undergone surgery, resectability was
classified according to surgical records and pathology
reports as follows: RO (no residual tumor) and R1/2 (micro/
macroscopic residual tumor). In cases where a patient
did not undergo surgery due to distant metastases and/
or locally advanced cancer on preoperative imaging on
the basis of a multidisciplinary conference, the tumor was
regarded to be clinically confirmed as unresectable. If
histopathologic analyses were not available, the comparison
between previous and follow-up images, and tumor marker
(carbohydrate antigen 19-9) levels obtained for at least one
year served as the reference standard.

Statistical Analysis

The diagnostic performance was compared between CT
and CT plus PET/MRI by using the reference standards.
Furthermore, we performed subgroup analysis for
comparison of diagnostic performance between liver PET/
MRI and pancreas PET/MRI. In each category, scores of
4 and 5 were considered as the presence of recurrence,
metastasis, or an unresectable tumor. The area under the
receiver operating characteristic curve (A,) was deemed
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indicative of diagnostic performance. A, values, sensitivity,
and specificity for imaging sets were compared using a
z-test and the McNemar test, respectively. To assess the
degree of inter-observer agreement, linear-weighted kappa
(x) values were calculated and interpreted as follows: poor,
< 0.20; fair, 0.20-0.39; moderate, 0.40-0.59; substantial,
0.60-0.79; and almost perfect, > 0.80. All statistical
analyses were performed using MedCalc Statistical Software
version 18.9.1 (MedCalc Software bvba). A p value < 0.05
was considered statistically significant.

RESULTS

Patient Characteristics and Clinical-Surgical-Pathologic
Findings

In the initial workup group (n = 65), 24 (36.9%) had
intrahepatic cholangiocarcinoma, 18 (27.7%) had GB
cancer, 11 (16.9%) had common bile duct (CBD) cancer, six
(9.2%) had perihilar cholangiocarcinoma, and six (9.2%)
had benign lesions (Table 1). In this group, 40 patients
underwent surgical resection (Supplementary Material) and
were confirmed for malignant (n = 37) or benign lesions
(n = 3) based on histopathology (Fig. 1). The remaining
25 patients did not undergo surgery due to histopathologic
diagnosis of hepatic metastasis by percutaneous biopsy
(n =11), imaging-based unresectability according to
a multidisciplinary team conference due to distant
metastasis (n = 8; lymph node, peritoneum, lung, adrenal
gland, and bone), locally advanced tumors (n = 3), or
imaging diagnosis of benign disease (n = 3). Thus, the
reference standard for local resectability of malignancy
was established in 40 patients, including 37 patients who
underwent surgery and 3 patients who did not undergo
surgery due to local unresectability.

In the follow-up group (n = 35), patients had a previous
history of RO resection (n = 27), or non-RO resection
(n = 8) for intrahepatic cholangiocarcinoma (n = 14), CBD
cancer (n = 11), perihilar cholangiocarcinoma (n = 7), or
GB cancer (n = 3) (Table 1). Among the 35 patients, 27
were diagnosed with recurrent tumors at a multidisciplinary
team conference (n = 15), histopathology of percutaneous
liver (n = 11), or transbiliary biopsy (n = 1). The remaining
eight patients were clinically confirmed as having no tumor
recurrence on the basis of stable follow-up imaging and no
elevation of tumor marker levels for at least one year. None
of the patients underwent surgery for recurrent tumors.
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Table 1. Patient Characteristics

Initial Workup (n = 65)

69.7 + 10.5

A
ge (vears) (range, 45-90)

Sex (n, %)
Male 38 (58.5)
Female 27 (41.5)
Final diagnosis (n, %)
Malignancy 59 (90.8)
Intrahepatic cholangiocarcinoma 24 (36.9)
CBD cancer 11 (16.9)
GB cancer 18 (27.7)
Perihilar cholangiocarcinoma 6 (9.2)
Benignancy 6 (9.2)
Xanthogranulomatous cholecystitis 2 (3.1)
Papillary stenosis 1 (1.5)
Dysplastic nodule of liver 1 (1.5)
Tubular adenoma of GB 1 (1.5)
CBD stones 1(1.5)
Interval between CT and PET/MRI (days) 15.7£13.9
(range, 0-60)
18.9 + 19.3

Interval between PET/MRI and surgery* (days) (range, 0-60)

Follow-Up after Surgical Resection (n = 35)

67.5+7.6

A
ge (vears) (range, 48-80)

Sex (n, %)
Male 26 (74.3)
Female 9 (25.7)

Primary tumor (n, %)
Intrahepatic cholangiocarcinoma 14 (40.0)
CBD cancer 11 (31.4)
Perihilar cholangiocarcinoma 7 (20.0)
GB cancer 3 (8.6)

Tumor recurrence site (n, %) 27 (77.1)
Liver 11 (31.4)
Local recurrence 3 (8.6)
Liver and peritoneum 2 (5.7)
Local recurrence and lymph node 2 (5.7)
Peritoneum 2.9)
Lymph node 2.9)

(

1(

1(

Liver and lymph node 1 (

Local recurrence and liver 1(
Local recurrence and peritoneum 1(2.9)

Local recurrence and lung 1(

Lymph node and peritoneum 1(

Local recurrence, liver, and peritoneum 1(

1(

Local recurrence, liver, and lymph node 2.9)
17.7 + 13.1
Interval between CT and PET/MRI (days -
Y W /MRI (days) (range, 4-60)
Interval between the surgery for primary 19.0 + 16.7

tumor and PET/MRI (months) (range, 4-78)

Unless otherwise indicated, data are numbers of patients. Data in
parentheses are percentages. *This only includes 40 patients who
underwent surgery. CBD = common bile duct, GB = gallbladder
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Diagnostic Performance of the CT Imaging Set and CT
Plus PET/MRI Set in the Initial Workup Group

In evaluating the likelihood of malignancy and local
resectability, no significant differences were seen in the A,,
sensitivity, and specificity (p > 0.05 for all) between the
two imaging sets as assessed by both reviewers (Table 2).

The diagnostic performance for distant lymph node
metastasis significantly improved after an additional review
of the PET/MRI by both reviewers (A, values of CT vs. CT
plus PET/MRI: 0.73 vs. 0.92 [p = 0.004] for reviewer 1; 0.81
vs. 0.92 [p = 0.023] for reviewer 2) (Table 2) (Fig. 2). The
sensitivity in both reviewers (CT vs. CT + PET/MRI: 50%
[10/20] vs. 80% [16/20] in reviewer 1 [p = 0.070]; 60.6%
[12/20] vs. 85.0% [17/20] in reviewer 2 [p = 0.125]) and
specificity in reviewer 2 (84.6% [33/39] vs. 92.3% [36/39],
p =0.375) was improved, although there was no significant
difference.

The diagnostic performance of CT images for hepatic
metastasis was significantly improved after an additional
review of the PET/MRI by both reviewers. A, values for CT
alone vs. CT plus PET/MRI were 0.77 and 0.91 (p = 0.027)
for reviewer 1 and 0.76 and 0.92 (p = 0.021) for reviewer
2 (Table 2), respectively (Fig. 3). The CT plus PET/MRI set
showed significantly higher sensitivity than CT images
for both reviewers (52.6% [10/19] vs. 84.2% [16/19] for
reviewer 1 [p = 0.016]; 57.9% [11/19] vs. 89.5% [17/19]
for reviewer 2 [p = 0.021]). Both the CT and PET/MRI sets
demonstrated high specificity in the evaluation of hepatic
metastasis without significant difference for both reviewers
(97.5% [39/40] vs. 97.5% [39/40] for reviewer 1 [p = NA];
100% [40/40] vs. 92.5% [37/40] for reviewer 2 [p = 0.250]).
No significant difference was observed between the two
imaging sets for peritoneal seeding measurements (Table 2).

Patients with other metastases had bone (n = 5), bone
and adrenal gland (n = 1), and lung metastases (n = 2).
The diagnostic performance and sensitivity of CT images
for other metastases was significantly improved after an
additional review of PET/MRI by both reviewers (A,: 0.56 vs.
1.00 for reviewer 1 [p < 0.0001]; 0.51 vs. 0.88 for reviewer
2 [p < 0.0001], sensitivity: 12.5% [1/8] vs. 100% [8/8] for
reviewer 1 [p = 0.016]; 0% vs. 75.0% [6/8] for reviewer 2
[p = 0.031]) (Fig. 4).

Regarding overall resectability, the diagnostic
performance of CT plus PET/MRI was higher than that of CT
imaging alone; A, values were 0.79 and 0.92 for reviewer 1
(p =0.007) and 0.82 and 0.94 for reviewer 2 (p = 0.021),
respectively.
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Table 2. Diagnostic Performance, Sensitivity, and Specificity of CT Set and CT Plus PET/MRI Set in the Initial Workup Group

Reviewer 1 Reviewer 2
cT CT + PET/MRI P CT CT + PET/MRI P

The likelihood of malignancy

A, 0.95 (0.87-0.99)  0.97 (0.89-1.00)  0.716  0.96 (0.88-0.99)  0.93 (0.83-0.98)  0.297

Sensitivity (%)* 93.2 (55/59) 94.9 (56/59) 1.000  91.5 (54/59) 93.2 (55/59) 1.000

Specificity (%)* 83.3 (5/6) 100.0 (6/6) 1.000 100.0 (6/6) 100.0 (6/6) NA
Local resectability

A, 0.95 (0.84-1.00) 0.97 (0.86-1.00) 0.191  0.88 (0.71-0.96) 0.90 (0.76-0.97) 0.563

Sensitivity (%) 90.6 (29/32) 93.7 (30/32) 1.000  81.2 (26/32) 81.2 (26/32) 1.000

Specificity (%) 87.5 (7/8) 87.5 (7/8) NA 62.5 (5/8) 75.0 (6/8) 1.000
Distant lymph node metastasis

A, 0.73 (0.60-0.84)  0.92 (0.82-0.98) 0.004 0.81 (0.68-0.90) 0.92 (0.81-0.97) 0.023

Sensitivity (%) 50.0 (10/20) 80.0 (16/20) 0.070  60.6 (12/20) 85.0 (17/20) 0.125

Specificity (%) 92.3 (36/39) 92.3 (36/39) 1.000  84.6 (33/39) 92.3 (36/39) 0.375
Hepatic metastasis

A, 0.77 (0.64-0.87)  0.91 (0.81-0.97)  0.027  0.76 (0.64-0.86)  0.92 (0.81-0.97)  0.021

Sensitivity (%) 52.6 (10/19) 84.2 (16/19) 0.016  57.9 (11/19) 89.5 (17/19) 0.031

Specificity (%) 97.5 (39/40) 97.5 (39/40) NA 100 (40/40) 92.5 (37/40) 0.250
Peritoneal seeding

A, 0.90 (0.80-0.96) 0.92 (0.81-0.97) 0.795  0.88 (0.77-0.95) 0.92 (0.83-0.98) 0.474

Sensitivity (%) 71.4 (5/7) 85.7 (6/7) 1.000  57.1 (4/7) 71.4 (5/7) 1.000

Specificity (%) 98.1 (51/52) 98.1 (51/52) NA  100.0 (52/52) 98.1 (51/52) 1.000
Other metastasis

A, 0.56 (0.43-0.69)  1.00 (0.94-1.00) < 0.0001 0.51 (0.38-0.64) 0.88 (0.76-0.95) < 0.0001

Sensitivity (%) 12.5 (1/8) 100.0 (8/8) 0.016 0 (0/8) 75.0 (6/8) 0.031

Specificity (%) 100.0 (51/51) 100.0 (51/51) NA 98.0 (50/51) 100.0 (51/51) 1.000
Overall resectability

A, 0.79 (0.66-0.88)  0.92 (0.82-0.98) 0.007  0.82 (0.70-0.91)  0.94 (0.85-0.99) 0.021

Sensitivity (%) 85.7 (24/28) 89.3 (25/28) 1.000  75.0 (21/28) 85.7 (24/28) 0.453

Specificity (%) 67.7 (21/31) 90.3 (28/31) 0.016  77.4 (24/31) 96.8 (30/31) 0.031

Data were calculated using the z-test. The numbers in parentheses are 95% confidence intervals. *Calculated using the McNemar test.
Numbers in parentheses are numbers of patients. A, = area under the receiver operating characteristic curve, NA = not assessable

Diagnostic Performance of the CT Imaging Set and CT
Plus PET/MR Imaging Set in the Follow-Up Group

An additional review of the PET/MRI significantly
improved the diagnostic performance in the evaluation
of local recurrence in both reviewers (0.81 vs. 1.00 for
reviewer 1 [p = 0.029]; 0.82 vs. 0.94 for reviewer 2 [p =
0.045]) (Table 3). However, the diagnostic performance of
the two imaging sets regarding distant metastasis was not
significantly different in both reviewers (all p > 0.05).

Inter-Observer Agreement in the Initial Workup and
Postoperative Follow-Up

In the initial workup group, the inter-observer agreement
for CT was moderate (k = 0.44-0.57) except peritoneal
seeding (x = 0.61, substantial) (Table 4). The inter-observer
agreement for CT plus PET/MRI set improved to moderate to
almost perfect (k = 0.49-0.83). In the follow-up group, the
CT imaging set demonstrated substantial (local recurrence
[k =0.72] and hepatic metastasis [k = 0.74]) to almost
perfect (distant lymph node metastasis and peritoneal
seeding, k > 0.80) agreement. The CT plus PET/MRI set
improved to almost perfect agreement except for peritoneal
seeding (x = 0.75, substantial).

Subgroup Analysis for Comparison of Diagnostic
Performance between Liver PET/MRI and Pancreas
PET/MRI

There was no significant difference in A, values between
PET/MRI with different protocols assessed by both reviewers
in both groups (Supplementary Table 4).
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Fig. 2. A 80-year-old male with intrahepatic cholangiocarcinoma.

A. Contrast-enhanced CT showed a 8 cm intrahepatic cholangiocarcinoma (arrows) in the left lobe of liver. B. A lymph node (arrowhead) with

a short-axis diameter of 6 mm was noted on CT in the paraaortic area. This lymph node was assessed as benign and overall resectability was
considered to be probably resectable by both reviewers. C-E. This lymph node (arrowheads) showed similar degree of enhancement on contrast-
enhanced MRI (C), avid diffusion restriction on diffusion-weighted imaging (D), and increased fluorodeoxyglucose uptake on PET imaging (E),
compared with adjacent normal lymph nodes. After additional review of PET/MRI, this lymph node was determined as metastasis and overall
resectability was revised as definitely unresectable by both reviewers. The patient underwent exploratory laparotomy and frozen section diagnosis
confirmed metastatic lymph node in the paraaortic area.

Fig. 3. A 59-year-old male with intrahepatic cholangiocarcinoma.

A. Contrast-enhanced CT demonstrated a 8 cm heterogeneously enhancing mass (arrows) in the liver segment 5 and 6, which was confirmed as
intrahepatic cholangiocarcinoma by percutaneous liver biopsy. Since there was no other metastatic lesion in the abdomen on CT, both reviewers
assessed this case as definitely resectable. B. Hepatobiliary phase image of gadoxetic acid-enhanced PET/MRI showed multiple small hypointense
nodules in both left (arrowhead) and right lobes of liver (not shown). C. These small nodular lesions (arrowheads) showed diffusion restriction on
diffusion-weighted imaging of PET/MRI. D. Among these small nodular lesions, only the lesion in the liver segment 7 (arrowhead) showed slightly
increased fluorodeoxyglucose uptake on PET imaging. After additional review of PET/MRI, multiple hepatic lesions were considered as metastasis
and overall resectability was revised as definitely unresectable by both reviewers. E. The patient underwent transarterial radioembolization with
systemic chemotherapy, but CT scan taken after 1 year follow-up demonstrated progression of hepatic metastases.
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Fig. 4. A 55-year-old male with perihilar cholangiocarcinoma.

A. Three-dimensional MR cholangiopancreatography of PET/MRI demonstrated segmental stricture of common hepatic duct and common bile
duct (arrows). Endobiliary biopsy was performed and histopathologic analysis confirmed perihilar cholangiocarcinoma. B. CT scan showed no
focal lesion in the axial skeleton, suggesting metastasis. Small radiolucent areas in the posterior aspect of lumber vertebral bodies (arrows) were
basivertabral plexus. C. PET imaging of PET/MRI demonstrated multiple lesions (arrowheads) with increased fluorodeoxyglucose uptake in the
spine and pelvic bones. D. The patient underwent systemic chemotherapy and radiation therapy for bone metastases, but CT scan obtained after
6 months showed progression of bone metastastases.

Table 3. Diagnostic Performance, Sensitivity, and Specificity of CT Imaging Set and CT Plus PET/MR Imaging Set in the Follow-Up
Group

Reviewer 1 Reviewer 2
cT CT + PET/MRI P cT CT + PET/MRI P

Local recurrence

A, 0.81 (0.64-0.92)  1.00 (0.89-1.00)  0.029  0.82 (0.66-0.93)  0.94 (0.80-0.99)  0.045

Sensitivity (%)* 55.6 (5/9) 100.0 (9/9) 0.063  55.6 (5/9) 88.9 (8/9) 0.125

Specificity (%)* 100.0 (26/26) 100.0 (26/26) NA 73.1 (19/26) 96.2 (25/26) 0.070
Distant lymph node metastasis

A, 0.99 (0.89-1.00) 1.00 (0.89-1.00) 0.687  1.00 (0.89-1.00)  1.00 (0.90-1.00) 0.480

Sensitivity (%) 66.7 (4/6) 100.0 (6/6) 1.000  83.3 (5/6) 100.0 (6/6) 1.000

Specificity (%) 100.0 (29/29) 100.0 (29/29) NA 100.0 (29/29) 100.0 (29/29) NA
Hepatic metastasis

A, 0.87 (0.71-0.96)  0.95 (0.82-1.00) 0.117  0.95 (0.82-1.00)  0.97 (0.85-1.00) 0.694

Sensitivity (%) 70.6 (12/17) 94.1 (16/17) 0.125  88.2 (15/17) 100.0 (17/17) 0.500

Specificity (%) 88.9 (16/18) 100.0 (18/18) 0.500 100.0 (18/18) 94.4 (17/18) 1.000
Peritoneal seeding

A, 0.99 (0.88-1.00) 1.00 (0.89-1.00) 0.420  0.85 (0.69-0.95) 0.85 (0.69-0.95) 1.000

Sensitivity (%) 80.0 (4/5) 100.0 (5/5) 1.000  80.0 (4/5) 80.0 (4/5) 1.000

Specificity (%) 96.7 (29/30) 96.7 (29/30) NA 100.0 (30/30) 100.0 (30/30) NA
Other metastasis

A, 0.75 (0.58-0.88)  1.00 (0.90-1.00) 0.317 0.75 (0.58-0.88)  0.75 (0.58-0.88) 1.000

Sensitivity (%) 50.0 (1/2) 100.0 (2/2) 1.000  50.0 (1/2) 50.0 (1/2) NA

Specificity (%) 100.0 (33/33) 100.0 (33/33) NA  100.0 (33/33) 100.0 (33/33) NA

Data were calculated using the z-test. The numbers in parentheses are 95% confidence intervals. *Calculated using the McNemar test.
Numbers in parentheses are numbers of patients. A, = area under the receiver operating characteristic curve, NA = not assessable

DISCUSSION demonstrated better diagnostic performance than CT alone
in the assessment of overall resectability of biliary tract
In this study, the addition of PET/MRI to CT examinations  cancers. In particular, the addition of PET/MRI not only
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Table 4. Inter-Observer Agreement between Two Reviewers on
the Initial Staging, Resectability Assessment, and Follow-Up
after Surgical Resection

T CT + PET/MRI

Initial workup
Likelihood of malignancy 0.55 (0.36-0.74)
Local resectability 0.45 (0.30-0.60)
Distant lymph node

metastasis

0.49 (0.24-0.73)
0.55 (0.40-0.70)

0.44 (0.27-0.61) 0.75 (0.64-0.87)

Hepatic metastasis 0.51 (0.31-0.72)
Peritoneal seeding 0.61 (0.39-0.82)
Overall resectability 0.57 (0.42-0.71)

Follow-up after surgical resection

Local recurrence 0.72 (0.53-0.91)

0.60 (0.45-0.75)
0.76 (0.55-0.97)
0.83 (0.72-0.94)

0.85 (0.75-0.96)
Distant lymph node

. 0.82 (0.65-0.98)
metastasis

0.90 (0.79-1.00)

Hepatic metastasis
Peritoneal seeding

0.74 (0.58-0.90) 0.79 (0.61-0.96)
0.83 (0.66-1.00) 0.75 (0.51-0.99)

Data are shown as linear-weighted kappa values. The numbers in
parentheses are 95% confidence intervals.

improved the diagnostic performance but also tended

to show higher sensitivity in the detection of distant
metastasis, which resulted in better diagnostic performance
in determining overall resectability by providing higher
specificity. PET/MRI has the combined advantages of PET
and MRI [25-30]; high soft-tissue contrast and information
of cellularity from DWI could attribute the superior results
of PET/MRI regarding hepatic metastases [15], while

PET imaging is effective and sensitive in extahepatic
malignancies, including metastases to lymph nodes [31]
and bones [32]. Furthermore, CT plus PET/MRI has the
advantage of less radiation exposure compared with CT plus
MRI plus PET/CT, which is commonly performed in patients
with biliary tract cancer [25,33]. Our results suggest

that PET/MRI, which combines anatomic information and
functional imaging parameters provided by MRI along with
metabolic data provided by PET [26], can be used as a
single problem-solving tool when CT findings are equivocal
in patients with biliary tract cancer.

However, regarding the determination of local
resectability and peritoneal seeding, an additional review of
PET/MRI did not improve diagnostic performance, compared
to CT alone. Our results are in accordance with previous
studies that showed a similar performance of MRI to that of
MDCT [23,34] with a limited value of PET/CT [35] regarding
the resectability of BD cancer. The reason for the lack of
additional benefit of PET/MRI to CT in our study might be
explained by the high diagnostic performance of CT for local
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resectability and peritoneal seeding, which were attributed
to the acquisition of thin-slice CT with multiplanar
reconstruction [22]. Indeed, our study results are discordant
with a previous study in which the high contrast conspicuity
of MRI was useful in depicting not only small peritoneal
nodules but also seedings in anatomically difficult sites
such as the subphrenic or bowel serosa [36,37]. Considering
the inferior spatial resolution of both MRI and PET to that
of MDCT [38] and their motion susceptibility [39,40],
further improvement of the spatial resolution of both MRI
and PET, and development of new sequences with motion
robustness could improve the diagnostic performance of
PET/MRI [41].

In our study, the addition of PET/MRI to CT demonstrated
better diagnostic performance than CT alone in the
surveillance of local recurrence of biliary tract cancer
following surgical resection. The improved performance
of PET/MRI plus CT was attributed to multiparametric
information from PET/MRI including MRCP, DWI, and PET,
which was useful for differentiating local recurrence from
postoperative changes such as fibrosis or biliary stricture
[5]. However, PET/MRI plus CT failed to demonstrate better
diagnostic performance than CT alone in the surveillance
of distant metastasis after surgery. Our findings could be
attributed to the tendency of reviewers to assess focal
liver lesions or enlarged lymph nodes encountered on
(T as distant metastasis rather than benign findings in
the setting of a previous history of biliary tract cancer.
Therefore, CT images showed similarly high diagnostic
performance compared to the CT plus PET/MRI set. However,
to date, there is no precedent literature on the role of PET/
MRI in recurrent biliary tract cancer that can be directly
compared to our study results. Further studies with a larger
population are warranted.

This study had some limitations. First, as it was
designed retrospectively, selection bias was unavoidable.
Furthermore, various types of MDCT scanners and protocols
were used, and two different protocols for PET/MRI were
performed. Second, as the reviewers were not blinded to CT
findings, the assessment of the additional value of the PET/
MRI holds inherent bias, which might cause overestimation
of the values of PET/MRI. Third, our study population was
relatively small; in particular, the number of patients with
suspected tumor recurrence was limited. Thus, our study
results should be validated with a larger number of patients
and a prospective design. Finally, we did not obtain
histopathologic confirmation of the tumors in all patients.
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In conclusion, an integrated '®F-FDG PET/MRI may provide
an added value to the CECT findings in patients with biliary
tract cancer in the evaluation of the overall resectability,
by improving detection of distant metastases on initial
workup. In addition, it can also provide additional value
in the determination of local recurrence on postoperative
follow-up. Therefore, PET/MRI might be helpful in the
selection of more appropriate treatments, mainly when the
findings are equivocal on CT.
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