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Abstract

Objectives Preoperative imaging of vascular invasion is important for surgical resection of pancreatic ductal
adenocarcinoma (PDAC). However, whether MRl and CT share the same evaluation criteria remains unclear. This study
aimed to compare the diagnostic accuracy of high-resolution MRI (HR-MRI), conventional MRI (non-HR-MRI) and CT
for PDAC vascular invasion.

Methods Pathologically proven PDAC with preoperative HR-MRI (79 cases, 58 with CT) and non-HR-MRI (77 cases,
59 with CT) were retrospectively collected. Vascular invasion was confirmed surgically or pathologically. The degree
of tumour-vascular contact, vessel narrowing and contour irregularity were reviewed respectively. Diagnostic criteria
1 (C1) was the presence of all three characteristics, and criteria 2 (C2) was the presence of any one of them. The
diagnostic efficacies of different examination methods and criteria were evaluated and compared.

Results HR-MRI showed satisfactory performance in assessing vascular invasion (AUC: 0.87-0.92), especially better
sensitivity (0.79-0.86 vs. 0.40-0.79) than that with non-HR-MRI and CT. HR-MRI was superior to non-HR-MRI. C2 was
superior to C1 on CT evaluation (0.85 vs. 0.79, P=0.03). C1 was superior to C2 in the venous assessment using HR-MRI
(0.90 vs.0.87, P=0.04) and in the arterial assessment using non-HR-MRI (0.69 vs. 0.68, P=0.04). The combination of
C1-assessed HR-MRI and C2-assessed CT was significantly better than that of CT alone (0.96 vs. 0.86, P=0.04).

Conclusions HR-MRI more accurately assessed PDAC vascular invasion than conventional MRl and may contribute to
operative decision-making. C1 was more applicable to MRI scans, and C2 to CT scans. The combination of C1-assessed

fXiaogi Zhou, Danyang Xu and Meng Wang contributed equally to
this work.

*Correspondence:

Yanji Luo
luoyj26@mail.sysu.edu.cn
Jifei Wang
wjif@mail.sysu.edu.cn
Shi-Ting Feng
fengsht@mail sysu.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12885-023-11451-8&domain=pdf&date_stamp=2023-11-10

Zhou et al. BMC Cancer (2023) 23:1092

Page 2 of 11

HR-MRI and C2-assessed CT outperformed CT alone and showed the best efficacy in preoperative examination of

PDAC.

Keywords High-resolution-MRI, CT, Pancreatic ductal adenocarcinoma, Vascular invasion

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a highly
aggressive malignant tumour with a 7-9% 5-year survival
and the seventh highest mortality rate worldwide [1, 2].
At the time of diagnosis, most PDAC patients are diag-
nosed at a late stage, thus losing the chance of radical
resection due to involvement of peripancreatic structures
or distant metastases [3, 4].

Vascular invasion is of great clinical importance
because it is a predictor of the prognosis and survival
of patients with PDAC [5, 6]. Moreover, it is an impor-
tant factor influencing therapeutic options [7]. Cur-
rently, radical surgical resection is the best treatment
for PDAC [8]. The National Comprehensive Cancer
Network (NCCN) guidelines classify PDAC into resect-
able, borderline resectable, and unresectable according
to the tumour—vascular vessel relationship [9]. The ves-
sels in need of assessment were divided into the arterial
system (celiac trunk, common hepatic artery, superior
mesenteric artery, and splenic artery) and venous system
(portal vein/superior mesenteric vein). In cases of PDAC
with arterial invasion, it is usually difficult to achieve RO
resection and may require neoadjuvant chemotherapy to
reduce the extent of tumour invasion. Venous resection
and reconstruction are the options for patients with lim-
ited venous invasion. However, vascular invasion requires
surgical and pathological confirmation and may result in
unnecessary surgical trauma in patients with unresect-
able PDAC. Therefore, the preoperative determination of
vascular invasion is critical for the selection of therapeu-
tic options and surgical planning.

Preoperative non-invasive imaging evaluations, espe-
cially Computed tomography (CT), have been widely
used in clinical practice because of their convenience
and high resolution [10, 11]. CT plays an important role
in the evaluation of vascular invasion in PDAC with high
spatial resolution. In most institutions, presurgical stag-
ing of PDAC relies on dedicated high-quality multide-
tector row CT of the pancreas, which is recommended
as a primary diagnostic test by the NCCN guidelines [9,
12, 13]. However, the accuracy of CT is 77% for predict-
ing resectability and 93% for predicting unresectability,
indicating the need for improvement [14, 15]. In recent
years, the gradual development and application of MRI
have shown unique advantages in detecting and diagnos-
ing small PDAC lesions and metastases [16, 17]. Dynamic
Magnetic resonance imaging (MRI) has been reported to
have equal or better specificity than helical CT for deter-
mining local tumour extension and vascular involvement

[18]. However, the diagnostic efficacy of CT and MR for
vascular invasion remained inconclusive [19, 20]. With
the advancement of MRI technology, high-resolution
MRI (HR-MRI) provides important information for the
assessment of intravascular lesions and the relation-
ship between lesions and vessels, significantly improv-
ing diagnostic accuracy and assessment efficacy [21, 22].
Moreover, gadobutrol is a high-concentration extracel-
lular macrocyclic gadolinium-based contrast agent that
provides significantly higher mean signal-to-noise ratios
in large and small vessels and improves the contrast
between blood vessels and the surrounding tissue [23,
24]. Thus, HR-MRI combined with gadobutrol may pro-
vide better image quality than conventional MRI. The
presence of vascular invasion criteria on imaging used
by the NCCN guidelines includes tumour-vascular con-
tact>180°, vessel narrowing, or contour irregularity [9].
However, because of the different capabilities of CT and
MR, it is unclear whether these methods share the same
set of evaluation criteria.

This study aimed to evaluate the combination of HR-
MRI and gadobutrol in the assessment of PDAC vascular
invasion, compare its accuracy with that of non-HR-MRI
and CT, and clarify the applicable diagnostic criteria for
CT and MRL

Materials and methods

Patient selection

The study protocol was approved by the Institutional
Review Board, and the requirement for informed consent
was waived (approval number: [2021] 025). All proce-
dures were carried out in accordance with the approved
guidelines.

A flowchart of the data collection and study design
is shown in Fig. 1. This retrospective analysis included
patients who underwent enhanced MRI within 1 month
before radical surgery for PDAC without neoadjuvant
therapy between August 2013 and June 2022 at The First
Affiliated Hospital, Sun Yat-Sen University. The exclusion
criteria were as follows: (1) poor MR quality and (2) miss-
ing information on tumour and vascular relationships in
the surgical records. Ultimately, 79 patients who under-
went HR-MRI (58 with CT) and 77 who underwent non-
HR-MRI (59 with CT) were enrolled. Group 1 consisted
of 79 h-MRI cases, and group 2 included 58 correspond-
ing CT cases of group 1. Similarly, group 3 included 77
non-HR-MRI cases, and group 4 included 59 corre-
sponding CT cases of group 3.
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current, 20 mAs; collimation, 64x0.5 mm. An iodin-
ated contrast agent (iopromide, Ultravist, Bayer Schering
Pharma, Germany) was injected into the antecubital vein
at a rate of 3.5mL/s using an automatic injector, followed
by 40 mL of saline at the same rate. Enhanced images
were acquired in the arterial phase (35-s delay) and
venous phase (65-s delay).

All MR and CT images were retrospectively reviewed
by two abdominal radiologists with 6 and 9 years of expe-
rience, respectively, who were blinded to the pathological
and clinical data of all patients. Conclusive discrepancies
were finally discussed and resolved by mutual consensus
after joint reassessment of the images. Tumour location
was defined as the head/neck and body/tail of the pan-
creas, according to the spatial relationship between the
tumour and the superior mesenteric vein. The tumour
size was measured on axial images using the longest
cross-sectional dimension. The relationships between
the tumour and celiac trunk artery (CA), hepatic artery
(HA), superior mesenteric artery (SMA), splenic artery
(SpA), portal vein-superior mesenteric vein (PV-SMV),
and gastroduodenal artery (GDA) were recorded. The
analysis included circumferential tumour contact (less
than or equal to 180° versus more than 180°), vessel
narrowing (change in the vessel calibre) and contour
irregularity (interruption or obstruction of vessel wall).
MR evaluation is based on all axial and coronal images.
However, the conventional MRI did not have coronal
scan images. In conventional MRI group, we obtained
the coronal images by MPR based on dynamic volumet-
ric enhanced axial images with a slice thickness of 2 mm.
CT evaluation is based on axial and multiplanar reforma-
tion images. In MRI, tumour composition is determined
by combining T2 signal, enhancement and DWTI restric-
tion to determine tumour boundary, while in CT, tumour
boundary is mainly determined by density and enhance-
ment difference. Additionally, the variant anatomy of the
vessels was identified before confirming the peripancre-
atic structures.

The invasion of each vessel was determined using
two criteria. Criteria 1 (C1): (1) circumferential tumour
contact>180°, (2) vessel narrowing, and (3) contour
irregularity. Criteria 2 (C2): (1) circumferential tumour
contact>180°, (2) vessel narrowing, or (3) contour irreg-
ularities. The accuracies of different criteria and exami-
nation methods were compared.

Clinical and pathological analyses

The results of tumour-vessel contact explored by the
surgeon in the surgical record and the results in the
pathology report were considered the gold standard
in this study. Other clinical information, including
patient demographics and surgical procedures, were
also examined. Surgical procedures were classified
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as pancreatoduodenectomies, partial pancreatecto-
mies (including distal pancreatectomies, partial pan-
createctomies, and tumour resections), or exploratory
laparotomies.

Statistical analysis

SPSS (version 25.0; IBM Corp., Armonk, NY, USA) and
R (version 4.2.2) were used for the analysis. Continuous
variables were evaluated using the Kolmogorov—Smirnov
normality test. Means and standard deviations (SDs)
were used to describe the continuous variables. An inde-
pendent samples t-test was used to analyse continuous
variables. Categorical variables were analysed using the
x2 or Fisher’s exact test.

The interobserver agreement of tumour-vessel relation-
ship was evaluated by interclass correlation coefficients
(ICCs) for all readers and weighted kappa coefficients
for different readers. The interobserver agreement was
graded as follows: 0-0.20, slight; 0.21-0.40, fair; 0.41-
0.60, moderate; 0.61-0.80, substantial; and 0.81-1.00,
almost perfect.

Receiver operating characteristic (ROC) curves were
used to evaluate the predictive efficacy of each group
and the criteria of sensitivity (Sen), specificity (Spe), and
area under the ROC curve (AUC). The Delong test was
used to compare the accuracy of the different evaluation
methods. All differences were considered statistically sig-
nificant at P<0.05. False discovery rate (FDR) was used
to correct the P value and obtained the Q value(p.adjust).

Result

Patient demographics and lesion characteristics

A total of 79 patients who underwent HR-MRI (58 with
CT) and 77 without (59 with CT) were enrolled in this
study. The clinical information of both groups is shown
in Table 2.

Sensitivity and specificity of prediction of vascular invasion
based on different radiological assessment criteria

The interobserver ICC ranged from 0.83 to 0.92 when
assessing tumour-vessel relationship. The interobserver
differences between different groups and vessels is pre-
sented in Table 3.

All MR and CT methods had good specificity, but their
sensitivity varied widely. HR-MRI showed the highest
overall AUC value for all vessel assessments under both
criteria, whereas non-HR-MRI showed the worst overall
AUC value. Non-HR-MRI was less sensitive than CT and
HR-MRI for both the C1 and C2 criteria, especially in
assessing arterial invasion, with a sensitivity of only 40%.

In the assessment of arterial invasion, all methods
showed a high specificity of >97%, which was better
than that of the venous assessment. HR-MRI showed the
highest sensitivity and specificity for assessing arterial
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Table 2 Clinical information

Characteristic HR-MRI non-HR- P
(n=79) MRI
(n=77)
Age (year), mean +SD 5884+£121 6354+1.20 -2.77 0.006
(range)
Sex
Male 55 48 0.73 039
Female 24 29
Tumour location in the
pancreas
Head/neck 50 53 072 040
Body/tail 29 23
Maximal tumour diameter 3006+1.88 29.88+1.38 0.079 094
(mm), mean+SD (range)
T stage
1c 15 11 133 072
2 49 53
3 1 8
4 4 5
N stage
X 4 7 128 073
0 38 38
1 30 27
2 7 5
Type of operation
Pancreatoduodenectomy 57 57 023 089
Partial pancreatectomy 17 14
Exploratory laparotomy 5 5
Vascular invasion
Arterial 12 8 0.80 037
Venous 14 18 0.84 036

Table 3 Interobserver agreement of tumour-vessel relationship

Vessels All Readers Reader-1vs. Reader-2  Read-

Reader-C vs. er-1vs.

Reader-C  Reader-2
Groupl V+A 087 0.76 0.97 0.72
\Y 0.89 0.78 097 0.75
A 0.86 0.75 0.95 0.71
Group2 V+A 091 0.81 0.97 0.78
\Y 092 082 098 0.80
A 091 0.82 0.98 0.79
Group3 V+A 083 0.74 0.96 0.69
\Y 0.85 0.73 097 0.70
A 0.92 0.77 0.98 0.77
Group4 V+A 091 083 098 0.80
\ 0.90 0.78 0.96 0.73
A 0.92 0.80 0.98 0.78

Group 1, HR-MRI group; Group 2, CT of HR-MRI group; Group 3, non-HR-MRI
group; Group 4, CT of non-HR-MRI group; A, artery; V, venous; Reader-1, a
radiologist with 6 years of pancreatic experience; Reader-2, a radiologist
with 9 years of pancreatic experience; Reader-C, mutual consensus after joint
reassessment. All P<0.001
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invasion regardless of the C1 or C2 criteria. In the assess-
ment of venous invasion, CT had the best specificity of
up to 98% with the C1 criteria, but a lower sensitivity
than HR-MRL

Compared with the CI1 criteria, the C2 criteria
improved the sensitivity of vascular assessment to some
extent while compromising the specificity. The C2 cri-
teria was not inferior to C1 in the overall AUC value,
except for a decrease in AUC of the evaluation of venous
invasion by HR-MRL In addition, the evaluation criteria
had a greater impact on CT than on MR. Further details
are displayed in Table 4. The results of GDA evaluation
are listed in Supplementary Table 2. The HR-MRI and
non-HR-MRI cases are shown in Figs. 2 and 3.

Delong test between different groups and different criteria
The P values and Q values of the DeLong test for compar-
ing the performance of different examination modalities
or criteria are shown in Table 5. In the HR-MRI group,
the C1 criteria were superior to C2 criteria in the assess-
ment of venous invasion. HR-MRI was superior to CT in
assessing venous and arteriovenous invasion according to
the C1 criteria.

In the non-HR-MRI group, the C1 criterion was supe-
rior to the C2 criterion in assessing arterial invasion.
CT was superior to non-HR-MRI in the assessment of
venous and arteriovenous invasion according to C2 cri-
teria, but not significant after FDR correction. HR-MRI
was superior to non-HR-MRI for all vessels, regardless of
the evaluation criteria.

The C1 and C2 criteria showed no difference on CT
evaluation between the HR-MRI and non-HR-MRI
groups. After combining the CT data from groups 2 and
4, the C2 criteria were found to be superior to the C1 cri-
teria in the assessment of venous and arteriovenous inva-
sion (0.85 vs. 0.79, P=0.029). However, the differences
were not statistically significant after FDR correction.

After applying different assessment criteria in differ-
ent examination methods, CT assessment using the C2
criteria was superior to non-HR-MRI using the C1 cri-
teria in the assessment of the venous and arteriovenous
veins. The results of CT evaluation using the C2 criteria
did not differ significantly from those of HR-MRI evalu-
ation using the C1 criteria. Therefore, the C2 criteria
play an important role in the diagnostic efficacy of CT
evaluation.

Combined HR-MRI and CT

To further evaluate the diagnostic efficacy of the com-
bination of HR-MRI and CT, the presence of vascular
invasion in the combined model was defined as a posi-
tive diagnosis using MR or CT. The C2 criteria were used
for CT diagnosis, while both the C1 and C2 criteria were
compared for MRI diagnosis. Patients without CT images
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Table 4 Predictive efficacy of each group under two assessment criteria
A Vv A+V
Sen Spe AUC Sen Spe AUC Sen Spe AUC
@ Group1 0.79 0.99 0.89 0.86 0.94 0.90 0.82 0.98 0.90
(11/14) (298/302) (12/14) (61/65) (23/28) (359/367)
Group2 0.67 0.98 0.82 046 0.98 0.72 0.55 0.98 0.76
(6/9) (213/218) (5/11) (46/47) (11/20) (259/265)
Group3 040 0.98 0.69 0.44 0.93 0.69 043 0.97 0.70
(4/10) (293/298) (8/18) (55/59) (12/28) (348/357)
Group4 0.50 0.98 0.74 0.64 0.96 0.80 0.60 0.97 0.79
(3/6) (225/230) (9/14) (43/45) (12/20) (268/275)
(@) Group1 0.86 0.98 092 0.86 0.88 0.87 0.86 0.96 0.91
(12/14) (296/302) (12/14) (57/65) (24/28) (353/367)
Group2 0.78 0.97 0.87 0.73 0.96 0.84 0.75 097 0.86
(7/9) (211/218) 8/11) (45/47) (15/20) (256/265)
Group3 0.40 0.97 0.68 0.56 0.81 0.69 0.50 0.94 0.72
(4/10) (289/298) (10/18) (48/59) (14/28) (337/357)
Group4 0.50 0.97 0.74 0.79 093 0.86 0.70 097 0.83
(3/6) (224/230) (11/14) (42/45) (14/20) (266/275)

C1, Criteria 1 (and); C2, Criteria 2 (or); A, artery; V, venous; Sen, sensitivity; Spe, specificity; AUC, area under the ROC curve; HR, high-resolution; ROC, Receiver
operating characteristic; Group 1, HR-MRI group; Group 2, CT of HR-MRI group; Group 3, non-HR-MRI group; Group 4, CT of non-HR-MRI group

were excluded when the two datasets were merged.
Among the remaining 58 cases, the C1 and C2 criteria
showed no difference in the arterial evaluation, whereas
C1 showed better performance in the venous evaluation.
This combination significantly improved the sensitiv-
ity of venous evaluation. A comparison of the combined
and single-modality models revealed that although the
combined model had higher overall effectiveness values,
only the difference in the CT evaluation was significant.
The detailed efficacy rates and comparisons are shown in
Tables 6 and 7.

Discussion

In recent years, HR-MRI has emerged to display the
extent and characteristics of tumours, providing addi-
tional valuable information and assisting in treatment
decisions [25-27]. Our study showed that gadobutrol-
enhanced HR-MRI had higher sensitivity and specific-
ity in detecting vascular invasion than conventional
MRI and CT, and its performance was significantly bet-
ter than that of non-HR-MRI. Better diagnostic results
were obtained when HR-MRI and CT were combined
to diagnose vascular invasion. Although the difference
between the combination and HR-MRI findings was not
significant, they showed markedly better results than CT.
Therefore, preoperative HR-MRI combined with CT can
be the preferred examination option for the diagnosis of
vascular invasion.

In this study, the specificity of both CT and MRI evalu-
ations was significantly better than their sensitivity, par-
ticularly for arterial evaluation. The possible reasons for
this are as follows: First, the gold standard for determin-
ing vascular invasion is surgical exploration and pathol-
ogy, with preoperative imaging determining resectable

cases. In these cases, most of the evaluated vessels were
spatially distant from the tumours and did not invade
them. Second, the arterial diameter is smaller than that
of the vein, with a more complex surrounding struc-
ture, affecting the observation of the vascular wall and
the true positive rate. Third, the small sample size can-
not be ignored, and a larger sample needs to be included
for validation. Cases of arterial invasion are more difficult
to treat because resection and reconstruction could be
applied for venous invasion, whereas arterial reconstruc-
tion is extremely difficult [28, 29].

When comparing the imaging modalities for the
evaluation of venous invasion, the specificity of CT was
slightly higher than that of MR, whereas the sensitivity
of HR-MRI was higher than that of the other methods.
This might be because CT has better spatial resolution
and insufficient soft tissue resolution, which is advanta-
geous for observing the spatial tumour—vascular relation-
ship. However, when an inflammatory exudate is present
around the tumouy, it is difficult to distinguish it from
tumour infiltration using CT, resulting in an increased
false-positive rate on CT evaluation [30-32]. HR-MRI
accurately showed tumour margins and vessel wall struc-
tures with high soft tissue resolution, thus improving
diagnostic accuracy.

When comparing the diagnostic criteria, the reason
for the improved accuracy with C2 was mainly due to
the improved sensitivity after broadening the diagnostic
criteria for vascular invasion. However, the C2 criteria
did not significantly improve the sensitivity of HR-MRI
on venous evaluation but markedly reduced the speci-
ficity. This indicates that HR-MRI can accurately deter-
mine vascular integrity, but the use of tumour—vascular
contact to determine vascular invasion can increase the
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Fig. 2 Cases in HR-MRI group. A1-A4, a case of pancreatic ductal adenocarcinoma (PDAC) located in the pancreas uncinate process (white arrowhead).
High-resolution T2 weighted imaging (WI) showed the irregular vascular wall of superior mesenteric vein (SMV) (white arrow) (A1-A2) and contract
enhanced (CE)-TTWI showed vascular stenosis (A3). The circumferential tumour contact was less than 180° without significant abnormalities in the ves-
sel wall on CT (A4). Vascular invasion was judged to be positive on MRI based on both C1 and C2 criteria, while CT results to be negative. SMV invasion
was confirmed during pancreaticoduodenectomy. B1-B4, a case of PDAC located in the pancreatic head (white arrowhead). The circumferential tumour
contact of SMV was > 180° on MRI but < 180°on CT, without significant abnormalities in the SMV wall (white arrow). Only C2 criteria of CT determined the
presence of vascular invasion. SMV invasion was confirmed during pancreaticoduodenectomy. C1-C4, a case of PDAC located in the pancreatic body
(white arrowhead). High-resolution T2WI and CE-T1WI showed the narrowed lumen of SpA surrounded by tumour, and the wall is ill-defined (white arrow)
(C1-C2). Axial and oblique coronal CT also showed circumferential tumour contact over 180° and narrowed vascular wall (C3-C4). All criteria on both CT
and MRI determined positive vascular invasion. SpA invasion and peritoneal implant metastasis was confirmed during exploratory laparotomy. D1-D4, a
case of PDAC located in the pancreatic body/tail (white arrowhead) with MRI. High-resolution T2WI and CE-T1WI showed circumferential tumour contact
of > 180° of superior mesenteric artery (SMA) (white arrow), but without obvious narrowing or irregularity. SMA invasion was negative according to C1 but

positive according to C2 criteria. SMA invasion was confirmed during exploratory laparotomy and Nanoknife tumour ablation

false-positive rate. In particular, in non-HR-MRI, the C1
criterion showed better performance on arterial evalu-
ation with high specificity. Although the C2 criterion
slightly improved the AUC values for the overall vascular
assessment in both MRI groups, the difference was not
significant. In contrast, assessment of the arterial wall by
MRI remains slightly limited owing to the slimmer diam-
eters of the arteries than that of the veins. In the com-
bined assessment of HR-MRI and CT, the C2 criteria did
not have a significant impact on the overall MRI evalu-
ation but rather reduced the specificity of the venous
assessment. Therefore, the C1 criteria is more applicable
to MR assessment than the C2 criteria.

Furthermore, the C2 criteria had a greater impact on
the diagnostic efficacy of CT than that of MRI, especially

for venous imaging. The C2 criterion significantly
improved the sensitivity of the assessment but had little
impact on specificity. This may be because CT has a bet-
ter advantage in showing the vascular—tumour contact,
but it does not directly and accurately show the vascu-
lar integrity. On expanding the invasion criteria to con-
sider only tumour—vessel contact, the false-positive rate
did not have a significant impact on the efficacy of CT.
This indicates that the probability of vascular invasion is
extremely high when the tumour encases the vessel by
>180 ° on CT. Therefore, C2 is more applicable than C1
for CT evaluation of vascular invasion.

Using CT alone is challenging for the assessment of
vascular involvement, particularly after neoadjuvant ther-
apy, owing to the confounding effects of therapy-related
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Fig. 3 Cases of non-HR-MRI group. A1-A4, a case of pancreatic ductal adenocarcinoma (PDAC) located in the pancreatic head (white arrowhead). MRI
showed the circumferential tumour contact of SMV was less than 180°, without obvious narrowing (white arrow). The vessel wall on the contralateral side
of the tumour does not appear to be polished, but it may be caused by volume effects (A2). Axial and oblique coronal CT showed the circumferential
tumour contact of SMV was less than 180° with local narrowing (A3—A4). SMV invasion was considered positive on CT but negative on MRI according to
both criteria. Venous invasion was confirmed during pancreaticoduodenectomy. B1-B4, a case of PDAC located in the pancreatic head (white arrow-
head). The circumferential tumour contact was 180° with irregular vessel wall on T2 weighted imaging (WI) (white arrow) (B1), with vascular narrowing
on CE-T1WI (B2). The circumferential tumour contact was over 180° with irregular vessel lumen on CT (B3-B4). All criteria on both CT and MRI determined
positive SMV invasion. The tumour was found to be tightly packed but separable from the SMV during pancreaticoduodenectomy. C1-C4, a case of
PDAC located in the pancreatic head (white arrowhead). The circumferential tumour contact of SMA was over 180° with irregular vessel wall on T2WI and
CE-TTWI (white arrow) (C1-C2), while the contact was over 180° with irregular vessel lumen on axial and oblique coronal CT (C3-C4). The circumferential
tumour contact of SMV was less than 180° on MRI and CT (gray arrow) (C1, C3). All criteria on both CT and MRI determined positive SMA invasion and
negative SMV invasion. SMV and SMA invasion was confirmed during exploratory laparotomy. D1-D4, a case of PDAC located in the pancreatic neck
(white arrowhead) close to the right side of SMA. MRl and CT showed the circumferential tumour contact of SMA was less than 180°, without obvious
narrowing or irregularity (white arrow). All criteria on both CT and MRI determined negative SMA invasion. The tumour was tightly adherent to the right
side of SMA and could only be sharply separated during pancreaticoduodenectomy

changes such as fibrosis and oedema [33, 34]. Despite
many patients having suspicious imaging findings, the
true need for vascular resection and venous invasion is
relatively low, suggesting that vascular involvement is
often overestimated using current imaging techniques.
Therefore, it is necessary to analyse and evaluate the vas-
cular invasion of tumours by combining various imaging
methods such as CT and MRL

Our study has several limitations. First, owing to the
retrospective design of this study, it was difficult to draw
broad conclusions regarding this patient population
based on our results alone. Only patients with PDAC
who were preoperatively judged operable were included
in this study. We used surgical exploration and pathology

as the gold standards for assessing vascular invasion.
Second, the number of cases was limited, particularly
because the number of patients with arterial invasion was
small. Tumours defined as definitely unresectable on pre-
operative imaging, but not verified, were not included.
Therefore, the relative percentage of patients with equiv-
ocal signs of vascular involvement may have increased,
and the number of involved vessels may have decreased,
lowering the sensitivity of CT and MR for detecting vas-
cular involvement. Third, the combination of HR-MRI
and gadobutrol showed better performance than conven-
tional MRI with traditional gadolinium contrast agents.
However, the weights of specific factors must be stud-
ied further. Finally, this study was conducted at a single
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Table 5 P values and Q values of DeLong test between different groups
A v A+V B
Pvalue Qvalue Pvalue Qvalue Pvalue Qvalue
Group1&2 Group1(C1vsC2) 03653 04384  0.0405 01215 0.5939 0.5939
Group2(C1vsC2) 03587 04384 0.0775 0.186 0.04003  0.1215
C1(Group1vs2) 0.1232 02464 0007401 0.04441 0.001417 0.017
C2(Group1vs2) 02806 04209 04617 05037  0.1724 0.2955
Group3&4 Group3(C1vsC2) 0.04441 01776 09312 0.9312 04203 0.5044
Group4(C1vsC2) 03173 04231 02257 04231 0.1791 0.231
C1(Group3vs4) 03173 04231 0.178 04231 0.2547 04231
C2(Group3vs4) 0.6553 0.7149  0.00535 0.0642 0.04223 0.1776
MRI C1(Grouplvs3) 0.05131 005131 0.01023 0.02046 0.001102 0.004863
C2(Grouplvs3) 0.01441 0.02162 0.0315 0.0378  0.001621 0.004863
cT C1(Group2vs4) 05525 0.8288 04321 07778  0.7712 0.8549
C2(Group2vs4) 0.31 0.7778  0.8549 0.8549  0.7343 0.8549
Group2&4 ClvsC2 03686 07778 0.03188 0.1435 0.02921 0.1435
Group2 C2vsGroup1 C1 02634 03161 0.3305 03305  0.1425 0.2685
Group4 C2vsGroup3 C1 0.179 0.2685 0.006138 0.03683 0.01508  0.04524

C1, Criteria 1 (and); C2, Criteria 2 (or); A, artery; V, venous; Sen, sensitivity; Spe, specificity; Group1, HR-MRI group; Group2, CT of HR-MRI group; Group3, non-HR-MRI

group; Group4, CT of non-HR-MRI group

Table 6 Predictive efficacy of combined models

A Vv A+V
Sen Spe AUC Sen Spe AUC Sen Spe AUC
HR-MRIC1 &CT C2 0.89 0.97 0.93 1.00 0.92 0.96 0.95 0.96 0.96
h-MRIC2 & CT C2 0.89 0.97 0.93 1.00 0.87 0.94 0.95 0.95 0.95
C1, Criteria 1 (and); C2, Criteria 2 (or); A, artery; V, venous; Sen, sensitivity; Spe, specificity
Table 7 Comparison of predictive efficacy of combined and HR-MRI - High-resolution MRI
. CA Celiac trunk artery
single models HA Hepatic artery
versus A Vv A+V CA Celiac trunk artery
HR-MRI C1 & CT C2 HR-MRI C1 008188 06132 05344 HA Hepaticartery
MA Superior mesenteric artery
Group2 C2 03173 0.1098 0.03614 SpA Splenic artery
h-MRIC2 &CTC2 1.00 0.1528 0.1565 PV-SMV  Portal vein-superior mesenteric vein
h-MRI C2 & CT C2 HR-MRI C2 01564 06132 04863 g g”teflfa 1
ortal vein-superior mesenteric vein
Group2 C2 03173 0201 00442/ ROC Receiver operating characteristic
C1, Criteria 1 (and); C2, Criteria 2 (or); A, artery; V, venous; Group2, CT of HR-MRI Sen Sensitivity
group Spe Specificity
AUC Area under the ROC curve

academic institution using HR-MRI data obtained from
a single MRI scanner. Data from more centres and scan-
ners are required for further research and validation.

In conclusion, HR-MRI provides a more accurate
assessment of PDAC vascular invasion than conventional
MRI. CT and MRI may not share the same evaluation
criteria because CT requires a loose standard to achieve
accurate diagnosis. Preoperative HR-MRI combined with
CT is recommended to obtain accurate vascular inva-
sion assessments and assist in surgical treatment decision
making.
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