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Abstract

Background Restaging of locally advanced pancreatic cancer (LAPC) after induction chemotherapy using contrast-enhanced
computed tomography (CE-CT) imaging is imprecise in evaluating local tumor response. This study explored the value of
3 Tesla (3 T) contrast-enhanced (CE) and diffusion-weighted (DWI) magnetic resonance imaging (MRI) for local tumor
restaging.

Methods This is a prospective pilot study including 20 consecutive patients with LAPC with RECIST non-progressive
disease on CE-CT after induction chemotherapy. Restaging CE-CT, CE-MRI, and DWI-MRI were retrospectively evalu-
ated by two abdominal radiologists in consensus, scoring tumor size and vascular involvement. A halo sign was defined as
replacement of solid perivascular (arterial and venous) tumor tissue by a zone of fatty-like signal intensity.

Results Adequate MRI was obtained in 19 patients with LAPC after induction chemotherapy. Tumor diameter was non-
significantly smaller on CE-MRI compared to CE-CT (26 mm vs. 30 mm; p=0.073). An MRI-halo sign was seen on CE-MRI
in 52.6% (n=10/19), whereas a CT-halo sign was seen in 10.5% (n=2/19) of patients (p=0.016). An MRI-halo sign was
not associated with resection rate (60.0% vs. 62.5%; p=1.000). In the resection cohort, patients with an MRI-halo sign had a
non-significant increased RO resection rate as compared to patients without an MRI-halo sign (66.7% vs. 20.0%; p =0.242).
Positive and negative predictive values of the CE-MRI-halo sign for RO resection were 66.7% and 66.7%, respectively.
Conclusions 3 T CE-MRI and the MRI-halo sign might be helpful to assess the effect of induction chemotherapy in patients
with LAPC, but its diagnostic accuracy has to be evaluated in larger series.
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Introduction

Approximately 30-40% of the patients with pancreatic
ductal adenocarcinoma (PDAC) present with locally
advanced pancreatic cancer (LAPC) [1]. LAPC is charac-
terized by extensive vascular tumor involvement prohibiting
an upfront curative-intent resection [2]. The introduction of
FOLFIRINOX (i.e., a combination of 5-fluorouracil, leu-
covorin, irinotecan, and oxaliplatin) and gemcitabine-nab-
paclitaxel induction chemotherapy has resulted in the oppor-
tunity to achieve local and systemic control of LAPC. As a
consequence, a resection is possible in 16-26% of patients
with LAPC [3-5], associated with survival rates comparable
to those obtained in (borderline) resectable disease [6-9].

Patient selection for surgical exploration is based on both
tumor biology [10] and anatomical staging [11, 12]. Unfor-
tunately, contrast-enhanced computed tomography (CE-CT)
imaging is inaccurate to determine the resectability of LAPC
following induction therapy because it cannot differentiate
between vital tumor tissue and fibrosis [13], whereby the
sensitivity and specificity on the resectability in patients
with PDAC who underwent resection after preoperative
chemo(radio)therapy are 45-78% and 60-85%, respectively
[14, 15]. Consequently, local response to chemotherapy may
be underestimated, which might result in missed opportuni-
ties for resection or, conversely, futile exploratory laparot-
omy [16]. Improvement of preoperative imaging modalities
is urgently needed to reduce futile surgery and prevent the
associated poor short- and long-term outcomes [17].

In pancreatic cancer, contrast-enhanced magnetic resonance
imaging (CE-MRI) is generally recommended only as addi-
tional imaging next to CE-CT in case of a poorly visible tumor
and to exclude liver metastases [18, 19]. Diffusion-weighted
magnetic resonance imaging (DWI-MRI) has shown promis-
ing results in determining tumor response after chemotherapy
in PDAC, focusing on the apparent diffusion coefficient (ADC)
and its possible correlation with histological tumor response
[20-22]. However, the role of CE-MRI and DWI-MRI for mor-
phological response evaluation after chemotherapy is poorly
investigated to our knowledge [16, 23, 24], especially when
focusing on the perivascular zone of the tumor to depict a “halo
sign,” which is considered to reflect tumor regression [25, 26].
A halo sign has been studied and described with CE-CT [25,
26], but not with MRI. A halo sign could be a valuable marker
for remaining vascular tumor involvement after induction
chemotherapy and hereby could improve the preoperative ana-
tomical staging and subsequent patient selection for surgery
[19, 25-27]. As other studies have shown that DWI-MRI can
differentiate vital tumor tissue from fibrosis in rectal cancer
after chemoradiation therapy and CE-MRI is assumed to dif-
ferentiate better between different tissue types [28], we hypoth-
esized this may also be the case in patients with PDAC.
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Therefore, this prospective pilot study explored the value
of CE-MRI and DWI-MRI separately, compared with stand-
ard CE-CT to determine tumor size and vascular involve-
ment of LAPC following induction chemotherapy.

Materials and methods

This prospective observational pilot study was performed
following the Strengthening the Reporting of Observational
Studies in Epidemiology (STROBE) statement guideline [29].

The Medical Ethics Committee from the Amsterdam
UMC (location Academic Medical Center) approved this
prospective study (registration number: NL5665.018.16).
Before inclusion, all patients provided written informed
consent.

Primary endpoints included tumor size and vascular
tumor involvement after induction chemotherapy on CE-CT
versus CE-MRI and CE-CT versus DWI-MRI, including the
presence of a halo sign. The secondary endpoints included
subjective image quality of CE-CT versus CE-MRI and
CE-CT versus DWI-MRI.

Study population

The IMAGE-MRI study was conducted between October
2016 and October 2018 and included 20 patients with
histologically-proven LAPC at diagnosis and thereafter
treated with at least 2 months of induction chemotherapy
followed by surgical exploration with the intention for
resection. After completing the 2 months of induction
chemotherapy, all patients underwent a single 3 Tesla
(3 T) MRI including CE-T1-weighted imaging and DWI
before surgical exploration, in addition to routine CE-CT
scan assessment.

All surgical procedures were performed in three high-vol-
ume pancreatic cancer centers, performing at least 40 pan-
creatoduodenectomies annually. Patients were considered
ineligible for inclusion in case of (1) progressive disease on
CT scan after induction chemotherapy in accordance with
the Response Evaluation Criteria In Solid Tumors (RECIST)
definition [30]; (2) metal implants incompatible with MRI
imaging; (3) severe claustrophobia prohibiting MRI scan; or
(4) impaired renal function prohibiting the administration of
intravenous gadolinium contrast.

Study procedures

Only CT scans were used for clinical decision-making,
including patient selection for surgical exploration. The
pancreatic surgeons were blinded for the outcomes of the
MRI scans, so the findings on MRI were not used for clinical
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decision-making. See Supplementary Digital Content 1 for
procedural details of the CT scans and MRI.

Classification

Tumor characteristics including largest tumor diameter
(axial plane) and vascular tumor involvement on CE-CT
scan and MRI were scored with predefined scoring forms
in consensus by two abdominal radiologists experienced in
pancreatic imaging (M.R.W.E. and C.Y.N., both> 15 years
of experience). The radiologists scored the subjective
image quality, using a four-point scale: excellent, moder-
ate, poor (clinically unusable/inappropriate), and invis-
ible (clinically unusable/inappropriate). Identification and
delineation of the pancreatic tumor as well as the visibility
of vascular involvement were scored using this scale.
Comparing the restaging CE-CT scans and MRI after
induction therapy, a difference in vascular tumor involve-
ment was defined as a change between the following cat-
egories: 0°, 1-90°, 91-180°, 181-270°,>270°. In the case
of portomesenteric venous involvement, the length of tumor
involvement in millimeters was used if the degree of involve-
ment was similar on CT scan and MRI. This strategy to use
of the degrees and length of vascular tumor involvement is
derived from the classification from Ahmed and colleagues
[31]. If multiple major vessels were involved whereby one
vessel showed more involvement on one of the imaging
modalities whereas the other vessel had less involvement,
the number of vessels and the length of portomesenteric
venous involvement were used for the categorization into
decreased, stable, and increased vascular involvement.

Definitions

LAPC was defined at time of diagnosis (so before the start
of systemic treatment) as > 90° arterial contact (i.e., superior
mesenteric artery, celiac axis, and/or any hepatic artery) and/
or > 270° portomesenteric venous involvement or occlusion
[32, 33]. In addition, patients with non-resectable tumors
based on solely multivisceral involvement, vascular involve-
ment according to intraoperative findings during exploratory
laparotomy, and physical performance status were also clas-
sified as LAPC.

The tumor markers carbohydrate antigen 19-9 (CA 19-9)
and carcinoembryonic antigen (CEA) were considered ele-
vated when the serum levels exceeded the cut-offs of >37
U/ml for CA 19-9 and >5 ng/ml for CEA, respectively.
The type of pancreatectomy and its extent were defined in
accordance with the International Study Group on Pancre-
atic Surgery definition [34]. Pancreatic adenocarcinoma was
defined following the World Health Organization definition
[35]. Microscopic negative residual tumor margin (R0) was
defined as a tumor-free resection margin of at least | mm in

all directions, following the Royal College of Pathologists
definition [36]. Tumor within 1 mm from the anterior margin
was not defined as R1.

The MRI-halo sign was defined as partial or complete
replacement of solid perivascular tumor tissue by a perivas-
cular (i.e., arterial and venous) zone of signal intensity with
fat as proposed for CE-CT imaging and now used similarly
for MRI [23, 25] (see Figs. lc, 2c, and 3c).

Statistical analysis

Statistical analyses were performed using IBM SPSS Statis-
tics for Windows version 26.0 (IBM Corp., Orchard Road
Armonk, NY, USA). Continuous data with a non-normal
distribution were presented as medians and interquartile
ranges (IQR), and normally distributed continuous data
were presented as mean with a standard deviation. Unpaired
comparisons were analyzed with the Mann—Whitney U test,
whereas the Wilcoxon signed rank test was used for paired
analyses. Categorical data are presented as frequencies and
percentages and compared using Pearson’s chi-square test
or Fisher’s exact test when appropriate (unpaired analy-
ses) or McNemar’s test (paired analyses). A two-tailed p
value < 0.050 was considered statistically significant.

Results

Out of 22 eligible patients, two patients were not able to
undergo an MRI because of claustrophobia, leading to a
final cohort of 20 patients. Except one patient, all MRI scans
were performed after a CE-CT scan. The mean time interval
between CE-CT and MRI was 25 days (+ 14).

Baseline characteristics

A total of 20 patients were included, comprising 9 male
(45.0%) and 11 female (55.0%) patients with a median age
of 65 years (IQR, 54-67). CA 19-9 was determined in 18/20
patients; median of 357 U/ml (IQR, 156-1559) with elevated
levels in 88.9% of patients (n=16/18). CEA was determined
in 8/20 patients, comprising a median measured value of
4.2 ng/ml (IQR 3.0-9.4) from which 37.5% (n=3/8) of
patients had elevated levels.

All tumors were anatomically staged with CE-CT at the
time of diagnosis, except for one patient for whom an MRI
was performed. The median tumor size was 37 mm (IQR,
33-44), mostly located in the pancreatic head (n=13/20,
65.0%). Deviated arterial anatomy was present in 45.0% of
patients (n=9/20).

The majority of patients (n=15/20, 75.0%) was classi-
fied as LAPC based on the degree of venous and/or arterial
tumor involvement. The remaining patients were considered
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Fig. 1 Halo sign on CE-MRI

a. CE-CT before chemotherapy b. CE-CT after chemotherapy

c. CE-MRI after chemotherapy d. DWI-MRI after chemotherapy

Fig.2 Halo sign on CE-MRI

b. CE-CT after chemotherapy

¢. CE-MRI after chemotherapy d. DWI-MRI after chemotherapy
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Fig.3 Halo sign on CE-MRI
and CE-CT

a. CE-CT before chemotherapy

b. CE-CT after chemotherapy

¢. CE-MRI after chemotherapy

LAPC, based on multivisceral tumor involvement (n=2/20,
10.0%), portomesenteric venous involvement according to
intraoperative findings elsewhere (n=1/20, 5.0%), length
and/or stenosis of portomesenteric venous axis (n=1/20,
5.0%), or physical performance status (n=1/20, 5.0%).

Induction therapy

All patients were treated with induction chemotherapy;
95.0% (n=19/20) of patients received (m)FOLFIRINOX
with a median of 4 courses (IQR, 4-5) and one patient was
treated with 3 courses of gemcitabine-nab-paclitaxel.

Restaging

CA 19-9 levels were elevated after induction chemotherapy
in 84.2% of patients (n=16/19); median of 115 U/ml (IQR,
55-596). From the patients with elevated CA 19-9 before
induction chemotherapy (n=16) in whom CA 19-9 was also
measured after induction chemotherapy (n=15), a>30% CA
19-9 reduction [37] was seen in n=9/15 (60.0%) patients,
but normalization did not occur in any of the patients.

CEA levels were measured in 14 patients; median of
4.8 ng/ml (IQR, 2.4-9.3), and the levels were elevated in
7 patients. Among the patients with elevated CEA before
induction chemotherapy (n =3), normalization occurred in
n=1/3 (33.3%) patient.

CE-CT—staging versus restaging

When comparing the CE-CT scans before and after induction
chemotherapy, the patient who was initially staged with MRI
was excluded for this comparison. The visibility of vascular
involvement before chemotherapy was defined as moderate/
excellent in the majority of cases (n=18/19, 94.7%), being
somewhat less at restaging (n=15/19, 78.9%) (p =0.250).
On restaging, the median tumor size was smaller in
comparison to the size at time of diagnosis (37 mm, IQR
34-44 vs. 30 mm, IQR 26—42; p=0.023). See Table 1 for the
degree of vascular involvement before and after induction
chemotherapy and see Table 2 for the details per patient.

CE-MRI—restaging

CE-MRI was inadequate in one patient because of motion
artifacts, so this patient was excluded from these analyses.
Comparing CE-MRI and CE-CT scan after induction chemo-
therapy, the subjectively scored visibility of the tumor delinea-
tion (n=15/19, 78.9% versus n=15/19, 78.9%; p=1.000) and
vascular tumor involvement (n=12/19, 63.2% versus n=14/19,
73.7%; p=0.727) scored as moderate/excellent did not differ sig-
nificantly. An MRI-halo sign was seen in 52.6% (n=10/19) and
a CE-CT-halo sign in 10.5% (n=2/19) (p=0.016) of patients.
See Figs. 1c, 2c, and 3c for examples of the halo sign on CE-
MRI and Fig. 3b for an example of the halo sign on CE-CT.
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Table 1 Staging and restaging

. . Staging Restaging
imaging
CE-CT* CE-CT CE-MRI DWI-MRI
Tumor size (mm), median (IQR) 37 (33-44) 30 (26-42) 27 (21-38) 28 (22-32)

Not assessable, n (%) 0 (0) 1(5.0) 2 (10.0) 5(25.0)
Arterial involvement
Superior mesenteric artery, n (%)

No contact 11 (55.0) 11 (55.0) 14 (70.0) 5(25.0)

1-90° 2 (10.0) 4 (20.0) 1(5.0) 0(0)

91-180° 6 (30.0) 4 (20.0) 3 (15.0) 0(0)

181-270° 1(5.0) 0(0) 0(0) 0(0)

>270° 0 (0) 1(5.0) 1(5.0) 0(0)

Not assessable 0 (0) 0(0) 1(5.0) 15 (75.0)
Celiac axis, n (%)

No contact 16 (80.0) 16 (80.0) 17 (75.0) 4 (20.0)

1-90° 1(5.0) 2(10.0) 0(0) 0(0)

91-180° 2 (10.0) 1(5.0 1(5.0) 0(0)

181-270° 0 (0) 0(0) 0(0) 0(0)

>270° 1(5.0) 1(5.0 1(5.0) 0(0)

Not assessable 0 (0) 0(0) 1(5.0) 16 (80.0)
Hepatic artery, n (%)

No contact 12 (60.0) 12 (60.0) 14 (70.0) 4 (20.0)

1-90° 0 (0) 1(5.0) 0(0) 0(0)

91-180° 6 (30.0) 4 (20.0) 2 (10.0) 0 (0)

181-270° 0 (0) 0 (0) 1(5.0) 0(0)

>270° 2 (10.0) 2(10.0) 2(10.0) 0 (0)

Not assessable 0 (0) 1(5.0) 1(5.0) 16 (80.0)
Portomesenteric venous involvement
Portal vein, n (%)

No contact 10 (50.0) 13 (65.0) 11 (55.0) 5(25.0)

1-90° 4 (20.0) 2(10.0) 3(15.0) 0 (0)

91-180° 4 (20.0) 4 (20.0) 2(10.0) 0 (0)

181-270° 0 (0) 0(0) 0(0) 0(0)

>270° 2 (10.0) 1(5.0) 1(5.0) 0 (0)

Not assessable 0 (0) 0(0) 3(15.0) 16 (80.0)
Superior mesenteric vein, n (%)

No contact 7 (35.0) 7 (35.0) 13 (65.0) 5(25.0)

1-90° 2 (10.0) 3(15.0) 2 (10.0) 0 ()

91-180° 7 (35.0) 7 (35.0) 2 (10.0) 1(5.0)

181-270° 0 () 0(0) 0(0) 0(0)

>270° 4 (20.0) 2 (10.0) 1(5.0) 0 ()

Not assessable 0 (0) 1(5.0) 2 (10.0) 14 (70.0)
CE-CT, contrast-enhanced computed tomography; CE-MRI, contrast-enhanced magnetic resonance imag-
ing; DWI-MRI, diffusion-weighted imaging magnetic resonance imaging; mm, millimeters; U/A, unassess-
able; *staging MRI instead of CE-CT (n=1); n, number of patients; IQR, interquartile range. Patients
in which the vascular tumor involvement was not assessable on (one of the) imaging modalities are also
included in the nominator to illustrate the usefulness of each imaging modality

At restaging, tumor size tended to be smaller on CE- Next, only the patients who were diagnosed with vascu-

MRI in comparison to CE-CT scan (26 mm, IQR 20-37 vs. lar involvement at baseline are analyzed (n=18/19, 94.7%),
30 mm, IQR 26-42; p=0.073), although this difference was  excluding one patient who was staged as LAPC based on
not statistically significant. multivisceral tumor involvement (i.e., without vascular
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involvement). In patients with CE-MRI-halo sign (n=10/18,
55.6%), vascular involvement was scored less on CE-MRI in
comparison to the extent of vascular involvement on CE-CT
scan (n=_8/10, 80.0%). In patients without a halo sign on CE-
MRI (n=8/18, 44.4%), half of the patients (n=4/8, 50.0%)
had more vascular involvement on CE-MRI than on CE-CT
scan. Vascular involvement on CE-MRI and CE-CT scan in
the remaining four patients was similar (n=2, 25.0%), less
on CE-MRI (n=1, 12.5%), or non-assessable on CE-MRI
(n=1, 12.5%). In both patients with a halo sign on CE-CT, a
halo sign was also seen on CE-MRI. Nevertheless, vascular
involvement in both patients was considered less on CE-MRI
in comparison CE-CT. See Table 2 for the details about vas-
cular involvement on the restaging imaging.

DWI-MRI—restaging

DWI-MRI images were not possible to evaluate in one
patient as a consequence of motion artifacts. Therefore, this
patient was excluded from the present comparative analyses.

Tumor visibility was scored as excellent (n=4/19,
21.1%), moderate (n="7/19, 36.8%), poor (n=5/19, 26.3%),
or invisible (n=3/19, 15.8%) on DWI-MRI. However,
assessment of vascular involvement was impossible in
nearly all patients, illustrated by the subjective scores poor
(n=1/19, 5.3%) and invisible (n=18/19, 94.7%) in only
patients that were diagnosed with vascular involvement at
baseline. See Table 3 for details about the tumor deline-
ation and vascular involvement. Comparisons were made
with neither CE-MRI nor CE-CT scan because of the general
considered poor visibility of DWI-MRI.

See Fig. 1d for a relative useful DWI-MRI. However, the
low signal of the superior mesenteric vein limits the assess-
ment of the absence/presence of a halo sign. See Fig. 2d for
a clinically useless DWI-MRI whereby the tumor delineation
is poorly visible and vascular involvement is invisible.

Clinical outcome
Surgical and pathological outcome

All selected patients were surgically explored with the inten-
tion of resection, of whom 60% finally underwent a resec-
tion (n=12/20), including pancreatoduodenectomy (n=09,
75.0%), distal pancreatectomy (n=2, 16.7%), and total pan-
createctomy (n=1, 8.3%). Vascular resection was required
in 9 patients (75.0%), including portomesenteric venous
(n=8, 66.7%) and celiac axis resection (n=1, 8.3%). Mul-
tivisceral resection was required in one patient (8.3%). Sur-
gical resection was not feasible in the remaining 8 patients,
because of metastatic disease (n=4, 20.0%) or extensive
local regional tumor ingrowth from peripancreatic vascu-
lature (n=4, 20.0%). From this latter group, all patients
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were treated with radiofrequency ablation in the setting of a
clinical trial [38]. See Supplementary Digital Content 2 for
surgical and pathology outcome.

From the 18 patients with vascular involvement at time of
diagnosis and adequate MRI (excluding the patient without
vascular involvement and the patient with motion artifacts),
the (RO) resection rates are described. Six out of 10 patients
(60.0%) with a halo sign on CE-MRI underwent a resection,
compared to 5 out of 8 patients (62.5%) without a halo sign
(p=1.000). Four out of 6 patients (66.7%) with a CE-MRI-
halo sign who underwent a resection had an RO resection,
compared to 1 out of 5 patients (20.0%) who underwent a
resection without a halo sign on CE-MRI (p =0.242).

In the patients who underwent a resection, the CE-MRI-
halo sign to predict an RO resection had a sensitivity, speci-
ficity, positive predictive value, and negative predictive
value of 80%, 66.7%, 66.7%, and 66.7%. See Table 4 for
the cross table.

Discussion

The findings of this first prospective pilot study, investigat-
ing the added value of CE-MRI in assessing tumor response
in LAPC in addition to CE-CT, suggest less tumor involve-
ment and smaller tumor size after induction chemotherapy
on CE-MRI by the more frequently seen halo sign on CE-
MRI (53%) compared to CE-CT (11%). Patients with a CE-
MRI-halo sign appeared to have a non-significant higher
rate of RO resection in comparison to patients without an
CE-MRI-halo sign, but this should be seen as purely hypoth-
esis generating and should be confirmed in larger studies. In
contrast, vascular involvement was mainly not assessable on
DWI-MRI and thus may not have clinical utility for local,
morphological staging purposes.

MRI is mentioned as a potential functional imaging
modality (e.g., DWI-MRI) to predict oncological outcomes
(e.g., histopathological response, RO resection, disease-free,
and overall survival) after chemo(radio)therapy in patients
with pancreatic cancer [16, 23, 39]. On the other hand, the
role of MRI as morphological imaging modality in these
patients is unclear. A recent review paper from the Society of
Abdominal Radiology stated that the limitations of morpho-
logical imaging (both CT and MRI scan) after chemo(radio)
therapy for PDAC are well established [23]. Of note, this
view on MRI seems to be based on a meta-analysis [40] from
the era where preoperative chemo(radio)therapy was not
widely implemented yet. To our best knowledge, in-depth
literature about the value of MRI for morphological restag-
ing after chemo(radio)therapy for PDAC is still lacking.

The present study suggests that CE-MRI might have
added value when restaging LAPC following induction
chemotherapy, next to CE-CT. The presence or absence of
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Table 4. CE-MRI-halo sign in patients undergoing resection—radicality*

Radicality
RO R1 Total
CE-MRI Yes 4 2 6
Halo sign No 1 4 5
Total 5 6 11

CE-MRI, contrast-enhanced magnetic resonance imaging. *n=11 patients with vascular involvement at time of diagnosis and adequate MRI.

a halo sign on CE-MRI could discriminate between vital
tumor tissue and fibrosis after induction therapy although
further larger prospective studies are needed to prove this
suggestion. This hypothesis is carefully strengthened by
differences in vascular involvement between CE-CT scan
and CE-MRI, where vascular involvement seemed generally
less on MRI in the presence of an MRI-halo sign, whereas
the opposite appeared to be true in the absence of an MRI-
halo sign (i.e., increased vascular involvement compared
with CT scan). The finding that the halo sign was more fre-
quently seen on CE-MRI than on CE-CT may suggest that
MRI might be more sensitive to assess post-chemotherapy
resectability, but this needs to be proven in larger studies.

This study confirms that DWI-MRI is insufficient for
morphological staging since tumor delineation and vascu-
lar tumor involvement were hardly assessable. This may not
come as a surprise, given the generally low spatial resolu-
tion of this modality. Interestingly, also the borders of the
tumors were difficult to distinguish from the normal pan-
creas parenchyma since the pancreas often demonstrated
diffusion restriction. This phenomenon was also observed
in one of our previous series, investigating different models
like DWI-MRI models in patients with (borderline) resect-
able pancreatic cancer who were treated with neoadjuvant
gemcitabine plus hypo-fractionated radiation [21]. Possibly,
this is a result of chemotherapy [41], but this cannot be con-
firmed with the present study because no MRI scan was
made before chemotherapy.

Whereas the current results suggest the potential value
of CE-MRI for morphological response evaluation after
induction chemotherapy, the benefits of CT scan over MRI
comprise a higher contrast resolution (that is key for ade-
quate tumor delineation), shorter scan time (so fewer motion
artifacts and less burden for patients), and lower costs [18,
23]. Taking this into account, optimization of CE-CT inter-
pretation (especially regarding arterial involvement) could
be helpful [19], next to investigating the additional or alter-
native role of other imaging modalities such as CE-MRI.
In recent years, various modified criteria and composite
scores are proposed, aiming to optimize the predictive
value of CT scan after preoperative therapy. Noda and col-
leagues designed a composite score based on the presence
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and characteristics of arterial involvement and resectability
status before and after preoperative therapy [42]. This score
was correlated with both RO and overall survival. However,
this score was biased since it was developed in a cohort
that underwent surgical resection [42]. In addition, Yang
et al. investigated the diagnostic accuracy of different CT
criteria (National Comprehensive Cancer Network [NCCN]
versus modified criteria) based on published literature [15].
Modified resectability criteria involved more nuances in
the assessment of vascular involvement, such as changes in
perivascular tissue compared to the pretreatment situation.
Meta-analysis demonstrated a higher diagnostic accuracy to
predict RO resection when using the modified criteria (0.78
[95% CI 0.74-0.82] versus 0.67 [95% CI 0.63-0.71]) [15].
Ahmed and colleagues showed that more detailed criteria
involving the degree and length of involvement and vessel
deformation are reproducible and sufficient predictors for RO
resection [31, 43]. In addition to such modified criteria, the
change of tumor attenuation on CE-CT scan may be useful to
predict RO resection [44] as well as the tumor homogeneity
that seems to correlate with disease-free and overall survival
[45]. Further nuance in resectability from advanced PDAC
with major arterial tumor involvement based on CT imaging
can be made with the presence of a string versus halo sign,
possibly differentiating between the presence and absence
of vessel wall invasion [26, 27]. In addition, the halo sign
on CE-CT as sign of absent vascular invasion has also been
described for venous involvement (25). In the future, the
extraction of radiomic features could further improve the
judgment of resectability after chemo(radio)therapy [46, 47].

The often-overestimated vascular tumor involvement
on CE-CT scans after chemotherapy might, to a yet unde-
fined extent, be more accurately assessed with (additional)
CE-MRI. If this will be confirmed by more robust studies,
CE-MRI could possibly improve the anatomical restaging of
LAPC after induction chemotherapy, allowing for better selec-
tion for oncological and surgical treatment. Further prospec-
tive observational studies are required to investigate the diag-
nostic accuracy and clinical value of CE-MRI in comparison/
next to CE-CT scan to predict RO resection and to investigate
the meaning of a halo sign by involving the histopathological
ground truth. Interestingly, an association of CE-MRI-halo
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sign and tumor marker patterns may be valuable in the devel-
opment of prognostic models. In addition, other predictors for
resectability on CE-MRI have to be investigated (e.g., tumor
shrinkage and [changes in] contrast enhancement) as well as
the predictive value of DWI-MRI with ADC quantification.
Until the role of CE-MRI is validated, the above-mentioned
CT criteria might support the anatomical restaging with
CE-CT scan. Additionally, patient selection could be further
improved by implementing the use of PET combined with
CT or MRI before and after induction chemo(radio)therapy
for local response evaluation [8, 39, 48] and intraoperative
ultrasonography during an exploratory laparotomy to assess
the (extent of) vascular tumor involvement [49, 50].

The present study should be interpreted in the light of sev-
eral limitations and strengths. First, no MRI was performed
before induction chemotherapy, so the findings cannot be
related to the baseline situation. Second, the sample size is
small since this was a pilot study, giving limited value to the
calculated diagnostic performance parameters. Since only 2
patients had a CE-CT-halo sign, calculating the diagnostic
performance and a subsequent comparison with the diag-
nostic performance of the CE-MRI-halo sign was considered
not reliable. In addition, the diagnostic performance of the
DWI-MRI was not calculated, because of the evident lack of
value for morphological restaging. Third, the interobserver
variability was not assessed since the imaging was immedi-
ately scored in consensus. However, as the CE-MRI-halo sign
is a new phenomenon, our radiologists chose to work in con-
sensus in order to learn how to interpret the sign and reduc-
ing the impact of confounders as a consequence of anatomy-
based categorization of vascular involvement. To the best of
our knowledge, this is the first prospective study that inves-
tigated the role of MRI for local morphological restaging in
patients with LAPC patients after induction chemotherapy.

Conclusions

This prospective pilot study suggests that CE-MRI might
be helpful to determine the tumor size and vascular involve-
ment of LAPC after induction chemotherapy including the
“CE-MRI-halo sign” for tumor response that possibly ena-
bles better assessment of the actual vascular involvement
with vital tumor versus fibrosis. However, this finding should
be seen as hypothesis generating rather than absolute proof
of value of the CE-MRI-halo sign, which requires larger
prospective studies.
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