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Abstract

Pancreatic cancers are the third leading cause of cancer-related death in the USA and outcomes remain poor despite improve-
ments in imaging and treatment paradigms. Currently, computed tomography (CT) and magnetic resonance imaging (MRI)
are frequently utilized for staging and restaging of these malignancies, but positron emission tomography (PET)/CT can
play a role in troubleshooting and improve whole-body staging. PET/MRI is a novel imaging modality that allows for simul-
taneous acquisition of PET and MRI images, leading to improved image quality and potential increased sensitivity. Early
studies suggest that PET/MRI may play a larger role in pancreatic cancer imaging in future. This manuscript will briefly
discuss current imaging approaches to pancreatic cancer and outline existing evidence and published data supporting the

use of PET/MRI for pancreatic cancers.
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Introduction to pancreatic cancer

Pancreatic cancer is the 10th most common cancer in the
USA, with rising incidence, and is the 3rd leading cause
of cancer-related death [1]. Early diagnosis of pancreatic
cancer is key to improving 5-year survival and increasing
treatment options [2]. However, pancreatic cancer is often
asymptomatic in early stages, and if symptoms are present,
they may be nonspecific, such as weight loss, dyspepsia, and
nausea [3]. Currently, there are no screening guidelines, even
for groups at increased risk [4].

Imaging studies are critical in multidisciplinary discus-
sion, offering insight into staging, tumor characterization,
and potential surgical candidacy. Due to indolent symptoms
and no effective screening methodologies, only 15-20% of
patients are surgical candidates at time of diagnosis. Surgi-
cal resection with negative margins increases 5-year survival
to 21% [3]. However, even with negative surgical margins

< Samuel J. Galgano
samuelgalgano@uabmc.edu

University of Alabama at Birmingham School of Medicine,
Birmingham, AL, USA

Department of Radiology, University of Alabama
at Birmingham Medical Center, Birmingham, AL, USA

3 Department of Radiology, Mayo Clinic, Rochester, MN, USA

disease recurs in up to 70% of cases [3]. Initial imaging often
includes multiphasic contrast-enhanced computed tomogra-
phy (CT), endoscopic ultrasound (US), and/or magnetic reso-
nance imaging (MRI), all of which can provide complimen-
tary information for characterization of the pancreatic tumor.
Positron emission tomography/CT (PET/CT) is not com-
monly used for pancreatic cancer outside of troubleshoot-
ing various clinical scenarios. PET/MRI is a novel imaging
modality combining the strengths of both PET and MRI with
distinct advantages in abdominopelvic oncology. The focus
of this article will be to review how PET/MRI may improve
upon existing imaging strategies based on published evi-
dence of PET/MRI utility in patients with pancreatic cancer.

Imaging modalities for pancreatic cancer
and how PET/MR may help

Imaging plays a critical role not only in the initial detection
of pancreatic ductal adenocarcinoma (PDAC), but also in the
development of treatment plans and subsequent surveillance.
PDAC may be discovered by various imaging modalities and
in a variety of clinical scenarios, for example, as part of a
targeted evaluation based upon specific signs or symptoms,
as an unexpected/incidental finding, or as part of a screen-
ing examination in a high-risk patient. CT, MR, and hybrid
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imaging techniques such as PET/CT or PET/MR have all
been utilized in imaging of PDAC.

Considering its widespread availability, rapid acquisition,
and ability to evaluate for a variety of potential pathologies,
CT is often pursued as the initial imaging evaluation when
there are specific signs or symptoms of concern. In the set-
ting of nonspecific abdominal complaints, initial imaging
often consists of a CT obtained in portal venous phase or
approximately 65-70 s following onset of bolus administra-
tion of intravenous contrast.

As PDAC may be poorly seen on portal venous phase
only CTs, for clinical scenarios in which there is specific
concern for PDAC, the consensus recommendation by the
Society of Abdominal Radiology and American Pancreatic
Association is that initial evaluation be performed with
biphasic CT [5]. The biphasic elements of the examination
include both a pancreatic parenchymal phase as well as a
portal venous phase. This combination of phases not only
provides high sensitivity for detection of the primary lesion
but also allows for accurate assessment of vascular involve-
ment as well as the ability to screen for metastatic disease
elsewhere in the abdomen. Submillimeter slice thickness and
a variety of post-processing techniques are key in staging
and determination of lesion resectability [6].

While the utility of PET/CT in the evaluation and man-
agement of PDAC has been not well-established, its role
continues to evolve. As PET imaging seeks to take advan-
tage of the increased glycolytic rates of cancer cells, con-
sideration and understanding of glucose metabolism is key.
Glucose intolerance, a potential complication of PDAC, can
result in higher serum glucose levels and possibly a false-
negative result caused by lower tumoral uptake of the glu-
cose analog PET radiotracer 18-fluorodeoxyglucose (FDG).
Nevertheless, while some studies have found PET/CT to pro-
duce similar diagnostic accuracy as CT and MR in detec-
tion of PDAC, the specificity of PET/CT is lower given that
increased tracer activity may also be seen within the pan-
creas in the setting of various inflammatory processes and
malignancies [7, 8]. PET/CT also offers potential to detect
both locoregional nodal metastases as well as distant metas-
tases. However, inherent technical limitations of PET includ-
ing decreased spatial resolution may result in decreased sen-
sitivity for detection of small metastases. PET/CT offers a
unique potential benefit with respect to evaluation of tumor
response or local recurrence following surgical resection.
Since anatomic response as determined by a decrease in
tumor size typically lags behind pathologic response, the
functional element of PET/CT offers the potential to assess
treatment response more rapidly and quantitatively via meas-
urement of standardized uptake values (SUV). Given the
relatively common occurrence of scarring near the surgical
bed following PDAC resection, the functional/physiologic
data provided by PET/CT also provides higher accuracy in
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detection of local recurrence with one study demonstrating
96% accuracy for PET compared to 57% for CT alone [9].

Although not the preferred imaging modality for initial
evaluation in most circumstances, MRI is an important
imaging alternative, particularly in special circumstances,
such as in patients with severe renal dysfunction or severe
allergy to iodinated contrast. Largely related to superior
spatial resolution, CT demonstrates higher accuracy in
determination of surgical resectability, up to 87% for CT
compared to up to 79% for MR. However, with respect to
lesion detection, CT and MRI have shown similar sensitiv-
ity, approaching up to 96% in the case of CT and 96%—98%
in the case of MRI when diffusion-weighted images (DWI)
are obtained [10]. Furthermore, MRI may be useful when
lesions are inconspicuous on CT since as many as nearly
30% of pancreatic adenocarcinomas can be isoattenuating
on CT [11-13]. MRI also plays a critical role in the detec-
tion of metastatic PDAC, particularly liver metastases.
When obtained with DWI, MR has higher sensitivity for
detection of liver metastases than CT [6, 14]. MRI has also
demonstrated a higher level of accuracy in detection of
peritoneal disease compared to CT [6, 14]. Several small
studies indicate that DWI and apparent diffusion coeffi-
cient (ADC) could serve as important imaging biomark-
ers of treatment response for patients who are undergoing
neoadjuvant therapy [14].

The hybrid imaging technique of PET/MR was devel-
oped to take advantage of the strengths of both PET and
MR. While contrast-enhanced CT remains the primary tool
for locoregional staging, PET/MR has performed similarly
to PET plus contrast-enhanced CT with respect to stag-
ing accuracy and determination of lesion resectability [9].
Importantly, PET/MR has shown promise in detection of
metastatic disease, evaluation of treatment response, and in
detection of recurrent disease given the ability for concurrent
evaluation of imaging biomarkers including SUV and ADC
[14] at the same time as anatomic imaging. When compared
to PET/CT, PET/MRI offers simultaneous acquisition of
PET and MR data rather than the sequential acquisitions
typical of PET/CT. Consequently, PET/MRI acquisitions
are less susceptible to misregistration and motion artifact
that may limit sensitivity for detection of small primary or
metastatic lesions on PET/CT. Additionally, with PET/MRI,
there is potential to concurrently perform an MRCP, thereby
more thoroughly evaluating ductal involvement [9].

While biphasic CT remains the recommended initial
imaging examination in the evaluation of PDAC [15], there
is a growing body of evidence that a multimodality approach
may be indicated in the management of PDAC. MR and the
hybrid imaging techniques of PET/CT and PET/MRI are
important modalities for detection of metastatic disease as
well as for detection of local recurrence and in assessment
of neoadjuvant treatment response. As research continues to
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expand, the role of both MR and hybrid imaging in PDAC
management will become more well defined.

PET/MRI protocols for pancreatic cancer

The initial consideration for imaging patients with pancreatic
neoplasms using PET/MRI is radiotracer selection, a deci-
sion dictated by the histopathologic subtype of the pancre-
atic lesion. Somatostatin analogs are a clear choice for imag-
ing well-differentiated neuroendocrine neoplasms (NEN),
with ®Ga-labeled peptides, including DOTA-D-Phe1-Tyr3-
octreotide (DOTA-TOC), DOTA-1-Nal3-octreotide (DOTA-
NOC), or DOTA-D-Phel-Tyr3-octreotate (DOTATATE),
used for PET due to greater sensitivity than octreotide [16,
17] which was utilized with older SPECT imaging tech-
niques. Another potential agent is 6-1-18F-fluoro-dihydroxy-
phenylalanine (‘®F-DOPA) which exploits the catecholamine
metabolic pathway [18]. It demonstrates potential utility in
imaging well-differentiated neuroendocrine tumors in addi-
tion to recently reported success for imaging neuroendocrine
tumors with lower expression of somatostatin receptors [19].
However, routine use of '*F-DOPA is limited by its expen-
sive synthesis and reduced availability [19]. Furthermore, it
has no theranostic role, as opposed to ¢ Ga-labeled soma-
tostatin peptide analogs, which predict usefulness of pep-
tide receptor radionuclide therapy using '”’Lu or **Y-labeled
peptides [19].

The glucose analog, '®F-2-fluorodeoxyglucose (‘*F-
FDG), becomes important for imaging poorly differenti-
ated/high-grade neuroendocrine tumors which may not
express somatostatin receptors reliably, as well as mixed
acinar cell neuroendocrine tumors and PDAC [16, 19-21].
Higher-grade neuroendocrine tumors that are more likely
to take up 'F-FDG are defined by the eighth edition of the
American Joint Committee on Cancer 2017 guidelines as
Grade 2 and Grade 3, typically with a higher Ki-67 index
(3-20% and 21-55%, respectively) [22, 23].

MR protocols for targeted pancreatic cancer evalua-
tion include not only whole-body acquisitions but also
separate focused upper abdominal acquisitions. One such
imaging protocol is provided by Furtado et al. and begins
with a whole-body precontrast coronal Dixon VIBE
(volume-interpolated breath-hold T1 weighted) acquired
from the mid thighs to the craniocervical junction [24].
Dixon sequences provide concurrently acquired in-phase,
opposed phase, fat, and water-only images which are
required to segment tissues into different densities and
allows for proper attenuation correction of the PET data
[21]. A whole-body axial nonfat-saturated T2w HASTE
(half Fourier single-shot fast spin echo T2 weighted)
is also obtained [24]. MR-based attenuation correction

sequences are employed at each PET bed position and
allow for PET attenuation correction analogous to CT-
based attenuation correction methods used in PET/CT
[25].

The focused upper abdominal imaging is a critical
adjunct for characterization of benign and malignant
hepatic lesions that may not be radiotracer avid on PET
[24]. Furtado et al. initiate this portion of the dedicated
protocol with axial T1 dual GE (gradient echo). An axial
fat-saturated T2w FSE (fast spin echo) follows as well as
coronal T2w HASTE. Finally, dynamic contrast-enhanced
T1w VIBE axial sequences are performed, including
pancreatic parenchymal and portal venous phases [24].
Diffusion-weighted sequences are also typically acquired,
and while Furtado et al. obtain these in the first set of
whole-body acquisitions (axial b-values 50, 400, and 800,
specifically), others use DWI only in the focused upper
abdominal portion of the exam [16, 26].

To complete the entire exam, PET images are simultane-
ously acquired with axial whole-body T1w VIBE postcon-
trast sequences per Furtado et al. [24]. On the other hand,
Hope et al. state that whole-body postcontrast T1 adds
little to image interpretation and may be omitted without
loss of sensitivity [16]. Anatomic correlation for the whole-
body PET is provided with the simultaneous acquisition
of the PET with axial nonfat-saturated T2w fast spin echo
sequences before contrast administration [16].

Choice of appropriate gadolinium-based contrast agent
(GBCA) and the corresponding variances in MR imaging
offered are the final considerations when developing a
PET/MRI protocol. Furtado et al. specifically describes
use of gatoterate meglumine (Dotarem®, Guerbet, Prince-
ton, NJ, USA), an extracellular macrocyclic and ionic
GBCA that is primarily eliminated by renal clearance.
However, others advocate for a GBCA that provides a
hepatobiliary phase for upper abdominal PET/MRI acqui-
sitions when evaluating hepatic metastatic disease [26].
Gadoxetate disodium (Eovist®, Bayer Healthcare Phar-
maceuticals, Berlin, Germany) is the only FDA-approved
GBCA with the ability to provide the unique hepatobil-
iary phase due to partial excretion into the biliary system
via hepatocyte uptake. Dynamic contrast-enhanced MRI
with hepatobiliary phase is thus the reference standard
for evaluation of small hepatic metastases as a result of
the increased sensitivity provided by inherent contrast
difference between hypointense metastases and hyperin-
tense liver parenchyma resulting from hepatocyte contrast
uptake [27].

Similar to renally excreted GBCA, gadoxetate diso-
dium allows for dynamic postcontrast imaging in the arte-
rial, portal venous, and transitional phases due to its initial
distribution in the extracellular space, allowing for lesion
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characterization. Transient tachypnea during the arterial
phase is described more frequently with gadoxetate diso-
dium, creating undesirable motion artifact; however, its
self-limiting nature (10-20 s) ensures the hepatocyte spe-
cific phase will be relatively free of motion [27, 28]. As this
delayed phase arguably is of greatest interest in fused PET/
MRI interpretation in patients with PDAC, the arterial phase
motion artifact is not a particularly relevant disadvantage
for targeted PET applications. Furthermore, to reduce the
chance of missing the arterial timing due to dyspnea, two
arterial phase timings in rapid succession may be imple-
mented [16, 27]. A single-bed position PET acquisition may
also be captured concurrently during the hepatobiliary phase
for optimal coregistration during the focused examination
of the liver [16].

The hepatobiliary phase becomes especially critical in the
setting of PET imaging with ® Ga-DOTA-peptides, as robust
hepatic uptake is part of the expected radiotracer biodistri-
bution and heterogeneous parenchymal background activity
can be confused for focal lesional uptake. Conversely, small
lesions with mild radiotracer uptake can be misinterpreted
for normal hepatic background activity, especially when
PET is combined with noncontrast CT for anatomic cor-
relation. This is in contradistinction to hepatobiliary phase
MRI which provides increased sensitivity, with the differ-
ence in performance particularly disparate for lesions sized
0-5 mm [16]. Furthermore, hepatobiliary phase outperforms
DWI for small lesion detection, necessitating its inclusion in
PET/MRI protocols [16].

PET/MRI for early detection and initial
staging

Due to the persistently high rates of surgical unresectability
and mortality, there are considerable efforts in improving
early detection and initial staging of PDAC [14]. Although
certain high-risk individuals qualify for screening (due to
familial history and/or genetic mutations), it has not been
proven cost-effective to screen for pancreatic cancer on a
population-based level [29, 30]. Conventional imaging
modalities, including CT, MRI, and PET/CT, all suffer from
limitations in the detection of small, early-stage cancers for
which surgical resection would likely be curative. Due to
lack of symptoms at initial onset, these early-stage cancers
will remain clinically undetected and may become locally
advanced, unresectable, and/or metastatic when they present
with symptoms. PET/MRI offers a unique benefit of simulta-
neously capturing PET and MRI data, which results in better
image fusion and minimizes motion induced artifact [31].
Even when combining the strengths of PET/MRI, it
remains challenging to detect early pancreatic cancers uti-
lizing FDG. However, early preclinical work has explored
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the use of ® Ga-FAPI-04 which targets fibroblast-activating
protein and demonstrates better tumor specificity and poten-
tial utility in the early detection of PDAC [32]. It is then
logical that the improved sensitivity of MRI for detection of
small PDAC could be combined with additional improved
sensitivity of FAPI-PET to lead to increased early PDAC
detection rates and potentially improved patient mortality
and outcomes.

Initial staging of both PDAC and pancreatic NENs stands
to benefit the most from PET/MRI. Although the high spatial
resolution of multiphasic CT remains a mainstay of local
staging and assessment of resectability, MRI can serve as
an alternative if performed well [14]. Additionally, while
CT may be preferred for the evaluation of local resectability,
MRI outperforms CT in the detection of distant metastatic
disease, particularly when performed as an FDG-PET/MRI
with hepatobiliary contrast agents [14]. In a retrospective
cohort study of 25 patients, 49% of PDAC patients who
underwent PET/MRI had a change in management due to
increased information provided by PET/MRI in comparison
to standard of care imaging [24]. In two prospective stud-
ies, evaluation of preoperative resectability with PET/MR
was not significantly different than PET/CT combined with
multidetector CT [33, 34]. However, PET/MRI detects more
liver metastasis than other imaging modalities—which could
play a significant role in treatment paradigms [33, 35]. Fur-
ther, PET/MRI may play a role in better N stage characteri-
zation in comparison to alternate imaging modalities; how-
ever, current studies have lacked statistical power to show
significance [33]. Despite this, PET/MR allows for compre-
hensive staging within the same imaging study—allowing
a streamlined, one-stop imaging modality to expedite and
streamline treatment planning [34]. Although not the focus
of the manuscript, SSTR-PET/MRI offers substantial benefit
for comprehensive staging of pancreatic NENs and allows
for thorough evaluation and identification of hepatic metas-
tases which may be treated with intraoperative resection or
ablation [36].

PET/MRI for response to neoadjuvant
therapy and prognostication

In many institutions, it is standard practice to provide neo-
adjuvant chemotherapy (and potential radiation therapy) to
all patients with PDAC even if staging imaging demonstrates
upfront resectability. As PDAC responds to therapy, it can
be challenging to differentiate viable tumor, posttreatment
fibrosis, and inflammation on follow-up conventional imag-
ing. Thus, the combination of anatomic and physiologic
information gained via PET/MRI and its superior image
coregistration offer significant potential in accurate charac-
terization (Figs. 1 and 2). Additionally, both PET and MRI
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Fig.1 A 42-Year-old female
with pancreatic uncinate
process adenocarcinoma status
post-neoadjuvant chemotherapy
and radiation. Axial contrast-
enhanced CT (a) and fused axial
FDG-PET/MRI (b) images of
the upper abdomen demonstrate
a subcentimeter metastasis (sub-
sequently biopsy proven) in the
left hepatic lobe (arrow) which
was not detected prospectively
on CT

Fig.2 A 59-Year-old male with pancreatic adenocarcinoma under-
going chemotherapy and suspected progression. Axial diffusion-
weighted images (a—c) and fused FDG-PET/MRI (d—f) images of the

have been investigated to better prognosticate outcomes
for patients with PDAC compared to conventional imaging
modalities alone.

In pancreatic tumors that are borderline resectable, CT
underestimates the effectiveness of neoadjuvant therapy
due to inability to differentiate viable tissue from tumor or
fibrosis, potentially limiting surgical resection following
therapy (Fig. 3) [31]. PET/MRI offers the ability to differ-
entiate these entities more confidently, potentially improv-
ing restaging evaluations. A systematic review of patients
with borderline resectable and resectable PDAC who
underwent FDG-PET/CT or PET/MRI after neoadjuvant

upper abdomen demonstrate multiple hepatic metastases (solid arrow)
and pancreatic neck mass (dotted arrow) with near-perfect coregistra-
tion of PET and MRI images

chemotherapy found that the patients whose SUVs were
higher at baseline prior to neoadjuvant therapy were asso-
ciated with better response to therapy and better overall
survival, but patients with SUVs remaining high after
neoadjuvant therapy were correlated with poor prognosis
[37]. An additional study evaluating the use of pretreat-
ment PET and MRI found that both apparent diffusion
coefficient and SUV values were correlated, that metabolic
tumor volume was an independent predictive factor for
overall and disease-specific survival, and that combining
PET and MRI may assist in prediction of tumor grade and
patient survival [38]. When PET and MRI were combined
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Fig.3 A 50-Year-old male with locally advanced pancreatic head
adenocarcinoma. Initial pretreatment axial fused FDG-PET/MRI
images (a—c) demonstrate a large hypermetabolic pancreatic head
mass (solid arrow) and multiple peritoneal/omental metastases (dot-
ted arrow). Following chemoradiation, a repeat FDG-PET/MRI was

in a separate study and performed as a PET/MRI with
multiparametric analysis, the total lesion glycolysis/peak
ratio was able to better predict overall survival compared
to other imaging biomarkers and is reflective of the flow-
metabolism mismatch in PDAC [39]. Additional studies
evaluating multiparametric parameters on PET/MRI in
PDAC before and after neoadjuvant chemotherapy found
that various imaging biomarkers were able to better predict
early response and outcomes compared to RECIST 1.1 and
CA 19-9 [40-42].

PET/MRI for recurrence

Pancreatic cancers often recur despite adequate surgical
excision and RO resection margins. Common locations
for recurrence include resection margin, liver, and peri-
toneum [31]. Current monitoring for recurrence typically
includes CT or MRI, with PET utilized as an adjunct imag-
ing study. Advantages to utilizing PET include differen-
tiating residual tumor from posttreatment-related inflam-
matory changes; further, PET offers a larger z-direction
field of view in comparison to standard CT surveillance
and has the potential to image the whole body [31]. The
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performed (d—f) which demonstrates resolution of all abnormal activ-
ity. The focal activity in the pancreatic head (dotted circle) corre-
sponds to inflammation along the indwelling metallic biliary stent, a
common false-positive finding in these patients

utilization of PET/CT has shown higher sensitivities for
detecting recurrence than CT or MRI alone. Conceivably,
PET/MRI could show similar data as PET/CT, although
little prospective research has directly compared the two.
PET/MRI has the added benefit of possessing superior
image coregistration, which when combined with high
sensitivity and soft tissue characterization of MRI, would
be advantageous for detection of early metastatic disease
and local recurrence compared to PET/CT or MRI alone
[31]. For pancreatic NENs with suspicion for recurrence
either on conventional anatomic imaging or patient symp-
toms, SSTR-PET/MRI offers to accurately localize and
plan further therapeutic options, including surgical resec-
tion, locoregional therapy, systemic therapy, and/or pep-
tide receptor radionuclide therapy (Fig. 4).

Conclusion

Pancreatic cancer detection and initial management deter-
minations, including staging and surgical candidacy, are
largely dependent on imaging. However, pancreatic can-
cer can be difficult to assess given the nature of the dis-
ease, anatomic location of the pancreas, and challenges
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Fig.4 A 60-Year-old female with metastatic pancreatic tail neuroen-
docrine tumor. Whole-body maximum intensity projection (a) and
fused DOTATATE-PET/MRI (b—e) images demonstrate widespread
metastatic disease involving the liver, peritoneum, and bony pelvis.

in detection of small lesions. Innovative use of newer
imaging modalities such as PET/MRI have not been fully
studied in the management of pancreatic cancer, but ini-
tial, small studies display the potential benefit of PET/
MRI utilization in this population. The ability to capture
simultaneous PET and MRI studies becomes a one-time
imaging stop for patients—potentially offering a high
value imaging approach for oncologic patients.
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