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Importance: In the past few decades, there has been rapid advancements in imaging technologies that have
become irreplaceable in the pre-operative assessment of patients with pancreatic tumors. Modern imaging
modalities, including computed tomography (CT) and endoscopic ultrasound (EUS), can provide critical
information of the absence or presence of metastatic disease in pancreatic cancer, as well as details on the
local extent and resectability, allowing for the selection of stage appropriate treatments and pre-operatively
determined surgical approach.

Objective: The aim of this review is to discuss staging, resectability, and imaging for patients with
pancreatic tumors.

Evidence Review: A literature review was performed of articles relevant to the topics of staging,
resectability, and imaging of pancreatic tumors. Imaging modalities included CT, EUS, magnetic resonance
imaging (MRI), positron emission tomography (PET), antibody-based and narrow band imaging.

Findings: CT pancreas protocol combined with EUS serve as the primary modalities in diagnosis, staging,
and surgical planning in patients with pancreatic tumors. MRI is an alternative to CT with near equivalent
utility in the pre-operative setting. In some circumstances, PET-CT may be a cost-effective initial study to
detect distant disease.

Conclusions and Relevance: Current imaging technologies play a critical role in the evaluation of
patients with pancreatic tumors. Advances in the past 3 decades in imaging technologies have revolutionized
the process of assessment of stage and resectability in patients with pancreatic tumors. Future imaging

technologies will address current limitation in the evaluation of occult metastatic disease.
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Introduction

Over the past few decades, advances in technology and the
methods in which abdominal imaging is interpreted have
changed the way that we evaluate and treat patients with
pancreatic cancer. Cross sectional imaging with computed
tomography (CT), magnetic resonance imaging (MRI)
and positron emission tomography (PET)-CT has largely
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abolished “exploratory surgery” as most stage IV metastatic
disease to the liver can be determined in the radiology
suite rather than the operating room. For the patients with
resectable disease, pre-operative imaging allows surgeons
to finely tailor a resection for a tumor of a specific location,
adjacent to vital abdominal vascular structures. The days of

mobilizing the duodenum to palpate a posteriorly located
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Table 1 AJCC TNM staging definitions (8" Edition)

Stage Description

T
TO No evidence of primary tumor
T1 Maximum tumor diameter <2 cm
T2 Maximum tumor diameter >2 and <4 cm
T3 Maximum tumor diameter >4 cm
T4 Tumor involves the celiac axis, SMA, and/or CHA
N
NO No regional lymph node metastases
N1 Metastasis in 1-3 regional lymph nodes
N2 Metastasis in >4 regional lymph nodes
M
MO No distant metastases
M1 Distant metastasis

Table 2 AJCC prognostic staging groups (8" Edition)

Stage T N M
Stage IA T NO MO
Stage IB T2 NO Mo
Stage lIA T3 NO Mo
Stage IIB T1-3 N1 MO
Stage |lI T1-3 N2 MO

T4 Any N Mo
Stage IV Any T Any N M1

tumor relative to the superior mesenteric artery as the
primary means of assessing resectability are over, as the
imaging of localized pancreatic tumors can reliably present
the tumor’s relationship to vascular structures and describe
this critical interface. In this review, we discuss the role
of imaging in staging and surgical planning and then the
current imaging modalities that are primarily involved in
these assessments in addition to novel imaging techniques
on the horizon.

We present the following article in accordance with the
Narrative Review reporting checklist (available at http://
dx.doi.org/10.21037/hbsn.2019.05.04).
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Staging

Critical in the decision-making algorithm in pancreatic
cancer is clinical staging, which is determined by physical
exam, cross sectional imaging and often, endoscopic
ultrasound with biopsy. Clinical staging is performed
using the tumor node metastases (I'NM) staging system
as defined by the American Joint Committee on Cancer
(AJCC) (Tables 1,2). The TNM system stratifies extent
of disease based on T, the tumor size and local extent, N,
involvement of regional lymph nodes, and M, the absence
or presence of distant metastatic disease. AJCC staging for
pancreatic cancer has recently undergone revision with the
8" edition, published in 2017 (1). In the newest edition,
T1 through T3 stages are based on tumor size, where
T1 are tumors less than or equal to 2 cm, T2 are tumors
greater than 2 cm and less than or equal to 4 cm, and T3
are tumors greater than 4 cm in size. T4 tumors are those
that involve the celiac axis or superior mesenteric artery. In
the AJCC 7™ edition, T3 tumors were those that extended
beyond the boundaries of the pancreas without celiac axis or
superior mesenteric artery involvement. In the 8" edition,
there was additionally a revision of N staging. While in
the 7 edition, nodal status was staged dichotomously as
NO represented no involved regional lymph nodes and N1
was applied to disease involving any regional lymph nodes,
the 8" edition divides lymph node involvement into three
categories, which may better stratify patients, as the number
of lymph nodes involved has been associated with worse
survival (2). AJCC 8" edition defines NO as no regional
lymph nodes involved, N1 as 1 to 3 lymph nodes involved,
and N2 as greater than or equal to 4 lymph nodes involved.
In the 8" edition, M staging remains the same, simply,
MO, without evidence of metastatic disease, and M1, with
metastatic disease to distant lymph nodes or organs. Most
commonly, metastatic disease is observed in the liver (80%),
but occasionally, there may also be disease located in the
lungs, bones, adrenal glands and on the peritoneum (3).
Thus, liver lesions in patients with pancreatic cancer should
raise suspicion of M1 disease. With regards to lung lesions
in patients with resectable pancreatic adenocarcinoma, up to
18% of patients may have small (<1 cm) pulmonary nodules
and 90% of these lesions are benign and thus are of lesser
significance than those lesions identified in the liver (4).
The identification of M1 disease is associated with a
particularly dismal prognosis.
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Figure 1 CT images of resectable, borderline resectable before and after treatment with neoadjuvant therapy and locally advanced

pancreatic cancers. (A) Resectable pancreatic head mass with a clear fat plane (arrow) separating tumor from the superior mesenteric vein;
(B) borderline resectable pancreatic head mass with tumor in contact with the superior mesenteric vein with slight distortion of the vessel.
Note the distal pancreatic duct appears dilated; (C) borderline resectable pancreatic head mass following neoadjuvant chemotherapy

with continued abutment and a distortion of a portion of the superior mesenteric vein; (D,E) locally advanced pancreatic head mass with

encasement of the superior mesenteric vein (arrow) and superior mesenteric artery (star).

Definitions of resectability

While over half of patients with a diagnosis of pancreatic
cancer present with distant disease and do not benefit from
surgical resection, for patients with less extensive disease, the
possibility of a successful resection is determined by careful
interpretation of abdominal imaging studies (5). Cross
sectional imaging allows anatomic localization of the tumor,
particularly in relation to the superior mesenteric and portal
veins (Figure I). Tumors to the left of the vein are typically
treated with distal pancreatectomy, whereas right-sided
tumors are treated with a pancreaticoduodenectomy. Rarely,
in synchronous pancreatic lesions in the head and body/
tail or in the situation of main duct intraductal papillary
mucinous neoplasm (IPMN) involving the complete gland,
total pancreatectomy may be the best-suited operation.
Generally, resectable tumors are those where it appears
to be technically feasible to completely remove tumor
and achieve microscopically uninvolved surgical margins.
Resectable tumors are defined to be localized, non-
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metastatic tumors that have no extension of tumor to any of
the arterial structures (superior mesenteric artery, celiac axis,
or common hepatic artery) and no abutment, distortion,
encasement, or occlusion of the superior mesenteric vein
and portal vein, and a normal appearing fat plane separating
tumor from vascular structures (Figure 1A4) (6). In non-
metastatic disease, locally advanced tumors are those that
are unresectable due to arterial or venous involvement
without any technically feasible options for resection and
reconstruction (Figure 1D,E) (7). In between resectable and
locally advanced unresectable tumors, there is a group of
tumors identified as borderline resectable, where certain
imaging findings describe an intimate but limited anatomic
relationship between tumor and the adjacent arterial and
venous structures and where pre-operative radiation or
chemotherapy may increase the odds of a negative surgical
margin (Figure 1B,C).

Advances in cross sectional imaging, refinements of

surgical technique, particularly in vascular reconstruction,
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and the use of neoadjuvant therapy have expanded the
proportion of patients with pancreatic cancer who may be
candidates for curative intent surgical resection. Historically,
resectable tumors were limited to non-metastatic tumors
distinctly separate from arterial and venous vasculature and
it was only during the 1990s that it was shown that patients
who underwent pancreaticoduodenectomy with a venous
resection and negative margins achieved equivalent survival
to those without a venous resection (8).

The degree of tumor contact with vascular structures
has been found to contribute to recurrence and survival
and thus, has importance in determining resectability. In
a retrospective study of Japanese patients from 2001-2012
who had not received any pre-operative therapy, it was
observed that survival was similar among patients who
were identified on pre-operative imaging to be resectable
without vascular contact and those with resectable tumors
with less than 180° contact with the portal or superior
mesenteric vein with a median overall survival of about
2 years. Although, the patients without any vascular contact
had a lower rate of positive surgical margin. For patients
with tumor contact with the portal or superior mesenteric
vein of greater than 180°, median overall survival falls to
17 months and for patients with contact with the superior
mesenteric or hepatic artery, median overall survival falls to
11 months (9). In patients with arterial contact, a positive
surgical margin was present in 50% of cases. These two
later groups of patients are now included in “borderline”
resectable pancreatic cancers, where the poorer survival and
elevated rates of R1 resection with upfront surgery often
directs patients towards pre-operative therapies. Recently,
with modern treatment strategies such as pre-operative
FOLFIRINOX chemotherapy plus chemoradiation, for
patients who undergo a curative intent resection, 96% of
patients may achieve an RO resection with a 2-year overall
survival of greater than 70% (10).

In the evaluation of pancreatic tumor, borderline
resectable is assigned based on the relation of tumor to
the adjacent arterial and venous structures: the superior
mesenteric vein, the portal vein, the superior mesenteric
artery, the common hepatic artery, and the celiac axis.
The criteria of borderline resectable have undergone
multiple revisions through different research and consensus
groups (Table 3). In 2006, a multidisciplinary group from
M. D. Anderson Cancer Center published a definition
of borderline resectable pancreatic cancer allowing for
short segment occlusion of the superior mesenteric vein
and portal vein with suitable proximal and distal vessel for
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resection and reconstruction, <180° abutment of tumor
of the superior mesenteric artery, and short segment
encasement or abutment of the common hepatic artery
with sufficient proximal and distal vessel for resection and
reconstruction (11). In 2008, a consensus committee that
was co-sponsored by M. D. Anderson Cancer Center, and
included members from the Americas Hepato-Pancreato-
Biliary Association, the Society of Surgical Oncology, and
the Society for Surgery of the Alimentary Tract defined
borderline resectable to standardize criteria for the purpose
of multi-institutional research and allow comparison
among multiple studies (12). These criteria were largely
similar to those initially described in 2006. In 2013, a
multi-institutional clinical trial, sponsored by the Alliance
for Clinical Trials in Oncology, led by M. D. Anderson
Cancer Center, and involving 14 different sites, defined
again, essentially the same criteria for borderline resectable
pancreatic cancer, but also including tumors with <180°
interface with the celiac axis (13).

In 2016, the International Association of Pancreatology
(TAP) also defined a set of anatomic criteria for borderline
resectable pancreatic cancer following an internationally
attended conference in Sendai, Japan (14). These criteria,
largely adapted from the Japanese Pancreas Society
classification subdivided anatomic borderline resectable
pancreatic cancer to those with arterial involvement (BR-A)
and those with venous involvement (BR-V), with the BR-A
tumors being associated with poorer prognosis. These
criteria remove subjective terminology such as abutment,
as well as phrases such as “allowing for safe and complete
resection and vein reconstruction”, which relies heavily on
the interpreting radiologist or surgeon. The IAP criteria
allows <180° contact with the superior mesenteric artery
and celiac axis, limited contact with the common hepatic
artery, and >180° contact with the superior mesenteric and
portal veins without exceeding the inferior border of the
duodenum.

"The National Comprehensive Cancer Network (NCCN)
in their guidelines for the management of pancreatic
adenocarcinoma, in a committee of 34 experts from
29 different institutions and 9 different specialties also
define criteria for borderline resectable, resectable, and
unresectable pancreatic cancer (15). Resectable pancreatic
cancer has no arterial tumor contact and ideally, no tumor
contact with the superior mesenteric vein or portal vein but
allows for less than or equal to 180 degree contact without
vein contour irregularity. In regards to tumor involvement
with arterial structures, the definition of borderline
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Table 3 Criteria for borderline resectable pancreatic cancer

607

AHPBA/SSAT/SSO  Alliance A021101 Trial

Vessel MD Anderson [2006] (2008] (2013] IAP [2016] NCCN 1.2019 [2018]

SMV-PV Short-segment Abutment >180° or  Interface between Tumor contact Solid tumor contact with
occlusion with suitable  occlusion amenable tumor and vessel >180° or invasion the SMV or PV of >180°,
vessel above and below; to resection and measuring >180° and/ of the SMV/PV with contact of <180° with
segmental venous reconstruction or reconstructable bilateral narrowing contour irregularity of
occlusion alone without occlusion or occlusion, and the vein or thrombosis of
SMA involvement is rare not exceeding the the vein but with suitable
and should be apparent inferior border of the  vessel proximal and distal
on CT images duodenum to the site of involvement

allowing for resection and
vein reconstruction

SMA Tumor abutment <180°; Abutment <180° Interface between tumor Tumor contact/ Solid tumor contact with
periarterial stranding and vessel <180° of invasion of <180° the SMA of <180°
and tumor points of vessel without showing
contact forming a stenosis/deformity
convexity against the
vessel improve chances
of resection

CHA Short-segment Abutment or Reconstructable, short-  Tumor contact/ Solid tumor contact with
encasement/abutment  short-segment segment interface invasion without CHA without extension
of the common hepatic encasement, between tumor and showing tumor to CA or HA bifurcation
artery (typically at the amenable to vessel of any degree contact/invasion of allowing for complete
GDA origin); the surgeon reconstruction the PHA and/or CA resection and
should be prepared reconstruction
for vascular resection/
interposition grafting

Celiac axis Abutment of <180° of No abutment or Interface between tumor Tumor contact/ Solid tumor contact

the circumference of the
celiac axis

encasement

and vessel <180° of
vessel

invasion of <180°
without showing
stenosis/deformity

with the CA of <180°

or of >180° without
involvement of the

aorta and with intact and
uninvolved GDA thereby
permitting a modified
Appleby procedure

resectable allows for solid tumor contact with the common
hepatic artery without extension to the celiac axis or hepatic
artery bifurcation allowing for safe and complete resection
and reconstruction, <180° solid tumor contact to the
superior mesenteric artery, or solid tumor contact to variant
anatomy. For left-sided tumors, NCCN guidelines for
borderline resectable tumors allow for solid tumor contact
with the celiac axis of <180° or if >180°, must be without
involvement of the aorta with an intact and uninvolved
gastroduodenal artery, allowing for the modified Appleby
procedure (although some committee members considered
these tumors involving the celiac axis to be unresectable). In
regards to tumor involvement with venous structures, the
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definition of borderline resectable allows for solid tumor
contact with the superior mesenteric vein or portal vein of
>180° or <180° with vein contour irregularity or thrombosis
with suitable proximal and distal vessel for resection and
reconstruction, as well as solid tumor contact with the
inferior vena cava. The NCCN categorizes unresectable
tumors as those with distant metastasis, including non-
regional lymph nodes. In addition, right-sided pancreatic
tumors with solid tumor contact of >180° to the superior
mesenteric artery or celiac access and left-sided tumors
with solid tumor contact of >180° with the superior
mesenteric artery or celiac axis or solid tumor contact with
the celiac axis with aortic involvement are also considered
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Table 4 Indications and costs of imaging studies

Imaging technique Indication Estimated cost'

CT For detection, staging, surgical planning $346

EUS For detection, diagnostic biopsy $1,427

MRI For detection, staging, surgical planning, evaluation of ductal anatomy (used especially in patients $569
allergic to iodinated contrast, renal failure)

PET-CT For staging, especially in high risk patients for metastatic disease $1,411

T, costs from outpatient radiology and procedural Medicare average payments from http://www.cms.gov/.

unresectable. Unresectable venous involvement includes
tumors involving the superior mesenteric vein or portal
vein where reconstruction is not feasible or where tumor
contacts the most proximal draining jejunal branches into

the SMV for right-sided tumors.

CT

High-quality cross sectional imaging is critical and
irreplaceable in the evaluation of patients with pancreatic
tumors. Modern CT technology allows reliable assessment
of the extent of disease and the relation of tumor to
critical vascular structures at reasonable cost relative to
other modalities (Table 4). Multidisciplinary teams can
then accurately determine the best treatments for stage
and in non-metastatic tumors, resectability and the
potential technical challenges of an operation. The ability
to optimally visualize a tumor of the pancreas is highly
dependent on the protocol used, as a non-contrast CT scan
is nearly useless in evaluating a pancreatic tumor and even
in a venous phase CT study, a pancreatic adenocarcinoma
may fade in with the rest of the parenchyma. In patients
with a suspected or new diagnosis of pancreatic tumor with
only prior suboptimal imaging, new, dedicated pancreatic
protocol CT imaging should be performed.

Standard imaging for a pancreatic tumor is with a
multiphase, pancreatic protocol with images acquired with
a multi-detector CT scanner. Typically, 100-150 mL of
iodinated contrast are injected at a rate of 3—5 mL/sec and
depending on institutional protocols, two or three phases are
captured. In the past, pancreatic protocols were performed
in three phases: with an early arterial phase, captured
around 20 seconds, followed by a late arterial/pancreatic
phase at 35-45 seconds, and then followed by a portal
venous phase at about 55-65 seconds (16,17). With bolus
tracking, where image acquisition times are adjusted based
on contrast delivery to the aorta, time delays are shorter.

© HepatoBiliary Surgery and Nutrition. All rights reserved.

The early arterial phase has largely gone out of favor as
the late arterial/pancreatic phase usually has excellent
contrast enhancement of arterial structures, especially
with maximum intensity projection images, allowing
identification of anomalous anatomy as well as evaluation of
the interface between tumor and arterial structures. High
quality arterial/pancreatic phase images have limited the use
of CT angiography and conventional angiography to define
arterial anatomy in pancreatic tumors. The late arterial/
pancreatic phase is critical in assessing pancreatic tumors as
it allows the sometimes subtle discrimination of a pancreatic
tumor from normal parenchyma where adenocarcinoma will
appear lower enhancing compared to adjacent parenchyma
and neuroendocrine tumor will appear bright. The portal
venous phase highlights the tumors relationship to the
superior mesenteric and portal vein as well as the presence
of hepatic metastases. While most protocols are dual phase,
some have suggested that a single phase intermediate to the
late arterial/pancreatic phase and portal venous phase at
50 seconds is sufficient to assess resectability of pancreatic
tumors, while reducing radiation and data storage from
multiphase protocols (18). Thin slices of at least 2 mm
should be acquired for the pancreatic phase and 5 mm slices
are reasonable for the portal venous phase images.

CT is an ideal study to assess anatomy around the
pancreatic tumor with a spatial resolution up to half a
millimeter (19). The data derived from an adequate study
provides the surgeon a sense of the anatomic challenges
to be encountered in the operating room. The celiac
axis and superior mesenteric artery should be clearly
visualized on the arterial phase, as well as the secondary
and tertiary branches. Anomalous arterial anatomy in the
forms of replaced or accessory hepatic arteries should
also be easily identifiable. The superior mesenteric and
portal veins become apparent on the venous phase, and
particular attention can be placed on the interface between
the tumor and venous structures as well as the proximal
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Figure 2 Various pre-operative findings that affect operative strategy. (A) Pancreatic head mass with adjacent large first jejunal branch

(arrow) from superior mesenteric vein; (B) pancreatic body mass with splenic vein thrombosis and perisplenic varices (arrows); (C,D) arterial

enhancing neuroendocrine tumor located in the uncinate process (arrow) with a non-enhancing pancreatic body cystadenoma (star) in the

same patient.

jejunal superior mesenteric vein branches that can be a
source of troublesome intra-operative bleeding (Figure 24).
The presence of a fat plane on CT images separating the
tumor from vascular structures is associated with a 95%
rate of successful resection without the need for vascular
resection (20). Alternatively, when this fat plane is no
longer present, certain vessel deformities may suggest
a more intimate relationship between tumor and vein.
These findings would include vessel flattening, vessel
wall irregularity, tear drop or bird’s beak shape, vessel
caliber stenosis, or occlusion (21-23). As a result of venous
occlusions, left-sided portal hypertension and gastric varices
may occur with tumors of the body and tail (Figure 2B),
or cavernous transformation of the portal vein may occur
in tumors of the pancreatic head and uncinate process.
CT will also identify situations where multiple pancreatic
lesions may be identified in the same patient, requiring
consideration of slightly more extensive resection than
simply a pancreaticoduodenectomy or distal pancreatectomy
(Figure 2C,D).

While high-resolution CT imaging is best in the

assessment of tumor with respect to arterial and venous
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anatomy, it still has certain drawbacks. Although the portal
venous phase facilitates detection of liver metastases, the
sensitivity is only about 70-75%, and is even less for hepatic
metastases less than 1 cm in size (24,25). CT findings
have been found to poorly predict lymph node metastases,
even when details such as morphology, size, clustering,
and absence of a fatty hilum are characterized (26). In
one study, at an optimal time within 25 days prior to
surgery, CT imaging has a sensitivity of only 85% to detect
metastases (27). The sub-optimal sensitivity in detecting
lymph node and liver metastases reduces the overall pre-
operative accuracy of CT staging of nodal and metastases.
Thus, even with recently performed imaging, laparoscopy
has utility to evaluate for metastatic disease not visualized
on pre-operative imaging (25). For borderline patients that
had undergone neoadjuvant therapy, restaging CT scan
is often performed, yet very few patients are downstaged
in imaging. In a study of borderline resectable pancreatic
cancers who received neoadjuvant therapy, less than 1% of
patients were radiographically down staged to resectable
status, although 95% of patients in this study did achieve
RO resection (28). CT imaging has poor sensitivity to truly
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predict resectability in the neoadjuvant setting as the pre-
therapy hazy interface between tumor and vascular structure
suggestive of invasion is often replaced with post-therapy
inflammation and fibrosis, which is indistinguishable from
residual cancer at that margin on the subsequent CT images
(29,30). It has been suggested that following neoadjuvant
therapy, observing “partial regression” of tumor contact with
vascular structures to be associated with RO resection (31).
Despite these drawbacks, CT remains the primary imaging
modality in staging and surgical planning in pancreatic
surgery.

Endoscopic ultrasound

In the 1990s when pancreatic imaging by CT scan was
maturing, endoscopic ultrasound with fine-needle aspiration
(EUS-FNA) began its more widespread adoption as a key
complementary study in the initial diagnosis and staging
of pancreatic cancer. EUS of the pancreas is performed
with an endoscope with typically a linear array ultrasound
transducer tip with a working channel to deliver a 22 or
25 gauge FNA needle, where pancreatic lesions can be
visualized either from the stomach or the duodenum.
While transabdominal ultrasound is severely limited, as
the ultrasonic signal from an external probe must traverse
multiple organs to reach the pancreas, EUS allows
acquisition of sonographic images from directly adjacent
to the pancreas, within sufficient proximity to allow needle
biopsy of even small pancreatic lesions. Transgastric views
allow visualization of the pancreatic neck, body, and tail,
as well as the splenic vein, celiac axis, common hepatic
artery and superior mesenteric artery. Transduodenal views
allow access to the pancreas head and uncinate process as
well as the bile duct, portal vein and superior mesenteric
vein. Pancreatic adenocarcinoma will often appear as a
hypoechoic pancreatic mass with irregular borders on
EUS. Additionally, adjacent regional lymph nodes can be
evaluated and sampled as well with this technique. The
transgastric view also allows accessibility and visualization
of the left lateral segment of the liver as well.

In the context of diagnostic work-up, EUS-FNA is an
excellent study with 82-96% sensitivity and 99-100%
specificity (32,33). Outside of the patients with prior
bariatric surgery that may limit access, it is the best approach
to acquire tissue for diagnosis and has high sensitivity,
particularly with smaller pancreatic lesions (33). EUS has
been found to have higher accuracy than CT or MRI in
assessing tumor size as well as lymph node involvement (34).
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While CT can provide a global view of anatomy with
excellent resolution at the interface between tumor and
vascular structures, EUS can similarly visualize this interface
with high sensitivity, particularly along the portal and splenic
veins (35). On EUS, irregularity of the venous wall, loss of
interface between tumor and venous structures, vascular
encasement or occlusion, obliteration of the vessel with the
presence of collaterals, and close proximity to the tumor can
be visualized (23). In contrast to venous assessment, arterial
evaluation is more limited with sensitivity and specificity as
low as 50% and 58%, respectively (23).

MRI is another cross-sectional imaging modality used
frequently in pancreatic imaging, especially with technical
advancements that allow for improved spatial resolution
and quicker acquisition times. MRI of the pancreas is
acquired over a combination of pre-contrast T1-weighted,
T2-weighted, and diffusion-weighted imaging sequences
as well as post-contrast T1-weighted images, timed in
a similar manner to contrast protocols of CT (36). In
the pre-contrast images, T1-weighted images show the
pancreas with high signal intensity, allowing assessment of
parenchyma and thus, detection of pancreatic tumors, which
for adenocarcinoma would appear as a focal low signal
intensity. T2-weighted images allow for evaluation of the
pancreatic and biliary ducts, which is particularly useful in
cystic pancreatic disease or in tumors where ductal dilation
can allow for identification of the point of duct obstruction.
Magnetic resonance cholangiopancreatography (MRCP)
reconstructions rely on these sequences. Diffusion-
weighted sequences can be useful in detecting pancreatic
and liver lesions as well as abnormal lymph nodes. Similar
to pancreatic protocol CT studies, a Gadolinium contrast
enhancing sequence in the late arterial/pancreatic phase
in a T1-weighted sequence will show pancreatic tumors
in a similar fashion, where adenocarcinoma will appear
as a hypoenhancing lesion and neuroendocrine tumors
will appear as hyperenhancing relative to the surrounding
parenchyma. Arterial and venous anatomy can be reliably
evaluated on these contrast phases, providing nearly
equivalent information compared to CT images.

While the spatial resolution of MRI is inferior to CT and
occasionally lesions may measure smaller on MRI, the ability
to assess pancreatic cancer for vascular involvement with
contrast-enhanced MRI has been found to be equivalent to
contrast-enhanced CT (37). Additionally, there are particular
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situations where MRI is superior and situations where MRI
is indicated. Specific indications to acquire MRI over CT
include patients with iodinated contrast allergy or renal
failure, imaging performed in pregnant women or children
where ionizing radiation is contraindicated, or where CT is
unable to produce optimal images. For patients with renal
failure and contrast is contraindicated, non-contrast MRI
has far superior soft tissue discrimination compared to non-
contrast C'T. MRI has also been found to be superior to
CT in the detection of liver metastases with a sensitivity
of 90-93% (24). MRI is also better than CT at defining
ductal anatomy with MRCP, without unnecessary exposure
to ionizing radiation, making it particularly useful in the
surveillance of patients with cystic disease.

PET

While most pancreatic cancers can be adequately
staged and evaluated prior to surgery with EUS-FNA
and CT, with the occasional need for MRI, PET-CT
may be reserved for special conditions. PET-CT uses
fluorine-18 fluorodeoxyglucose (FDG) as a glucose analog
radiotracer preferentially taken up by hypermetabolic foci
of tumor cells, relative to normal parenchyma, and the
tracer is detected in cross sectional images and displayed
superimposed over CT images. Pancreatic cancer will
typically appear as having intense FDG uptake. While CT
and MRI can distinguish fine local details in the direct
vicinity of the primary tumor, PET-CT is an ideal imaging
modality to detect nodal and distant metastases that may be
missed using other modalities. PET-CT has a sensitivity of
approximately 90% in detecting distant metastases, superior
to CT or MRI (38,39). Some have suggested PET-CT to
be more accurate and more cost-effective than CT alone for
initial staging. While relatively costly as an individual test, it
may detect metastatic disease at initial imaging, preventing a
futile and unnecessary attempt at resection in the operating
room in up to 20% of patients (40,41). However, while
PET-CT has high sensitivity (97%) in detecting metastases
larger than 1 cm in diameter, sensitivity falls to 43% for
smaller lesions (42).

Recently, PET-MRI has emerged as a modality
combining PET with MRI, rather than CT. In a prospective
study of patients with pancreatic tumors who received both
a contrast enhanced PET-CT and a PET-MRI, PET-MRI
was been found to have equivalent diagnostic performance
in both staging as well as determining resectability (43).
PET-MRI has the advantages of the absence of the
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radiation exposure of CT imaging as well as improved soft-
tissue discrimination provided by MRI images. In patients
who require re-staging imaging studies, PET-MRI limits
radiation exposure, while enhancing the ability to detect
distant disease and in patients who receive neoadjuvant
therapy, treatment response may be observed in changes of
metabolic signal by PET when the radiographic tumor size
does not alter significantly (44).

Future directions

Technological advances in imaging have allowed physicians
to accurately pre-operatively evaluate patients with
pancreatic tumors. Unquestionably, in the near future,
the current technologies will further improve with new
protocols in image acquisition and post-processing, while
other newer technologies develop. However, a particular
challenge in imaging is identifying patients with stage
IV disease with microscopic distant metastases, which is
poorly addressed with current imaging modalities. The
advancement of technologies to identify these patients will
allow more accurate staging, improved selection of patients
most appropriate for resection, and streamline care for
patients with more advanced disease.

Antibody-based imaging is a strategy to gain specificity
in localizing cancer cells that express specific antigens.
CA19-9 is a common biomarker frequently expressed with
pancreatic cancer. Modified antibodies against CA19-9
have been developed and studied in pre-clinical models.
Theoretically, these antibodies can be conjugated to
various markers, whether it is a radioisotope, a fluorescent
marker, or a paramagnetic particle (45). In CA19-9
positive tumors, these modified antibodies may localize to
tumor cells of the primary tumor as well as lymph node
and distant metastatic sites. The diagnostic efficacy has
been demonstrated in multiple iz vivo mouse models of
pancreatic cancer (46,47). CA19-9 is considered a specific
marker for pancreatic cancer but is expressed at increased
levels in obstructive jaundice and is only expressed in
~66% of patients with pancreatic cancer (48). However,
in a patient with stable appearing disease on conventional
imaging, absence of biliary obstruction, but a new
elevation in CA19-9, antibody-based imaging may help
identify the area of disease progression.

While the majority of late stage pancreatic cancers can
be identified with non-invasive imaging modalities, still,
diagnostic laparoscopy has an important role in identifying
peritoneal disease and small liver lesions that are undetected
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with current imaging. For CT scans performed within 30 days
of exploration, in 10-15% patients, metastases may be
observed at exploration following a negative CT scan (27).
Yet, the ability to detect peritoneal disease with laparoscopy
alone is limited to macroscopically visible metastases, as
10% of patients undergoing curative resection may have
positive peritoneal cytology by intraoperative peritoneal
washings (49). These patients with positive peritoneal
cytology have poorer prognosis compared to those without
microscopic peritoneal disease (50). Narrow band imaging
uses 415 and 540 nm light through the laparoscope that
can allow better visualization of microvascular structures,
enhancing the detection of microscopic peritoneal tumor
deposits. Narrow band imaging in laparoscopy has been
found to have improved sensitivity in detecting peritoneal
metastases compared to white light imaging in gastric
cancer, yet benefits have yet to be found in pancreatic cancer
(51,52). Similar to using narrow band imaging to enhance
the accuracy of diagnostic laparoscopy, fluorophore-
conjugated tumor specific antibodies have been proposed
and tested in animal models to aide identification of subtle
metastatic disease at laparoscopy (53).

Conclusions

In parallel with advances in the past three decades in
surgical approach to pancreatic tumors, there have been
significant advances in imaging technologies and the ways
they are utilized. CT pancreas protocol combined with
endoscopic ultrasound serve as the primary modalities in
diagnosis, staging, and surgical planning in patients with
pancreatic tumors. MRI is an alternative to CT with near
equivalent utility in the pre-operative setting. In some
circumstances, PET-CT may be a cost-effective initial study
to detect distant disease.
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