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Preface

For over three decades, the survival for patients with pancreatic cancer has
been stagnant, and the lack of progress offered little hope for patients afflicted
with this disease. However, recent improvements in our understanding of
tumor biology have impacted our clinical management of the disease. Moving
away from a Halstedian approach to cancer management has allowed for
more innovative approaches to treatment sequencing, which has in turn
resulted in dramatic improvements in overall survival for patients with local-
ized disease. Similarly, there has been an evolution in our understanding of
the management of advanced pancreatic cancer as well. Along with a move-
ment away from single-drug regimens towards multi-drug therapies, there is
a growing appreciation of the impact of specific somatic and germline muta-
tions on chemotherapeutic sensitivity. As with other solid tumors, the funda-
mental understanding of the genetic predeterminants of the disease continues
to evolve to allow us to better understand disease subtypes and develop a
tailored approach for each. These changes have ushered in a new age of hope
for patients and their families.

We have created this handbook as a resource for the practicing clinician.
The authors represent a diverse group of experts who have endeavored to
provide a practical evaluation of the available data and provide insights into
the complexities of multimodality management of pancreatic cancer. We are
indebted to the exceptional contributions of the authors and reflect their ongo-
ing commitment to the advancement of care for this disease.

We are at an exciting time where clinical medicine and translational sci-
ence are converging to allow for unprecedented advancements in the care of
cancer patients. We look forward to future developments in the area of pan-
creatic cancer to build upon our current successes and catapult us into a new
era of discovery.

Milwaukee, WI, USA Susan Tsai
Paul S. Ritch

Beth A. Erickson

Douglas B. Evans
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The Future of Multidisciplinary
Care in Pancreatic Cancer

Susan Tsai and Douglas B. Evans

Introduction

Over the past two decades, cancer care has
evolved from a physician-specific approach, in
which cancer care providers existed in relative
isolation and interacted with other specialists
when their expertise in the management of the
cancer patient had been exhausted, to a disease-
specific approach, whereby multidisciplinary
teams of physicians converge to develop and
coordinate a care plan for each individual patient
at the time of diagnosis. Such care teams have
developed to facilitate patient-centered care.
Intended consequences of multidisciplinary care
have included improved patient and physician
communication, coordination of care (whether
the treatments are intended to be in series or par-
allel), and reduced fragmentation of services as
patients move from one treatment modality to the
next. There is now clear evidence that multidisci-
plinary care is associated with better clinical and
process outcomes for cancer patients, decreased
time from diagnosis to start of treatment, and
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improved patient survival [1, 2]. Current multi-
disciplinary pancreatic cancer teams frequently
including medical oncologists, radiation oncolo-
gists, and surgeons, as well as abdominal imag-
ing specialists, pathologists, gastroenterologists
with expertise in advanced endoscopy, and
genetic counselors, who collectively are able to
select the best treatment options for each patient.
As our understanding of the interaction between
host (patient) factors and tumor biology/natural
history has evolved, the management of pancre-
atic cancer has shifted away from a physician
specialty-centric approach to one that focuses on
all aspects of patient care, often including the
sequential delivery of oncologic therapies. In the
very near future (and right now at some larger
centers to include our own), the limitation of
available treatments may be dictated by patient
factors, and multidisciplinary teams will need to
expand to include the expertise of dietitians, psy-
chologists, endocrine specialists, and geriatric
specialists to fully realize a patient-centered care
model (Fig. 1.1).

Moving Beyond a Physician
(Specialty)-Centric Approach

Patients with pancreatic cancer have historically
been treated with up-front surgical resection,
likely influenced by the Halstedian paradigm of
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(1) Tumor /Physician Centric Approach:
Immediate Surgical Therapy Paramount

Tumor Biology

Targeted
therapies

(2) Treatment Centric Approach:
Multimodality Therapy is Key

Treatment

Patient s tive Care t h deli
Germline and Somatic B . upportive Care to enhance delivery
mutation Testing of (and options for) treatment and
improve Quality of life
“~—

(8) Patient Centric Approach:
Choosing Appropriate Therapies to match patient co-
morbidities and supportive infrastructure

Fig. 1.1 Interrelationship of tumor-, treatment-, and patient-specific factors in the management of pancreatic cancer

cancer progression, whereby cancer spreads from
the primary tumor to regional lymph nodes and
only afterward to distant sites. Following such
reasoning, surgical extirpation of a localized
tumor would prevent cancer dissemination and
metastatic tumor progression. However, decades
of surgical experience have demonstrated that
surgical resection alone, even with the addition of
adjuvant therapy, provides a limited median sur-
vival benefit of only 20-24 months for patients
with localized pancreatic cancer [3]. Indeed, the
vast majority of patients with presumed localized
pancreatic cancer succumb to metastatic disease
after a curative-intent surgery [4]. Despite the
optimization of surgical technique and periopera-
tive management over the past three decades, lit-
tle progress has been made to improve the limited
survival of patients with localized pancreatic can-
cer who receive surgery [5, 6]. The development
of metachronous distant tumor metastases in the
majority of patients for whom local-regional
tumor control was achieved, supports an alterna-
tive paradigm of cancer progression, whereby
systemic metastases may be present even in the
absence of radiographic or pathologic (node neg-
ative) evidence of disease. This hypothesis, first
proposed by Bernard Fisher as an alternative to

the Halstedian theory of cancer, was developed
from observations in the laboratory involving
tumor metastasis in animal models of breast can-
cer. In pancreatic cancer, preclinical models of
genetically engineered mice also support the
hypothesis that pancreatic cancer has a proclivity
for early metastases, which can occur before a
visible tumor may be present in the pancreas [7].
As such, there is an evolving recognition that
pancreatic cancer is a systemic disease at the time
of diagnosis, even among patients with apparent
localized disease, and “a chance to cut” is not
necessarily a chance to cure [8, 9].

For patients with localized pancreatic cancer
who undergo a margin negative (R0) resection,
most will experience disease recurrence, and the
overall median survival is approximately
20 months [5]. Most notably, within 6 months of
successful surgery, up to 60% of patients who
underwent curative-intent surgery have already
experienced disease relapse, as reported in the
CONKO-001 trial [10]. Therefore, radiographi-
cally occult micrometastatic disease may be pres-
ent in the majority of patients with pancreatic
cancer at the time of diagnosis. The benefit of
adjuvant systemic therapy was first demonstrated
in the CONKO-001 trial, which compared
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adjuvant gemcitabine to observation in patients
with resected pancreatic cancer. This study
reported a median overall survival of 22.8 months
with gemcitabine as compared to 20.2 months in
the observation (surgery alone) group [3]. More
recently, the ESPAC4 trial, which compared
adjuvant gemcitabine to adjuvant gemcitabine
and capecitabine, demonstrated a median overall
survival of 25.5 months and 28.0 months, for the
two arms, respectively [11]. It is important to
note that the modest benefit of adjuvant therapy
appears to be stage independent, further support-
ing the hypothesis that metastatic disease pro-
gression occurs early (regardless of nodal status)
in this disease.

Although universally recommended, the feasi-
bility of delivering adjuvant therapy to patients
with pancreatic cancer in the postoperative set-
ting remains problematic. Approximately 50% of
patients will fail to receive any adjuvant therapy
following pancreatectomy due to surgery-
associated complications, delayed recovery, or
failure to return to an adequate baseline perfor-
mance status acceptable for systemic therapy [12,
13]. Indeed, one of the problems with the inter-
pretation of adjuvant therapy trials is the selec-
tion bias introduced by the trial design itself. In
order to be enrolled in a trial of adjuvant therapy
for operable pancreatic cancer, patients must sur-
vive the operation, recover within 2-3 months,
have no evidence of early disease recurrence, and
have a performance status acceptable for the
delivery of systemic therapy. As the toxicity pro-
file of planned adjuvant therapy increases, the
selection bias is further exaggerated. This was
recently demonstrated in the PRODIGE trial
reported at the ASCO 2018 where patients in the
control arm (adjuvant gemcitabine) had a median
survival of 35 months compared to 26 months
(with the same treatment) in ESPAC4 [14]. The
selection bias was likely due to the fact that the
experimental arm (in PRODIGE) involved adju-
vant mFOLFIRINOX - medical oncologists
knew that patients would need to be particularly
robust to handle this treatment after a pancreatec-
tomy. While those who received mFOLFIRINOX
experienced a very favorable survival duration,
this lucky subset may represent only a tiny per-

centage of all patients who undergo a pancreatec-
tomy for pancreatic cancer. Acknowledging that
surgery alone is an insufficient therapy to achieve
long-term disease control and understanding that
surgical resection may unintentionally impede
the delivery of future systemic therapies, treat-
ment sequencing which specifically relies on the
delivery of adjuvant therapy has been called into
question. Commitment to a surgery-first approach
may be attractive to surgeons and rewards techni-
cal proficiency with respect to local disease man-
agement, but does not provide a treatment
strategy which reliably delivers systemic therapy
for a disease which many clinicians and scientists
now agree is distinguished by early metastatic
disease.

Era of Neoadjuvant Therapy:
Adopting a Patient-Centric
Approach

In light of the limitations of a surgery-first approach
for patients with localized pancreatic cancer, a logi-
cal alternative is to deliver preoperative (neoadju-
vant) therapy before surgery. Advantages of a
neoadjuvant strategy include (1) early treatment of
presumed micrometastatic disease, (2) the ability
to minimize stage misclassification by providing a
time interval during which indeterminate lesions
(that may be metastases) can be better character-
ized through serial radiographic imaging, and (3)
theoretical efficacy of radiation in a non-hypoxic
environment. Initial neoadjuvant trials required
additional expertise in the management of patients
with pancreatic cancer to include the talent of
abdominal radiologists, advanced endoscopists,
and cytopathologists. First, since treatment would
precede an operation, it was necessary to develop a
clinical (as opposed to pathological) staging sys-
tem in order to provide an objective, CT-based ana-
tomic staging system which could assess the
efficacy of a therapeutic intervention. When such
assessments are performed over serial time points,
they provide important insights into tumor biology,
response to therapy, and more accurately predict
the utility of surgical resection. Second, a tissue
diagnosis was required prior to treatment, which
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historically necessitated percutaneous biopsy with
the incumbent risk of peritoneal seeding. This risk
could be abrogated with an endoscopic approach.
This would require the expertise of an advanced
endoscopist to obtain the sample and a cytopathol-
ogist to interpret the specimen. Currently, tissue
diagnoses can be obtained in almost all patients
using endoscopic ultrasound-guided fine needle
aspiration, and associated procedural complica-
tions are very rare. Finally, patients with tumors in
the head of the pancreas frequently require decom-
pression of biliary obstruction with endobiliary
stenting. Stent-related morbidities, including chol-
angitis due to stent occlusion during neoadjuvant
therapy, occur in up to 15% of patients and require
prompt recognition [15]. However, the use of metal
endobiliary stents rather than polyethylene (plastic)
stents has reduced stent-related complications [16].
With these issues addressed, neoadjuvant therapy
could be implemented in patients with localized
pancreatic cancer.

In the early experience with neoadjuvant ther-
apy, approximately 30% of patients with local-
ized PDAC developed metastatic disease
progression after a short course of neoadjuvant
therapy [17, 18]. Importantly, the patients who
were able to complete all intended neoadjuvant
therapy and surgery experienced median overall
survivals up to 44 months [17, 19, 20]. Such sur-
vival durations far exceeded that of a surgery-first
approach and suggested that multimodality neo-
adjuvant therapy may be more effective at eradi-
cating micrometastatic disease than adjuvant
therapy; indeed, the sequencing of therapies may
matter and effect the host-tumor relationship and
tumor response. These early successes spurred an
intense debate regarding the optimal treatment
sequencing for patients with pancreatic cancer,
due to the lack of level III evidence to support a
survival benefit. More recently, the PREOPANC
trial randomized patients with resectable and bor-
derline resectable pancreatic cancer to either up-
front surgical resection followed by adjuvant
gemcitabine or preoperative gemcitabine-based
chemoradiation, surgery, and adjuvant gem-
citabine [21]. An intention to treat analysis dem-
onstrated an improved overall survival among
patients treated with perioperative therapy as

compared to a surgery-first approach (p = 0.07).
In addition, a planned subset analysis of just
patients who underwent resection demonstrated
that the patients who received a perioperative/
neoadjuvant approach had a significantly greater
overall survival than patients who received up-
front surgical resection (42.2 vs. 16.8, p <0.001).

As acceptance of neoadjuvant treatment grows,
additional efforts have been directed at improving
outcomes for the proportion of patients who
develop metastatic disease progression during
neoadjuvant therapy. Such disease progression,
which occurs despite the receipt of systemic ther-
apy, is due to chemotherapeutic resistance and
may be potentially prevented by administering a
more effective first-line chemotherapeutic agents.
We recently reported the first neoadjuvant trail uti-
lizing molecular profiling to guide chemothera-
peutic selection in patients with localized
pancreatic cancer [22]. Among 130 patients, 82%
of patients were able to complete all intended neo-
adjuvant therapy and surgery, including 92% of
patients with resectable disease and 74% of
patients with borderline resectable disease.
Because of the increased proportion of patients
who were able to complete all intended therapy,
the median overall survival of all 130 patients was
38 months, and the median overall survival for the
107 patients who completed all intended neoadju-
vant therapy and surgery was 45 months [17, 18].
These encouraging findings suggest that real-time
prospective molecular profiling may allow for
optimal selection of neoadjuvant therapy for
patients with localized pancreatic cancer. In the
future, an approach which leverages both tumor-
specific and treatment-specific approaches and
capitalizes on the growing availability of molecu-
lar techniques will be needed to guide targeted
therapies.

Future of Multidisciplinary Care:
Incorporating a Patient-Centric
Approach

Tremendous efforts are underway to better under-
stand pancreatic cancer biology and to guide the
treatment selection for all patients. Gone are the
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days of a one-size-fits-all approach to this dis-
ease, and the last frontier may be the ability to
best predict and meet the needs of each individ-
ual patient. This will require improved under-
standing of individual patent characteristics
(immunity and physiologic reserve), refinement
of treatment monitoring, innovative approaches
to treatment delivery, and improved supportive
care. The most compelling example of this is the
recent recommendation to include germline
genetic testing for all patients with pancreatic
cancer [23]. This change occurred as a result of
recent studies which demonstrated that approxi-
mately 5-10% of patients with pancreatic cancer
have disease-associated germline mutations
which may not be reliably identified through per-
sonal and family history [24]. The identification
of BRCA2, BRCAI, PALB2, and MMR gene
mutations has important therapeutic implica-
tions. This is the first step towards a standardized
approach to incorporate individual patient char-
acteristics into multidisciplinary care.

Current neoadjuvant therapy is generally
delivered as a prescriptive therapy, where patients
are required to undergo multiple therapies in
sequence. There is a lack of consensus around
what the most effective treatment regimen may
be, with controversy regarding the type of sys-
temic therapy delivered, the utilization of radia-
tion therapy, and the plan, if any, for additional
adjuvant therapy [25]. It is important to note that
neoadjuvant therapy was first conceived in an
effort to accurately identify those patients who
would evidence disease progression during/after
neoadjuvant therapy and thereby avoid the mor-
bidity of surgery, when an operation would pro-
vide no clinical benefit. Therefore, the historic
threshold for proceeding with surgery after neo-
adjuvant therapy has been the absence of disease
progression rather than the presence of a treat-
ment response. In fact, the primary tumor may
not significantly change following neoadjuvant
therapy, and occult micrometastases, even if
unresponsive to induction therapy, may still not
be radiographically apparent at the time of preop-
erative restaging. The inability to accurately
assess response to neoadjuvant therapy, as dis-
tinct from disease stabilization, is likely respon-

sible for the early postoperative recurrence seen
in some patients who have received neoadjuvant
therapy. There is growing evidence that normal-
ization of CA19-9 levels in response to neoadju-
vant therapy is an important prognostic marker
[26]. Novel clinical trials which prioritize
changes in CA19-9 to guide adaptive modifica-
tion of neoadjuvant treatment over prescriptive,
static regimens are ongoing (NCT03322995).

As with other solid tumors, an evolution in
treatment sequencing to include total neoadju-
vant therapy may also occur in pancreatic cancer.
With more extended neoadjuvant therapies,
cumulative toxicities are inevitable. As therapies
are increasingly tailored to each patient’s tumor,
it will be equally important that treatment
sequencing be tailored to each patient, including
patients of all ages, with a variety of medical
comorbidities, and with family/social infrastruc-
ture varying from robust to unfortunate. It is
unrealistic to assume that all patients can tolerate
all therapies. In anticipation of the need for
increased supportive care, multidisciplinary
teams will need to expand to include the exper-
tise of dietitians, psychologists, endocrine spe-
cialists, and geriatric specialists to fully realize a
patient-centered care model.

Conclusions

The next decade will witness an intense focus on
the many new therapeutic options available for
patients with pancreatic cancer. For such patients,
they will realize this opportunity only if they
have been properly cared for at the time of diag-
nosis — to include accurate staging, tumor biopsy,
endobiliary stenting, diabetes management, and
genetic counseling. This will require the exper-
tise that exists at a high-volume cancer center
(to accurately stage and prepare the patient for
treatment, to include review of clinical trial
options). Pressure applied to physicians to keep
patients in “their system” for the entire contin-
uum of diagnosis and treatment, rather than offer
them referral to a center who can do it better,
should be discouraged. As we are entering a new
era of physician employment, we will face new
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challenges in inter-system collaboration, and
patients may get caught in the middle. For every
million population, there are only 150 patients
with pancreatic cancer. It is unrealistic to think
that all hospital systems will have the physician
expertise and breadth of services needed to
develop complex treatment recommendations for
patients with pancreatic cancer. Physicians in
competing health systems must work together to
find that sweat spot for optimal patient care
wherein patients receive the expertise of the
regional high-volume center and the convenience
and compassion of their local physicians.
Working together for the good of the patient may
be as challenging as finding the optimal therapy.
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Clinical Staging of Pancreatic
Cancer with MDCT and MRI

Naveen M. Kulkarni

Introduction patients who are considered to have localized,

operable pancreatic cancer will have a micro-
Pancreatic cancer is the fourth leading cause of scopically positive (R1) resection after surgery
cancer death in the United States, with an overall [5]. Patients with incomplete/margin positive
5-year survival rate of only 7%, when account- resection [residual microscopic (R1) or residual
ing for all stages [1-4]. The poor prognosis of macroscopic (R2)] have survival rates similar to
pancreatic cancer relates to its propensity to patients with metastatic disease, and hence,
infiltrate critical vascular and neural structures would not benefit from surgery [6-9]. Cross-
near the pancreas and is associated with an sectional imaging plays an essential role in the
aggressive disease biology with early metastatic  clinical staging of pancreatic cancer and assists
spread, particularly to the liver and peritoneum in allocating patients into the appropriate man-
(Fig. 2.1). As aresult, approximately, 40-50% of agement group.

Fig. 2.1 Metastatic
pancreatic cancer at
presentation. (a, b)
Portal venous phase
axial MDCT images
through the pancreatic
tail and liver shows large
pancreatic tail mass
(white arrow) and
multiple liver metastases
(red arrows)
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Staging and Resectability

To understand the clinical significance of
cross-sectional imaging in the management of
pancreatic cancer, it is important to be familiar
with the staging system/resectability criteria
for pancreatic cancer. Multiple staging systems
from a variety of different societies and institu-
tions have been described [10-14]. The
American Joint Committee on Cancer (AJCC)
TNM staging has been used to characterize the
pathologic stage of pancreatic cancer. This sys-
tem assesses the status of the primary tumor
(T), lymph nodes (N), and metastases (M) with
an aim to define tumor stages and provide
prognosis based on gross pathologic character-
istics [15]. With the advent of neoadjuvant
therapies for pancreatic cancer, alternative
staging systems were developed based on pre-
operative clinical parameters to more accu-
rately categorize the probability of surgical
resection based on anatomic factors an the
ability to achieve a complete surgical resec-
tion, to include the extent of peripancreatic and
perivascular invasion. This classification of
tumor-mesenteric vessel relationship is a criti-
cal component in surgical planning and is not

addressed in the AJCC staging system. In order
to define the resectability status of pancreatic
cancer, additional classification systems have
been described. Depending on the tumor loca-
tion, relationship with peripancreatic vessels,
and presence/absence of metastatic disease,
published guidelines generally agree on four
clinical stages: (1) resectable, (2) borderline
resectable, (3) locally advanced [unresectable],
and (4) metastatic [unresectable]. Although
there is a close agreement on what constitutes
resectable and unresectable (locally advanced
and metastatic) disease, the definition of bor-
derline resectable disease is more variable
(Table 2.1) [16]. Differences in surgical expe-
rience, as well as imaging practices and inter-
pretation, contribute to these varying definitions
of borderline resectable category. Patients with
borderline resectable disease were previously
considered as poor candidates for resection;
but with improved neoadjuvant therapy, there
is growing consensus to offer surgery as a part
of multimodality therapy [10, 14]. Irrespective
of the classification system used, cross-sec-
tional imaging provides the most objective
means to preoperatively stage the pancreatic
cancer.

Table 2.1 Definitions of resectability between different classification systems [10-14]

AHPBA/SSO/
Stage Anatomy MCW NCCN (2017) MDACC SSAT
Resectable | Artery No involvement No No No
(CA, SMA, or involvement involvement involvement
HA)
Vein ¢ No involvement * No * No No
(SMV, PV, or e If involved, <50% involvement involvement | involvement
SMV-PV circumference narrowing * <180° contact | * Abutment
confluence) of vein without vein (provided
contour vein is
irregularity patent)
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Table 2.1 (continued)

AHPBA/SSO/
Stage Anatomy MCW NCCN (2017) MDACC SSAT
Borderline | Artery |CA Abutment * Abutment Abutment Uninvolved
resectable * Encasement
[no
involvement
of aorta and
GDA]
SMA | Abutment Abutment Abutment Abutment
HA | Short segment abutment/ Contact without | Abutment or Abutment or
encasement without involving | extension to CA | short segment | short segment
CA or HA bifurcation or HA encasement encasement
bifurcation
Vein >50% narrowing® * Contact e Abutment Abutment,
(SMYV, PV, or >180° with encasement,
SMV-PV » Contact <180° | impingement |or short
confluence) with contour and segment
irregularity or narrowing® occlusion®
thrombosis of | Segmental
vein® venous
* Contact with occlusion®
IvC
Locally Artery Type A Type B Encasement of CA, SMA and HA without options
advanced CA Encasement Encasement for reconstruction
but no and extension
extension to to aorta
aorta®
SMA | Encasement >270°
(>180° but encasement
<270°)
HA Encasement Encasement
and extension | with
to CA® extension
beyond
bifurcation of
proper HA
Vein Occlusion without options for reconstruction
(SMYV, PV, or
SMV-PV
confluence)
Metastatic ~ Evidence of peritoneal and distant metastases

Abutment is defined as <180° contact with vessel and encasement indicates >180° involvement
MCW Medical College of Wisconsin, NCCN National Comprehensive Cancer Network, MDACC MD Anderson Cancer
Center, AHPBA American Hepato-Pancreato-Biliary Association, SSAT Society for Surgery of the Alimentary Tract,
SSO Society for Surgical Oncology
CA celiac axis, SMA superior mesenteric artery, HA hepatic artery, GDA gastroduodenal artery, SMV superior mesen-
teric vein, PV portal vein
2*Amenable for safe and complete resection and venous reconstruction
®Amenable for celiac resection (with or without reconstruction)

Cross-Sectional Imaging Techniques

During the initial evaluation of patients with pan-
creatic cancer, obtaining a high-quality cross-
sectional imaging is one of the most important

components of the workup. A pancreatic mass

can be seen on abdominal ultrasound and routine

contrast-enhanced computed tomography (CT)
may be performed for the evaluation of abdomi-
nal pain or sometimes is detected as an incidental
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finding. However, these studies are not adequate
for the staging of pancreatic cancer. A dedicated
pancreatic protocol performed as a biphasic tech-
nique and scan parameters optimized for detec-
tion and staging is essential [17, 18].

Multidetector Computed Tomograph
(MDCT)

When pancreatic pathology is suspected, a bi-
phase pancreatic CT protocol should be per-
formed on multidetector scanner (64-detector
row or greater is preferred). Neutral oral contrast
such as water is used to distend stomach and
duodenum to provide optimal visibility of peri-
ampullary and pancreatic head pathology
(Fig. 2.2). Positive oral contrast should be
avoided as it obscures the periampullary region
and could impair the visibility of subtle pancre-
atic head abnormalities secondary to beam-hard-
ening artifacts from contrast pooling within the
stomach and duodenum. This also interferes
with three-dimensional (3-D) CT post-process-
ing. Multi-phase pancreatic CT is done with
rapid injection of intravenous nonionic iodinated
contrast (3—5 mL/s). Rapidly injected contrast
bolus causes intense pancreatic enhancement
enabling distinction of a hypovascular cancer (as

Fig. 2.2 Ampullary
tumor on two different
studies from the same
patient (acquired

4 weeks apart). (a)
Oblique coronal image
from routine contrast-
enhanced MDCT shows
dilated common bile
duct and pancreatic duct
and suspected
periampullary tumor
(white arrow). (b)
Repeat dual-phase
pancreatic MDCT with
neutral oral contrast
(water) resulted in
sufficient duodenum (D)
distension confirming
bilobed ampullary tumor
(white arrow)

is characteristic of pancreatic cancer) from the
enhancing normal pancreas. The first part of bi-
phasic pancreatic protocol is acquired during the
pancreatic (late arterial) phase, approximately
40-50 seconds after the start of contrast injec-
tion. The latter hepatic (portal venous) phase
optimizes enhancement of the liver and porto-
mesenteric vasculature and is typically acquired
65-75 seconds after contrast injection. For the
pancreatic phase, upper abdomen, including the
pancreas is scanned, and the hepatic phase
should include entire abdomen and pelvis
(Table 2.2) [19-23].

The MDCT images are acquired using thin
collimation (0.5-0.6 mm thickness) in a rela-
tively short and comfortable breath hold time to
obtain motion-free images. With new MDCT
scanners, isotropic volume acquisition (identical
resolution in all three planes) allows generation
of high-quality multiplanar and curved-planar
reformatted images, and 3-D reconstruction of
mesenteric vessels [maximum intensity projec-
tion (MIP) and volume rendering (VR)] which
provides an excellent view of vascular anatomy
(Fig. 2.3) and tumor-vessel relationship. Three-D
reconstructions offer certain unique advantages
over the axial image: (1) better display of tumor
encasement/abutment of vessels which may not
be seen in the standard axial plane, (2) 2-D and
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Table 2.2 MDCT protocol for evaluation of pancreatic adenocarcinoma [11, 20]

Parameters

Technical aspects

Comments

Scan type and acquisition

Multidetector row CT with thinnest
possible section thickness

Scanner with 64-slice or greater is
preferred

Oral contrast

Neutral agent (water) should be used

Positive oral contrast can limit
assessment of periampullary region
and pancreatic head

Contrast-enhanced phases and
acquisition timing

Pancreatic phase: 40-50 s

Portal venous phase: 65-70 s
(Iodinate contrast agent with high
iodine content, >300 mg I/ml at
injection rate of 3—-5 ml/s is preferred)

Pancreatic phase is ideal for
assessment of primary tumor and
portal venous phase for evaluating
metastases

Standard reconstructions

Axial: 2-5 mm thickness
MPR (Coronal and sagittal): 2-3 mm

May vary between institutions

Additional reconstructions

reconstructions)

MIP, VR, oblique MPR, and CPR
(These are always reviewed in
conjunction with standard

MIP & VR: for vascular maps

Oblique MPR and CPR: to view
structures like blood vessel or
pancreatic duct which lie or course in a
nonstandard plane

MPR multiplanar reformats, MIP maximum intensity projection, VR volume rendered, CPR curved planar reformats

Fig. 2.3 Different post-processing tools to display 3-D
anatomy of central mesenteric vasculature relevant to pan-
creatic imaging. (a) Normal coronal maximum intensity
projection (MIP) of mesenteric venous systems. (b)
Coronal MIP shows replaced right HA arising from the
SMA. (¢) Normal volume rendered (VR) image displays

3-D views of variations to mesenteric arterial
anatomy and length of vascular involvement, and
(3) perineural spread of the tumor [24-28].

The pancreatic phase maximizes the detection
of a pancreatic cancer and allows for character-
ization of the tumor to nearby arterial structures,
whereas the hepatic phase is ideal for detecting
liver, peritoneal, and lymph node metastases, as
well as tumor involvement of venous structures
(Figs. 2.1 and 2.4). The visibility of pancreatic
cancer is enhanced due to its hypoattenuating
appearance on the background of enhancing nor-

important peripancreatic arteries. (PV portal vein, SV
splenic vein, SA splenic artery, SMV superior mesenteric
vein, SMA superior mesenteric artery, CA celiac axis,
CHA common hepatic artery, HA hepatic artery, GDA
gastroduodenal artery)

mal pancreas; this is seen in approximately
90-95% of patients on the pancreatic phase
(Fig. 2.4). Often, secondary findings like contour
deformity and/or dilatation of either the pancre-
atic or common bile duct or both (the “double-
duct sign”) can be seen (Fig. 2.5). 3-D
curved-planar reformatted images along the
length of the pancreas can better outline subtle
degree of dilated pancreatic duct to localize site
of obstruction when pancreatic mass is radio-
graphically occult. Such secondary signs are use-
ful in localizing isoattenuating pancreatic cancer
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Fig. 2.4 Example of resectable pancreatic cancer. Axial
pancreatic phase (a) and portal venous phase (b) images
show hypovascular mass (white arrow) confined to the
pancreatic head and without involving peripancreatic ves-

Fig. 2.5 Importance of secondary signs in identifying
small pancreatic cancer. (a, b) Portal venous phase axial
and coronal MDCT images from a routine study done for
the workup of jaundice shows “double-duct” sign and no
visible pancreatic mass. (¢) Dedicated study with MDCT
pancreatic protocol clearly shows small pancreatic head

(in roughly 5-10% of cases), especially when
they are small (measuring <2 cm) and non-
contour deforming (Fig. 2.6). In the absence of a
visible pancreatic mass, secondary signs should
prompt further evaluation with either MRI or
endoscopic ultrasound [22, 29-33].

Emerging CT technologies are also being
explored for their use in pancreatic imaging. Dual-
energy CT is a novel imaging method that simulta-
neously acquires images with two X-ray beams.
Dual-energy CT data can be processed to recon-
struct images at multiple different energies, and the
lower energy images can identify small pancreatic
cancers due to inherent high image contrast. Dual-
energy CT also allows reconstruction of iodine
images which have high contrast-to-noise ratio and
are less prone to artifacts, thus improving the visi-

sels (red arrows). (SMV superior mesenteric vein, SMA
superior mesenteric artery, GDA gastroduodenal artery,
CBD common bile duct)

mass (white arrow) on the arterial phase. Small pancreatic
cancer can be isodense to normal parenchyma on the por-
tal venous phase and may only be seen on the pancreatic
phase, highlighting the importance of dual-phase acquisi-
tion. (CBD common bile duct, PD pancreatic duct)

bility of even small lesions. Studies have shown
that using dual-energy CT rather than standard CT
could improve lesion detection and lesion charac-
terization. In recent years, this technology has
received more attention and support for its use in
the detection and staging of pancreatic cancer
(Figs. 2.7 and 2.8). A detailed discussion of dual-
energy CT technology is beyond the scope of this
chapter, and the technology is still evolving requir-
ing standardization and inclusion into the standard
imaging guidelines [34-36].

Magnetic Resonance Imaging (MRI)

Unlike MDCT pancreatic protocol, which is
relatively standardized, MRI protocol for pan-
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Fig. 2.6 Example of an
occult pancreatic mass
causing obstruction and
dilatation of upstream
pancreatic duct. (a, b)
Curved planar
reformatted (CPR)
images in two different
views show dilated
pancreatic duct (white
arrow) with abrupt
cutoff, although a
discrete mass is not
identified. This was
eventually confirmed to
result from a small
pancreatic cancer by
EUS and sampling :

Fig. 2.7 Improved detection of pancreatic cancer with
dual-energy CT. (a, b) Standard contrast-enhanced image
(a) shows vague hypodensity within the pancreatic head
(white arrow). Iodine image (b) clearly shows a small

160 mm

Fig. 2.8 Artifact reduction with DECT. (a, b) Axial
contrast-enhanced DECT images obtained during the por-
tal venous phase of contrast enhancement. Dense artifacts

creatic imaging may have some degree of vari-
ability across different institutions. In general,
the optimal MRI technique uses a combina-

pancreatic head mass (white arrow) signifying its role in
improved lesion detection. Also note the benefit of iodine
image in decreasing artifact from common bile duct
stent (arrowhead)

'E;(Iodine image)

[ L]
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emerging from surgical clips in left upper quadrant is sub-
stantially reduced on iodine image (red arrow) thus
improving visibility of the pancreatic body and tail

tion of sequences obtained in axial and coronal
planes, which are designed to provide the high-
est level of contrast resolution for the pan-
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creas and ductal anatomy. Standard sequences
include T2-weighted imaging with and with-
out fat suppression, T1-weighted in-phase and
opposed-phase images, T2-weighted MR chol-
angiopancreatography (MRCP), fat-suppressed
T1-weighted gradient echo images without and
with gadolinium contrast (acquired in late arte-
rial, portal venous, and delayed phases), and
diffusion-weighted imaging (DWI) to image
the pancreas, peripancreatic tissue, and liver
(Fig. 2.9). The contrast kinetics of the pancre-
atic (late arterial) and portal venous phases are
similar to MDCT with the late arterial phase most
suitable for the detection of pancreatic masses

Fig. 2.9 Typical
appearance of pancreatic
cancer on MR. (a, b)
The pancreatic head
mass (white arrow) is
isointense to
parenchyma on
T2-weighted image

(a) making it difficult to
perceive and
hypointense on
pre-contrast TIW image
(b) making it visible
even without gadolinium
contrast agent. (c—e)
Post-contrast and
diffusion-weighted
imaging (DWI) confirms
the presence of mass
which is hypointense on
the pancreatic (¢) and
portal venous (d) phases
and hyperintense on
DWI (e). MRCP image
(f) displays abrupt cutoff
of the pancreatic duct
and common bile duct
(red arrows) (CBD
contains a stent)

and portal venous phase most suitable to evaluate
liver lesions/metastases. To achieve optimal eval-
uation and best possible images without artifacts
that result from movement or breathing, scanners
with high-strength magnetic field (>1.5 Tesla)
should be used. Table 2.3 summarizes pancreatic
MRI protocol used at our institution [37—40].
T1-weighted imaging is the most important
sequence in the detection of pancreatic cancers.
Due to fibrotic nature, pancreatic cancers appear
hypointense (dark) relative to enhancing paren-
chyma which appears hyperintense (bright) on
the pancreatic phase (Fig. 2.9). Even without
intravenous gadolinium contrast, the pancreatic
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Table 2.3 MRI protocol for evaluation of pancreatic adenocarcinoma [11, 20]

Sequence Plane Role
T2W single shot (SSFSE or Coronal with or To evaluate pancreaticobiliary ductal system and
HASTE) without axial (<6 mm) | overall anatomy

T2W with fat suppression Axial (6 mm)

Evaluation of metastasis and cystic pancreatic
lesion. Less useful in pancreatic adenocarcinoma

T1W in-phase and opposed-phase Axial (4 mm)

gradient echo

Characterize intracellular fat (such as focal fatty
infiltration that can mimic as pancreatic mass on
MDCT)

MRCP Coronal (<3 mm)

Pancreatic and biliary ductal system

Diffusion-weighted imaging Axial (<6 mm)

Asses pancreatic mass and metastases

Pre- and post-dynamic contrast Axial (3 mm)
(gadolinium)-enhanced TIW 3-D
fat-suppressed gradient echo
(pancreatic, portal venous and

equilibrium phases)

Pancreatic adenocarcinoma is detected using
unenhanced and early enhanced T1W sequence
Portal venous and delayed phases are best for
detecting lymphadenopathy, liver, and peritoneal
metastases

Fig. 2.10 Characterization of pancreatic focal fatty infil-
tration mimicking as lesion on MDCT. (a) Portal venous
phase axial MDCT image at the level of pancreatic head
shows indeterminate low attenuation lesion (white arrow).
(b, ¢) Axial T1- weighted in-phase (b) and out-of-phase

cancer can be localized on TI-weighted
sequence due to the differences in tissue con-
trast between hypointense pancreatic mass and
intrinsic T1 hyperintensity of the pancreas (sec-
ondary to rich acinar protein). The conspicuity
of pancreatic cancer is further increased with
the use of a fat suppression technique that nulls
surrounding extracellular/macroscopic fat. A
variant of T1-weighted sequence (in-phase and
opposed-phase/chemical shift imaging) is par-
ticularly used to detect intracellular fat. These
fat suppression techniques are important in
characterizing focal pancreatic fat which can
mimic pancreatic mass on MDCT (Fig. 2.10)
[41-44].

T2-weighted sequence [also referred to as
“fluid sensitive” sequence] has variable appear-

(c) images confirm that abnormality in question is focal
fatty infiltration (red arrow) as suggested by signal drop
on the out-of-phase image. This example highlights the
benefit of MRI as a problem-solving tool

ance of pancreatic cancer and is influenced by the
degree of pancreatic atrophy. However,
T2-weighted images are useful in detecting liver
metastases, characterizing pancreatic cystic
lesions, and MRCP imaging to map the pancre-
atic and biliary ductal anatomy. Diffusion-
weighted imaging (DWI) is a variant of
T2-weighted imaging and a functional MRI tech-
nique that assesses motion of water molecule in
biologic tissues. Pancreatic cancer and metasta-
ses have restricted water motion and appear
hyperintense on DWI (Figs. 2.9 and 2.11).
Because of false-positive and false-negative find-
ings (related to tumor necrosis and less fibrous
tumors), DWI alone is not used to characterize
lesions. It is always reviewed in conjunction with
T2-weighted and portal venous phase images to
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Fig. 2.11 Advantage of MRI over MDCT in assessing
liver metastases. (a) Portal venous phase axial image at
the level of hepatic dome shows indeterminate liver lesion
in segment VII (white arrow). (b, ¢) Axial contrast-

improve the sensitivity of MRI in detecting pan-
creatic tumor and metastases [37, 45-47].

Although MDCT is the preferred technique in
the initial staging of pancreatic cancer, MRI can be
a useful alternate modality. MRI is equivalent to
MDCT for detection and assessment of local dis-
ease although it is also easier to identify and grade
subtle degrees of vascular involvement on MDCT
due to better resolution. MRI best serves as an
adjunct tool when confronted with indeterminate
findings on MDCT (such as characterizing small
pancreatic masses or indeterminate liver lesions) or
when contrast-enhanced CT is not possible due to
severe allergy to iodinated contrast agent. NCCN
guidelines recommend imaging with CT (preferred)
or MRI using dedicated pancreatic protocol, while
the International Study Group of Pancreatic Surgery
(ISGPS) recommends evaluation with pancreatic
CT. At our institution, all suspected cases of pancre-
atic cancer are initially imaged with MDCT for
clinical staging; MRI is used as an adjunct problem-
solving tool [11, 38, 48-50].

Imaging Findings Significant
to Staging

Tumor Location

Most  pancreatic  cancers  (approximately
60-70%) involve the pancreatic head (located to
the right of superior mesenteric vein -portal vein
(SMV-PV) confluence), about 10-20% are in the
body (between the SMV-PV confluence and left

enhanced T1-weighted (b) and DWI (¢) images at the
same level shows two distinct liver lesions consistent with
metastases (red arrows). Not show here, contrast-enhanced
CT underestimated additional liver metastases

Fig.2.12 Pancreatic cancer extending to celiac ganglion.
(a) Pancreatic phase axial MDCT image shows retroperi-
toneal extension of large pancreatic body mass (white
arrow) with involvement of bilateral celiac ganglia (blue
arrows) (Celiac ganglia are seen as linear and slender soft
tissue which are thickened in this case)

lateral margin of the aorta) and 5-10% in the tail
(lateral to the aorta) [51]. The location of tumor
is important, as it determines the surgical tech-
nique for tumor resection; pancreaticoduodenec-
tomy (Whipple procedure) for pancreatic head
tumors, distal pancreatectomy for tumors in the
body and tail of pancreas, and total pancreatec-
tomy for tumors involving the neck of the pan-
creas. The location of tumor can also predict the
potential route of perineural spread of disease
(Fig. 2.12). Perineural invasion is common with
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head and uncinate process tumor (up to 70% of
cases) and can result in positive resection mar-
gins at surgery. It can be seen in early stages and
even with small tumors (2 cm or less). Perineural
spread is seen as soft tissue extending along the
gastroduodenal artery, the posterior inferior pan-
creaticoduodenal artery, and the posterior aspect
of portal vein to the celiac/mesenteric ganglion
or mesenteric root. Pancreatic cancer can also
directly invade adjacent organs (like the stom-
ach, duodenum, adrenal gland, and colon), but if
this can be safely removed with pancreatic
tumor, the disease is still considered operable
[52-55].

Assessment of Vascular Involvement

Once metastatic disease is ruled out, establish-
ing the relationship between the pancreatic can-
cer and the peripancreatic vessels is the most
important anatomic assessment, since the extent
of vascular involvement classifies tumor into
different categories (resectable, borderline
resectable, and locally advanced). Tumor resect-
ability is determined by the degree of vessel
involvement, specifically the celiac artery (CA),
superior mesenteric artery (SMA), hepatic
artery (HA), PV, and SMV, which impacts the
potential for RO resection [11, 20, 56].
Involvement of the gastroduodenal and splenic
artery should be mentioned, but this does not
directly affect resectability. It is also critical to

Fig. 2.13 Grading of arterial involvement with pancre-
atic cancer. Pancreatic phase axial MDCT images from
different cases demonstrate spectrum of arterial involve-
ment. (a) Pancreatic head mass (white arrow) abutting
(<180°) the proximal SMA (red arrow). (b) Pancreatic

identify any involvement of aorta and inferior
vena cava which may preclude tumor resection.
Occasionally, tumor extension to renal veins
and renal arteries can be seen, and such findings
should be documented to provide information
for decisions regarding surgical management.
When describing vessel involvement, consistent
terminology should be used to give clear infor-
mation to the referring physician. A vessel is
considered free of tumor if it has well-defined
fat plane all around and without contour defor-
mity. Arterial involvement should be described
as abutment or encasement; abutment refers to
<180° contact with the tumor, while encasement
is defined as >180° circumferential involvement
(Fig. 2.13) [11, 20, 49]. This distinction is par-
ticularly critical with regards to the celiac axis
and superior mesenteric artery, because arterial
abutment in these locations is not considered a
contraindication to resection, but encasement is
generally considered a contraindication.
Reporting of these radiographic findings is
aimed to maximize specificity so that clinicians
are better able to correctly identify the patients
with potentially operable disease who may ben-
efit from surgery. Unlike the evaluation and
reporting of arterial involvement, the involve-
ment of the PV and SMYV is often more descrip-
tive since tumor abutment or encasement-induced
narrowing or even short segment occlusion does
not preclude resection if a suitable length of
proximal and distal segments of vein is avail-
able for reconstruction (Fig. 2.14). When the

=
Jejunal

y branéh

neck mass (white arrow) encases (>180°) the CHA and
SA (red arrows). (c¢) Large pancreatic head mass (white
arrow) abutting abdominal aorta and first jejunal branch of
SMA (red arrows). (SMA superior mesenteric artery,
CHA common hepatic artery, SA splenic artery)
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SMV is involved, the caudal extension and
proximity to jejunal and/or ileocolic branches
should be identified, as such extension could

Fig. 2.14 Borderline resectable pancreatic cancer
involvement of venous structures. (a) Portal venous coro-
nal MDCT image shows encasement and complete occlu-
sion of the SMV-PV confluence (red arrow) by pancreatic
body mass (white arrow). Also note direct extension of
pancreatic mass to the lesser curvature of stomach (blue
arrow). (SMV superior mesenteric vein, PV portal vein)

alter surgical technique or preclude the ability to
perform venous bypass when multiple branch
vessels are involved [11, 20, 57]. It is important
to note that pancreatic cancers typically narrow
and ultimately occludes veins but rarely invades
them. In the setting of PV or SMV invasion,
alternate diagnoses, particularly pancreatic neu-
roendocrine tumors, should be strongly consid-
ered [26].

Subtle degrees of vascular involvement may
not be readily visible on axial images. This is par-
ticularly true when the tumor involves the under-
surface of the CA, HA, or the proximal SMA
which can run parallel or oblique to axial source
images (Fig. 2.15). A combination of coronal,
sagittal, and oblique reformatted images will
enhance the characterization of the degree of vas-
cular involvement. For the assessment of veins,
concurrent viewing of axial, coronal, and 3-D
MIP images provides an excellent view to appre-
ciate the surgical anatomy and the craniocaudal
extent of venous involvement [23, 25, 58]. At our
institution, multi-planar reformats and 3-D image
reconstructions are routinely made available for
interpretation.

Fig. 2.15 Significance of multiplanar reconstruction for
the accurate assessment of arterial involvement. Pancreatic
phase axial (a) and oblique sagittal (b) MDCT images at
the level of celiac axis show pancreatic body tumor (white
arrow) involving common hepatic artery (CHA) and

splenic artery (SA) (red arrow) but difficult to determine
the extent of encasement. Oblique sagittal reformatted
image (b) confirms greater than 180-degree encasement
of the CHA by the pancreatic tumor (white arrow)
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Fig. 2.16 Anatomical variations in mesenteric artery
anatomy. (a) Coronal volume rendered image shows
replaced right hepatic artery (HA) arising from superior
mesenteric artery (SMA) and replaced left HA arising
from left gastric artery. Pancreatic head cancer surface
shaded with fluorescent color (red arrow) abuts gastrodu-
odenal artery (GDA) and replaced right HA. Such varia-
tions in mesenteric artery anatomy and their involvement
by tumor can alter surgical planning

Fig. 2.17 Metastatic
pancreatic cancer
involving different
organs (red arrows).

(a) Liver (multiple
hypodense lesions),

(b) peritoneum
(thickening and
nodularity), (¢) lymph
node (necrotic periportal
node), and (d) lungs
(multiple bilateral
pulmonary nodules).
Pancreatic tail mass
(white arrow) is evident
on image (c)

Itis equally important to describe the variants of
the CA and SMA anatomy, as their presence can
alter surgical planning. The most commonly seen
variation is a replaced right HA, or sometimes,
even common HA arising from SMA (Fig. 2.16).
Other variants are also seen, replaced or accessory
left HA arising from the left gastric artery or a com-
mon trunk of the CA and SMA. Another consider-
ation that can lead to alteration in surgical planning
is celiac artery stenosis, most frequently due to the
presence of a median arcuate ligament [21, 59].

Assessment of Metastatic Disease

Pancreatic cancer most commonly spreads to the
liver and peritoneum, with the liver being the most
common non-nodal site of metastatic disease
(Figs. 2.11 and 2.17). Liver metastases are typically
hypovascular (with and without rim enhancement)
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and best evaluated on the portal venous phase. The
arterial phase is less useful as small lesions can be
easily missed. MRI has better sensitivity and spec-
ificity for the detection and characterization of
small lesions (<1 cm) which are often indetermi-
nate on MDCT. The performance of MRI is fur-
ther enhanced by diffusion-weighted imaging
(DWI) and new liver-specific contrast agents
(Fig. 2.11) [18, 60-63]. In contrast, none of the
imaging modalities currently available are sensi-
tive for the detection of early peritoneal disease.
Peritoneal disease can have different appearances,
including peritoneal thickening and enhancement,
micro and macronodular appearance, peritoneal
stranding, discrete implants, and frank omental
caking (Fig. 2.17). The presence of unexplained
ascites is considered suspicious and should prompt
careful evaluation of the peritoneal cavity.
Peritoneal disease in the subdiaphragmatic spaces,
root of the mesentery, hepatic hilum, gallbladder
fossa, and serosal surface of the small bowel is
particularly difficult to evaluate [64—67]. Other
distant sites of disease involvement include the
lungs and bones, although bony involvement is
usually a late manifestation of this disease. Lung
metastases can appear as round or irregular nod-
ules (cavitation can be seen) or have lymphangitic
appearance (Fig. 2.17). From a clinical standpoint,
chest imaging provides low diagnostic yield and is
not usually performed at the initial staging, unless
there is a strong clinical suspicion. Nevertheless,
chest CT is usually a part of restaging scans [68].
The presence of nodal disease also has impor-
tant implications on patient prognosis and man-
agement; this is particularly influenced by the
location of involved lymph nodes (regional vs dis-
tant nodes). However, both MDCT and MRI are
not particularly sensitive in detecting metastatic
lymph nodes. Abnormal lymph nodes are usually
defined by size criteria (>1 cm in short axis diam-
eter) and morphology (rounded morphology with
cystic/necrotic appearance) (Fig. 2.17). The pres-
ence or absence of regional lymph node metasta-
ses rarely influences the decision of tumor’s
resectability, as lymph nodes in this region are
almost always resected along with the pancreatic
tumor. On the other hand, the involvement of dis-
tant lymph nodes (e.g., lymph nodes in infrarenal
or retroperitoneal compartment, or to the left of

the SMA or within the jejunal mesentery) is clas-
sified as distant metastatic disease [69-73].

Reporting of Imaging Findings

Consistent interpretation of a MDCT/MRI study,
using a reporting format that is systematic and eas-
ily understood by all physicians who are involved in
the patient’s care, is the next important step.
Ambiguous, non-specific reports can lead to mis-
communication and could potentially result in
repeat imaging, especially when patients move
between institutions, or in the worst case, misclas-
sification of disease stage. Standardized reporting
using a template with a checklist can ensure that the
imaging features described above are consistently
included in all radiology reports. Structured reports
not only improve the efficiency and accuracy of
reporting, they are well accepted and preferred by
both radiologists and clinicians. The reporting tem-
plate should at least include the following informa-
tion: size and location of the pancreatic tumor,
vascular involvement (CA, CHA, SMA, portal vein,
and SMV), arterial variants, nodal involvement, and
distant metastases. A standardized reporting tem-
plate for pancreatic cancer published by the Society
of Abdominal Radiology (SAR) and the American
Pancreatic Association (APA) which highlights
various descriptive findings is available [20].

Defining Resectable, Borderline
Resectable, and Unresectable
Pancreatic Cancer

The multidisciplinary Pancreatic Cancer Program
at the Medical College of Wisconsin (MCW)
defines resectable disease as localized to the pan-
creas and without evidence of distant metastases
with no abutment of arterial structures (CA, HA,
and SMA) and <50% narrowing of the
SMV-PV. This definition differs slightly from
that of the AHPBA/SSO/SSAT and NCCN guide-
lines, which similarly require no evidence of
arterial abutment but limits tumor contact to
<180° contact of the SMV-PV without vein con-
tour irregularity. Patients classified as resectable
based on imaging criteria are potential candidates
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for an RO resection (possible in 80-90% of
patients) (Fig. 2.4) (Table 2.1) [12-14, 16, 74].
The definition of borderline resectable disease
is more uniform and includes tumors with arterial
abutment and more advanced venous involvement.
The arterial abutment can involve the SMA (usu-
ally pertinent to tumors of the pancreatic head) or
short segment encasement of the CHA (usually
pertinent to tumors of the pancreatic head/neck
tumor), with or without >50% narrowing of the
SMV-PV or short segment SMV-PV occlusion
amenable to venous reconstruction. At MCW, bor-
derline resectable disease is defined as tumor abut-
ment of <180° of the SMA or celiac axis, short
segment tumor abutment/encasement of the
hepatic artery (HA) without extension to HA

Fig. 2.18 Borderline resectable pancreatic cancer. (a, b)
Axial pancreatic phase (a) and coronal portal venous
phase (b) MDCT images show large pancreatic neck mass
abutting SMA (red arrow on a) and causing >50% nar-

Fig. 2.19 Locally advanced (type B) pancreatic cancer.
(a, b) Coronal pancreatic phase (a) and portal venous
phase (b) MDCT images show a large pancreatic body
mass encasing CA, SMA, SA (red arrows on a) and com-

bifurcation or celiac artery or >50% narrowing of
SMV, PV, SMV-PV, or short segment occlusion
with suitable proximal and distal target for recon-
struction (Fig. 2.18) (Table 2.1) [7, 9, 13, 16].
Locally advanced disease is defined by >180°
involvement of SMA or CA or HA, or SMV-PV
occlusion without potential for reconstruction. In
contrast to borderline resectable disease, where
surgery is a part of planned treatment sequence,
locally advanced disease is considered unresect-
able at the time of initial presentation. At our insti-
tution, locally advanced disease is divided into
type A and type B based on tumor-vessel relation-
ship (degree of encasement/extent of SMA, CA,
and HA involvement) (Fig. 2.19) (Table 2.1).
With improvements in response rates to available

5 &

r
confluence L ;a

‘|
2]

rowing of SMV and PV confluence (red arrow on b). (PV
portal vein, SMV superior mesenteric vein, SMA superior
mesenteric artery)

pletely occluding SMV-PV confluence (red arrow on b).
(PV portal vein, SMV superior mesenteric vein, SV
splenic vein, SA splenic artery, SMA superior mesenteric
artery, CA celiac axis)
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systemic therapies and established safety of vas-
cular resection and reconstruction employed dur-
ing pancreatectomy, successful resection of
pancreatic cancer may be considered for patients
with type A disease but are rarely possible in
patients with type B disease [4, 13]. It is important
to note that differences in published guidelines
are influenced by institutional practice and prefer-
ences, expertise of practicing surgeons, and abil-
ity to perform arterial and venous resection and
reconstruction.

MDCT/MRI Performance in Staging
Local Staging

Dedicated pancreatic MDCT protocol has high
sensitivity (89-97%) in detecting pancreatic
tumor, although this varies based on tumor size,
with low sensitivity of 77% for small tumors
(<2 cm). Several studies have shown excellent
positive predictive value (PPV) (range 92-100%)
of MDCT in defining which tumors are unresect-
able. However, its performance is inferior in pre-
dicting tumor resectability (PPV =45-79%) [31,
75-77]. This difference is related to diagnostic
criteria for vessel invasion (such as vessel
encasement and deformity) which are designed
to favor specificity in order to minimize patients
being denied of a curative resection who indeed
have potentially resectable disease [11, 20, 78].
It is important to note that referenced studies
were performed on older generation MDCT
scanners with lower spatial and temporal resolu-
tions than the current generation of MDCT scan-
ners. It may be possible that the performance of
newer scanners is substantially better, although
that data are still emerging. Studies comparing
MDCT and MRI for the diagnosis and staging of
pancreatic cancer have shown comparable per-
formances. However, MDCT overall has a
better-established role, is readily available, and
better tolerated by patients due to ultrafast scan-
ning which makes it the preferred technique at
most institutions. In addition, most radiologists
and surgeons have more experience and greater
level of comfort with interpreting MDCTs as

compared to MRIs. Due to superior image reso-
lution, it is also easier to identify and grade,
subtle vascular involvement on MDCT. On the
other hand, because of better soft tissue resolu-
tion MRI may be preferable in detecting and
characterizing small pancreatic lesions (<2 cm
in size) [18, 79].

Unlike radiographic staging at baseline, accu-
rate restaging following preoperative chemoradi-
ation is difficult. Following neoadjuvant therapy,
cross-sectional imaging cannot differentiate
between treated (nonviable) tumor from residual
viable tumor or distinguish perivascular post
radiation changes (which manifest as soft tissue
stranding) from residual disease. In one study
which evaluated the response of borderline
resectable tumor to neoadjuvant therapy, only
0.8% of patients were down staged to resectable
disease by radiographic indicators, whereas 66%
of patients were found to be resectable at surgery.
In a consensus statement, the /[SGPS recommends
that following neoadjuvant therapy and in the
absence of disease progression (distant metasta-
sis) on subsequent imaging, surgical exploration
and resection should be considered [49, 80-82].

Metastases

Lymph nodes are easily seen on MDCT and MR,
but irrespective of the modality used, the accu-
racy for assessing nodal disease is limited, as
nodes are considered suspicious primarily based
on size; ancillary findings such as change in
shape and necrosis are considered when evident.
Usually a size threshold of greater than 1 cm
(short axis) has been used in identifying meta-
static nodes. This approach is non-specific as
larger lymph nodes can be reactive and smaller
lymph nodes may still harbor micrometastases
without being enlarged. In one study, the accu-
racy of MDCT for the diagnosis of lymph node
metastases was only 59.5%. In another study
using a size threshold of 1.5 cm, preoperative
MDCT identified just 16.7% of patients with
nodal disease. Other studies have reported even
more inferior performance. In this setting, PET/
CT is probably more useful; especially if biopsy
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is being considered so that most suspicious node
is targeted [69, 72, 73].

Regarding identification of liver metastases,
MRI is superior to MDCT and is often used as
problem-solving tool. A recent study using
MDCT showed sensitivity of 48.4% and specific-
ity of 97.9% for liver metastases in pancreatic
cancer. In another study comparing MDCT and
MRI with gadoxetic acid contrast agent (which is
a liver-specific contrast agent), MRI had greater
sensitivity than CT (85% vs 69%). The struggle
of MDCT is particularly for lesions smaller than
1 cm, both in terms of sensitivity and specificity.
However, in cancer patients, benign lesions (such
as cyst or hemangioma) are very common and
can be followed to ensure stability. Nevertheless,
when needed, MRI can characterize majority of
the liver lesions that are deemed indeterminate on
MDCT. In general, metastases on MRI tend to be
T1 hypointense and T2 hyperintense (albeit much
less hyperintense than a cyst or hemangioma) and
will often show perilesional enhancement around
the margins. In addition, MRI also can be useful
for identifying liver metastases that are not visi-
ble on MDCT, particularly with the inclusion of
DWI images, which are significantly more sensi-
tive for small liver metastases as compared to
both MDCT and conventional MRI imaging
sequences [62, 63, 83].

The diagnosis of peritoneal carcinomatosis,
especially low-volume disease, is difficult by
any imaging modality. The underperformance
of MDCT and MRI is not specific to pancreatic
cancer but applicable to any cancer that involves
peritoneum. Studies have shown test sensitivity
as low as 6% for MDCT when peritoneal
implants are 1 cm or smaller. This limitation has
led to the approach of using laparoscopy to
screen patients for peritoneal disease before
performing laparotomy in patients considered
for pancreatectomy [64, 67].

Conclusion

There is little doubt that imaging plays an impor-
tant role in the diagnosis and management of
pancreatic cancer. While MDCT is the preferred

and most validated imaging modality, MRI plays
an important adjunct role. Standardization of
imaging protocols and appropriately timed scan
acquisition maximizes accurate local and distant
staging of pancreatic cancer. A detailed and accu-
rate evaluation of the primary tumor, its locore-
gional extension (particularly tumor-vessel
relationship), and distant metastatic disease is
necessary for the accurate classification of dis-
ease into resectable (resectable and borderline
resectable) and unresectable (locally advanced
and metastatic) categories.
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Introduction

Over a period of three decades from 1980 to
2000, pancreatic cancer (PC)-related mortality
rates have virtually remained unchanged [1]. In
an attempt to improve survival outcomes, some
of the approaches introduced in the recent past
have included giving neoadjuvant therapy even to
patients with resectable PCs and using molecular
profiling of the cancer to deliver tailored chemo-
therapy. The rationale behind using neoadjuvant
therapy followed by pancreaticoduodenectomy
(“delayed surgery”) is discussed in other chapters
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in this book. As against “early surgery” (pancre-
aticoduodenectomy followed by adjuvant ther-
apy), the approach of using neoadjuvant therapy
has had a significant impact on the role and tim-
ing of endoscopy in patients with PC, especially
with regard to procedures like endoscopic ultra-
sound (EUS), fine needle aspiration (FNA) or
aspiration biopsy (FNAB), and endoscopic retro-
grade cholangiopancreatography (ERCP). The
focus of this chapter will be on the coordination
of EUS-FNA/FNAB and ERCP in patients in
whom surgery is going to be delayed.

Over 70% of patients with PC present with
bile duct obstruction [2]. In majority of these
patients, a mass in the head of the pancreas will
be identified on a CT scan. It was debated if this
radiographic finding alone would suffice for
making a diagnosis of PC; especially if associ-
ated with significant weight loss and a high car-
bohydrate antigen (CA 19-9) level and whether
tissue diagnosis was necessary. Tessler et al.
reviewed 150 patients with jaundice and a mass
in the head of the pancreas on CT scan who
underwent pancreatoduodenectomy [3]. One
hundred two of these patients had no prior tissue
diagnosis. The authors found that weight loss of
over 20 pounds along with bilirubin greater than
3 mg/dl and CA 19-9 greater than 37 U/ml had a
positive predictive value of almost 100% for
PC. If any two of these criteria were present, the
predictive value dropped to 89.5%. Hence, the
need for tissue diagnosis was questioned in
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patients going for early surgery who fulfilled
these criteria [2]. However, all pancreatic masses
may not be PC, and other lesions like neuroendo-
crine neoplasms, acinar cell carcinoma, lympho-
mas, and metastasis may also present with a mass
in the pancreas. Moreover, benign lesions like
focal chronic pancreatitis or autoimmune pancre-
atitis can also present as a mass. Tissue diagnosis
therefore is highly recommended. Since an
increasing number of patients with PC nowadays
are receiving neoadjuvant therapy for resectable
and borderline resectable PC, tissue diagnosis is
also essential in these patients. The material
obtained for tissue diagnosis by EUS-guided fine
needle aspiration (FNA) or fine needle biopsy
(FNAB) can also be used for molecular profiling
of the tumor to tailor the chemotherapy based on
the profile. Last, but not the least, on-site tissue
diagnosis of cancer can permit the endoscopist to
do an ERCP and place a self-expanding metal
bile duct stent for durable bile duct decompres-
sion if surgery is going to be delayed and if the
patient is likely to receive neoadjuvant therapy,
requires stabilization of comorbidities, or needs
to be transferred to a tertiary-care center.

Sequencing of Tests
Staging: Imaging Studies

Currently, contrast-enhanced, multiphasic, multi-
detector helical computed tomography (CT) scan
(pancreas-protocol CT scan) is the most com-
monly accepted imaging modality for the initial
evaluation of patients with suspected PC. Besides
identifying metastatic disease, it can accurately
stage the lesion in relation to the surrounding
vessels and is nowadays the cornerstone for stag-
ing as compared to EUS [4, 5].

It is highly recommended that a pancreas-
protocol CT scan be done on all patients with
suspected PC before these patients undergo EUS-
FNA and/or ERCP and that the CT scan should
be repeated if a previous CT scan was not per-
formed with a dual phase contrast technique.
Since both EUS-FNA and ERCP can be associ-
ated with complications like pancreatitis and/or

bleeding/edema, these complications can alter
the CT appearances of the lesion and may not
permit accurate staging if the CT scan is done
after these procedures. Hence, in the sequencing
of tests, a pancreas-protocol scan should be the
first order of business.

Tissue Diagnosis: EUS with FNA/FNAB

Following a pancreas-protocol scan, the next pro-
cedure should be an EUS with fine needle aspira-
tion (FNA) for tissue diagnosis unless the patients
have had an ERCP at an outside hospital and the
brushing from the bile duct or the pancreatic duct
was positive for adenocarcinoma. If the brush-
ings were suspicious, the slides can be reviewed
by another pathologist at the tertiary-care center.
Either way, EUS-FNA may be required if addi-
tional tissue is required for molecular profiling.
This approach relies on selecting molecular tar-
gets from the tissue sample for tailoring chemo-
therapy appropriate to the molecular targets and
is discussed elsewhere in this book.

The linear EUS endoscope is used for FNA. As
shown in Fig. 3.1, orientation of the EUS image
with the linear endoscope is along the long axis
of the US probe. Hence, the echogenic FNA nee-
dle is clearly visible, and its path into the mass
with to-and-fro movements can be monitored in
real time thereby avoiding blood vessels. The
needle is moved back and forth several times in
various directions (fanning technique) within the
mass. The ideal method of tissue acquisition
(suction versus no suction; stylet versus no stylet;
saline versus stylet aspirations; needle gauge:
25G, 22G, 19G; etc.) has yet to be determined.
For lesions of the body and tail of the pancreas,
the likelihood of spilling malignant cells into the
peritoneum or along the needle track is signifi-
cantly less with trans-gastric EUS-FNA com-
pared to percutaneous CT-guided biopsy of the
mass. Micames et al. reported peritoneal carcino-
matosis in 1 of 46 patients (2.2%) who under-
went EUS-FNA compared to 7 of 43 patients
(16.3%) who had CT-guided FNA of pancreas
masses (p < 0.025) [6]. As against percutaneous
CT-guided FNA, spillage of malignant cells
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Fig. 3.1 Endoscopic
ultrasound with fine
needle aspiration. BD,
obstructed and dilated
common bile duct; M,
around 1 cm mass in the
head of the pancreas; N,
a 25-gauge fine needle
used for aspirating cells;
ROSE, rapid on-site
evaluation showed
malignant cells

along the needle track with transduodenal
EUS-FNA for pancreas head lesions is not a
major issue as it is within the zone of
pancreatoduodenectomy.

Several studies have evaluated the sensitivity,
specificity, and accuracy of EUS-FNA in diag-
nosing PC including the observation that better
results are obtained from centers performing
more than 100 EUS procedures per year [7-11].
In a meta-analysis that included over 3600
patients with solid pancreas masses, the pooled
sensitivity and specificity for EUS-FNA for pan-
creatic cancer were 88.6% [95% CI: 87.2-89.9]
and 99.3% (95% CI: 98.7-99.7), respectively
[12]. For tissue diagnosis, the presence of an on-
site cytopathology faculty for rapid on-site eval-
uation (ROSE) was a major determinant of the
success of EUS-FNA in making tissue diagnosis
[12]. In a study where one faculty performed
EUS-FNA at two campuses, one campus with
ROSE and other without, there were more unsat-
isfactory specimen reports from the center with-
out ROSE (9% versus 20%; p = 0.03) [13]. This
group also showed that more proportion of
patients were likely to have a positive or negative
tissue diagnosis in the center with an on-site
cytopathologist as compared to the other center
(79% versus 53%; p = 0.001). However, unfortu-
nately, ROSE facility is not available in many
centers. To reduce the likelihood of getting an

unsatisfactory sample and thereby the need to
call the patient back for another attempt, some
have advocated training the ultrasonographer GI
faculty to perform ROSE themselves [14]. In a
study on a group of patients with no ROSE or
with ROSE performed by the ultrasonographer,
the accuracy of diagnosis increased for 79-95%
[15]. Others have advocated the use of fine needle
aspiration biopsy (FNAB) instead of FNA if
ROSE is not available. In a recent study, on 333
patients with solid pancreas lesions who under-
went FNAB with ROSE (n = 140) or without
ROSE (n = 193), the sensitivity, specificity, and
accuracy of EUS-FNA with ROSE were 91%,
100%, and 92%, respectively, compared to those
without ROSE (87%, 100%, 88%; p = 0.2) [16].
Another recent study showed that more histology
material was obtained with the fork-tip FNAB
needle compared to a standard FNA needle (59%
versus 5%, p < 0.001) [17]. Complication rates
were similar between the two groups. In a recent
prospective, randomized, multicenter study on
408 patients, FNAB was shown to give a better
diagnostic yield as compared to FNA (93% ver-
sus 83%; p = 0.001) [18]. Others have shown no
differences in the yield between a standard and a
core needle although fewer passes were required
with the core needle [19]. Similarly, Aadam et al.
showed that the diagnostic yield of FNA was
similar to FNAB for pancreatic masses although
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FNAB was superior to FNA for non-pancreatic
masses [20]. FNAB tissue acquisition is highly
recommended when the lesion in the pancreas is
suspected to be lymphoma, stromal tumor, or
metastasis. Similarly, FNAB is superior to FNA
when the mass in the pancreas is suspected to be
autoimmune pancreatitis [21].

For fear of higher complication rates with
FNAB (pancreatitis, bleeding), many centers
tend to initially perform FNA with ROSE, and if
the cytology is inconclusive despite several FNA
passes, then proceed to use FNAB needle.
Although the sensitivity, specificity, and accuracy
of FNAB may be similar to with or without
ROSE [16], the advantage of getting a diagnosis
on-site with ROSE can help in deciding what
type of biliary stent can be used for decompress-
ing the bile duct if ERCP is being performed in
the same setting immediately after EUS-FNA as
described below. Moreover, irrespective of using
FNA or FNAB, ROSE is highly recommended if
one is collecting material for molecular profiling
of the tumor for personalized therapy. In our
series of 130 patients, adequate material for pro-
filing was obtained in 94 patients (72%) [22].
Similarly, in a previous large trial, adequate spec-
imen could be obtained in over 85% of patients
[23]. Intuitively, similar to better histology mate-
rial, FNAB may also give better material for pro-
filing, but this has not been formally studied.

For stereotactic radiation therapy, precise
location of the lesion is important. This can be
obtained with concomitant imaging-guided
approach or by placement of fiducials. Fiducials
are radio-opaque markers that can be placed into
the tumor with EUS guidance without fluoros-
copy, and the EUS-guided approach is preferred
over CT-guided placement. Larger fiducials
requiring a 19G FNA needle are being replaced
with newer coil design fiducials that can be
placed with a 22G FNA needle which is more
flexible and hence better for lesions in the head of
the pancreas where the EUS endoscope tip is
turned at an angle in the duodenum making pas-
sage of a 19G needle difficult [24-27].

For those patients who have failed pain man-
agement with medications or are having signifi-
cant side effect from pain medications,

EUS-guided celiac plexus/ganglion block or neu-
rolysis with bupivacaine/alcohol [28-30] is a
more direct approach as compared to the
CT-guided approach. The advantage of the EUS
over CT for celiac block/neurolysis is that with
EUS, one can in real time visualize the celiac
ganglion and approach it from the anterior aspect
thereby avoiding the retro-crural space. Hence, it
is considered to be safer than the CT-guided
approach [31, 32]. In a meta-analysis of 8 studies
involving over 280 patients, EUS-guided celiac
plexus neurolysis was successful in pain control
in over 80% of patients [33]. Some have recom-
mended performing early EUS-guided celiac
plexus neurolysis as it gave better pain control as
compared to those who had the neurolysis done
later as a rescue approach [34]. Besides injury to
the blood vessels, one of the most dreaded but
rare complications of celiac plexus neurolysis is
paraplegia secondary to spinal artery spasm.
Although medical and surgical oncologic
approaches are currently the mainstay of treat-
ment of resectable, borderline resectable, and
locally advanced PC, several EUS-guided thera-
pies are emerging [35]. For example, EUS-guided
lavage and ablation of cystic neoplasms of the
pancreas can be considered as an alternative for
those who are not fit for surgery [36-38].
Compared to saline, 80% ethanol resulted in a
significant decrease in cyst diameter, and with
additional ethanol lavage sessions, complete and
durable cyst resolution was observed in 33% of
patients [36, 37]. Others have tried combining
alcohol or saline with chemotherapeutic agents
like paclitaxel or paclitaxel-gemcitabine with
variable results [39—43]. Until further data from
large-scale prospective randomized studies with
long-term follow-up is available, currently EUS-
guided ablation of cystic neoplasms of the pan-
creas should be considered only in those in whom
there is a high risk for malignant transformation
within the expected life span of the patient who is
not fit for surgical removal. For solid tumors of
the pancreas, experimental EUS-guided therapy
has included brachytherapy by implanting radio-
active seeds (iodine-125), [44, 45] irinotecan
microspheres, [46] gemcitabine, [47] adenovirus,
[48] and immunotherapy [49]. The rationale
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behind using these approaches is to achieve better
tissue penetration as compared to systemic ther-
apy. EUS-guided tissue ablative therapy such as
photodynamic therapy and radiofrequency abla-
tion has also been reported [50, 51]. Although
initial results from these pilot studies are encour-
aging, these approaches cannot be recommended
at the present time until further large-scale pro-
spective randomized studies are done.

Bile Duct Decompression: ERCP

Although tissue acquisition for diagnosis with
brushings and/or cholangioscopic biopsies is
possible during ERCP, the sensitivity is poor.
Hence EUS-FNA/FNAB is still the method of
choice for tissue diagnosis. The primary role of
ERCP in the management of patients with PC is
biliary decompression.

Majority of the patients with PC of the head of
the pancreas present with bile duct obstruction.
Decompressing the bile duct is not required in
patients going for early pancreaticoduodenec-
tomy. In a meta-analysis of five studies on
patients with bile duct obstruction who under-
went early pancreaticoduodenectomy, preopera-
tive bile duct decompression gave not additional
benefits and was associated with higher periop-
erative complications [19]. In a subsequent study
from Europe on patients with resectable PC with
bile duct obstruction going for early pancreatico-
duodenectomy, 94 patients underwent surgery
without preoperative biliary drainage, and 102
patients had preoperative bile duct decompres-
sion. Serious complications were observed in
74% of patients who underwent bile duct decom-
pression as compared to those who went directly
for surgery (37%; p < 0.001) [52]. In this study,
ERCP was successful in draining the bile duct in
only 75% of patients which is significantly lower
than what one would expect of ERCP compared
to national standards in the USA (over 95%).
Hence, several patients in this group required
percutaneous drainage. Moreover, plastic bile
duct stents were used, and several patients did not
undergo surgery early enough as one would
expect from centers in the USA. These weak-

nesses of this study could have confounded the
results. Nevertheless, preoperative biliary drain-
age does not offer any significant benefits, espe-
cially since patients with malignant bile duct
obstruction rarely develop cholangitis unless the
bile duct is instrumented. Hence, bile duct drain-
age is not recommended for patients in whom
early pancreatoduodenectomy is planned.

An increasing number of patients nowadays
are receiving neoadjuvant therapy for resectable
PC. The rationale for this approach is described
elsewhere in this book. These patients require
tissue diagnosis and then undergo several
months of preoperative therapy before surgery
is done. Surgery can also be delayed in those
who need stabilization of comorbidities or those
who are awaiting a date for surgery or awaiting
transfer to a tertiary-care center. Durable bile
duct drainage is required in these patients, espe-
cially since near normalization of liver test is
required before chemotherapeutic agents can be
given.

Obstructed bile duct can be drained by using
either a 10 French (3.3 mm) plastic stent or a self-
expandable metal stent (SEMS). The diameter of
SEMS is 10 mm which is equal to around nine
plastic stents of 3.3 mm diameter in terms of areas
of the circumference. Hence, SEMS offer durable
bile duct drainage (patency rates of almost
9-12 months) as compared to plastic stents
(patency rates of 612 weeks) (Fig. 3.2) [53, 54].
Plastic stents are cheap and can be removed.
Hence, they are ideal for short-term drainage and
for strictures where the diagnosis is awaiting con-
firmation. As compared to plastic stents, SEMS
are expensive and cannot be removed once
deployed across the stricture, especially if they
are of the uncovered variety where the crevices of
the wire mesh are bare allowing for tissue
ingrowth (embedded stent). Hence, these stents
should not be placed in patients with benign or
indeterminate strictures. SEMS covered with a
plastic membrane (covered SEMS) to prevent tis-
sue ingrowth are also available and potentially
can be removed (not as yet cleared by the FDA for
removable indications) [55]. Higher rates of pan-
creatitis and cholangitis have been reported with
covered SEMS presumably due to occlusion of
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Fig. 3.2 Malignant bile
duct stricture with
placement of a
self-expanding metal
stent. Immediately after
the EUS-FNA with
ROSE showing
malignant cells in the
patient shown in

Fig. 3.1, an ERCP was
performed (Am, ampulla
was cannulated).
Cholangiogram showed
a malignant bile duct
stricture (white arrow)
with placement of a
self-expanding metal
stent (SEMS)

pancreatic orifice and the cystic duct opening by
the plastic membrane. Lack of tissue ingrowth
also can lead to higher migration rates [56—58].

Until recently, SEMS were not cleared by the
FDA for use in patients with malignant bile duct
obstruction in whom there were plans for pancre-
aticoduodenectomy for fear of causing technical
difficulties during surgery. Hence, in those in
whose surgery was delayed, plastic stents were
placed. This resulted in high complication rates
such as cholangitis from frequent stent occlusion
that required multiple re-interventions. In a study
on 49 patients receiving neoadjuvant therapy for
PC in whom 10F plastic stents were placed, 27
(55%) patients presented with stent occlusion-
related complication at a median of 83 days
(range 14-183 days), cholangitis in 13 patients,
and worsening liver tests with jaundice in 14
patients [59]. This resulted in hospitalization for
amedian of 3 days in 17 patients and interruption
of neoadjuvant therapy for a median of 8 days in
13 patients. All these patients required repeat
ERCPs. In another recent study on 173 patients
receiving neoadjuvant therapy, 35.6% of patients
presented with complications secondary to pre-
mature occlusion of plastic stents at a median of
53 days [60].

Secondary to the dismal performance of
plastic stents, several centers are now placing
SEMS in those in whom surgery is delayed
such as those who are receiving neoadjuvant

therapy. In a prospective, nonrandomized, pilot
study on 55 patients with resectable and border-
line resectable PC receiving neoadjuvant ther-

apy, SEMS provided durable biliary
decompression through the duration of neoad-
juvant therapy (neoadjuvant therapy duration:
median 104 days; range 70-260 days) [61]. At
the median duration point of 104 days, only
12% of SEMS-related adverse events were
encountered compared to 35-55% observed
with historical control where plastic stents were
used. The adverse events noted with SEMS that
required re-intervention were cholestasis, chol-
angitis, and cholecystitis.

The shortest length of SEMS required to
bridge the PC-related intrapancreatic bile duct
stricture should be used so as to leave at least
1-2 cm of extra-pancreatic bile duct for subse-
quent surgical anastomosis (“short metal stent”).
Hence, it is not necessary to remove the stent
prior to surgery. No major technical issues were
encountered during surgery using this approach
[61-63]. In a retrospective comparative study,
surgery time, intraoperative blood loss, and hos-
pital stay were similar between patients who had
SEMS in situ at the time of surgery compared to
those without SEMS [62]. Based on some of
these recent studies, the FDA has now cleared to
use SEMS in patients with malignant bile duct
obstruction in whom there are intentions for
surgery.
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One-Stop Shop:
EUS-FNA-ROSE-ERCP-SEMS

Since neoadjuvant therapy is increasingly becom-
ing the standard of care for resectable and border-
line resectable pancreas adenocarcinoma
(delayed surgery), we follow the “one-stop shop”
approach (Fig. 3.3). Since EUS and ERCP can be
associated with complications like pancreatitis
that can alter the accuracy of staging by imaging
studies, a pancreas-protocol CT scan should be
done or repeated prior to these invasive proce-
dures. After confirming that a pancreas protocol
CT scan was done and after reviewing the scan,
an EUS-FNA/FNAB with rapid on-site evalua-
tion (ROSE) of the cytology specimen by a cyto-
pathology faculty is performed. If ROSE is
inconclusive, additional FNA or FNAB samples
should be taken while the patient is still sedated.
Additional samples may also be required for
molecular profiling. If ROSE is positive for ade-
nocarcinoma, the patient can immediately in the
same setting undergo ERCP with placement of a
short SEMS if the bile duct is obstructed.

Frequently patients are referred to tertiary-care
centers with ERCP performed at hospital where
they do not have EUS-FNA expertise or capabili-
ties of doing ROSE. These patients have plastic
stents placed at these outside hospitals. EUS-
FNA with ROSE can still be performed in these
patients, and if positive for adenocarcinoma, the
plastic stent can be exchanged to a short SEMS in
the same procedure. Despite several passes with
FNA/FNAB, if ROSE is still inconclusive, then a
10 French plastic bile duct stent can be placed, or
one can consider a potentially removable fully
covered SEMS (not yet approved by the FDA for
this indication). However, unlike plastic stent, the
metal stent will cause significant artifacts if one
were to consider repeating EUS-FNA.

A recent study evaluated the safety and effi-
cacy of the “one-stop shop” approach focusing
on the performance of SEMS during neoadjuvant
therapy for PC [63]. In this, one of the largest
series of patients (333 patients; 2009-2014) with
resectable or borderline resectable PCs as deter-
mined by a pancreas-protocol scan, tissue diag-
nosis was made with EUS-FNA/FNAB and

Fig. 3.3 “One-stop shop
approach.” EUS-FNA/
FNB, endoscopic

PANCREAS PROTOCOL SCAN

ultrasound with fine
needle aspiration/fine
needle aspiration biopsy;
ROSE, rapid on-site
evaluation; ERCP,

Suspected Pancreas Adenocarcinoma
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endoscopic retrograde
cholangio-
pancreatography;

EUS-FNA/FNAB Repeat

SEMS, self-expanding
metal stent (biliary)

!

ROSE
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- Consider Early

Negative Surgery

Done at the same time
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!
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ROSE in majority of the patients. Of these, 210
presented with bile duct obstruction. After
excluding patients who had already started neo-
adjuvant therapy prior to placement of SEMS or
were lost to follow-up, 142 patients were enrolled.
The median duration of neoadjuvant therapy was
111 day (maximum 282 days). SEMS malfunc-
tioned (predominantly occlusion with tissue
ingrowth or sludge) in 16 (11%) patients by the
median of 111 days (15% by 282 days). On sub-
group analysis, no statistical difference in the
performance of SEMS was observed between
patients with (1) prior plastic stent replaced with
SEMS versus up-front SEMS placement, (2)
resectable versus borderline resectable PC, (3)
chemotherapy alone versus chemoradiation, (4)
covered versus uncovered SEMS, and (5) SEMS
placed at a community hospital or at a tertiary-
care center.

Summary: Resectable
and Borderline Resectable Pancreas
Adenocarcinoma

Before any invasive endoscopic procedure, a
pancreas protocol imaging study should be per-
formed in all patients with suspected PC so as to
avoid any procedure-related complications like
pancreatitis from confounding accurate staging
of the cancer. Since several other malignant and
nonmalignant lesions can mimic pancreas ade-
nocarcinoma, it is highly recommended to obtain
a tissue diagnosis even if the patient is being
considered for early surgery. EUS-FNA or
FNAB is the procedure of choice for tissue
acquisition. Bile duct decompression does not
offer any benefit and can be harmful in those
going directly for pancreaticoduodenectomy.
However, an increasing number of patients with
resectable and borderline resectable pancreas
adenocarcinomas are now receiving neoadjuvant
therapy. Durable bile duct decompression is
essential in these patients. Self-expanding metal
stents are better than plastic stent for bile duct
drainage but can only be used if the diagnosis of
cancer is confirmed. Hence, rapid on-site evalu-
ation of the EUS-FNA/FNAB specimen by a

cytology faculty is highly recommended. If posi-
tive, additional samples can be taken for molecu-
lar profiling, and then, while the patient is still
sedated, an ERCP with metal stent placement
can be performed immediately after EUS-FNA
in the same setting.
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Importance of Carbohydrate
Antigen 19-9 Monitoring
in the Management of Pancreatic

Cancer

Ashley N. Krepline, Flavio G. Rocha, and Susan Tsai

Introduction

Although surgical resection is deemed necessary
to cure patients with localized pancreatic cancer,
surgery alone is associated with a median disease-
free survival of 6.7 months in the absence of any
additional postoperative (adjuvant) therapy [1].
The high rates of disease recurrence have led to a
universal recommendation for adjuvant therapy
following surgery, which improves the overall
survival from 20 months to 24-28 months and is
recommended for all patients with pancreatic can-
cer, regardless of pathologic stage [1-3]. Recently,
the use of multidrug (mFOLFIRINOX) regimens in
ahighly selected group of patients (with postoperative
CA19-9 < 180 U/dL) has been associated with a
median overall survival of 54 months, although only
66% of patients completed adjuvant therapy [4].
Unfortunately, post-pancreatectomy complica-
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tions often prohibit the delivery of adjuvant ther-
apy [5, 6]. In addition, with a surgery-first
approach, up to 26% of patients will develop early
postoperative disease progression prior to com-
pleting adjuvant therapy [7]. As a result, there is a
growing interest in preoperative therapy for
patients with pancreatic cancer which allows for
the early delivery of systemic therapy prior to any
potential physiologic surgical perturbation.
Among patients who are able to complete neoad-
juvant therapy and surgery, the median overall
survivals have been reported to be over 40 months,
nearly double that of a surgery-first approach [8,
9]. Neoadjuvant therapy is now recommended for
all patients with borderline resectable disease and
is increasingly being used among patients with
resectable disease [3, 8].

Goals of Neoadjuvant Therapy

Although the enthusiasm for neoadjuvant therapy
has been rooted in the superior survival of patients
who are able to complete all intended therapy and
surgery, it is important to note that the neoadjuvant
approach was first developed to help identify those
patients who would develop early metastatic dis-
ease progression in an effort to spare these patients
from a surgery which is associated with significant
morbidity (Fig. 4.1). As a result, the primary end-
point of neoadjuvant trials has historically focused
on the number of patients who are able to com-
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Fig.4.1 Overall survival of patients who received neoad-
juvant therapy for localized pancreatic cancer. Blue
curve — patients who are not resected secondary to meta-
static disease progression. These patients can be identified
by CT or diagnostic laparoscopy. Red curve — patients
who complete all intended neoadjuvant therapy and sur-
gery. Currently the selection for surgery is based on the
exclusion of patients with metastatic disease progression
rather than inclusion of patients who are having a robust
response to neoadjuvant therapy. Currently no method is
used for positive selection of these patients

plete all neoadjuvant therapy and surgery. In the
early experience with neoadjuvant clinical trials,
approximately 30% of patients also develop dis-
ease progression prior to surgery and experienced
a median overall survival of approximately 1 year
[10, 11]. In contrast, among patients who are able
to complete neoadjuvant therapy and surgery, the
median overall survival rates have been reported to
range from 33 to 44 months (Fig. 4.1), surpassing
that observed with a surgery-first approach [8,
10-13]. This suggests that early systemic therapy
may be effective in eradicating radiographically
occult metastatic disease in some patients. In the
era of increasingly effective systemic regimens,
the goal of neoadjuvant therapy may shift to
improve the efficacy of neoadjuvant therapy for
patients with pancreatic cancer to achieve a greater
number of patients who are able to complete all
neoadjuvant therapy and surgery.

Assessment of Treatment Response

It is important to note that the current threshold to
proceed to surgery is the absence of disease pro-

gression rather than the presence of disease
response. In fact, a significant radiographic
response is seldom observed with neoadjuvant
therapy [14, 15]. In general, aradiographic response
is rare after neoadjuvant therapy. In a single institu-
tional study of 129 patients, following neoadjuvant
therapy, 84 (69%) patients had stable disease, 15
(12%) patients had a partial response, and 23 (19%)
patients had disease progression [14]. The inability
to accurately discriminate treatment response with
disease stabilization is likely responsible for early
postoperative recurrences seen in some patients
who have received neoadjuvant therapy.

When comparing the patterns of postoperative
recurrence following a surgery-first approach as
compared with neoadjuvant approach, there are
both similarities and differences. With a surgery-
first approach, in a study of 636 patients, 531 (77%)
of patients developed disease recurrence after sur-
gery at a median of 11.7 months [16]. In contrast,
with neoadjuvant therapy, disease recurrence was
observed in only 153 (56%) of 272 patients
(C. Barnes, in review), suggesting that neoadjuvant
therapy was associated with decreased rates of dis-
ease recurrence as compared to a surgery-first
approach. However, among those patients who
developed disease recurrence after neoadjuvant
therapy and surgery, the pattern and timing of the
disease recurrence was not different from patients
who had been treated with a surgery-first approach.
This suggests that following neoadjuvant therapy,
there are a subset of patients who have radiographi-
cally occult metastatic disease which has not been
eradicated by neoadjuvant therapy who following
surgical resection are at high risk for an early post-
operative recurrence. As neoadjuvant strategies
evolve, there is an urgent need to develop quantita-
tive assessments of treatment response to improve
our understanding of treatment response and better
stratify patients for clinical trials.

Carbohydrate Antigen 19-9 (CA19-9)

The limitations of pretreatment radiographic stag-
ing in the accurate identification of metastatic dis-
ease can be overcome, in part, with the availability
of a dynamic biomarker. Carbohydrate antigen
19-9 (CA19-9) is a carbohydrate tumor-associated
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antigen that was originally isolated from colorec-
tal tumors but has since been shown to have utility
as a prognostic biomarker in pancreatic cancer
[17, 18]. CA19-9 is a complex carbohydrate
formed by the sialyation of the Lewis antigen by a
glycosyltransferase. In the setting of a normal
total bilirubin level, CA19-9 is typically consid-
ered normal if less than 35 U/mL; however the
cutoff for a normal value varies slightly by labora-
tory. It can be falsely elevated in benign condi-
tions such as jaundice, pancreatitis, cholangitis,
and cirrhosis. CA19-9 is a Lewis antigen, and
among the 5% of patients who are Lewis antigen
negative, sialyation cannot occur due to a lack of
the required oligosaccharide. These individuals
are considered to be CA19-9 nonproducers.
Among patients who are CA19-9 producers,
pretreatment CA19-9 levels have been demon-
strated to be a highly prognostic biomarker. Patients
with high CA19-9 levels prior to treatment were
noted to have decreased overall survival and were
less likely to be resected [19]. In addition, a decline
in CA19-9 in response to neoadjuvant therapy has
been associated with improved overall survival and
increased rates of surgical resection [20, 21].
Among borderline resectable patients, a decline of
>50% in CA19-9 was associated with an improved
overall survival (28 vs. 11 months, p < 0.001) and
was an independent predictor of survival (HR:
0.26, 95% CI: 0.13-0.55). In addition, failure to
normalize the CA19-9 level after neoadjuvant ther-
apy and prior to surgery was associated with a
1.37-fold increased risk of death (95% CI:1.08—
2.81, p = 0.02) [22]. Although previous publica-
tions have suggested that CA19-9 may be a
valuable predictive biomarker, it remains unclear
how to interpret changes in CA19-9 during neoad-
juvant therapy. The purpose of this chapter is to
help clinicians incorporate CA19-9 monitoring
into their practice and provide guidelines for the
interpretation of dynamic changes in CA19-9.

Value of Pretreatment CA19-9

A wealth of literature supports the prognostic
value of pretreatment CA19-9 levels among
patients with pancreatic cancer. Several reports
have demonstrated that preoperative CA19-9 is

associated with tumor stage, resectability, risk for
recurrence, and survival in patients with localized
PC treated with a surgery-first approach [18, 19,
23-25]. One of the first studies to describe the
prognostic importance of CA19-9 examined 176
patients with localized PC [23]. CA19-9 levels
were found to correlate with AJCC pathologic
stage, as well as post-resection survival. Of note,
patients with preoperative CA19-9 values greater
than 1000 U/mL had a median overall survival of
only 12 months as compared to 28 months for
patients with CA19-9 values less than 1000 U/
mL. Similarly, in the largest study examining pre-
treatment CA19-9 which involved 1626 patients
with localized PC, Hartwig et al. observed a strong
inverse relationship between preoperative CA19-9
levels and both RO resection rates and overall sur-
vival [19]. In their study, 312 patients had a pre-
treatment CA19-9 level greater than 1000 U/mL,
and in this subgroup, there were no 5-year survi-
vors; the median overall survival after resection
was approximately 12 months. As a result, the
authors concluded that patients with CA19-9 lev-
els greater than 1000 are at high risk for the devel-
opment of metastatic disease, and a neoadjuvant
treatment approach should be considered.
Although very high levels of CA19-9 have
been associated with poor outcome following sur-
gery, there is little available data on exactly how
CA19-9 levels should influence treatment
sequencing or the decision to proceed to surgery
especially in higher-risk patients [18, 26]. We
have performed a retrospective analysis of 131
patients who received neoadjuvant therapy for
localized pancreatic cancer and performed an ini-
tial analysis by quartile of pretreatment CA19-9
levels. We observed that patients with pretreatment
CA19-9 in the lowest quartile (<80 U/dL) had the
most favorable outcome with a median overall
survival of 68 months (Fig. 4.2). The low CA19-9
values in these patients likely represented local-
ized disease with little or no micrometastatic dis-
ease burden. Of the remaining 98 patients who
had pretx CA19-9 > 80 u/dL, we observed no sig-
nificant differences in OS following neoadjuvant
therapy and surgery among the pretx quartile
groups despite a wide range of CA19-9 values
(80-6643 U/mL). Our findings support the results
from retrospective cohort studies, largely involv-
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Fig. 4.2 Changes in CA19-9 values during neoadjuvant
therapy. Patients are categorized by quartiles of pretreat-
ment CA19-9. (a) Longitudinal changes in CA19-9 within
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Fig. 4.3 (a) Overall survival by normalization of pretx
CA19-9 (n =98) (b) Overall survival by DCA19-9 (calcu-
lated as preop CA19-9-pretreatment CA19-9)/pretreatment
CA19-9) after neoadjuvant therapy among patients with

ing patients taken directly to surgery, that low
pretx CA19-9 (e.g., <80-100 u/dL) is associated
with an improved postoperative survival. These
patients should be carefully considered during
clinical trial allocation to avoid unintended bias.

Changes in CA19-9 with Neoadjuvant
Therapy

Among the 98 remaining patients with pretreatment
CA19-9 > 80 U/mL, 81 (83%) patients had at least
a 50% decline in their CA19-9 level following neo-
adjuvant therapy, including 30 (94%) of the patients
in the highest pretreatment quartile of CA19-9
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pretx CA19-9 > 80 U/mL (n = 98). Patients are categorized
by quartiles of DCA19-9, with Q1 representing the greatest
decline in CA19-9 and Q4 representing the least decline in
CA19-9 or increase in CA19-9 after neoadjuvant therapy

(Fig.4.3). However, normalization of preop CA19-9
was achieved in just 29 (30%) of the 98 patients
(with a pretreatment CA19-9 > 80 u/dL), and of the
remaining 69 patients, an additional 32 (46%) nor-
malized their CA19-9 following surgery. Therefore,
dynamic and significant changes in CA19-9 values
can occur in response to neoadjuvant therapy,
regardless of pretreatment CA19-9 values.

Magnitude of Change of CA19-9
Following Neoadjuvant Therapy

Changes in CA19-9 levels in response to treat-
ment likely represent tumor-specific responses to
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therapy. Among patients with advanced pancre-
atic cancer, the early decrease in CA19-9 levels
was associated with objective changes in radio-
graphic response and survival [27-29]. Similarly,
among patients with localized pancreatic cancer,
a decrease in CA19-9 in response to neoadjuvant
therapy has previously been reported to correlate
with overall survival [20, 21]. In a study of 78
patients with localized pancreatic cancer, a 50%
reduction in pretreatment CA19-9 after neoadju-
vant therapy was associated with improved over-
all survival (28 vs.11 months, p < 0.0001) [20]. In
another study of 82 patients with localized pan-
creatic cancer, a decline in CA19-9 following
neoadjuvant therapy was also associated with
improved survival (25.7 mo vs. 10.4 mo, p =0.01)
[21]. Although prior studies offer a general con-
sensus that a decline in CA19-9 following
neoadjuvant therapy is favorable, it may be of
modest clinical benefit in the absence of achiev-
ing a normal value [20, 21, 30]. In our institu-
tional analysis, the overall survival of patients
was compared based on (a) the magnitude of the
proportional change in CA19-9 after neoadjuvant
therapy and (b) whether a normal CA19-9 value
was achieved after neoadjuvant therapy or after
surgery. After excluding patients with the lowest
quartile pretreatment CA19-9, significant propor-

|— Normal (<=35 U/dL) s Abnormal (>35 U/dL)l

tional declines in CA19-9 were observed with
neoadjuvant therapy; however, the magnitude of
the decline was not associated with an improve-
ment in overall survival (Fig. 4.3). In contrast,
following the completion of neoadjuvant therapy,
patients who normalized their preoperative or
postoperative CA19-9 values experienced a dou-
bling in overall survival compared to patients
who did not (Fig. 4.4).

Normalization of CA19-9 Following
Neoadjuvant Therapy

Having observed that normalization of CA19-9
following neoadjuvant therapy prior to surgery
was an important prognostic factor, but could only
be achieved in a third of patients, we then exam-
ined if postoperative normalization was an impor-
tant prognostic factor. With regard to perioperative
changes of CA19-9, we observed that if the preop-
erative CA19-9 was normal, it was likely to remain
normal after surgery (Fig. 4.5). If the preoperative
CA19-9 was elevated, half of patients normalized
their postoperative CA19-9. Importantly, the fail-
ure to normalize CA19-9 following neoadjuvant
therapy and surgery was associated with a 3.18-
fold increased risk of death (p = 0.003).
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Overall Survival by Change in CA199 with Surgery
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Fig.4.5 (a)Longitudinal changes in CA19-9 among patients
who completed all neoadjuvant therapy and surgery, (b)
Opverall survival by perioperative changes in CA19-9 among

Future Directions

The evolution of treatment for localized pancreatic
cancer has evolved from a surgery-first approach
to a strategy of neoadjuvant therapy with or with-
out adjuvant therapy. As with many other solid
tumor malignancy, there is a growing interest in
the delivery of all multimodality therapy (total
neoadjuvant therapy) prior to surgery, and thereby
diminishing the impact of postoperative complica-
tions on the delivery of care. The risk of a total
neoadjuvant approach is the potential to deliver
inadequate therapy, and therefore the assessment
of treatment response is critical. Serial CA19-9
monitoring and treatment adjustments to achieve
normalization of CA19-9 will likely be a critical
adjunct to radiographic imaging and may help to
further guide the design of neoadjuvant trials and
the delivery of effective therapies.

Conclusions

In patients with pancreatic cancer who have an
elevated CA19-9 at diagnosis, changes in the
CA19-9 levels in response to neoadjuvant ther-
apy can be highly prognostic for survival. The
normalization of CA19-9 in patients with local-
ized pancreatic cancer may reflect control of sys-
temic micrometastatic disease. Importantly, the
CA19-9 response to induction therapy provides a
window through which we can begin to under-
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patients with pretx CA19-9 > 80 U/mL (n=98). Perioperative
status (preop and postop) was classified as: normal/normal;
normal/elevated; elevated/normal; elevated/elevated

stand a complex tumor biology, and the value of
extended neoadjuvant therapy to achieve a nor-
malization of CA19-9 should be an area of fur-
ther study. Additional biomarkers under
development will add to the value of posttreat-
ment/preoperative CA19-9 and provide physi-
cians a much more accurate prediction of whether
surgery will provide clinically meaningful bene-
fit to an individual patient.
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Treatment Sequencing
for Resectable Disease

Mariana |. Chavez

Introduction

Pancreatic cancer (PC) is a rising public health
threat and is anticipated to account for over 48,000
cancer-related deaths by 2020 and 63,000 by
2030—being only surpassed by lung cancer [1].
In an era when oncologic treatments of many
solid organ cancers have made significant
advances, it is sobering that the survival of patients
with PC remains largely unchanged [2]. In fact,
death rates have been stable over 2005-2014.

Staging of PC is usually done with triphasic
pancreatic-protocol computed tomography scan of
chest, abdomen, and pelvis. Based upon imaging,
the tumor can be classified as resectable, border-
line resectable, locally advanced types A or B, and
metastatic. Resectable or localized disease is pres-
ent when there is no arterial tumor contact [with
either celiac axis (CA), superior mesenteric artery
(SMA), or common hepatic artery (CHA)] and
there is no tumor contact with the superior mesen-
teric vein (SMV) or portal vein (PV)
or <180-degrees contact without vein contour
irregularity on imaging study.

Decades of surgical experience have demon-
strated that even among patients with localized PC
who were managed with immediate surgery (sur-
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gery-first approach), addition of adjuvant therapy
provides an improved but still limited survival ben-
efit with median survival rates, at best, of only
24 months [3]. With most patients developing sys-
temic recurrence even after margin-negative (R0)
resections, it is suggested that PC is a systemic dis-
ease, even in the absence of radiographic evidence
of distant metastases [4-6].

Currently, the National Comprehensive
Cancer Network (NCCN) practice guidelines
recommend a surgery-first approach for resect-
able PC [7]. An alternative approach is to admin-
ister early systemic therapy prior to surgery
(neoadjuvant therapy) for the management of
systemic disease that is suspected but not radio-
graphically confirmed. This way, patients who
have aggressive tumor biology and develop dis-
ease progression during neoadjuvant therapy can
be spared an operative intervention with limited
oncologic benefit. This chapter details the ratio-
nale of treatment sequencing for resectable PC
and provides specific recommendations for stag-
ing and treatment sequencing for patients with
resectable pancreatic disease.

Rationale for Neoadjuvant
Treatment

Large randomized controlled clinical trials

have demonstrated the benefit of adjuvant ther-
apy in PC. Such is the case of CONKO-001
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(Charité  Onkologie 001) and ESPAC4
(European Study Group for Pancreatic Cancer 4)
which demonstrated an increase in median overall
survival when comparing surgery alone vs either
additional of single-agent gemcitabine or gem-
citabine and capecitabine [8, 9]. More recent clini-
cal trials, such as the GI PRODIGE 24/CCTG
PA.6, have abandoned an observation arm in recog-
nition of the importance of adjuvant therapy [37
38]. Until recently the median overall survival ben-
efit of adjvuant therapy has been modest. However,
the recent report of the GI PRODIGE 24/CCTG
PA.6 demonstrated a median overal survival of 54
months among patients who received modified
fluorouracil, irinotecan, and oxaliplatin (mFOL-
FIRINOX) as compared to patients receiving gem-
citabine [38]. This marks a major advancement in
overall survival among patients who undergo
upfront surgical resection. However, these findings
should be interpreted with caution as the outstand-
ing observed survival benefit may be explained by
rigorous selection alone. As compared to the semi-
nal report of adjuvant gemcitabine in the CONKO-
001 trial, the median overall survival of patients on
the control arm of the GI PRODIGE 24/CCTG
PA.6 who received gemcitabine was 35 months as
compared to 23 months. It is important to note, that
mFOLFIRINOX is recognized to be a challenging
regimen to administer, and this may have influ-
enced the selection of patients for the trial. The GI
PRODIGE 24/CCCTG PA.6 trial was conducted at
77 centers over 4 years to accrue 493 patients. In
total, each center enrolled an average of 6.4 patients
over a 4 year period (average 1.6 patients/year). It
is likely that the low accrual rate per center, reflects
a selection bias which may account for the tremen-
dous survival advancement observed in this trial.
Although universally recommended, the feasi-
bility of delivering adjuvant therapy to patients with
PC in the postoperative setting remains problem-
atic. Even at experienced high-volume institutions,
almost half of patients will fail to receive any adju-
vant therapy following pancreatectomy because of
complications, delayed recovery, or failure to return
to an adequate baseline performance status accept-
able for systemic therapy [10, 11]. In the GI
PRODIGE24/CCTG PA.6 trial, 32% of patients
who were assigned to mFOLFIRINOX discontin-

ued treatment and only 66% of patients recieved all
planned cycles of chemotherapy [37].

To address these limitations, a growing inter-
est has emerged in an alternative treatment
sequencing. Preoperative treatment was proposed
since 1992 with the premise of avoiding resection
in patients with rapidly progressive disease, as
well as ensuring completion of multimodality
therapy and allowing radiation therapy to be
delivered to well-oxygenated cells before surgi-
cal devascularization [12].

Since neoadjuvant therapy offers an “induc-
tion” phase lasting approximately 2—4 months,
individuals with unfavorable tumor biology who
develop early metastatic disease are identified
prior to surgery. Detecting these patients prior to
surgery will spare a major procedure with limited
oncologic benefit.

The addition of radiation has important patho-
logic implications with several series reporting
decreased rates of positive margins, either R1 or
R2, and node-positive disease [13—15]. This
effect could be attributed to the presence of oxy-
genated environment which improves the effi-
cacy of radiation and decreases the toxicity to
adjacent normal tissue [12, 16].

When neoadjuvant therapy was first intro-
duced as an alternative to a surgery-first approach,
several concerns were raised by the surgical com-
munity pertaining to its safety and feasibility.
Foremost was the concern that patients with
localized PC may develop local disease progres-
sion which would prevent a potentially curative
surgical resection; the so-called window of
opportunity for surgery could be lost. Over the
last decade as the experience with neoadjuvant
therapy has matured, concerns regarding local
disease progression have not been realized. In the
largest combined experience with neoadjuvant
therapy for patients with resectable PC, less than
1% of eligible patients were found to have iso-
lated local disease progression at the time of
restaging after neoadjuvant therapy and before
planned surgery [17, 18].

When disease progression occurs during neo-
adjuvant therapy, it is usually distant metastatic
disease involving the liver or peritoneum. In addi-
tion, theoretical concerns over the toxicity of neo-
adjuvant therapy and the impact of treatment-related
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side effects on operative morbidity and mortality
were also not observed [17-19]. In fact, the inci-
dence of pancreatic fistula—the most frequent
serious complication associated with pancreatec-
tomy—has been demonstrated to be reduced after
neoadjuvant therapy, probably because the treated
pancreas becomes more fibrotic with a decrease in
enzyme production [13-15].

With regard to overall complications, a recent
analysis of the National Surgical Quality
Improvement Program (NSQIP) database demon-
strated no differences in 30-day mortality and
postoperative morbidity rates among patients
treated with neoadjuvant therapy as compared to
patients who received surgery-first approach [20].

Multidisciplinary care is the cornerstone of
successful administration of neoadjuvant therapy.
See Table 5.1 for advantages and disadvantages
of neoadjuvant therapy. The scope of the multi-
disciplinary team is vast and includes medical
and surgical oncologists, pathologists, radiation
oncologists, diagnostic radiologists, advanced
endoscopists, genetic counselors, dietitians, and
trained nursing staff. Before embarking on a neo-
adjuvant approach, all patients should have the

Table 5.1 Advantages and disadvantages of neoadjuvant
therapy

Advantages of neoadjuvant therapy

Usually well tolerated

Ensures the receipt of systemic therapy by all patients
Identification of patients with aggressive tumor
biology, manifested as disease progression
Increased efficacy of radiation therapy due to a
well-oxygenated environment

Decreased radiation-induced toxicity to adjacent
normal tissue as the radiated field is resected at the
time of pancreatectomy

Decreased rate of pancreatic fistula formation when
radiation is used

Potential for lessening the size of tumors to facilitate
surgical resection

Decreased rate of positive resection margins
Disadvantages of neoadjuvant therapy

Potential for complications from pretreatment
endoscopic procedures

Biliary stent-related morbidity: cholangitis,
cholecystitis

Disease progression obviating resectability
Possibility to increase morbidity and mortality due to
side effects of selected pretreatment

Requires involvement and good communication of
multidisciplinary physician team

benefit of having their case reviewed in a multi-
disciplinary conference where the optimal treat-
ment plan can be established and the course of
treatment outlined prior to the initiation of any
therapy.

Impact of Treatment Sequencing
on Overall Survival

Until recently, the evidence favoring a neoadju-
vant approach for localized PC is limited to retro-
spective and single-arm prospective studies.
Multiple investigators have reported results after
treating localized PC with neoadjuvant therapy
[17, 18, 21, 22] or compared neoadjuvant vs up-
front surgery followed by adjuvant therapy [23—
25]. Attempts at the prospective comparison of
neoadjuvant therapy with a surgery-first approach
have been unsuccessful due to poor recruitment
[26, 27]. Overall, direct comparisons of single-
institutional series are complicated by variability
in the staging definitions, chemotherapeutic
agents, and radiation therapy plans.

Using the National Cancer Database (NCDB),
a study retrospectively compared patients
resected within clinical stages I and II who were
preceded by neoadjuvant therapy. Neoadjuvant
therapy was associated with a 5-month improve-
ment in median survival compared with up-front
surgery, from 21 to 26 months. Also, the up-front
surgery group was found to have worse patho-
logic stage, higher positivity of lymph nodes, and
positive margin resections [23].

A Markov decision analysis supported the use of
neoadjuvant chemotherapy that provided longer
overall survival (32 months vs 27 months) and qual-
ity-adjusted life expectancy (25 months vs 21 months)
in comparison to surgery followed by adjuvant che-
motherapy. Sensitivity analysis of the model showed
that if the probability of surgical resection after neo-
adjuvant therapy was lower than 57%, up-front sur-
gery was the best treatment option [25].

Another group compared the efficacy of neoad-
juvant chemotherapy with adjuvant treatment with
an intention-to-treat analysis using a two-arm
Markov model. In the neoadjuvant group, patients
were treated with an average of 3 months of
neoadjuvant therapy followed by surgery. After
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surgery, patients who received preoperative
chemotherapy did not receive any adjuvant
treatment. On the other hand, patients who
underwent surgery first underwent chemotherapy
after they recovered from their operations. In this
model, the median overall survival was longer for
the neoadjuvant cohort (22 months) in comparison
to the adjuvant group (20 months), and the
cumulative quality-adjusted survival for patients
who underwent the neoadjuvant strategy was
19.8 months compared to 18.4 months for patients
who had adjuvant therapy. One-way sensitivity
analysis showed that the surgery-first approach
provided higher-quality-adjusted survival rates if
more than 44% of patients treated with neoadjuvant
therapy experienced progression of their disease
and failed to undergo surgical resection [24].

All these models provided evidence that neo-
adjuvant therapies have better overall survival
and quality of life in comparison to surgery-first
approach, although the differences were clini-
cally modest.

Single-institutional series have shown among
patients who are able to complete all intended
neoadjuvant therapy and surgery, median overall
survival is improved by almost 12 months com-
pared with a surgery-first approach (34—45 months
vs 22-26 months) [3, 17, 18, 22]. This is a remark-
able finding, considering that the survival benefit
is not attributable to the addition of novel thera-
pies but rather a change in treatment sequencing.

The results of the PREOPANC study, which
was a randomized controlled trial of surgery-first
versus neoadjuvant therapy with gemcitabine-
based chemoradiation, were reported at the 2018
American Society of Clinical Oncology (ASCO).
The patients were randomly assigned to receive
immediate surgery or chemoradiotherapy for 10
weeks followed by surgery. Both treatment
groups also received chemotherapy after surgery,
with an equal total amount of chemotherapy
given in both groups. The intention-to-treat anal-
ysis of 246 patients demonstrated a median over-
all survival of 13.1 vs 17.1 months with a
surgery-first versus neoadjuvant approach (HR
0.74, p = 0.07). There was a significant decrease
in time to distant metastases as well as locore-
gional recurrences (9.9 vs 7.9 months) (HR: 0.73,

0.013; HR 0.55, p = 0.002). In a subset analysis
of patients who underwent resection, the median
overall survival was 16.8 months and 42.2 months
for patients who underwent surgery-first versus
neoadjuvant therapy (p < 0.001). Surgical resec-
tion was completed in 72% of patients in the
surgery-first group and 62% in the neoadjuvant
therapy group. Among patients who had a resec-
tion, RO resection was achieved in a greater pro-
portion of patients who received preoperative
treatment (63% vs 31%). The results of this trial
have provided the first prospective randomized
controlled trial evidence that a neoadjuvant
approach is superior to a surgery-first approach.
Table 5.2 summarizes details of selected phase
I and II trials reporting the outcomes of patients
treated with neoadjuvant chemotherapy or
chemoradiation for localized PC [28].

Future Directions

The results from PREOPANC-1 trial brings
hope to patients, clinicians and researchers of
early stage PC and it seems logical next steps
include to study even more effective preop-
erative treatments. Recent chemotherapy regi-
mens, such as FOLFIRINOX [folinic acid
(leucovorin)/5-FU/irinotecan/oxaliplatin], have
already demonstrated promising results in a
small group of patients with borderline resect-
able tumors [28]. Given this finding, there are
multiple phase III trials undergoing recruit-
ment phase which will help to clarify the role
of neoadjuvant therapy, single vs multi-agent
therapy, and the addition of radiation in neo-
adjuvant protocols in the treatment of local-
ized PC (NCTO01314027, NCT01900327,
NCT02172976, NCT02047513, NCT01150630,
NCT02305186, and NCT02775695) [29].

Some examples include NEOPAC trial
(NCTO01314027) (adjuvant vs neoadjuvant plus
adjuvant chemotherapy in resectable PC) which
will compare neoadjuvant gemcitabine and oxali-
platin plus adjuvant gemcitabine vs adjuvant
gemcitabine alone. NEONAX trial
(NCT02047513) will assess the effects of neoad-
juvant plus adjuvant nab-paclitaxel plus gem-
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Table 5.2 Selected published neoadjuvant phase II trials in resectable PC
Median
overall
Trial/published Clinical stage/duration Resection | RO | survival
reference/year | No. of patients | treatment Study design | Treatment regimen | rate (%) (%) | (months)
Pisters et al. 35 Resectable/1.8 months | Phase IT Paclitaxel (60 mg/ | 57 68 19 with
(2002) [33] Prospective | m?) weekly, RT surgery, 10
(30 Gy) without
surgery
Palmer et al. 26 Resectable/4 months Phase II Gemcitabine 70 75 28.4 with
(2007) [34] Prospective | (1000 mg/m? surgery
weekly) + cisplatin
(25 mg/m?)
Heinrich etal. |28 Resectable/2 months Phase II Gemcitabine 89 80 19.1 with
(2008) [35] Prospective | (1000 mg/m? twice surgery
weekly) + cisplatin
(50 mg/m?)
Evans et al. 80 Resectable/3 months Phase IT Gemcitabine 85 82 34 with
(2008) [17] Prospective | (400 mg/m? surgery, 7
weekly) + RT without
(30 Gy) surgery
Varadhachary | 90 Resectable/4 months Phase II Gemcitabine 58 96 |31 with
et al. (2008) Prospective | (750 mg/m? surgery,
[18] weekly) + cisplatin 10.5 without
(30 mg/m?) every surgery
2 weeks + RT
(30 Gy)
O’Reilly etal. |38 Resectable Phase 1T Gemcitabine 77 74 | 27.2 for the
(2014) [36] Prospective | (1000 mg/ entire
m?) + oxaliplatin cohort,
(80 mg/m?) every 22-month
2 weeks progression-
free survival
with surgery
Golcher et al. | 66 Resectable Phase II Gemcitabine A: 69 A: A:
(2015) [27] A:33 Prospective | (300 mg/m?) + B: 57 48 18.9 months
CRT + surgery randomized | cisplatin (30 mg/ B: B:
B: 33 only trial m?) + RT 51 |25 months
surgery (50.4 Gy). Only for
Arm A

citabine vs adjuvant only nab-paclitaxel plus
gemcitabine. Other ongoing trials are the multi-
center German randomized trial investigating
adjuvant gemcitabine compared with neoadju-
vantand adjuvant FOLFIRINOX (NCT02172976)
and a single-arm nonrandomized trial evaluating
preoperative and postoperative FOLFIRINOX in
patients with resectable disease (NCT01660711).
Other clinical trial development for patients with
resectable PC has emphasized molecular profil-
ing of the fine-needle aspiration specimen as a
guide to the choice of systemic therapy given
before operation (NCT01726582) [29].

In the case of borderline resectable pancreatic
cancer (BRPC), the ALLIANCE Trial A021501
will help define standard preoperative treatment

regimens for BRPC. In this study, patients with
criteria for BRPC will be randomized to receive
either eight cycles of modified FOLFIRINOX or
to seven cycles of modified FOLFIRINOX
followed by stereotactic body radiation therapy.
Patients without evidence of disease progression
following preoperative therapy will undergo
pancreatectomy and will subsequently receive
postoperative modified FOLFOX6. The primary
endpoint is 18-month overall survival [30].

Emerging clinical trials will answer if sys-
temic therapy followed by chemoradiation, in an
effort to deliver all intended nonsurgical therapy
before operation in patients with resectable and
BRPC, is superior than current practice.
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Proposed Treatment Sequencing

Outside of a clinical trial, neoadjuvant treatment
of resectable PC may consist of chemotherapy
alone or chemoradiation. It is important to con-
sider the patient’s response based on three main
elements: clinical evaluation, tumor markers
trends (Ca 19-9), and radiographic response.

If chemoradiation is used, gemcitabine com-
bined with external-beam radiation therapy is
favored. This regimen is a modification of the
neoadjuvant treatment schema reported by Evans
et al. [18] and includes a standard fractionation
course of radiation therapy (1.8 Gy/day, M-F, 28
fractions) to a total dose of 50.4 Gy, with concur-
rent weekly gemcitabine given on day 1 (day —2
to +1) at a dose of 400 mg/m?at fixed dose rate
over 40 minutes. This program resulted in a
median survival of almost 3 years in those patients
who completed all therapy to include surgery
[17]. Restaging with pancreatic-protocol CT
imaging is completed 4 weeks after the last radia-
tion treatment, and, in the absence of disease pro-
gression, patients are then brought to surgery. The
recent reports of both FOLFIRINOX and gem-
citabine/nab-paclitaxel, which demonstrated effi-
cacy in patients with advanced disease [31, 32],
have generated enthusiasm for their use in patients
with localized disease. Acknowledging that the
use of chemoradiation remains controversial, neo-
adjuvant FOLFIRINOX or gemcitabine/nab-
paclitaxel delivered over approximately 2 months
also represents a logical treatment alternative for
patients with resectable disease.

Summary

PC is a systemic disease. With such a premise,
multimodality therapy should be considered for
localized PC. In contrast to a surgery-first
approach, neoadjuvant treatment sequencing will
ensure the receipt of systemic therapy by all
patients and improve the discrimination between
patients who will and who will not benefit from
surgery. Currently, regimens are not unified and
vary among institutions. There is growing accep-
tance for this modality, and is expected to incor-

porate novel investigational drug therapies and
evolving techniques and fractionation schemes
for the delivery of radiation therapy.
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Treatment Sequencing
for Borderline Resectable
Pancreatic Cancer

Callisia N. Clarke

Introduction

Over 55,000 people will be diagnosed with pan-
creatic cancer in the United States this year.
Traditionally approximately 50% of patients will
present with metastatic disease, 20-25% will
present with locally advanced disease as deter-
mined by tumor involvement of adjacent vascular
structures, traditionally considered unresectable,
and only 20% will be considered resectable [1].
Patients with unresectable localized pancreatic
cancer, when treated with chemotherapy in the
setting of good performance status, fair only
slightly better than their metastatic counterparts
with a median overall survival of up to
16.5 months, compared to 11.1 months [2-4].
Given the continuum of tumor-vasculature inter-
face, it soon became clear that dichotomization of
pancreatic patients without metastatic disease into
locally advanced and resectable pancreatic cancer
was imprecise and excluded patients who could
derive benefit from complete resection. A subset
of patients with limited vascular involvement
responding to neoadjuvant multimodality treat-
ment, as determined by imaging response and a
decrease in serum biomarkers, was able to
undergo curative pancreatectomy with a high like-
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lihood of achieving a margin-negative (R0O) resec-
tion and significant oncologic benefit [5, 6]. This
new subset of operable patients was termed bor-
derline resectable pancreatic cancer. The distinc-
tion between resectable and borderline resectable
pancreatic cancer is a critical one, with significant
therapeutic and prognostic implications. Patients
with borderline resectable are at higher risk of
having occult metastatic disease at diagnosis.
They may require more complex surgical resec-
tions with a need for vascular reconstruction and
have a higher rate of margin-positive resection
when compared to resectable pancreatic cancer.
For these reasons, we believe a period of induc-
tion therapy with effective chemotherapy and
chemoradiation should be utilized to identify
patients who will develop early distant failure,
potentially sparing them the morbidity of a non-
curative surgery, and to increase the rate of achiev-
ing RO resection due to tumor downsizing and
margin sterilization.

Improvements in systemic therapies for pan-
creatic cancer, in particular, the use of fluoroura-
cil, irinotecan, and oxaliplatin (FOLFIRINOX)
and gemcitabine plus nanoparticle albumin-bound
paclitaxel, have resulted in improved response
rates and survival outcomes across all stages of dis-
ease. When used in the neoadjuvant setting, these
therapies have dramatically increased the number of
patients eligible for surgical resection [3, 4, 7]. For
this reason, there is renewed interest in precise
clinical staging of localized pancreatic cancer and
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objective early stratification for surgical resect-
ability. In this chapter, we will discuss current
clinical staging paradigms and treatment strate-
gies employed in the management of borderline
resectable pancreatic cancer with an emphasis on
multimodality management and treatment
sequencing of local and systemic therapies.

Clinical Staging of Pancreatic
Cancer

Helical computed tomography (CT) is the most
important and commonly used diagnostic and
staging modality in pancreatic cancer.
Multidetector-row CT imaging with thin sec-
tions and dual-phase contrast (pancreatic and
portovenous phases) allows for high-resolution
imaging of the primary tumor and its vascular
relationship, as well as detection of the lungs,
liver, and nodal metastasis [8—10]. Furthermore,

advanced image processing, such as volume-
rendered, three-dimensional reconstruction, can
be used to give additional vascular detail. With
high-quality pancreas protocol CT imaging, the
correlation between preoperative vascular CT
and surgical findings is greater than 90% [11-
13]. High-resolution pancreas protocol CT imag-
ing should be obtained prior to any invasive
intervention, including biopsy or endoscopic ret-
rograde cholangiopancreatography (ERCP), as
these procedures may result in bleeding or
inflammation that can obscure tissue planes and
impede the ability to determine the relationship
of the tumor to critical vasculature and, hence, the
accurate clinical stage.

Contemporary pancreatic cancer clinical stag-
ing stratifies patients into four categories based
on objective CT radiologic determination of dis-
ease extent: resectable, borderline resectable,
locally advanced, and metastatic (Table 6.1).
These classifications simply serve to preopera-

Table 6.1 Classification of resectable, borderline resectable, and locally advanced pancreatic cancer as determined by
the Multidisciplinary Pancreatic Cancer Working Group at the Medical College of Wisconsin

Locally advanced
Resectable | Borderline resectable Locally advanced A B
Tumor- SMA None <180° abutment >180° but <270° >270°
arterial encasement
interface CA None <180° abutment >180° without extension |>180°
to aorta with possibility | encasement with
for celiac resection with | extension to
or without aorta
reconstruction
HA None Short segment abutment or | >180° with extension to | >180°
encasement without CA but not HA encasement with
extension to CA or HA bifurcation and extension
bifurcation amenable to beyond HA
reconstruction bifurcation
Tumor- PV-SMV | None Tumor-induced narrowing Occlusion of PV/SMV confluence with no
venous >50% of the SMV, PV, or targets for reconstruction
interface portal confluence with
suitable targets above (PV)
and below (SMV) for
reconstruction
Likely candidate for Yes Yes Yes No
surgical resection after
neoadjuvant therapy
Probability of surgical 63-67% [14, 15] 62% [16] 24% [16]
resection after
neoadjuvant therapy

SMA superior mesenteric artery, CA celiac artery, HA hepatic artery, PV portal vein

Modified from Tsai et al. [17]
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tively risk stratification of patients by the likeli-
hood of achieving an RO (margin-negative)
resection at the time of surgery while maintain-
ing critical visceral blood flow. The impact of
margin resection in pancreatic cancer is well
known. Patients undergoing RO resection have
improved outcomes when compared to patients
with R1 (microscopically positive margin)
resection with overall survivals of 18-23 months
compared to 11-15 months, respectively, in sur-
gery-first cohorts [18-20]. More significantly,
patients undergoing R2 resection with gross
positive margins have similar outcomes as
patients undergoing nonoperative treatment for
localized unresectable disease or metastatic dis-
ease [18, 20, 21]. For this reason, there is no role
for “debulking” in pancreatic cancer, and surgi-
cal intervention should only be undertaken with
the intent for complete tumor extirpation with
regional lymphadenectomy or to palliate
symptoms.

As tumor-vascular interface increases, the
incidence of margin-negative resection follow-
ing surgery decreases [22]. While resection of
venous involvement/occlusion of the superior
mesenteric vein (SMV), portal vein (PV), or por-
tal confluence has been associated with high RO
margin rates and acceptable outcomes [23-25],
the same cannot be said for arterial involvement.
Unlike veins, the superior mesenteric artery
(SMA) and celiac artery are surrounded by a
sheath of autonomic neural tissue that is believed
to act as a conduit for microscopic tumor exten-
sion from the site of the primary tumor along the
involved vessel [26]. For this reason, tumors
with arterial involvement if not subjected to a
pretreatment prior to surgery will often have
microscopically positive arterial margins, even
away from the gross tumor. As the tumor-artery
interface increases from abutment to encase-
ment, the probability of achieving an RO resec-
tion decreases. These clinicopathologic findings
and outcomes are central in clinical pancreatic
cancer clinical staging and are reflected in the
conventional dichotomization to operable
(resectable and borderline resectable) and non-
operable (locally advanced and metastatic) pan-
creatic cancer.

The distinction between borderline resectable
and locally advanced disease is also an important
one that warrants careful examination of the
interface between the tumor and arterial vascula-
ture (SMA, celiac axis, aorta, hepatic arteries) to
determine abutment (defined as <180° tumor
contact) versus encasement (defined as >180°
tumor contact). Additionally, attention must be
given to the assessment of tumor-related narrow-
ing or occlusion of the SMV or PV with specific
emphasis on a proximal and distal target for
reconstruction. At the Medical College of
Wisconsin, the borderline resectable disease is
limited to tumor abutment at the SMA or celiac
axis or short segment encasement of the hepatic
artery. Tumor-induced narrowing >50% of the
SMYV, PV or portal confluence, or occlusion with
suitable proximal and distal targets for vascular
reconstruction is also defined as borderline
resectable (Table 6.1). Locally advanced disease
is defined by (1) encasement of the SMA, celiac
artery or hepatic artery with extension to the
bifurcation or celiac artery, and/or (2) SMV-PV
occlusion without an option for venous
reconstruction.

In order for borderline resectable pancreatic
cancer patients to derive maximal benefit from
complex surgical resection, a thoughtful neoadju-
vant treatment plan incorporating multimodal
sequenced therapies, patient conditioning and
selection with the goal of achieving margin-
negative resection is paramount. Contemporary
studies have shown that with this approach, the
majority of borderline resectable patients will
undergo curative resection. Katz et al. [6]
described their experience with 160 consecutive
patients with borderline resectable pancreatic
cancer treated at a single high-volume tertiary
cancer center over a seven-year period. All
patients were treated neoadjuvantly with chemo-
therapy, chemoradiation, or both. Systemic ther-
apy consisted of single-agent gemcitabine or
gemcitabine in combination. Chemotherapy con-
sisted of radiosensitizing doses of 5-fluorouracil
(FU), paclitaxel, gemcitabine, or capecitabine
given concomitantly with external beam radiation
most commonly to 50.4 Gy over 28 fractions. One
hundred twenty-five patients (78%) completed
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neoadjuvant therapy and 66 (41%) proceeded to
pancreatectomy with a 94% RO resection rate.
Patients who completed all intended therapy,
including pancreatectomy, had a median overall
survival of 40 months compared to 13 months in
patients who did not wundergo resection
(p <0.001).

Modern chemotherapy regimens continue to
improve rates of resectability in this patient pop-
ulation. Christians et al. [14] describe their early
experience in 18 patients with borderline resect-
able pancreatic cancer treated preoperatively
with FOLIFIRINOX followed by gemcitabine-
or capecitabine-based chemoradiation. No patient
had disease progression on FOLIRINOX at
restaging prior to starting chemoradiation. Six
patients had progressive disease precluding
resection; the remaining 12 (67%) underwent
pancreatectomy, with all patients achieving RO
margins and all tumors having a partial patho-
logic response with >50% nonviable tumor. Ten
(83%) patients required vascular (portal vein)
resection/reconstruction. Only two (17%)
patients were found to have node-positive dis-
ease. Median survival was not reached in the pan-
createctomy group. At a median follow-up of
22 months, seven (58%) were alive and five
(42%) with no evidence of disease. Median sur-
vival in patients who progressed precluding
resection was 12.5 months.

Treatment Sequencing
in Borderline Pancreatic Cancer

In order to maximize survival and clinical out-
comes in borderline resectable cancer, a compre-
hensive treatment plan with consideration of
surgical resection in patients with favorable anat-
omy and good performance status must be made
at the time of diagnosis. This approach minimizes
suboptimal surgical timing due to prolonged time
between chemotherapy and/or chemoradiation,
resulting in scarring and fibrosis that may be pro-
hibitive. Initial therapeutic plans are best made in
the setting of a multidisciplinary pancreatic can-
cer conference where input from experienced
surgeons, gastroenterologists, medical oncolo-

gists, and radiation oncologists is taken into con-
sideration. Additionally, suitability for surgery
must be reassessed at each staging evaluation. A
total neoadjuvant approach ensures the delivery
of all intended therapies in patients undergoing
curative pancreatectomy and allows for tumor
downsizing and identification of patients with
poor tumor biology who develop distant disease
or progress locally. These patients are thereby
spared the morbidity of a surgery that would offer
no survival benefit. In an effort to streamline this
assessment and clarify goals of treatment at the
time of diagnosis, the Multidisciplinary
Pancreatic Cancer Working Group at the author’s
institution has proposed a neoadjuvant treatment
algorithm outlined in Fig. 6.1 based on our expe-
rience with borderline resectable pancreatic can-
cer. Rationales to support each component are
detailed below.

Tissue Diagnosis

Multimodal treatment is the cornerstone of
management of borderline resectable pancreatic
cancer. For this reason, tissue confirmation of
malignancy is necessary in order to initiate ther-
apy. Once high-quality cross-sectional imaging
has been obtained to determine clinical stag-
ing, a biopsy should be performed. Endoscopic
ultrasonography (EUS) is often performed in
conjunction with endoscopic retrograde chol-
angiopancreatography (ERCP). In addition to
facilitating tissue biopsies, EUS gives addi-
tional information regarding the tumor relation-
ship to surrounding vessels and regional nodal
status, while ERCP allows for therapeutic stent-
ing of the common bile duct if obstructed [27].
This approach mitigates the potential risk of
peritoneal seeding associated with CT-guided
biopsies.

Serum Tumor Markers
In addition to routine laboratory studies, serum

carbohydrate antigen (CA19-9) can be informa-
tive in most patients with pancreatic cancer and
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Fig. 6.1 Proposed
neoadjuvant treatment
sequencing for patients
with borderline
resectable pancreatic
cancer. These patients
have a reasonable
likelihood of proceeding
to curative resection
after neoadjuvant
therapy. Treatment
response is reassessed at
each restaging by
change in primary tumor
radiographic size, serum
cancer antigen 19-9
levels, and patient
functional status.
Surgical resection is
offered only to patients
with excellent tumor
response after receipt of
all intended neoadjuvant
therapy and with
favorable tumor-
vasculature anatomy

should be measured prior to initiation of therapy
once serum bilirubin has normalized. CA 19-9 is
the most widely studied and validated biomarker
in pancreatic cancer . While its utility as a screen-
ing test is limited due to tissue nonspecificity,

Clinical Diagnosis of
PDAC

Borderline Resectable
on Staging CT
Tumor Markers

EUS-FNA
+stent

2 months induction
chemotherapy

Restaging CT Tumor
markers

Tumor Response or
Stable disease

Local Progression to
Unresectable

Distant Metastasis

Chemoradiation
(50.4 Gy, 28
fractions)

Maintenance
Chemotherapy

Maintenance
Chemotherapy vs
Observation

Restaging CT Tumor
markers

Consider Definitive
Radiation

Tumor Response or
Stable disease

Tumor Progression

Surgery

Maintenance
Chemotherapy vs
Observation

elevated CA 19-9 in the setting of a known diag-
nosis of pancreatic cancer confers valuable infor-
mation regarding overall disease burden, the
potential for RO resection, response to therapy,
and overall survival [28]. Approximately 10% of
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the patients lack the enzyme required to produce
the antigen so that a normal CA 19-9 in the set-
ting of pancreatic cancer can be frequently
encountered and offers no additional informa-
tion. In patients that produce CA 19-9, serum lev-
els can be trended to assess tumor response,
especially since the radiographic response is
often limited even with highly effective systemic
treatments. Following neoadjuvant therapy, a
decrease or normalization of CA 19-9 is associ-
ated with an increased rate of complete surgical
resection and improved overall survival [29].
Additionally, after curative resection, normaliza-
tion of CA19-9 (<37 U/ml) is associated with
improved overall survival [30], while sustained
elevations of CA 19-9 are associated with tumor
recurrence that often precedes clinical or radio-
graphic evidence by up to 6 months [30-33].
Therefore, it is now widely accepted that imme-
diate or delayed postoperative elevations in CA
19-9 represent persistent disease or tumor recur-
rence and portend unfavorable outcomes.

Systemic Chemotherapy

Borderline resectable cancer is associated with a
high incidence of micrometastatic disease at
diagnosis. Given this, systemic chemotherapy is
an integral component in the treatment of the dis-
ease, and in the multimodality therapy plan,
induction chemotherapy is given precedence.
Contemporary chemotherapeutic regimens
have significantly improved prognosis in
advanced pancreatic cancer with the median sur-
vival in unresectable patients approaching 1 year
[3]. Combination therapy with 5-FU/leucovorin,
oxaliplatin, and irinotecan (FOLFIRINOX) was
studied in phase III clinical trial of advanced pan-
creatic cancer by Conroy et al. [3]. Patients
treated on the FOLFIRINOX arm had improved
overall survival (OS) (11.1 months vs. 6.8 months,
p < 0.001) and improved progression-free sur-
vival (PFS) (6.4 months vs. 3.3 months,
p <0.001) compared to gemcitabine alone.
Nanoparticle albumin-bound (nab)-paclitaxel
was developed to increase the solubility and
pharmacokinetics of paclitaxel. Von Hoff et al.

[4] investigated the clinical efficacy of gem-
citabine in combination with nab-paclitaxel in
the Metastatic Pancreatic Adenocarcinoma
Clinical Trial (MPACT). Combination therapy
was associated with improved OS (8.5 months
vs. 6.7 months p < 0.001), PFS (5.5 months vs.
3.7 months, p < 0.001), and response rates (23%
vs. 7%, p < 0.001). Both of these regimens have
been adapted to use in the neoadjuvant therapy
for borderline resectable pancreatic cancer.

Chemoradiation

The role of chemoradiation in pancreatic cancer
was first investigated in the adjuvant setting to
address to the high risk of locoregional recur-
rence, ranging from 20 to 60% even after RO pan-
createctomy [34-37]. However, subsequent
European studies have failed to reproduce these
findings, concluding that adjuvant chemoradia-
tion provided no survival benefit and, on the con-
trary, caused significant harm fueling debate and
primarily excluding its use as standard therapy in
Europe [38, 39]. While adjuvant chemoradiation
has still not been universally adopted, expert con-
sensus agrees that a subset of resected patients
with a high risk for locoregional disease recur-
rence is likely to benefit from the addition of
chemoradiation [40].

The benefits of chemoradiation in the neoad-
juvant setting prior to pancreatectomy for border-
line resectable, however, are slightly less
controversial. In the case of borderline resectable
pancreatic cancer, the primary goal of chemora-
diation is, as an adjunct to systemic chemother-
apy, to induce tumor reduction and increase the
rate of margin-negative resection in patients pro-
ceeding to surgery.

As tumor-vascular interface increases so does
the rate of margin-positive resection. The addi-
tion of conventional preoperative chemoradiation
(typically 50.4 Gy over 28 fractions) has been
shown to increase the rate of RO resection and
improve survival in patients with borderline
resectable and locally advanced pancreatic can-
cer [6, 15, 16, 41, 42]. Neoadjuvant chemoradia-
tion is also associated with sterilization of
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regional lymph nodes with a 73% pathologic
node negative (pNO) rate compared to 14% in
upfront surgery patients (p < 0.001) with a bene-
fit in survival seen in pNO [41]. Conventional
chemoradiation alone has not been associated
with significant tumor reduction; however, when
used in sequence with effective chemotherapy
regimens such as FOLFIRINOX, approximately
one-third of patients with unresectable locally
advanced pancreatic cancer can be downstaged to
resectable, with an associated increase in median
overall survival of 10-15 months [7, 43, 44].
Recently, there has been significant interest in
treatment abbreviation and the exploration of ste-
reotactic body radiation therapy (SBRT) in this
patient cohort. SBRT administers higher doses of
radiation per fraction over a shorter period of
time. The use of SBRT in the neoadjuvant treat-
ment of localized pancreatic cancer appears to
result in comparable local control and margin-
negative resection rates as conventional fraction-
ation [45-47]. Rajagopalan et al. [47] applied
SBRT in 12 patients with borderline resectable
and locally advanced pancreatic cancer, 11 of
whom also received prior induction chemother-
apy. Seven patients received 36 Gy over three
fractions, while five patients received single-
fraction radiation therapy to 24 Gy with a median
time to surgery of 3.3 months. Eleven patients
(92%) achieved RO resection with three patients
(25%) having a complete pathology response and
two patients (17%) having <10% tumor viability
[47]. The median progression-free survival was
27.4 months with 92% survival at 1 year and 51%
at 3 years. Similarly, Chuong et al. [45] reported
high rates of local control in borderline resect-
able and locally advanced pancreatic cancer after
SBRT. Seventy-three patients received radiation
to 35 Gy at the tumor-vascular interface and
25 Gy to remainder of the tumor over five con-
secutive fractions. Thirty-two patients underwent
curative pancreatectomy with 97% RO margin
resection with a median OS of 19.3 months and a
local control rate at 1 year of 81% in locally
advanced unresected disease [45]. The rate of
node sterilization, however, was lower than
reported in conventional fractionation studies
with only 20 patients (65%) having pNO disease.

While SBRT is well tolerated in the acute setting,
concern for delayed complications associated
with SBRT has hampered its widespread adop-
tion. In particular, high rates of gastrointestinal
toxicity, postoperative wound complications, and
vascular injuries have been reported with at least
one resulting death in these small studies [45,
47]. Clinical trials are ongoing to further charac-
terize these toxicities and refine the ideal frac-
tionation in preoperative pancreatic cancer
therapy.

Curative Pancreatectomy

The surgeries required to facilitate complete
tumor removal in patients with borderline pan-
creatic cancer carry a significant risk of morbid-
ity and mortality because of the potential need
for complex vascular resection and reconstruc-
tion. These risks are considerably lower at high-
volume pancreatectomy centers presumably due
to surgeon expertise as well as institutional
resources for “rescue” in the setting of compli-
cations [48]. The median age at diagnosis of
pancreatic cancer is 70 years [1]; as such, these
procedures are often performed in older patients
at high risk for deconditioning after heavy pre-
treatment. These facts support the need for mul-
tidisciplinary patient management with surgical
evaluation at each phase of multimodal treat-
ment, at a minimum: (1) at/near diagnosis, (2) at
the end of induction chemotherapy, and (3) at
the end of chemoradiation. Frequent patient
assessment of surgical suitability allows for
early identification and intervention of poten-
tially reversible functional loss or sarcopenia,
which may render patients unresectable. At the
author’s institution, surgical resectability of
localized disease after multimodal neoadjuvant
therapy is based on maintenance of good perfor-
mance status, improved or stable imaging find-
ings with anatomy favoring RO resection, and
decrease or normalization of serum biomarkers
when informative [49]. At many high-volume
pancreatic surgery centers, providers have taken
advantage of the lengthy period of induction
therapy to implement Enhanced Recovery After
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Surgery (ERAS) protocols with preoperative or
“prehabilitation” interventions aimed at patient
education, nutritional optimization, and physi-
cal conditioning prior to pancreatectomy. The
Enhanced Recovery After Surgery (ERAS®)
Society summarized their evidence-based
guidelines for perioperative care of patients
undergoing pancreaticoduodenectomy, to atten-
uate loss of function preoperatively and mini-
mize postoperative morbidity [50]. Adaptation
of ERAS protocols for patients undergoing pan-
createctomy has demonstrated safety without
compromising oncologic surgical outcomes in a
variety of studies and has been associated with
decreased hospital length of stay and postopera-
tive morbidity [51, 52].

Preoperative planning for borderline resect-
able pancreatic cancer, with special attention to
vascular anatomy and tumor-vessel encasement,
is critical to good oncologic outcomes, low mor-
bidity and mortality. Unanticipated need for vas-
cular resection may result in vascular injury,
major blood loss, or death. High-quality preop-
erative CT imaging with three-dimensional vas-
cular reconstructions can be particularly helpful
when creating a detailed operative plan for vascu-
lar resection and reconstruction. A significant
portion of borderline resectable patients (10—
13%) will have distant metastasis not detected by
cross-sectional imaging at the time of surgery,
and so diagnostic laparoscopy should precede
open exploration in this high-risk patient popula-
tion [7, 16].

Venous Resection and Reconstruction

There is growing experience with PV and SMV
resection/reconstruction in borderline pancreatic
cancer. The involved occluded PV-SMV conflu-
ence may be resected provided that adequate
inflow and outflow targets for reconstruction are
present and RO resection is anticipated. Prior to
resection and reconstruction, the venous anatomy
must be clearly understood. The SMV arises
from the convergence of the jejunal and ileal
first-order branches that carry blood away from
the proximal and distal small bowel, respectively.
The first jejunal branch courses behind the SMA
to enter the SMV posterolaterally, while the ileal

branch travels along the midline in the mesen-
teric root. The SMV and splenic vein (SV)
coalesce to form the PV, which runs posterior to
the pancreatic neck. The inferior mesenteric vein
(IMV) typically drains into the SV but may also
drain directly into the SMV just inferior to or at
the SMV-CV confluence [53]. Given the varia-
tion in patient anatomy, resection of the PV-SMV
confluence in the setting of locally advanced pan-
creatic cancer must be well planned and individu-
alized. If the IMV drains into the splenic vein,
then the splenic vein can be ligated with impunity
at the PV-SMV confluence as the IMV provides
sufficient collateral drainage from the spleen into
the systemic venous circulation. If the IMV
drains into the SMV or at the confluence, then
division of the SV leaves only the short gastric
veins of the stomach to decompress the spleen.
This leads to sinistral hypertension that may later
manifest as upper gastrointestinal bleeding. With
this venous anatomy, we recommend performing
an end-to-side splenorenal shunt [54]. Christians
et al. [54] described their initial experience with
temporary mesocaval shunting to facilitate safe
portal dissection in patients with cavernous trans-
formation of the PV due to tumor occlusion.
Interestingly, this technique also nicely exposes
the SMA and root of mesentery and has since
been expanded to locally advanced patients with
PV/SMYV occlusion as well as SMA involvement
to ease arterial dissection [54, 55].

Arterial Resection and Reconstruction

Early studies of arterial resection for pancreatic
cancer demonstrated high morbidity and poor
survival outcomes related to incomplete resection
and lack of effective systemic therapies [56].
However, advances in multimodal therapy, surgi-
cal techniques, and more effective systemic che-
motherapeutics have renewed interest in
identifying select patients who may benefit from
pancreatectomy with arterial resection. Christians
et al. [55] demonstrated safe and effective arterial
resection with pancreatectomy in a small cohort
of patients after extensive multimodal therapy. In
this study, 13 locally advanced patients under-
went curative pancreatectomy (10 with arterial
resection) with 85% margin-negative rate, with
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acceptable morbidity (20%) and no perioperative
deaths [55]. At a median follow-up of 21 months,
eight patients (62%) were alive with no evidence
of disease, and the median time to development
of recurrent (in all five cases metastatic) disease
was 33 months. Subsequent larger studies have
demonstrated similar outcomes and survival ben-
efit in well-selected locally advanced pancreatic
cancer patients undergoing pancreatectomy with
arterial resection after extensive neoadjuvant
treatment at high-volume pancreas surgery cen-
ters [7, 16]. A central tenet in each of these stud-
ies is that the intent to treat surgically was
determined at diagnosis and reassessed at multi-
ple time points through neoadjuvant therapy.
Assessing tumor-vessel interface sterilization
after neoadjuvant therapy can be challenging and
further complicates the preoperative planning
in localized tumors. Ferrone et al. [7] critically
identified discordance between CT imaging find-
ings and pathologic findings after neoadjuvant
therapy in patients with borderline resectable and
locally advanced pancreatic cancer. Their group
noted that even in patients with a good serologic
response as evidenced by decreased CA19-9,
there was rarely corresponding separation of the
tumor from critical vessels on restaging CT imag-
ing after neoadjuvant therapy in patients receiv-
ing either FOLFIRINOX or FOLFIRINOX plus
chemoradiation. However, intraoperative patho-
logic assessment of the tumor-vascular interface
was most likely to demonstrate fibrosis with no
viable cells. For this reason, Ferrone et al. [7]
advocate exploration with attempted resection in
patients with localized pancreatic cancer, even
with persistent imaging evidence of arterial vas-
cular involvement after neoadjuvant
FOLFIRINOX-based therapy with intraoperative
pathologic assessment. They support proceeding
with pancreatectomy in patients with no viable
tumor at the vessel interface and aborting the pro-
cedure if the arterial perivascular tissue is posi-
tive for malignancy. While we agree these
findings are provocative, at the author’s institu-
tion we do not advocate surgical exploration after
neoadjuvant therapy without clear intent for cura-
tive resection with planned vascular resection as
needed. We believe the risks of vascular compli-

cation, delay in reinitiation of systemic therapy,
and the unmeasurable effect on tumor immunol-
ogy from a negative laparotomy are too high to
justify this approach.

Conclusions

Effective systemic chemotherapy and multimodal-
ity treatment strategies have increased the propor-
tion of borderline resectable pancreatic cancer
patients undergoing curative pancreatectomy with
a significant survival benefit. Clinical staging
should be aimed at the identification of these
patients at diagnosis in order to facilitate ideal mul-
timodal therapy. Early surgical consideration based
on clinical staging and thoughtful neoadjuvant
treatment sequencing results in optimal surgical
outcomes and survival benefits. Complete surgical
resection may mandate complex vascular resection
and reconstruction and should only be undertaken
at high-volume pancreas surgery centers to miti-
gate the associated morbidity and mortality.
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Introduction

Cancer of the exocrine pancreas is a highly lethal
malignancy. Approximately 53,670 people
develop exocrine pancreatic cancer each year in
the United States, and almost all are expected to
die from the disease [1]. Worldwide, pancreatic
cancer is the eighth leading cause of cancer
deaths in men (138,100 deaths annually) and the
ninth in women (127,900 deaths annually) [2]. It
is the third leading cause of cancer-related death
in the United States after recently eclipsing breast
cancer-related mortality and is expected to
become the second leading cause of cancer-
related mortality in the United States in the next
decade, second only to lung cancer [1].

More than 90% of these tumors are adenocar-
cinomas arising from the ductal epithelium. This
chapter will be dealing exclusively with adeno-
carcinoma of the exocrine pancreas and will use
the terms pancreatic cancer (PC) and pancreatic
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ductal adenocarcinoma (PDAC) interchangeably.
Surgical resection is the only potentially curative
treatment. Unfortunately, because of the late pre-
sentation, only 15-20% of patients are candidates
for pancreatectomy. Prognosis is poor, even after
a complete resection; S5-year survival after
margin-negative (RO) pancreaticoduodenectomy
is approximately 30% for node-negative and 10%
for node-positive disease [3].

Pancreatic Ductal Adenocarcinoma
Staging

Accurate staging is important because it impacts
both prognostication and clinical decision-
making. Staging for PDAC can be both patho-
logic and clinical. The pathologic staging system
is applied to patients who undergo a surgery-first
approach, while the clinical staging system,
based on computed tomography (CT) scan/mag-
netic resonance imaging (MRI) and/or endo-
scopic ultrasound (EUS), is applied to patients
who are evaluated for neoadjuvant therapy.

The preferred pathologic staging system for
PDAC is the tumor, node, and metastasis (TNM)
system of the combined American Joint
Committee on Cancer (AJCC)/Union for
International Cancer Control (UICC) [4]. The
pathologic staging system in PDAC evolved due
to the importance of surgical resection in curative
intent treatment of this disease. However, with
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the recognition that PDAC is a systemic disease
and surgery for localized PDAC is necessary but
not sufficient for cure, multimodality therapy
(chemotherapy, chemoradiation, and surgery) has
assumed an increasingly important role in the
management of this disease. Effective utilization
and sequencing of multimodality therapy in the
contemporary management of localized PDAC
require a robust and reliable clinical staging sys-
tem. Clinical staging classifies PDAC into resect-
able, borderline resectable, locally advanced, and
metastatic disease. Patients with resectable and
borderline resectable disease are considered
operable, whereas patients with locally advanced
and metastatic disease are largely considered
inoperable [5, 6]. Throughout this chapter, we
will be referencing both clinical and pathologic
staging based on the context in which multimo-
dality therapy is discussed (neoadjuvant versus
adjuvant therapy).

Adjuvant Therapy for Resected
Pancreatic Cancer

The goal of adjuvant therapy in PDAC is to
eliminate microscopic (occult) disease and thus
potentially facilitate a cure. Multimodality ther-
apy — chemotherapy, concurrent chemoradiation
or a combination of the two — has been utilized to
minimize both systemic and local relapse. The
chemotherapy regimen of choice, the optimal
radiotherapy dose and fractionation schedules, as
well radiosensitizing chemotherapy continue to
evolve. The contemporary adjuvant therapy strat-
egies that have been employed over the past few
decades are summarized below.

Adjuvant Chemotherapy

The practice defining randomized phase III adju-
vant chemotherapy trials have been summarized
in Table 7.1.

ESPAC-1 The European Study for Pancreatic
Cancer (ESPAC)-1 trial initially randomized
patients to a 2x2 factorial design to ascertain the

benefit of adjuvant chemotherapy, chemoradio-
therapy, or chemoradiotherapy followed by che-
motherapy compared with observation alone.
Fear of poor accrual led to a modification in trial
design where clinicians were allowed to choose
from three randomization schemes — (i) adjuvant
chemoradiotherapy versus no chemoradiother-
apy, (ii) adjuvant chemotherapy versus no che-
motherapy, and (iii) a 2x2 factorial design trial
with four groups: chemoradiotherapy, chemo-
therapy, both, or observation. The primary end-
point was overall survival (OS), and results were
published separately [7, 8]. In the initial report of
the pooled analysis, there was a significant sur-
vival benefit for adjuvant chemotherapy alone
when the patients (N = 238) who received it were
compared with the patients (N =235) who did not
(19.7 months versus 14 months; HR 0.66; 95%
CI 0.52-0.83; p = 0.005). Analysis of the
ESPAC-1 results was criticized due to concerns
about selection biases compromising the validity
of the results since (i) patients and clinicians
were allowed to select which trial to enter; (ii)
comparisons of treatment groups were pooled
together by treatment actually received, rather
than “intent-to-treat” analysis; and (iii) clinicians
were allowed, according to their own prefer-
ences, to deliver “background” chemoradiation
or chemotherapy in addition to protocol-directed
therapy.

CONKO-001 The multinational European
Charité Onkologie (CONKO)-001 trial random-
ized 368 patients with grossly complete (RO or
R1) surgical resection and a preoperative carbo-
hydrate antigen 19-9 (CA 19-9) level < 2.5 times
the upper limit of normal to gemcitabine
(1000 mg/m? days 1, 8, and 15 every 4 weeks for
6 months) or observation after surgery [9]. The
primary endpoint was disease-free survival
(DES). Patients were stratified by surgical margin
status (R1-17%) tumor (T) stage and nodal (N1—
74%) status. Patients who received adjuvant
gemcitabine had a statistically significant
improvement in both DFS (13.4 months vs.
6.7 months, HR 0.55; 95% CI 0.44-0.69;
p <0.001) and OS (22.8 months vs. 20.2 months;
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HR 0.76; 95% CI 0.61-0.95; p = 0.01). Final
updated long-term results of the CONKO-001
trial demonstrated that adjuvant treatment with
gemcitabine for 6 months in patients with RO/R1
resection of pancreatic ductal adenocarcinoma
leads to a 24% improvement in overall survival,
with a statistically significant 10.3% improve-
ment in the absolute 5-year OS (20.7% vs. 10.4%)
and a 4.5% improvement in the 10-year OS
(12.2% vs. 7.7%), compared with observation
alone [10].

JSAP-02 This multicenter phase III Japanese
trial randomized patients who underwent macro-
scopically curative resection of invasive ductal
carcinoma of the pancreas to adjuvant chemo-
therapy with gemcitabine (1000 mg/m? days 1, 8,
and 15 for 3 months only) or observation [11].
The primary endpoint was OS. Patients were
stratified by resection status (RO versus R1),
pathological stage (I-II versus II-IV), and
enrollment center; a total of 119 patients were
enrolled. Patients who received adjuvant gem-
citabine experienced a significant improvement
in median DFS (11.4 months vs. 5 months; HR
0.6; 95% CI 0.40-0.89; p = 0.01), but the differ-
ence in OS (22.3 months vs. 18.4 months; HR
0.77;95% C10.51-1.14; p = 0.19) was not statis-
tically significant.

ESPAC-3 The multicenter European Study for
Pancreatic Cancer (ESPAC)-3 trial randomly
allocated 1088 patients with resected exocrine
pancreatic cancer to 6 months of postoperative
adjuvant treatment with either gemcitabine
(1000 mg/m? weekly for three of every 4 weeks)
or leucovorin-modulated bolus 5-FU (leucovorin
20 mg/m? followed by 5-FU 425 mg/m? intrave-
nous [IV] bolus days 1 through 5 every 28 days)
[12]. Patients were stratified at randomization by
country and resection margin status (RO vs. R1),
and the primary outcome measure was OS. After
a median of follow-up of 34.2 months (interquar-
tile range, 27.1-43.4), median OS in patients
treated with 5-FU plus folinic acid (23.0 months)
was similar to those treated with gemcitabine

(23.6 months) (HR 0.94; 95% CI 0.81-1.08;
p = 0.39). However, the patients assigned to FU/
leucovorin had more grade 3 to 4 treatment-
related toxicity, including stomatitis (10 versus
0%), diarrhea (13 versus 2%), and more
treatment-related hospitalizations. An extended
subgroup analyses from the study explored the
optimal duration of adjuvant therapy and the
ideal window after surgery to initiate such ther-
apy [13], leading to some interesting observa-
tions. Overall survival favored patients who
completed the full 6 months of therapy versus
those who did not (median OS 28 versus
15 months, HR 0.51, 95% CI 0.44-0.60). Further,
there was no survival disadvantage from delaying
the start of adjuvant chemotherapy for up to 12
weeks after surgery; conversely, there was no sur-
vival advantage for starting early treatment,
within 8 weeks of surgery. In fact, initiating che-
motherapy within 8 weeks of surgery versus later
was an important survival factor only for the sub-
group of patients who did not complete all 6
months of therapy (in this group, survival favored
later initiation of therapy).

ESPAC-4 In this phase III, two-group, open-
label, multicenter, randomized clinical trial, 732
patients with macroscopically resected (RO/R1)
pancreatic ductal adenocarcinoma were ran-
domly assigned to 6 months of gemcitabine alone
(1000 mg/m* on days 1, 8, and 15 of each
28-day cycle) or the same dose of gemcitabine
plus capecitabine (1660 mg/m? per day, divided
twice daily on day 1 through 21 of each
28-day cycle) [14]. Majority of patients in both
arms had an R1 resection (60%) and involved
lymph nodes (80%). The primary endpoint was
OS. The median overall survival for patients in
the gemcitabine plus capecitabine group was
28.0 months compared to 25.5 months in the
gemcitabine group (HR 0.82; 95% CI 0.68-0.98;
p =0.032). The estimated 5-year overall survival
in the gemcitabine plus capecitabine-treated
group was 28.8% (22.9-35.2) compared with
16.3% (10.2-23.7) in the gemcitabine group. Of
the grade 3 or 4 adverse effects, diarrhea (5 ver-
sus 2%), hand foot syndrome (7 versus 0%), and
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neutropenia (38 versus 24%) were significantly
more common with combined therapy, although
there were no significant differences in the rates
of treatment-related serious adverse events. The
results of the ESPAC-4 trial reinforced the effi-
cacy of combination cytotoxic chemotherapy in
pancreatic cancer that was previously appreci-
ated in the metastatic setting.

PRODIGE-24 The multicenter PRODIGE-24
trial randomly assigned 493 patients with histo-
logically proven pancreatic ductal adenocarcino-
mas who underwent an RO or R1 resection to 6
months of gemcitabine alone (28-day cycles of
gemcitabine 1000 mg/m? on days 1, 8, and 15) or
modified-FOLFIRINOX (oxaliplatin [85 mg per
square meter of body surface area], irinotecan
[180 mg per square meter, reduced to 150 mg per
square meter after a protocol-specified safety
analysis], leucovorin [400 mg per square meter],
and fluorouracil [2400 mg per square meter]
every 2 weeks) [15]. Majority of the patients had
an RO resection (57.2%) and positive lymph
nodes (76.5%). The primary end point was
DFS. The median DFS was 21.6 months in the
modified-FOLFIRINOX arm and 12.8 months in
the gemcitabine arm (HR 0.58; 95% CI 0.46—
0.73; p < 0.001). The DFS rate at 3 years was
39.7% in the modified-FOLFIRINOX arm and
21.4% in the gemcitabine arm. The median over-
all survival was 54.4 months in the modified-
FOLFIRINOX arm and 35.0 months in the
gemcitabine arm (HR 0.64; 95% CI 0.48-0.86;
p =0.003). Grade 3 or 4 adverse effects occurred
more frequently in the modified-FOLFIRINOX
group compared to the gemcitabine group (75.9%
vs. 52.9%). These data suggest that modified-
FOLFIRINOX should be the new standard for
adjuvant therapy in patients with resected PDAC.
Further, these results should be the benchmark
for evaluating the results of future adjuvant ther-
apy trials.

APACT Preliminary results of APACT, a phase
ITI, multicenter, international, open-label, ran-
domized trial that compared adjuvant therapy

with nab-paclitaxel + gemcitabine versus single
agent gemcitabine was reported at the American
Society of Clinical Oncology (ASCO) annual
meeting (2019). The study randomized 866
patients with histologically proven pancreatic
ductal adenocarcinoma who underwent an RO or
R1 resection to 6 months of gemcitabine alone
(gemcitabine 1000 mg/m? on days 1, 8, and 15 of
a 28 day cycle) or nab-paclitaxel along with gem-
citabine (nab-paclitaxel 125 mg/m> and gem-
citabine 1000 mg/m> on days 1.8,15 of a
28-day cycle). Majority of the patients had an RO
resection (76%) and positive lymph nodes (72%).
The primary end point was DFS. The median
DFS was 19.4 months in the nab-paclitaxel +
gemcitabine arm compared to 18.8 months in the
gemcitabine arm (HR 0.88; 95% CI1 0.729-1.063;
p = 0.1824) suggesting a lack of benefit with the
combination arm. The median overall survival
was 40.5 months in the nab-paclitaxel + gem-
citabine arm compared to 36.2 months in the
gemcitabine arm (HR 0.82; 95% CI 0.680-0.996;
p = 0.045). The reason for the lack of improved
efficacy with the combination arm in the adjuvant
setting, contrary to the data in the metastatic set-
ting, is not clear. Final publication of the data is
awaited.

Chemoradiation

The pivotal adjuvant chemoradiation trials have
been summarized in Table 7.2.

GITSG study In this study conducted by the
Gastrointestinal Tumor Study Group (GITSG),
patients with resected pancreatic cancer were
randomly assigned to either observation or EBRT
(40 Gy) plus concurrent bolus fluorouracil (FU
500 mg/m? per day on the first 3 and last 3 days
of RT), followed by maintenance chemotherapy
(FU 500 mg/m? per day for 3 days monthly) for 2
years or until disease progression [16]. The study
was terminated after 8 years due to poor patient
accrual (N = 43). While these data need to be
interpreted with caution, it is notable that patients
who received postoperative chemoradiotherapy
had significantly longer median DFS (11 versus
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9 months) and median overall survival (20 versus
11 months) with a doubling of the 2-year survival
rate (20% versus 10%) compared to patients in
the observation arm.

EORTC study The European Organisation for
Research and Treatment of Cancer (EORTC)
conducted a randomized study that assigned 218
resected pancreatic cancer patients (1987-1995)
to postoperative concurrent FU (25 mg/kg per
day by continuous infusion) plus EBRT (40 Gy in
split courses) or observation [17]. The primary
endpoint was OS. Patients were stratified for
institution and tumor localization (pancreatic
head vs. periampullary). In the treatment arm, 21
patients (20%) received no treatment because of
postoperative complications or patient refusal.
The median duration of survival was 19.0 months
for the observation group and 24.5 months in the
treatment group (log rank, p = 0.208). In patients
with cancer of the head of the pancreas, a larger
difference was found; the median duration of sur-
vival was 17.1 months in the treatment group and
12.6 months in the observation group, suggesting
atrend in favor for adjuvant treatment (p = 0.099).
The 2-year survival estimates were 41% and
51%, respectively. No reduction in locoregional
recurrence was seen with combined modality
therapy. Similar to the GITSG study, there were
several criticisms raised against this study,
including the split course RT, suboptimal RT
dose, and the lack of prospective assessment of
surgical margins.

ESPAC-1 The design of ESAPC-1 has already
been described in the section under adjuvant che-
motherapy [7, 8]. The final results were presented
in two separate publications, one that pooled the
results from the three parallel randomized trials
[7] and a later report that focused on the 289
patients randomized to the four-arm study [8].

In the initial report of the pooled analysis,
overall results showed no benefit for adjuvant
chemoradiotherapy with a median survival of
15.5 months in the 175 patients with chemoradio-

therapy vs. 16.1 months in 178 patients without
(HR 1.18; 95% CI1 0.90-1.55; p = 0.24). In a sub-
sequent report that included only the 289 patients
randomized to the four-arm study [8], there was
no significant benefit for chemoradiotherapy in
the two groups that received it; in fact, the data
suggested a trend toward worse survival for this
group. The estimated 5-year survival rate was
10% among patients assigned to receive chemora-
diotherapy and 20% among patients who did not
receive chemoradiotherapy (p = 0.05). There were
no significant imbalances for known prognostic
factors (nodal positivity, resection margin status,
histologic grade) in the two arms that could have
contributed to these results. Local recurrence rates
were similar in both groups, but there were more
recurrences overall (84 versus 74) in the chemora-
diotherapy group and a shorter recurrence-free
interval (10.7 versus 15.2 months, respectively).
There were several limitations associated with
this study including the lack of an “intent-to-treat”
analysis, split course RT, the nonuniform dose of
RT (ranging from 40 to 60 Gy), and the “back-
ground” chemoradiation or chemotherapy admin-
istered according to clinician discretion. Although
the trial was underpowered to perform formal sta-
tistical comparisons among the four individual
treatment groups, patients in both chemoradio-
therapy groups had an inferior median overall sur-
vival (13.9 months for chemoradiotherapy alone
and 14.2 months for chemoradiotherapy plus che-
motherapy) as compared with those undergoing
observation alone (16.9 months), suggesting that
treatment-related toxicity may have accounted for
some of these results.

RTOG 9704 The US Intergroup Study
(Radiation Therapy Oncology Group [RTOG]
9704) addressed the role of systemic therapy
with adjuvant gemcitabine versus S-fluorouracil
over and beyond concomitant FU-based chemo-
radiotherapy in patients with resected PDAC
[18]. This phase III trial enrolled 451 patients
who had undergone gross total resections for
T1-4, NO-1 PDAC (taking in at least 1500 calo-
ries daily postoperatively) and randomized them
to one of the following two treatment arms: (a)
5-FU arm, 3 weeks of continuous infusion 5-FU
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(250 mg/m? daily) followed by chemoradiother-
apy (504 Gy in 1.8 Gy daily fractions for
5.5 weeks with concurrent infusional 5-FU
250 mg/m? daily) and, starting 3-5 weeks later,
two 4-week courses of continuous infusion 5-FU
(250 mg/m? daily, with a 2-week rest in between
courses), or (b) gemcitabine arm, three weekly
doses of gemcitabine alone (1000 mg/m? per
week) followed by the same chemoradiotherapy
protocol as for the conventional chemoradiother-
apy arm and, starting 3—5 weeks later, 3 months
of single-agent gemcitabine (1000 mg/m? weekly
for three of every 4 weeks). The primary end-
points were survival for all patients and survival
for patients with pancreatic head tumors. Patients
were stratified by nodal status (uninvolved vs.
involved), tumor diameter (<3 cm vs. >3 cm),
and surgical margin status (negative vs. positive
vs. unknown). Overall, the addition of gem-
citabine to adjuvant fluorouracil-based chemora-
diation was associated with a survival benefit for
patients with resected pancreatic cancer, but this
improvement was not statistically significant.
Patients with pancreatic head tumors (n = 388)
had a median OS of 20.5 months and a 3-year
survival of 31% in the gemcitabine group vs. a
median OS of 16.9 months and a 3-year survival
of 22% in the fluorouracil group (HR 0.82; 95%
CI0.65-1.03; p = 0.09); this effect was strength-
ened on multivariate analysis (HR 0.80; 95% CI
0.63-1.00; p = 0.05), suggesting a trend toward
survival benefit. In the updated analysis, there
were no significant differences in 5-year overall
survival or DFS between the two groups [19].

In summary, the authors feel that it is safe to
draw the following conclusions from the various
adjuvant therapy trials that have been conducted
thus far.

1. Local relapse occurs in a substantial number
of patients with resected PDAC, but distant
relapse appears to be the primary mode of
failure.

2. There is clear evidence to support the role of
adjuvant systemic therapy in patients with
resected PDAC. Combination cytotoxic che-
motherapy appears to provide incremental

benefit compared to single-agent cytotoxic
therapy in the adjuvant setting, as evidenced
by the results of ESPAC-4 and PRODIGE-24
trials, respectively.

3. The robust data from PRODIGE-24 suggests
that modified-FOLFIRINOX should be the
new standard for adjuvant therapy in eligible
patients with resected PDAC.

4. While there are no clear randomized data to
support the role of adjuvant chemoradiation
over and beyond systemic chemotherapy, the
low local recurrence rates noted in RTOG
9704, where central QA was employed, sug-
gests an important role for this modality.

5. The currently available adjuvant therapy data
does not shed adequate light on the number of
patients who undergo curative intent resection
and never undergo adjuvant therapy due to
either early relapse or inadequate postopera-
tive recovery.

Neoadjuvant Therapy for PDAC

Any discussion regarding the role of neoadjuvant
therapy in the treatment of PDAC needs to be
placed in the context of accurate clinical staging
of PDAC. Improvements in imaging modalities,
specifically, contrast-enhanced multiplanar com-
puted tomography, provide highly accurate
assessments of tumor-vessel associations which
can be used to reproducibly define the clinical
stage of PDAC. Although cross-sectional imag-
ing studies are extremely accurate at defining the
extent of the primary tumor, the detection of met-
astatic disease continues to be challenging. More
than 76% of patients who undergo surgical resec-
tion of the primary tumor will develop distant
metastatic disease as the first evidence of disease
recurrence [20, 21]. Furthermore, within
6 months of successful surgery, up to 60% of
patients with PDAC experience disease relapse,
as reported in the CONKO-001 study [9]. Thus, it
is clear that one of the greatest challenges in
treating patients with localized PDAC is the treat-
ment of clinically/radiographically occult metas-
tases which are present but unappreciated in most
patients who are eligible for surgical resection.
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In this chapter, we have reviewed results of
multiple randomized clinical trials that have con-
sistently demonstrated an overall improvement in
median survival with adjuvant therapy (median
overall survival, approximately 24 months) as
compared with surgery alone. However, there are
similar limitations to this approach. First, adju-
vant trials have an inherent selection bias in that
they do not provide accurate information on the
true denominator that undergoes curative intent
pancreatic resection and the proportion of
patients that never makes it to adjuvant therapy
due to either early relapse or postoperative com-
plications. Prolonged postoperative recovery can
prevent the delivery of adjuvant therapy in
approximately 25% of patients even in a highly
specialized academic setting and up to 50% in
some series [22]. Analysis of the Surveillance,
Epidemiology, and End Results Program data-
base suggests that only 51% of eligible patients
received adjuvant therapy following major pan-
creatic resection for cancer [23] indicative of
“real-world” trends. Therefore, the survival dura-
tions reported in adjuvant trials following pancre-
atectomy apply only to a subset of all patients
who underwent surgery with curative intent and
are superior to what can be achieved in general
practice. Second, completion of adjuvant therapy
can be challenging even when successfully initi-
ated in the postoperative setting. In the
CONKO-001 trial, 90% of patients (168/186)
received a single dose of therapy, 87% (138/161)
received one cycle of therapy, and only 62% of
patients (111/179) were able to complete all six
cycles of gemcitabine [10]. Third, neoadjuvant
therapy affords a window in which patients with
unfavorable tumor biology (10-30%), who are at
risk for developing distant metastatic disease pro-
gression early, can be identified prior to surgery,
thus avoiding unnecessary operative intervention
and delay in exposure to alternative systemic
therapy.

Initial concerns regarding the safety and feasi-
bility of neoadjuvant therapy have been largely
unfounded. Foremost was the concern that
patients with potentially resectable PDAC may
develop local progression, thus losing the “win-
dow of opportunity” for a potentially curative

surgery. Data from two prospective, phase II,
neoadjuvant trials (N = 176) showed that less
than 1% of eligible patients were found to have
isolated local disease progression at the time of
preoperative restaging (after neoadjuvant ther-
apy) [24, 25]. In a contemporary experience from
our institution, only 4 of 246 patients (1.6%)
were found to have local disease progression
after neoadjuvant therapy; all 4 patients were
assessed as having BLR disease at the time of
diagnosis [26]. Further, concerns over the toxic-
ity of neoadjuvant therapy and the effect of
treatment-related adverse effects on operative
morbidity and mortality have not been observed
[24, 25, 27]. The incidence of pancreatic fistula,
the most frequent serious complication associ-
ated with pancreatectomy, is actually reduced
after neoadjuvant therapy as the treated pancreas
becomes more firm in response to chemoradia-
tion [28-30]. An analysis of the National Surgical
Quality Improvement Program database demon-
strated no differences in 30-day mortality and
morbidity rates among patients treated with neo-
adjuvant therapy as compared with patients who
received surgery first [31]. Furthermore, the addi-
tion of radiation may have important implications
as several series have reported decreased rates of
positive margins (R1 or R2) and node-positive
disease following neoadjuvant therapy [29, 30].
Most importantly, among patients who are able to
complete all intended neoadjuvant therapy and
surgery, median overall survival is improved by
almost 12 months (34-45 months vs.
22-26 months) as compared with a surgery-first
approach [24, 25, 32, 33].

A summary of selected large series of neoad-
juvant trials in patients with localized (resectable
and borderline resectable) PDAC is provided in
Tables 7.3 and 7.4. At least three meta-analyses
have addressed the benefit of neoadjuvant ther-
apy in patients with initially potentially resect-
able pancreatic cancer [34-36]. The largest
analysis of 111 studies [36], including 56 phase I/
IT trials and with 96% of the patients receiving
chemotherapy and 94% RT, concluded that,
among patients with initially resectable disease,
35% had an objective response to neoadjuvant
therapy, while 21% had progressive disease.
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Table 7.3 Selected neoadjuvant studies in patients with resectable PDAC

Author N Neoadjuvant regimen Resected (%) RO (%) Survival
Evans DB, 1992 [40] |28 | CCRT (5-FU) 61% 82% -
Staley, 1996 [41] 39 | CCRT (5-FU) 100% 54% 19 months
Pisters PW, 1998 [42] |35 |CCRT(5-FU) + EB-IORT |74% 88% 3-yr survival
23%
Hoffman JP, 1998 53 | CCRT (5-FU and 45% 71% 9.7 months
[43] mitomycin)
White RR, 2001 [44] |53 | CCRT (5-FU) 53% 72% -
Pisters PW, 2002 [45] |35 |CCRT 57% 68% 3-yr survival,
(paclitaxel) + EB-IORT 28%
Moutardier V, 2004 61 | CCRT (5-FU and 65% 92.5% 13 months
[46] cisplatin)
Talamonti MS, 2006 20 | CCRT (gemcitabine) 85% 94% 26 months for
[47] resected patients
Palmer DH, 2007 [48] |50 | Gemcitabine Gemcitabine Gemcitabine 1-yr survival
VS. —38% —75% Gemcitabine
gemcitabine + cisplatin Gemcitabine + Gemcitabine + | —42%
cisplatin —=70% | cisplatin —75% | Gemcitabine +
cisplatin —62%
Heinrich S, 2008 [49] |28 | Gemcitabine + cisplatin 93% 80% 26.5 months
Evans DB, 2008 [24] |86 | CCRT (gemcitabine) T4% 89% 34 months
(resected
patients)
Varadachary, GR, 90 | Gemcitabine +cisplatin 66% 96% 31 months
2008 [25] = CCRT (gemcitabine) (resected
patients)
Le Scodan R, 2009 41 | CCRT (5-FU and 63% 81% 2-yr survival,
[50] cisplatin) 32%
O’Reilly, EM, 2014 38 | Gemcitabine +oxaliplatin | 71% 74% 27.2 months
[51]
Christians, KK, 2016 |69 | Chemotherapy (various) 87% 97% 31.5 months

[32]

and chemoradiation

CCRT concurrent chemoradiation, EB-IORT electron beam intraoperative radiotherapy

Table 7.4 Selected neoadjuvant studies in patients with borderline resectable PDAC

Number RO
resected resection
Author N | Neoadjuvant regimen (%) (%) Survival
Kim S, 2016 [52] 26 | FOLFIRINOX (n = 26) 26 (100) |22 (92) Median survival not
then RT (n = 4) reached at median
follow-up 27.6 months
Katz M, 2016 [53] 22 | FOLFIRINOX then CRT 15 (68) 14 (93) Median 21.7 months
Takahashi H, 2013 [54] |80 | Gem-RT 43 (54) 42 (98) 5-year: 34%
Kim E, 2013 [55] 39 | GEMOX-RT 24 (62) NR Median 18.4 months
Kang C, 2012 [56] 32 | Gem with or without 32 (100) |28 (88) NR
Cis-RT
Barugola G, 2012 [57] |27 | Various 27(100) | NR NR
Stokes J, 2011 [58] 40 | Cape-RT 16 (40) 12 (75) NR
ChunY, 2010 [59] 74 | Various 74 (100) |44 (60 Median 21 months
McClaine R, 2010 [60] |29 | Various 12 (41) 8 (75) NR
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Resectability rates were 74% (95% CI 65.9-
80.6%). Such data needs to be interpreted with
caution due to the heterogeneity of the trials
involved in the analysis.

Attempts at prospective comparison of neoad-
juvant therapy with a surgery-first approach have
been unsuccessful [37, 38]. It is not surprising
that such clinical trials have failed to meet accrual
targets as many patients and referring physicians
are unwilling to participate in clinical trials
(phase II or III) that involve randomization to two
drastically different treatment arms.

The National Cancer Database (NCDB) was
used to identify on 15,237 patients who under-
went a potentially curative resection for early
stage PDAC (clinical stage I or IT according to the
2010 TNM classification) from 2006 to 2012
[39]. Patients who underwent neoadjuvant ther-
apy followed by curative-intent resection were
matched by propensity score with patients whose
tumors were resected upfront. Overall survival
was compared by using a Cox proportional haz-
ards regression model. The conditional probabil-
ity of receiving neoadjuvant therapy (the
propensity score) was estimated based upon age,
gender, race, ethnicity, year of diagnosis, income,
insurance type, area of residence, comorbidity,
facility type, clinical stage, and type of surgery.
From the group receiving neoadjuvant therapy
(47% multiagent, 43% single agent, 10% unspeci-
fied), 2005 patients were propensity score
matched to 6015 patients who had upfront resec-
tion. The neoadjuvant therapy group demon-
strated an improved survival compared with the
upfront surgery group (median OS, 26 months vs.
21 months, HR 0.72; 95% CI, 0.68-0.78;
p < 0.01). Patients in the upfront resection group
had higher pathologic T stage (pT3 and T4: 86%
vs. 73%; P < 0.01), higher positive lymph nodes
(73% vs. 48%; P < 0.01), and higher positive
resection margin (24% vs. 17%; P < 0.01).
Compared with a subset of upfront surgery
patients who received adjuvant therapy, patients
who received neoadjuvant therapy had a better
median OS (26 vs. 23 months; HR 0.83; 95% CI
0.73-0.89; p < 0.01). Rates of 3- and 5-year sur-
vival were also modestly higher in the neoadju-
vant therapy group (35% and 21% versus 29%

and 18%, respectively). This difference was
smaller when patients receiving neoadjuvant ther-
apy were compared with the subset of patients
undergoing upfront surgery who also received
adjuvant therapy (3- and 5-year survival rates
35% and 21% versus 31% and 18%, respectively).
Clearly, such data need to be interpreted with cau-
tion due to inherent limitations of retrospective
analyses of data from large databases and the fact
that patients in the neoadjuvant therapy group rep-
resented only those who tolerated neoadjuvant
therapy and successfully underwent resection.

In a similar approach, 593 patients were iden-
tified from the NCDB-377 (63.6%) in the neoad-
juvant cohort, wherein 104 (27.6%) experienced
preoperative attrition, and 216 (36.4%) in the
surgery-first cohort, of whom 30 (13.9%) failed
to receive intended adjuvant chemotherapy.
Intention-to-treat Kaplan-Meier analysis demon-
strated superior median OS for the neoadjuvant
cohort compared to the surgery-first cohort
(20.7 months vs. 13.7 months, p < 0.001).
Intention-to-treat, multivariable regression analy-
sis revealed a decreased mortality hazard (HR
0.68, 95% C1 0.53-0.86, p = 0.0012) for the neo-
adjuvant cohort compared to the surgery-first
cohort. Again, these data need to be interpreted
with caution, keeping in mind the limitations
associated with analysis of retrospective data
from a large database, including, but not limited
to, the heterogeneity of patient characteristics,
differences in stage definitions/evaluations,
diversity in chemotherapy regimens administered,
and different doses/techniques in delivery of
radiotherapy.

Value of Biomarkers in Guiding
Neoadjuvant Therapy

Serum carbohydrate antigen 19-9 (CA 19-9), or
sialyl Lewis (a) antigen, is a biomarker that was
initially discovered in the serum of patients with
advanced colorectal, gastric, and pancreatic can-
cers; the assay was originally developed using a
colorectal cancer cell line [61, 62]. Although this
biomarker does not have value as a screening
assay, it is used as an adjunct tool in the diagnosis
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of PDAC, to monitor response to therapy and for
prognostic purposes [63—66]. Individuals who
are Lewis antigen negative (up to 10% of the
population) lack the enzyme fucosyltransferase
needed for CA 19-9 production; these patients
do not express CA 19-9 and are considered non-
secretors [67, 68]. CA 19-9 is also secreted by
normal biliary epithelium, contributing to its lack
of specificity [69]. Significant elevated levels of
CA19-9 in the setting of benign or malignant
biliary obstruction have been well described and
may obfuscate interpretation, particularly in the
context of a known PDAC [70, 71].

There has been considerable debate about the
prognostic impact of CA 19-9 production, its
absolute levels, and the relevance of normaliza-
tion with therapy. Previous reports have sug-
gested that CA 19-9 nonsecretors have a better
prognosis compared with secretors [72, 73].

A large study utilizing the NCDB commented
on the prognostic impact of CA19-9 in patients
with PDAC [74]. Among a total of 113,145
patients queried, 28,074 (24.8%) patients had CA
19-9 measured and reported. Survival was worse
in all stages in patients with CA 19-9 elevation;
this survival effect was greatest in the early stage
patients (median OS 22.3 vs. 11.3 months,
p < 0.001). Nonsecretors had survival similar to
that of patients with normal CA19-9 levels. Early
stage patients with elevated CA 19-9 had
decreased survival at 1, 2, and 3 years (56% vs.
68%, 30% vs. 42%, 15% vs. 25%, all p < 0.001)
compared to patients with normal levels; this was
confirmed by adjusted modeling (HR 1.26, 95%
CI 1.20-1.32, p < 0.001). To investigate the pos-
sible effect of CA 19-9 elevation on OS among
patients receiving equivalent therapy, unadjusted
Kaplan-Meier analysis was performed on early
stage patients who received curative intent surgi-
cal therapy either alone or in conjunction with
either adjuvant systemic chemotherapy or neoad-
juvant systemic chemotherapy followed by cura-
tive intent surgery. Neoadjuvant systemic
chemotherapy followed by curative intent sur-
gery was the only treatment sequence that com-
pletely eliminated the observed negative effect on
survival due to CA 19-9 elevation; results were
confirmed by repetition of a stage- and therapy-

specific Cox proportional hazards survival model
(p = 0.11). A similar study performed using the
NCDB found that pretreatment CA 19-9 levels
>800 was associated with advanced disease and
negatively associated with long-term survival,
while levels <800 had no significant association
with survival [75].

At our institution, we have analyzed the sig-
nificance of pretreatment CA19-9 level in pre-
dicting response to neoadjuvant therapy [76]. Ina
retrospective evaluation of 235 patients, we cate-
gorized pretreatment CA19-9 levels (with con-
comitant normal bilirubin level) in patients with
localized PC as normal (<£35), low (36-200),
moderate  (201-1000), or high (>1000).
Posttreatment CA19-9 levels were measured
after neoadjuvant therapy, prior to surgery. Of the
235 patients, 168 (71%) completed all planned
therapy including a pancreatectomy: 44 (73%),
62 (79%), 46 (67%), and 16 (57%) of the normal,
low, moderate, and high groups (p = 0.10).
Among these 168 patients, the median overall
survival was 43.6, 44.7, 27.2, and 26.4 months
for normal, low, moderate, and high CA19-9
groups (log rank p = 0.72). Thus, in our experi-
ence, in patients completing all planned therapy
including surgery, an elevated pretreatment
CA19-9 was of little prognostic value; instead, it
was the CA19-9 response to neoadjuvant therapy
that was prognostic (HR 1.80, p = 0.02).

The significance of CA 19-9 normalization
with neoadjuvant therapy and its oncologic
impact is gaining some attention. A single
institution retrospective series that evaluated the
impact of “duration of neoadjuvant therapy”
found that the most favorable median OS was
noted in the group patients whose CA19-9 level
normalized, regardless of the duration of therapy
[77]. In our institutional experience (unpublished
data), the median OS for the 98 patients who did
(29, 30%) or did not (69) normalize their preop-
erative CA19-9 with neoadjuvant therapy was 46
and 23 months, respectively (p = 0.02). Following
surgery, 32 (46%) of the 69 patients with an ele-
vated preoperative CA19-9 normalized their
postoperative  CA19-9. Failure to normalize
preop or postop CA19-9 was associated with a
2.77-fold increased risk of death (p < 0.003).
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In summary, the limited body of available evi-
dence suggests that the absolute CA 19-9 level at
diagnosis (in the context of a normal bilirubin)
may have a prognostic impact. More importantly,
normalization of CA19-9 levels with preopera-
tive therapy or at minimum postoperatively in
patients who have received neoadjuvant therapy
appears to have highly significant, favorable
prognostic implications.

Current Clinical Trials

There are several large clinical trials evaluating
the use of more modern chemotherapy regimens
in the adjuvant setting and as neoadjuvant treat-
ment for resectable and borderline resectable
pancreatic cancer. Many protocols include peri-
operative treatment that includes both neoadju-
vant and adjuvant therapy, and many incorporate
preoperative radiation therapy in addition to sys-
temic chemotherapy. Some trials have met the
accrual goal or are nearing completion of enroll-
ment. Many additional smaller studies include
new cytotoxic drugs, targeted agents, and,
increasingly, immunotherapy approaches. The
results of these protocols may eventually provide
practice-changing information and influence the
next generation of clinical trials in pancreatic
cancer. Those trials including approximately 100
patients or more are described below and listed in
Table 7.5.

Adjuvant Chemotherapy

Preliminary results of the APACT trial
(NCT01964430) — a randomized phase III com-
parison of nab-paclitaxel plus gemcitabine (stan-
dard dose and schedule) versus gemcitabine
alone in 866 patients following macroscopic
complete resection (RO/R1) of PDAC that was
surgically staged T1-3, NO-1, and MO with good
performance status and able to start treatment by
12 weeks after surgery — were reported at ASCO
(2019) and summarized in the section on adju-
vant chemotherapy. Final publication of the
results in manuscript format is awaited.

Neoadjuvant Chemotherapy

Several ongoing clinical trials examine adminis-
tration of chemotherapy prior to surgery, and
many deliver perioperative chemotherapy both
before and after surgery. The NEOPAC trial
(NCTO01314027) is a randomized phase III trial
comparing neoadjuvant GEMOX every 2 weeks
x four cycles (days 1, 15, 29, 43) over 8 weeks
followed by surgery and adjuvant gemcitabine
for 6 months versus upfront surgery and adjuvant
gemcitabine x 6 months. Target accrual is 310
patients with resectable disease, and primary out-
come measure is relapse-free survival.

The Prep02/JSAPO5 (UMIN000009634) ran-
domized phase II/III study aims to accrue 360
patients with resectable pancreatic cancer.
Randomization arms include 2 months of neoad-
juvant gemcitabine + S1 followed by surgery and
adjuvant S1 for 6 months versus surgery first and
adjuvant S1 for 6 months. The phase II portion of
the protocol with 40 patients per arm has resec-
tion rate as the primary endpoint, and the phase
III component with 180 patients per arm has
overall survival as the primary outcome
measure.

NEONAX (AIO-PAK-0313, NCT02047513)
is a randomized phase II study evaluating periop-
erative nab-paclitaxel plus gemcitabine delivered
as neoadjuvant therapy x 2 months prior to sur-
gery and additional 4 months after surgery versus
the same regimen given only after surgery. Target
accrual is 166 patients with resectable
PDAC. Primary outcome measure is disease-free
survival.

The NEPAFOX (NCT01272976) trial is a ran-
domized, multicenter phase II/III design evaluat-
ing perioperative FOLFIRINOX. Patients in the
investigational arm receive 6 cycles of neoadju-
vant FOLFIRINOX and 6 cycles of postoperative
adjuvant FOLFIRINOX compared to the control
arm that receives standard adjuvant gemcitabine
x 6 cycles. Estimated accrual is 126 patients with
resectable disease, and primary outcome measure
is overall survival.

The Southwest Oncology Group S1505 is a
multicenter, randomized phase II perioperative
trial NCT02562716) comparing neoadjuvant plus
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Table 7.5 Selected ongoing trials in patients with resectable and borderline resectable PDAC

Adjuvant chemotherapy

Phase | Stage N Regimen Primary

Study ID endpoint
N01964430 I Resected 866 | Nab-paclitaxel + gemcitabine DFS
APACT Vs.
(completed) gemcitabine
Neoadjuvant chemotherapy
NCTO01314027 I Resectable | 310 | Neoadjuvant GEMOX + adjuvant gemcitabine RFS
NEOPAC Vs.

adjuvant gemcitabine
UMINO000009634 | II/IIT | Resectable | 360 | Neoadjuvant gemcitabine + S1 and adjuvant S1 (O
Prep-02/JSAPO5 Vs.

adjuvant S1
MCT 02047513 1I Resectable | 166 | Neoadjuvant and adjuvant nab-paclitaxel + gemcitabine | DFS
NEONAX Vs.
AIO-PAK-0313 adjuvant nab-paclitaxel + gemcitabine
NCTO01272976 II/III | Resectable | 126 | Neoadjuvant FOLFIRINOX + adjuvant FOLFIRINOX | OS
NEPAFOX vs.

adjuvant gemcitabine
NCT 02562716 1T Resectable | 112 | Neoadjuvant plus adjuvant FOLFIRINOX oS
SWOG 51505 Vs.

neoadjuvant plus adjuvant nab-paclitaxel + gemcitabine
NCT 02919787 11 Resectable |90 | Neoadjuvant FOLFIRINOX x 4 + adjuvant oS
NorPACT-1 gemcitabine + capecitabine x 4

Vs.

adjuvant gemcitabine/capecitabine x 6
NCT 01150630 II/III | Resectable |98 | Adjuvant gemcitabine EVS,
PACT-15 Vs. oS

adjuvant PEXG

Vs.

neoadjuvant + adjuvant PEXG
NCT 02959879 II Resectable | 160 | ARM I: neoadjuvant FOLFIRINOX X 4 + adjuvant x oS
PANACHEO1/ 4 months
PRODIGE 48 ARM 2: neoadjuvant FOLFOX x 4 + adjuvant

chemotherapy x 4 months

ARM 3: adjuvant chemotherapy only x 6 months
Neoadjuvant chemoradiation
NCT 01900327 I Resectable | 410 |Neoadjuvant gemcitabine/XRT + adjuvant gemcitabine | OS
NEOPA Vs.

adjuvant gemcitabine only
NCT 02676349 I Borderline |90 | Neoadjuvant mFOLFIRINOX + capecitabine/XRT RO
PANDAS- Resectable Vs.
PRODIGE44 neoadjuvant mFOLFIRINOX + adjuvant gemcitabine

or modified LV5FU
NCT 01458717 I/IIT | Borderline | 116 | Neoadjuvant gemcitabine/XRT + adjuvant gemcitabine | OS
(Korea) Resectable VS.

postop gemcitabine/XRT + adjuvant gemcitabine
NCT 02839343 II Borderline | 134 | Neoadjuvant FOLFIRINOX + hypofractionated XRT oS
Alliance A Resectable and adjuvant FOLFOX
021501 Vs.

neoadjuvant FOLFIRINOX + adjuvant FOLFIRINOX
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adjuvant FOLFIRINOX versus neoadjuvant plus
adjuvant nab-paclitaxel plus gemcitabine. Target
accrual is 112 patients with resectable pancreatic
cancer. Primary outcome measure is overall
survival.

NorPACT-1 (NCT02919787) is a randomized
phase III for resectable PDAC that compares neo-
adjuvant FOLFIRINOX x 4 cycles followed by
surgery and then 4 cycles of adjuvant gemcitabine
plus capecitabine versus surgery first followed by
6 cycles of adjuvant therapy with gemcitabine plus
capecitabine. Expected enrollment is 90 patients.
Primary outcome measure is overall survival.

PANACHEO1/PRODIGE48 (NCT02959879)
is a non-comparative three-arm randomized mul-
ticenter phase II trial evaluating four cycles of
neoadjuvant FOLFIRINOX, four cycles of neo-
adjuvant FOLFOX, and upfront surgery with all
patients receiving adjuvant chemotherapy for
4 months in the two neoadjuvant arms and
6 months in the surgery first arm. Enrollment will
be 160 patients with resectable pancreatic cancer.
Primary outcome measures are overall survival at
12 months and the number of patients who com-
plete the chemotherapy treatment sequence.

The PACT-15 trial (NCT01150630) is a multi-
center randomized phase II/III protocol evaluat-
ing perioperative PEXG (cisplatin, epirubicin,
capecitabine, gemcitabine). Arm 1 patients
receive standard adjuvant gemcitabine for
6 months. Patients in arm 2 receive adjuvant
PEXG every 14 days for 6 months. Arm 3
includes neoadjuvant and adjuvant PEXG with
up to 3 months prior to surgery and 3 months
after surgery. Target accrual is 98 patients with
resectable pancreatic cancer. Primary objective is
to assess event-free survival at 1 year after neoad-
juvant therapy (phase II) and overall survival
(phase III).

Neoadjuvant Chemoradiation

NEOPA (NCT01900327) is a phase III trial that
compares neoadjuvant chemoradiation 50.4 Gy
using weekly low-dose (300 mg/m?) radiosensi-
tizing gemcitabine followed by surgery and adju-
vant standard gemcitabine for six cycles to

upfront surgery and adjuvant gemcitabine for six
cycles. Enrollment target is 410 patients with
resectable PDAC. Primary outcome measure is
overall survival at 3 years.

PANDAS/PRODIGE44 (NCT02676349) is a
randomized phase II trial evaluating neoadjuvant
mFOLFIRINOX with or without preoperative
concomitant chemoradiation 50.4 Gy with
capecitabine. Following surgery, all patients will
receive adjuvant chemotherapy with gemcitabine
or modified LV5FU. Accrual goal is 90 patients
with borderline resectable pancreatic cancer.
Primary outcome measure is RO resection.

A phase II/III trial with neoadjuvant chemora-
diation in Korea (NCT02839343) uses low-dose
(400 mg/m?) gemcitabine plus XRT 54 Gy fol-
lowed by surgery and adjuvant gemcitabine given
for 4 months compared to surgery first followed
by chemoradiation 54 Gy with low-dose gem-
citabine and then adjuvant gemcitabine for
4 months in borderline resectable pancreatic can-
cer. Accrual target is 116 patients. Primary out-
come measure is overall survival (2 years).

Alliance 021501 (NCT02839343) is a ran-
domized phase II trial that compares periopera-
tive FOLFIRINOX (8 cycles pre-and 4 cycles
post-operatively) to 7 cycles of neoadjuvant
FOLFIRINOX and hypo-fractionated preopera-
tive radiation followed by 4 additional cycles of
adjuvant FOLFIRINOX in 134 patients with bor-
derline resectable PDAC. Primary outcome mea-
sure is overall survival (18 months).

In addition to the large-scale studies
listed, there are smaller phase II trials that
evaluate neoadjuvant/adjuvant FOLFIRINOX
(NCT02047474, NCT01660711) in resectable
PDAC, neoadjuvant FOLFIRINOX and chemora-
diation (NCT 01821612, NCT01661088) for bor-
derline resectable PDAC, and novel agents such
as LDE-225 hedgehog inhibitor (NCT01431794),
hydroxychloroquine (NCT01494155), pembroli-
zumab (NCT02305186), and vaccines such as
GVAX (NCT00727441). Over the past several
years, there has been an improvement in the treat-
ment of metastatic pancreatic cancer, and there is
increased interest to extrapolate those treatments
to early stage disease and conduct research
employing new strategies and novel therapies.
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Conclusion

In summary, PDAC is a highly lethal malignancy
with a propensity for both local and systemic
metastases despite curative intent surgery. There
is clear evidence to emphasize the role of sys-
temic therapy and to some extent the role of
radiotherapy as an adjunct to surgery in the cura-
tive intent treatment of localized PDAC. While it
is important to ensure delivery of multimodality
therapy to all patients with localized PDAC to
maximize their chance of cure, it is equally
important to develop a clear treatment plan with
multidisciplinary input right from the time of ini-
tial diagnosis. Optimal treatment sequencing for
each patient should be personalized, with the
broader oncologic goal of eliminating both mac-
roscopic and microscopic disease.
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William A. Hall and Beth A. Erickson

Rationale for Neoadjuvant Therapy

Pancreatic cancer remains a devastating malig-
nancy with high rates of mortality and low rates
of overall survival. Patients managed with up-
front surgical resection, without neoadjuvant
therapy, have particularly poor outcomes.
Common to an up-front surgical resection
approach are high rates of R1 resections ranging
from 14% to 60%, along with high rates of node
positivity of approximately 60-80% [1-3]. The
recently published European Study Group for
Pancreatic Cancer (ESPAC-4) clinical trial,
which included patients managed with up-front
surgical resection, had a 60% rate of positive
margins, and 80% of patients were found to be
node positive [1]. This management approach
was associated with a median overall survival of
approximately 25-28 months, depending on the
treatment arm [1]. Patients with positive margins
had particularly poor outcomes [4]. An oncologic
management approach with a 60% rate of posi-
tive margins is unprecedented in any other solid
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tumor and supports the use of neoadjuvant ther-
apy. Notable is that the subsequent ESPAC-5
clinical trial design includes several permutations
of neoadjuvant therapy. These include immediate
surgery, gemcitabine/capecitabine chemotherapy
followed by surgery, FOLFIRINOX chemother-
apy followed by surgery, and chemoradiation
(capecitabine-based) followed by surgery [5].
This design is presumably to help offset some of
the adverse pathologic features associated with
an up-front surgical resection approach.

Many patients treated with a surgery-first
approach also have low rates of completing adju-
vant therapy. These numbers are often difficult to
estimate, given the frequent “absence of a denomi-
nator” effect in prospective adjuvant studies. In
other words, it is difficult to know how many
patients were treated with surgery and felt to be
ineligible for study enrollment secondary to poor
performance status. In publications that have
included total numbers of surgical resections, the
rates of patients completing adjuvant therapy are
approximately 50-60%. In a study by Herman
et al. from the Johns Hopkins, only 53% of patients
underwent adjuvant therapy, this was despite
exquisite care provided by a leading academic
medical center [6]. It could only be postulated that,
in a less experienced health care environment, the
number of patients failing to undergo adjuvant
therapy is larger. A second series by the Mayo
Clinic demonstrated similar results with only 58%
of patients receiving adjuvant therapy, following
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Table 8.1 Summary rationale for neoadjuvant versus
adjuvant therapy for pancreatic cancer

Comparator Citations to
variable Neoadjuvant | Adjuvant | support
Rate of positive | 2-10% 16-60% | [3, 8, 9]
margins

Incidence of 17-35% 62-80% |[1,8,9]
node positivity

Successful 70-80% 50-60% | [6,7,9]
treatment

completion

Local 5-9% 19-53% |[1,3,9]
recurrence

up-front surgical resection [7]. While prospective
adjuvant trials have attempted to make progress
with novel systemic agents, the low number of
patients able to undergo adjuvant therapy will
make an adjuvant strategy difficult to advance
overall survival in patients with pancreatic cancer
(Table 8.1).

Neoadjuvant Therapy
for Resectable Pancreatic Cancer

Even the earliest cases of pancreatic cancer,
found when the cancer is surgically resectable,
benefit from neoadjuvant therapy. One of the
earliest reports of neoadjuvant therapy for
resectable pancreatic cancer came from the
University of Texas MD Anderson Cancer
Center in 1992 [10]. In this series, a total of 28
patients underwent preoperative chemo-RT
with concurrent 5-FU and 50.4 Gy of external
beam radiation therapy. A total of 23 patients
did not have any evidence of disease progres-
sion and subsequently underwent surgical
resection. This series concluded that pancreati-
coduodenectomy could be performed in patients
with low overall toxicity and perhaps repre-
sented a promising area for future investigation
[10]. Following this series, a rapid neoadjuvant
therapy series examined the toxicity, radio-
graphic, and pathologic outcomes for patients
with resectable localized pancreatic cancer. In
this series, by Pisters et al., patients underwent
30 Gy in 10 fractions of external beam radiation
therapy with concurrent 5-FU chemotherapy

[11]. Of note, patients in this series also
received an intraoperative radiation therapy
boost to a total dose of 10-15 Gy. Findings
from this series were that this more rapid treat-
ment course of external beam radiation therapy
was associated with minimal toxicity and excel-
lent local regional control. Variations in the
type of chemotherapy were subsequently evalu-
ated in the neoadjuvant setting. Pisters et al.
examined the use of concurrent chemo-RT with
paclitaxel-based concurrent therapy and a total
of 30 Gy over 10 fractions given again with an
intraoperative radiation therapy boost [12].
This series demonstrated that treatment with
preoperative  paclitaxel-based  concurrent
chemo-RT is feasible; however, the toxicity
was higher than the preceding series with
5-FU-based chemotherapy [11, 12].

A subsequent prospective experience with
neoadjuvant therapy in patients with resectable
pancreatic cancer followed. Evans et al. enrolled
a total of 86 patients with resectable pancreatic
cancer in a prospective phase II study. Patients
enrolled included those with uncinated process
or pancreatic head tumors that had radiographi-
cally defined resectable disease and underwent
concurrent gemcitabine-based chemo-RT. The
radiation therapy in this trial was a total dose of
30 Gy given over 10 fractions. Several very
important findings were confirmed in this trial.
First, it was again noted that not all patients
were able to undergo surgical resection. Indeed,
a total of only 85% of the patients were able to
successfully undergo surgical resection.
However, for those patients who underwent sur-
gical resection, the overall survival was an
impressive 34 months. This series again high-
lighted an advantageous aspect of neoadjuvant
therapy, which is the selection of patients who
may benefit the most of from surgical
resection.

The role for systemic chemotherapy in
advance of neoadjuvant concurrent chemo-RT
for patients with resectable pancreatic cancer
was subsequently evaluated by Varadhachary
et al. A total of 90 patients were enrolled in a
phase II trial. First, patients underwent gem-
citabine and cisplatin given every 2 weeks for a
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Table 8.2 Summary of select neoadjuvant series for resectable pancreatic cancer
Resected Median OS

Series N Chemotherapy Radiotherapy dose | with PD Not RO if resected | Citation
Evans 28 | Fluorouracil, 300 mg/m* | 50.4 Gy/28 17/28 18% |NR [10]
1992 per day + XRT
Pisters 35 Fluorouracil, 300 mg/m? 30 Gy/10 + IORT | 20/35 10% |25 [11]
1998 per day + XRT
Hoffman 53 | Mitomycin 10 mg/m? day | 50.4 Gy/28 24/53 25% | 15.7 [48]
1998 2 and fluorouracil (5-FU)

1000 mg/m?/d
Pisters 35 Paclitaxel (60 mg/ 30 Gy/10 + IORT | 20/35 32% |19 [12]
2002 m?) + XRT
Evans 86 Gemcitabine (400 mg/ 30 Gy/10 73/86 11% |34 [9]
2008 m?) + XRT
Varadhachary |90 | Gem + Cis — Gem 30 Gy/10 52/90 4% |32 [13]
2008 Gemcitabine (400 mg/

m?) + XRT
Kharofa 69 | Gem+Cis, 50.4 Gy/28 48/69 2% |26 [8]
2014 FOLFIRINOX, fractions, IMRT

FOLFOX, Gem+Cape (Gem Con)

Gem+Erlotinib

IORT intraoperative radiation therapy, PD pancreaticoduodenectomy, XRT radiation therapy, RO margin-negative resec-
tion, OS overall survival, Gem gemcitabine, Cis cisplatin, Con concurrent

total of four doses; this was followed by con-
current chemo-RT with gemcitabine and a total
dose of 30 Gy given over 10 fractions. The
median survival of all patients in this series was
17.4 months, and in the 52 patients that under-
went surgical resection, it was 31 months.
Conclusions from this trial were that preopera-
tive chemotherapy with gemcitabine and cispl-
atin followed by concurrent chemo-RT did not
improve survival beyond that achieved with
preoperative  gemcitabine-based chemo-RT
alone [13].

In a recent retrospective series, Kharofa
et al. examined patients treated for both resect-
able and borderline resectable pancreatic can-
cer between 2009 and 2011. This series used
modern era radiation therapy consisting of
intensity modulated radiation therapy (IMRT)
to a total dose of 50.4 Gy given with concurrent
chemotherapy [8].These results again con-
firmed low rates of local failure and high rates
of margin-negative resection using 50.4 Gy of
neoadjuvant IMRT. Conclusions from this
series were that neoadjuvant chemo-RT can
facilitate margin-negative resections in patients
with localized pancreatic cancer [8].A recent
series by Christians et al. again showed that

neoadjuvant treatment in patients with resect-
able pancreatic cancer was associated with an
overall survival of 32 months [14]. A National
Cancer Database (NCDB) by Mokdad et al.
presented a propensity-matched cohort analysis
comparing neoadjuvant therapy versus up-front
surgical resection that concluded there is a
potential overall survival benefit to the use of
neoadjuvant therapy, as compared with a sur-
gery-first approach, in patients with pancreatic
cancer [15]. A summary of select series exam-
ining the role of neoadjuvant therapy in patients
with resectable pancreatic cancer is presented
in Table 8.2.

Neoadjuvant Therapy for Borderline
Resectable Pancreatic cancer

The role of neoadjuvant therapy is more widely
accepted and used in patients with border-
line resectable pancreatic cancer. One of the
largest challenges in the examination of
patients with borderline resectable disease
is the considerable heterogeneity of this
categorization of pancreatic cancer [16, 17].
There exists a wide variety of both
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institution-specific and national guidelines
that have varying definitions. Moreover, series
examining borderline resectable pancreatic
cancer often include groups of patients with
locally advanced disease. Katz et al. presented
a series of borderline resectable pancreatic
cancer that examined a total of 125 patients
who completed preoperative therapy and
underwent repeat staging; a total of 66 (41%)
underwent pancreatectomy. In the patients that
completed all therapy, the median survival was
a total of 40 months; this was in contrast to
only 13 months for the patients that did not
undergo pancreatectomy. Conclusions from
this series were that a neoadjuvant approach
allows for identification of a subset of patients
that are most likely to benefit from surgery
[18]. This set the stage for a large number of
studies to follow over the coming decade that
evaluated the role of neoadjuvant therapy in
advance of surgical resection for patients with
borderline resectable pancreatic cancer.
Several different variations in neoadjuvant
chemotherapy have been used for patients
with borderline resectable pancreatic cancer.
Given the success of leucovorin, 5-FU, irino-
tecan, and oxaliplatin (FOLFIRINOX) in the
metastatic setting [19], the use of neoadjuvant
FOLFIRINOX has been tested in numerous
clinical series. An earlier series using
FOLFIRINOX in the neoadjuvant borderline
resectable setting was presented by Christians
and colleagues [20]. A total of 18 patients
with borderline resectable pancreatic cancer
diagnosed between 2010 to December 2012
were treated with neoadjuvant FOLFIRINOX
chemotherapy, followed by concurrent gem-
citabine or capecitabine chemoradiation. A
total of 12 patients in this series were taken to
surgical resection, and all 12 had negative
margins, with a node positivity rate of only
17%. Conclusions from this series were that
FOLFIRINOX followed by chemoradiation
was safe and had favorable resection rates as
compared with previous reports [20]. This
was followed by several additional publica-
tions looking at the role of neoadjuvant
FOLFIRINOX followed by concurrent

chemo-RT [21-23]. Recently, a prospective
clinical trial has been designed to evaluate
this treatment strategy in the neoadjuvant set-
ting [24].

Neoadjuvant Stereotactic Body
Radiation Therapy (SBRT)

There has recently been considerable enthusi-
asm for the use of SBRT in a variety of malig-
nancies [25]. When tumors are treated with
SBRT, the total number of treatments is reduced
typically to 5 or fewer. This means that patients
can spend less time undergoing radiation ther-
apy and more quickly resume systemic therapy.
Indeed, SBRT provides a convenient manner in
which high doses of radiation therapy can be
delivered with considerable precision to a
tumor. However, in pancreatic cancer, the use
of SBRT in the neoadjuvant setting needs addi-
tional investigation. Pancreatic SBRT avoids
treatment of several critical vascular and nodal
regions that are at high risk of harboring micro-
metastatic disease from either nodal or perineu-
ral tumor spread. In one of the first series to
examine the role of SBRT in the neoadjuvant
setting, Chuong and colleagues retrospectively
collected data for patients with both locally
advanced and borderline resectable pancreatic
cancer treated with preoperative SBRT [26].
From this series it was concluded that SBRT
safely facilitates margin-negative resections
while maintaining a high rate of local control.
However, there are limitations and caution that
should be applied to retrospectively collected
data. This is particularly important when it
comes to the accuracy of local recurrence given
the possibility of heterogeneous or absent fol-
low-up data. There is currently an ongoing pro-
spective clinical trial lead by Paltaand
colleagues at Duke University in the United
States focused on a prospective evaluation of
the role for SBRT [27]. Furthermore, a study
being conducted by the Alliance (A021501) is
evaluating the role of SBRT given for patients
with borderline resectable pancreatic cancer
[24]. Additional discussion of the ongoing
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Alliance clinical trials is presented in the subse-
quent section on randomized clinical trials.

Neoadjuvant Radiotherapy
and Concurrent Chemotherapy
Intensification

There is relatively limited data examining the
role of neoadjuvant radiotherapy dose intensifi-
cation for patients with pancreatic cancer.
Similarly there are few series that have examined
the role for neoadjuvant, concurrent, chemother-
apeutic intensification. Shaib et al. conducted a
phase I study in a total of 13 patients that treated
pancreatic cancer patients with neoadjuvant
FOLFIRINOX followed by four different radia-
tion therapy dose levels delivered in three frac-
tions to the planning target volume with a
simultaneous boost to the posterior resection
margin. Conclusions from this series were that
45 Gy delivered over 3 fractions to the posterior
resection margin was safe and well-tolerated and
the dose-limiting toxicity was not reached. More
recent radiotherapy dose intensification strategies
have been published. Wang and colleagues retro-
spectively reviewed cases of borderline resect-
able and some locally advanced patients that
underwent a radiotherapy vascular boost; a total
of 23 patients underwent a vascular boost, with a
range of 54-64 Gy, and 78% received no boost.
Conclusions from this series were that dose esca-
lation appeared to result in an improvement in
surgical resection rate, although this improve-
ment was not statistically significant [28]. Huang
and colleagues also retrospectively examined the
role for an IMRT vascular boost strategy using a
SIB boost to areas very to be at high risk as
defined on PET. Conclusions from this series
were that this treatment strategy is feasible and
seems to improve the likelihood of an RO resec-
tion without compromising the organs at risk
[29]. Kim and colleagues evaluated the use of
preoperative full-dose gemcitabine, oxaliplatin,
and radiation therapy in a total of 23 patients with
resectable disease and 39 patients with borderline
resectable disease [30]. A total of 43 patients
underwent surgical resection (total of 63%), and

complete RO resection was seen in 36 of those 43
patients. Conclusions from this chemotherapeu-
tic intensification series were that preoperative
full-dose gemcitabine and oxaliplatin and radia-
tion therapy was feasible [30]. Given the increas-
ing popularity of proton therapy, Hong and
colleagues recently published a phase II trial in
which 50 patients were enrolled and were treated
with 5 daily doses of 5GyE times 5 fractions and
35 patients were treated in the phase II portion of
the study. The local failure rate was reported as
16.2%, and distant disease recurrence was the
predominant mode of failure at 72.9%.Treatment
with this strategy was felt to have favorable local
control, and the rate of grade 3 toxicity was
reported as only 4.1% [31].

Randomized Clinical Trials
of Evaluating the Role
of Neoadjuvant Therapy

Given the presence of multiple retrospective and
prospective single-arm series that have supported
the role for neoadjuvant therapy in resectable
pancreatic adenocarcinoma, there has been a sub-
stantial interest in conducting a randomized trial
comparing these approaches. Such sequencing
studies have defined the standard of care in other
disease sites, such as rectal adenocarcinoma with
the German colorectal trial [32]. One of the first
attempts to conduct such a trial was performed by
Doi et al. in Japan. In this multi-institutional pro-
spective clinical trial, a total of 42 patients were
randomly assigned to receive either surgery up
front (20 patients) or radiochemotherapy (22
patients) followed by surgery. This total number
of randomized patients was considerably smaller
than the initial intended accrual goal of 150
patients. The trial reported being stopped early
secondary to a clear overall survival benefit seen
in the surgically resected patients [33]. However,
given the small size of the trial, the particularly
poor survival of patients in the radiotherapy arm
(8.9 months), it is difficult to draw reliable con-
clusions from this series [33]. Golcher and col-
leagues designed a randomized phase II trial
that was intended to accrue a total of 254
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patients; however, the trial was stopped after 73
patients secondary to slow accrual [34]. Given
the limited accrual of this clinical trial, it is also
difficult to arrive at any firm conclusions; how-
ever, the trial did determine that neoadjuvant
chemoradiation is safe with regard to toxicity,
perioperative morbidity, and mortality [34]. The
Dutch are currently conducting a phase III clini-
cal trial designed to test the hypothesis that
median overall survival can be improved with the
use of neoadjuvant radiochemotherapy [35].
Titled the PREOPANC clinical trial, patients are
randomized to either neoadjuvant therapy with
15 fractions of 2.4 Gy (total of 36 Gy) given with
concurrent gemcitabine or up-front surgical
resection. Each arm in the trial is followed by
either six cycles of adjuvant chemotherapy or
four cycles of adjuvant chemotherapy in patients
who underwent neoadjuvant therapy [35]. In
addition, as discussed above, the Alliance coop-
erative group is conducting a randomized phase
II clinical trial evaluating the role of neoadjuvant
SBRT (3340 Gy in 5 fractions) in the treatment
of patients with borderline resectable pancreatic
cancer. The goal of this trial is to accrue a total of
134 patients with borderline resectable pancre-
atic cancer to evaluate 18-month overall survival
of patients enrolled onto each of the two treat-
ment arms as compared with a historical control
rate [24]. Finally, the Neoadjuvant Treatment in
Resectable Pancreatic Cancer (NEOPA) is ongo-
ing. This randomized, two-armed, open label,
multicenter, phase III trial is estimating a 3-year
overall survival increase by 12% compared to
patient undergoing up-front surgery for resect-
able pancreatic cancer, NCT01900327 [36].

Practical Considerations
of Neoadjuvant Radiation Therapy
Delivery

Radiation therapy must be delivered with con-
siderable care, given that organs in the upper
abdomen are extremely sensitive to treatment
with radiation therapy. Significant progress has
been made in defining the treatment targets and
shaping the dose distribution to cover the areas

that need radiation and avoiding the normal adja-
cent structures. Advanced imaging used for radi-
ation planning, including CT, MRI, and PET
scans, allows improved target definition along
with dose escalation to key parts of the target
volume. This can also result in further reduction
of the irradiated volumes in the sensitive upper
abdomen [37]. While many historic series used
three-dimensional ~ conformal  radiotherapy
(3DCRT), this treatment paradigm has recently
shifted to treatment with IMRT. IMRT is an
advanced version of 3DCRT that uses a com-
puter-controlled radiation beam delivery through
varying beam intensities within each beam por-
tal. This results in a substantial improvement in
the conformity of the dose distribution to the
shape of the tumor. Furthermore, IMRT can
result in avoidance of adjacent normal organs
[38]. IMRT treatment planning is performed
using inverse treatment planning. In this process,
planning target volume dose is specified as well
as the allowable doses/volumes to the adjacent
normal organs. This allows for tighter margins
and permits the ability to sculpt and bend dose
around normal organs. Image-guided radiation
therapy centers around the acquisition of daily
images to direct conformal radiation therapy
treatment plans [38]. This may also allow for
adaptation and change in daily radiotherapy
treatment plans to account for variations in
patient shape or changes in tumor size.

One of the challenges of using IMRT is accu-
rately defining both the tumor and the prophylac-
tic target volume. This is particularly challenging
and critical in pancreatic cancer. There often
exists heterogeneity among even expert radiation
oncologists regarding the location and extent of
gross pancreatic tumor [39]. The success of
IMRT is dependent on accurate target delineation
and treatment delivery. There are several helpful
atlases that can be used to assist in the identifica-
tion of treatment volumes when patients are
treated with IMRT. A consensus postoperative
atlas was created to help ensure consistency in
contouring (RTOG Consensus Panel Contouring
Atlas for the Delineation of the Clinical Target
Volume in the Postoperative Treatment of
Pancreatic ~ Cancer  (https://www.rtog.org)).
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Dholakia et al. have published an excellent ver-
sion of this atlas [40]. Recent pancreatic contour-
ing guideline publications have integrated MRI
to assist in the process of gross tumor identifica-
tion [39, 41]. While these atlases are very useful
for gross tumor volume and local normal struc-
tures, precisely understanding the volumes to be
treated in the preoperative setting remains
challenging.

At the Medical College of Wisconsin, in the
neoadjuvant setting, several important contour-
ing approaches are taken (e.g., Figs. 8.1, 8.2, 8.3,
8.4, 8.5, and 8.6). Depending on the location of
the gross tumor volume, the clinical target vol-
ume is designed to include the entire pancreatic
head, body, or tail. These regions of the pancreas
are targeted, rather than just the visible gross
tumor volume. The creation of this primary clini-
cal target volume is used primarily as a result of

Fig. 8.1 Pancreatic tail
lesion treated with
neoadjuvant therapy.
Summary: Primary
tumor in the pancreatic
tail which abuts the left
kidney and also is
inseparable from the left
adrenal gland. There is
encasement of the
splenic artery to its
origin from the celiac
artery

Red - Represents the PTV
50.4

Fig.8.2 Example
treatment volumes for a
typical patient being
treated with neoadjuvant
concurrent
chemoradiation therapy
for pancreatic cancer

the difficulty in visualizing the location and
extent of pancreatic gross tumor. Coverage of a
region of the pancreas helps to ensure that both
microscopic and perineural diseases are treated.
With regard to vascular clinical target volume,
the celiac axis and superior mesenteric artery and
vein are generally contoured with a variable mar-
gin that is influenced by the clinical suspicion for
perivascular involvement. The expansion of these
vascular structures is primarily to account for
nodal involvement or perineal spread [8]
(Figs. 8.1, 8.2, 8.3, 8.4, 8.5, and 8.6). Lesions that
are near the portal vein, portal venous conflu-
ence, IVC, aorta, or the branches of the celiac
artery (common hepatic artery) are also selec-
tively targeted, if close to or involved by the pri-
mary lesion. If any suspicious nodes are present,
those are also targeted and those nodal regions can
be considered for inclusion in the target volumes.

Darker pink - Represents the
GTV

Light pink - Represents the
celiac CTV

Blue -Splenic hilum CTV
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Fig. 8.3 Example
treatment volumes for a
typical patient being
treated with neoadjuvant
concurrent
chemoradiation therapy
for pancreatic cancer

Green - Superior mesenteric
artery CTV

Blue - Pancreatic head Clinical Target
Volume (CTV) in relation to Red
Planning Target volume (PTV)

Fig. 8.4  Resectable pancreatic head cancer being orencasement, there was noted to be mild SMV abutment,
treated with neoadjuvant therapy. Summary: Imaging no lymph nodes appreciated, and plan to treat with neoad-
showed a head of pancreas mass without arterial abutment ~ juvant concurrent chemo-RT

Fig. 8.5 Example
treatment volumes for a
typical patient being
treated with neoadjuvant
concurrent
chemoradiation therapy
for pancreatic cancer

Red - Neoadjuvant PTV
volume

Green - Superior mesenteric
artery CTV

A summary of CTV expansions and treatment pancreatic cancer. CT often underestimates target
volumes used at the Medical College of Wisconsin ~ volume, whereas MR may offer better soft tissue
is summarized in Table 8.3. determination and more accurate target definition

As previously mentioned, there is an evolving [42]. There have been several recent publica-
role for MRI in the management of patients with  tions that have focused on the use of MRI in the
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Fig. 8.6 Example
treatment volumes for a
typical patient being
treated with neoadjuvant
concurrent
chemoradiation therapy
for pancreatic cancer

Red - Neoadjuvant PTV
volume in relation to the CTV

Pink - Celiac axis CTV

Table 8.3 Medical College of Wisconsin, Pancreatic clinical target volumes

Descriptions

Primary The primary tumor and region of the pancreas that contains the primary tumor should be identified

tumor CTV and contoured in its entirety. This should include all available clinical information, including
endoscopic reports, CT scans, MRIs, PET, along with tumor board discussion

Primary All visible nodes should be contoured and identified’ nodal regions felt to contain highly

nodal CTV suspicious nodes should be included

Celiac CTV | The proximal 1.0 cm of the celiac artery from the origin at the aorta is contoured and expanded a
total of 1.5-3.0 cm to the right, 1.0-2.0 cm to the left, 1.0~1.5 cm anterior, 1.0 cm posterior, 1.0 cm
superior, and 1.0-2.0 cm inferior to create CTV celiac, variations in expansion based on clinical
suspicion for perineural involvement, equivocal nodal involvement, or primary tumor extension

SMA CTV The proximal 2.0-3.0 cm of the SMA is contoured from the origin at the aorta and expanded a total
of 1.0-3.0 cm to the right, 1.0-2.0 cm to the left, 1.0-1.5 cm anterior, 1.0 cm posterior, 1.0 cm
superior, and 1.0-2.0 cm inferior to create CTV SMA

SMV CTV The 1.0 cm of the SMYV in closest proximity to the tumor will be contoured and expanded by a total
of 0.5-1.0 cm to create CTV SMV; this can be excluded if there is a low degree of clinical
suspicion for involvement

CTV 50.4 The above structures are Booleaned together to create CTV 50.4

Variations For pancreatic tail lesions, the splenic hilum is often prophylactically included and radiated

process of gross tumor volume identification [39,
41, 42]. While MRI may not be routinely indi-
cated, it can provide clarity if tumors are difficult
to visualize on CT.

Various methods of neoadjuvant radiation
therapy dose escalation are enabled by advanced
radiotherapy techniques including IMRT. Dose
painting, or simultaneous integrated boost (SIB)
techniques, is possible with IMRT [43]. Dose
escalation is often difficult as the normal tissues
adjacent to the pancreas are very dose sensitive.
IMRT, with daily image guidance, can allow for
delivery of higher doses than 3D conformal plans
with better dose sparing of the adjacent stomach,

duodenum, bowel, and kidneys. Radiation ther-
apy can be escalated around pivotal portions of
the tumor, such as the retroperitoneal margin,
while pulling dose away from the adjacent nor-
mal organs [44].

An advantage of IMRT is to produce a greater
conformity and precision of the dose distribution
as compared with 3D-CRT. This enables dose
manipulation to create a sharp dose falloff near
the boundaries of tumor and critical normal
organs. This may also allow for a higher dose to
be delivered to the tumor and a lower dose to the
organs at risk of radiation injury or both. IMRT
has also been shown to lead to less acute and late
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toxicity in multiple series [45-47]. Additionally,
this enables excellent target volume coverage
and, if needed, dose escalation to critical portions
of the tumor near adjacent blood vessels.

Conclusions and Future Directions

While controversial, there is considerable evi-
dence as to the role of neoadjuvant therapy in
patients with pancreatic cancer. More data is
needed to understand the optimal type of neoad-
juvant therapy that should be given for these
patients. Notable is the considerable heterogene-
ity of radiation therapy management schedules
that exist in the neoadjuvant setting with doses
including 5 Gy x 5,2.4 Gy x 15, 3.0 Gy x 10, and
1.8 Gy x 28 fractions. Further notable is the
absence of any randomized data to compare these
dose and fractionation schedules. In addition,
there are a range of boost schedules that exist for
these patients. To our knowledge, there has never
been a randomized trial evaluating differences in
these fractionation schedules when given in the
neoadjuvant setting. This is despite important dif-
ferences in radiobiological effectiveness of these
doses. Additional research is needed to under-
stand differences in the outcomes between these
various dose and fractionation schedules.
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New Classification of Locally
Advanced Pancreatic Cancer

Kathleen K. Christians

Background The eighth edition of the American
Joint Committee on Cancer (AJCC) staging sys-
tem for pancreatic cancer was released in late
2016 and is the system that clinicians and patients
are most familiar [1]. In this staging system, the
primary tumor (T) is classified as T1 through T4
based on size of the tumor and involvement of the
celiac axis (CA), superior mesenteric artery
(SMA), and/or common hepatic artery (CHA)
(Table 9.1).Tumors are then assigned a stage (I-
1V) based on a combination of tumor stage, the
number of nodes involved by tumor, and the pres-
ence or absence of metastatic disease (Table 9.2).
While the TNM stage is a very accurate assess-
ment of the pathologic (resected) stage, it does
not aid surgeons in determining whether the
patient’s tumor can be surgically removed. The
only current meaningful chance for patients with
pancreatic cancer to have prolonged survival is to
achieve an RO (or R1) margin-negative surgical
resection. It is well documented that survival is
poor (similar to inoperable patients) for those
who undergo incomplete (R2) resection; there-
fore, staging patients by resection status is a criti-
cal component to their management [2—5]. Rather
than utilizing TNM stage, the patient’s tumors
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Table 9.1 AJCC eighth edition TNM definitions

T1 | Tumor <2 cm in greatest dimension
Tla
T1b

Tumor <0.5 cm in greatest dimension

Tumor >0.5 cm and <1 cm in greatest
dimension

Tlc
T2 | Tumor >2 cm and <4 cm in greatest dimension

Tumor 1-2 c¢m in greatest dimension

T3 | Tumor >4 cm in greatest dimension

T4 | Tumor involves the CA, SMA, and/or CHA
regardless of size

NO | No regional nodal metastases

N1 | 1-3 regional nodal metastases

N2 | >4 regional nodal metastases

MO
M1 | Distant metastases

No distant metastases

CA celiac axis, SMA superior mesenteric artery, CHA
common hepatic artery

Table 9.2 AJCC Stage based on TNM status

T N M Stage
T1 NO MO 1A
T1 N1 MO 1IB
T1 N2 MO 1
T2 NO MO 1B
T2 N1 MO 11B
T2 N2 MO 1
T3 NO MO IIA
T3 N1 MO 11B
T3 N2 Mo 111
T4 Any N MO 111
Any T Any N M1 v
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are classified as clinically resectable, borderline
resectable, locally advanced, or metastatic. This
is not based on a judgment call made at the time
of laparotomy but rather objective radiographic
criteria acquired by multidetector computed
tomography or magnetic resonance images,
largely driven by the presence or absence of vas-
cular involvement [6, 7]. Abutment is defined as
tumor involvement that touches/involves the ves-
sel <180°, and encasement is considered any
tumor-vessel involvement that is >180°. The clin-
ical staging criteria for localized pancreatic can-
cer utilized by the Medical College of Wisconsin
pancreatic cancer team is seen in Table 9.3.
While the controversy raged on for many years
regarding the concept of delivering neoadjuvant,
as opposed to adjuvant therapy to patients with
pancreatic cancer, most clinicians now support the
use of neoadjuvant therapy for (at least) patients
with borderline resectable pancreatic cancer [8, 9].
These patients, by definition, have an operable
tumor that involves a larger, more technically
complex, and often high-risk operation as com-
pared to patients with resectable disease. Knowing
that survival is improved with multimodality ther-
apy, it only makes sense that the most toxic ther-
apy (surgery) would fall last in the treatment
sequencing line. In contrast to resectable and bor-
derline resectable pancreatic cancers, locally
advanced pancreatic cancers are a relatively small
subset of patients who have no evidence of meta-
static disease but whose tumor encases critical vis-
ceral arterial or venous structures. In most centers,
locally advanced pancreatic cancer patients have

been largely considered inoperable, and the
median overall survival has been limited to
1-2 years with chemotherapy +/— radiation alone.
As cancer treatments have improved, an increas-
ing subset of patients with locally advanced dis-
ease have received extensive chemotherapy and
have potentially even been radiated, without evi-
dence of local or distant disease progression. Our
group at the Medical College of Wisconsin has
therefore sought to not only challenge the defini-
tion of what is “inoperable” but also provide
patients a probability for resection from the date of
initial diagnosis. Locally advanced type A patients
are those patients who have tumor-vessel involve-
ment which may allow for a potential surgical
resection after an extended course of neoadjuvant
chemotherapy and chemoradiation, whereas those
patients categorized as having locally advanced
type B tumors have extensive tumor-vessel
involvement and are unlikely to ever be taken to
the operating room for resection. These categories
were created based on our experience that a plane
between the adventitia of the artery and the sur-
rounding neural tissue can often be developed and
thereby the tumor separated from the vessel. In
order for this to be true, the tumor must not encom-
pass the vessel by 360°, or one would cut through
tumor to do so. Importantly, all patients were
treated with at least 4-6 months of chemotherapy
followed by chemoradiation prior to ever being
taken to the operating room for resection. We
would never consider taking a locally advanced
pancreatic cancer patient to the operating room for
up-front surgery. In addition, these patients had to

Table 9.3 Medical College of Wisconsin pancreas cancer clinical staging system

Vessel
involvement | Resectable | Borderline resectable Locally Advanced Type A Locally Advanced Type B
SMA None <180° involved >180°but <270° >270°
CA None <180° involved >180°but no extension to the |>180° and abuts/encases the
aorta and CA resection aorta
(+/— reconstruction) possible
HA None Short segment, not >180° with extension to the | >180° with extension beyond
extending to CA or HA | CA and reconstruction the bifurcation of the proper
bifurcation possible HA into the right and left HA
SMV/PV <50% if >50%; if occluded, Occlusion but can be Occlusion without option for
present suitable PV above and reconstructed reconstruction
SMYV below to reconstruct
Other Biopsy-proven N1 disease
or indeterminate distant
disease (lung/liver)

SMA superior mesenteric artery, CA celiac artery, HA hepatic artery, SMV superior mesenteric vein, PV portal vein
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demonstrate a performance status <2 (preferably
0-1), a falling (preferably normalized) carbohy-
drate antigen 19-9 (CA 19-9), and a lack of any
comorbidities, which may preclude a major opera-
tion with concomitant vascular resection/recon-

struction. The discreet anatomic definitions of
locally advanced type A and locally advanced type
B pancreatic cancer are seen in Table 9.3, and
imaging examples of these findings are provided
in Figs. 9.1a—d and 9.2a—d.

Fig. 9.1 Locally advanced Type A pancreatic cancer. (a)
Axial computed tomography image of a locally advanced
pancreatic neck tumor that involves the SMA >180° but
<270° and is therefore considered Type A and potentially
resectable (arrow points to SMA; asterisk marks tumor).
(b) (i) Axial computed tomography image of a pancreatic
body tumor that involves the bifurcation of the celiac axis
into the common hepatic artery and splenic artery. The
celiac trunk is uninvolved making this tumor potentially
resectable (asterisk marks tumor; circle encompasses
celiac axis). (ii) We prefer to revascularize (“super-
charge”) the common hepatic artery by placing a reverse
saphenous vein graft between the celiac trunk and distal
common hepatic artery just before the takeoff of the gas-
troduodenal artery as shown in this intraoperative photo-
graph. This maneuver restores forward arterial flow
through the common hepatic artery therefore not relying

on reverse flow through the superior mesenteric artery and
pancreaticoduodenal arcade to supply the stomach and
liver as occurs with a standard Appleby (CHA, common
hepatic artery; RSVG, reversed saphenous vein graft; CA,
celiac axis; SMA, superior mesenteric artery). (¢) (i) Axial
CT image of a large pancreatic body tumor that involves
the common and proper hepatic arteries (oval shape encir-
cles). (ii) The bifurcation into the right and left hepatic
arteries seen on this axial CT image is free of disease
making this tumor potentially resectable (arrow points to
uninvolved bifurcation). (d) (i) This axial CT image of a
locally advanced pancreatic neck tumor illustrates focal
near occlusion of the superior mesenteric vein (asterisk
marks tumor; arrow points to nearly occluded SMV). (ii)
The superior mesenteric vein reconstitutes and provides
an appropriate distal target for reconstruction (arrow
points to the SMV)
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Fig. 9.1 (continued)

Fig. 9.2 Locally advanced Type B pancreatic cancer. (a)
Axial computed tomography image revealing 360° tumor
encasement of the superior mesenteric artery (SMA).The
tumor involves the SMA >270° and is therefore, by defini-
tion, considered Locally advanced Type B (arrow points
to SMA). (b) Axial computed tomography image illustrat-
ing tumor involvement of the celiac axis; the patient is
considered Type B due to tumor extension to the aorta
(asterisk marks tumor; arrow head points to celiac axis;
arrow points to the aorta). (c) (i) Axial computed tomog-
raphy image illustrating tumor encasement of the com-
mon hepatic artery (oval). (ii) Axial computed tomography

extension of the tumor beyond the bifurcation into the
right and left branches. Tumor that extends to this bifurca-
tion is considered inoperable and therefore Locally
advanced Type B (oval illustrates tumor engulfing the
proper hepatic artery; arrow points to bifurcation into
right and left hepatic artery branches). (d) Locally
advanced pancreatic neck tumor causing cavernous trans-
formation of the portal vein. There is no superior target for
vascular resection/reconstruction, and therefore the tumor
is considered Locally advanced Type B (asterisk marks
tumor; arrow points to collaterals formed from portal vein
occlusion)
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Fig. 9.2 (continued)

Rationale for Type A and Type B by
Vascular Involvement

SMA In general, any involvement of the SMA
>270° is considered locally advanced type B as
there is no option (in the absence of resection/
reconstruction) to remove the tumor without cut-
ting through it, an oncologically unacceptable
maneuver. Please note that the authors do not
advocate for SMA resection and reconstruction
for pancreatic cancer at this time due to the high
risk of mortality if the vessel occludes and the
extreme morbidity of denervation of the midgut
which results in rapid transit and debilitating
diarrhea in many.

Celiac Axis A 360° involvement of the celiac axis
with preservation of the origin of the celiac artery off
the aorta is considered locally advanced type
A. Once the tumor involves the aorta, the chance of
cutting through tumor is nearly 100% and thus con-
sidered Type B. If the tumor can be separated from
the celiac axis and its branches (with the removal of
all of the associated tumor-infiltrated perineurium),
this is preferred over resection and reconstruction. If
the tumor is inseparable from these vessels, the
tumor is resected en bloc with the celiac axis if either
the left gastric artery can be preserved (preferred) or
the gastroduodenal artery can be preserved in order
to provide retrograde flow via the pancreaticoduode-
nal arcades to the gastroepiploic (stomach). In the
absence of either a preserved left gastric artery or
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gastroduodenal artery, the risk of gastric necrosis
with resection of the celiac axis is high. The authors
will not perform a total gastrectomy along with a
total pancreatectomy due to the associated morbid-
ity; therefore, either the left gastric artery or the gas-
troduodenal artery must be uninvolved with tumor
or the operation will not be undertaken.

Common Hepatic Artery The tumor can some-
times be separated from this vessel by dissecting
the plane between the adventitia and neural tissue
that surrounds it (Fig. 9.3). Preoperative radiation
has been observed to facilitate this dissection.
Importantly, the neural tissue must then be
resected en bloc with the main pancreatic tumor,
or it would become the source of local disease
recurrence. If the tumor cannot be separated from
the vessel, then the vessel is resected and recon-
structed with a reversed saphenous vein graft
(preferred vascular conduit for the common
hepatic artery due to size). Once the proper

Fig. 9.3 Intraoperative photograph illustrating dissection
of the tumor-infiltrated perineurium from the underlying
common hepatic artery. This tissue is then resected en
bloc with the main pancreatic tumor to achieve an RO
resection (PHA, proper hepatic artery; CHA, common
hepatic artery; GDA, gastroduodenal artery)

hepatic artery branches into the right and left
branches, the anastomosis becomes one that
requires microvascular work, and the risk of
occlusion is increased. We therefore mandate that
the distal proper hepatic artery must be free of
tumor before branching into the right and left
hepatic arteries to be considered locally advanced
type A. Tumor infiltration beyond the bifurcation
into the right and left hepatic arteries is therefore
considered locally advanced type B.

Superior Mesenteric Vein/Portal Vein The
SMV/PV classification is similar to that of border-
line resectable patients. The patients are considered
Type A if there is acceptable PV above and caliber/
length of the SMV below the occlusion for resec-
tion/reconstruction. If either the PV above or the
SMYV below is not of adequate caliber or length to
reconstruct, then the patient is considered locally
advanced type B. This is a modification from our
initial work on this subject [10].

It goes without saying that most locally
advanced pancreatic cancer patients rarely pres-
ent with a single artery involved but rather a com-
bination of artery(ies) and PV-SMV involvement
which greatly increases the complexity and risk
of the operation. The authors have written exten-
sively about the nuances of these operations and
utilize various shunts to facilitate safe exposure
and resection/reconstruction of the involved vas-
culature [11-14].

Utilizing this new classification for locally
advanced pancreatic cancer in the context of an
extended course of neoadjuvant chemotherapy
and chemoradiation, we have been able to achieve
an overall resectability rate of 42%, 85% when
considering only those who were taken to surgery
and given general anesthesia[11]. Sixty-two per-
cent of the locally advanced type A patients
underwent surgical resection resulting in a median
survival of 55.6 months, whereas 24% of the
locally advanced type B patients were resected
achieving a median survival of 37.5 months. The
overall median survival of Type A and B patients
was 38.9 months for those who were able to com-
plete all neoadjuvant therapy and surgery [11].
These numbers rival earlier stages of this disease,
outperform the survival seen utilizing chemother-
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apy and/or radiation alone, and support the con-
cept that not all locally advanced pancreatic
cancer is, or should be, considered inoperable.

Conclusion

Treatment for pancreatic cancer continues to
evolve. New therapies are emerging in the arena
of molecular profiling and targeted therapies and
will soon incorporate knowledge from the realm
of genetics and epigenetics. It is quite likely that
pancreatic surgeons will see more and more
patients with tumors involving complex vascular
anatomy that a able to live longer with improved
multimodality therapies. Our data illustrates that
not all locally advanced pancreatic cancer is
inoperable, but discrete anatomic findings on
axial imaging will allow clinicians to predict
which locally advanced patients will be able to
complete all multimodality therapy including
surgery and give patients the chance for survival
beyond that afforded by chemotherapy and radia-
tion alone.
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Historically, patients with locally advanced pan-
creatic cancer (LAPC) lived 9-13 months and
had a 5-year survival of <5%. They were consid-
ered inoperable largely due, by definition, to the
major vasculature involved (superior mesenteric
artery [SMA], celiac axis, common hepatic artery
[CHA], portal vein/superior mesenteric vein [PV/
SMV]). Involvement of these vessels not only
significantly escalated the operative risk and
potential surgical complications but also required
knowledge of the anatomic nuances of this region
and surgical skill and techniques neither taught in
most surgical residencies nor in advanced fellow-
ships. Researchers have also shown that seeding
of distant organs occurs before, and in parallel to,
tumor formation at the primary site [1]. In a dis-
ease with micrometastatic disease (at least) at
diagnosis, a surgery alone or even a surgery-first
approach is therefore not logical.

Chemotherapy addresses the issue of meta-
static disease at presentation. Gemcitabine was
Food and Drug Administration (FDA)-approved
in 1997 as first-line therapy for pancreatic cancer
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based on a phase III study showing clinical ben-
efit (23.8% vs. 4.8%) relative to 5-fluorouracil
(5FU), with a median survival of 5.6 versus
4.4 months and a 1-year survival of 18% vs. 2%
[2]. While an improvement from palliation alone,
single-agent gemcitabine resulted in only a mea-
ger benefit to the patient. This led researchers to
try multiple gemcitabine-based therapies with
most showing prolonged survival in mainly good
performance status (PS) patients [3-5].
Eventually, it was discovered that the combina-
tion of gemcitabine with nab paclitaxel improved
intratumoral delivery of both drugs facilitated by
albumin. This resulted in improvement in median
overall survival (OS) of 8.5 vs. 6.7 months,
progression-free survival (PFS) of 5.5 wvs.
3.7 months, and 1-year survival of 35% vs. 22%
[6, 7]. Within a similar time frame, FOLFIRINOX
(5FU, leucovorin, irinotecan, oxaliplatin)
emerged as a combination therapy for pancreatic
cancer resulting in an OS of 11.1 vs. 6.8 months,
PFS of 6.4 vs. 3.3 months, and a 1-year survival
of 48.4% vs. 20.6% [8] (Table 10.1). However,
while an improvement from the single-agent
gemcitabine era, systemic chemotherapy as a
standalone treatment for pancreatic cancer still
provided pancreatic cancer patients with an
anticipated <1-year survival.

Radiation therapy had similar early mixed
reviews in the treatment of pancreatic cancer.
Older studies not only failed to show a benefit but
also underscored the potential toxicities. These
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Table 10.1 FDA-approved drug combinations for pancreatic cancer

Drugs N OS in months P value
Gem vs. SFU 126 5.65vs. 44 0.0025
Gem erlotinib vs. gem 569 6.2vs.5.9 0.038

Gem abraxane vs. gem 861 8.5vs. 6.7 <0.001
FOLFIRINOX vs. gem 342 11.1vs. 6.8 <0.001

Gem gemcitabine, FOLFIRINOX 5FU, leucovorin, irinotecan, oxaliplatin

early studies were fraught with a lack of stan-
dardization, utilizing suboptimal doses, treat-
ment delivery methods, and treatment duration,
and swayed many clinicians away from the use of
radiation for pancreatic cancer. However, more
recent trials such as the Eastern Cooperative
Oncology Group (ECOG) 4201 and the Selective
Chemoradiation in  Advanced Localized
Pancreatic (SCALOP) cancer trials both revealed
a survival advantage [9, 10]. ECOG 4201 com-
pared gemcitabine to gemcitabine plus chemora-
diation and showed an 11.1 month vs. 9.2 month
(P =0.017) improved median OS in those receiv-
ing chemoradiation. Similarly, the SCALOP trial
was a randomized phase II trial where LAPC
patients received induction gemcitabine plus
capecitabine. In those who responded, another
cycle of chemotherapy was administered, and
patients were then treated with either gem-
citabine- or capecitabine-based chemoradiation
(50.4 Gy in 28 fractions). Median OS was
14.6 months for those who were treated with
chemoradiation and 8.1 months for those who
were unable to receive the intended chemoradia-
tion and treated with chemotherapy alone. The
SCALOP trial reinforced two important concepts
in pancreatic cancer treatment (1) the use of che-
motherapy first to select responders for local
therapy and (2) the survival benefit for those who
were able to receive chemoradiation. Key also to
the success of the SCALOP trial was a central
review of a pretrial test case in which the con-
tours of the planned radiation tumor target as
well as the radiation plan were reviewed for
adherence to protocol guidelines. Furthermore,
Krishnan et al. [11] highlighted the benefit of
dose-escalated chemoradiation wherein 47 of
200 patients were treated with capecitabine radi-
ation with dose escalation to a biologic effective
dose of >70 Gy utilizing a simultaneous inte-

grated boost technique, motion management with
an inspiration breath-hold technique, and daily
image-guided (computed tomography) radiation
therapy (IGRT). The authors demonstrated a
17.8 month vs. 15.0 month OS advantage for the
dose-escalated patients as well as an improved
regional recurrence free survival (10.2 vs.
6.2 months [P = 0.05]). Chung SY et al. also
demonstrated that patients who received higher
doses of radiation therapy (EQD2 > 61 Gy) even
after propensity matching had improved OS,
improved PFS, and improved local failure rate
with similar toxicities to standard chemoradia-
tion doses [12].

In addition to dose escalation, an emerging
treatment in the realm of radiation therapy is ste-
reotactic body radiotherapy (SBRT). A recent
study in Cancer reviewed the survival impact of
SBRT on unresected, nonmetastatic pancreatic
cancer. A National Cancer Data Base (NCDB)
review revealed that prior to matching, median
survival for chemotherapy alone was 9.9 months,
three-dimensional standard dose fractionated
external beam radiation therapy (EBRT) was
10.9 months, intensity modulated radiation ther-
apy (IMRT) was 12 months, and SBRT was
13.9 months. In separate matched analysis, SBRT
was superior to chemotherapy alone (log rank
P < 0.0001) and ERBT (log rank P = 0.180).
After matching, survival did not differ between
IMRT and SBRT (log rank P = 0.0492)[13].
Proponents of SBRT cite the advantages of being
able to deliver the therapy in 3-5 days, without
the requirement of concurrent chemotherapy and
with tumor control that is equivalent to, or per-
haps better, than standard chemoradiotherapy
[14]. Further dose escalation using SBRT or
IMRT with a simultaneous integrated boost may
improve outcomes, especially with the addition
of evolving MR-guided radiation techniques. The
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unknowns with this emerging therapy include (1)
the safety of vascular resection and reconstruc-
tion following SBRT and dose intense IMRT and
(2) local-regional control, as radiation fields are
currently not standardized and often, in an effort
to reduce morbidity, not designed to include
nodes and perineural tissue that are frequently
positive in borderline resectable and locally
advanced cases.

While it is true that systemic chemotherapy
continues to evolve/improve and chemoradiation
via IMRT and SBRT techniques with/without
dose escalation results in improved OS for
patients with LAPC, it is clear that chemotherapy
alone and chemoradiation alone have not resulted
in long-term (>2 year) survivors. Patients with
LAPC whose tumors progress on first-line che-
motherapy have three options: (1) switch chemo-
therapeutic agents, (2) participate in a clinical
trial, or (3) best supportive care. However, those
who show treatment response after 4-6 months
of chemotherapy, defined as less pain, improved
performance status, drop/normalization of cancer
antigen 19-9(CA 19-9), and stable or shrinking
primary tumor, are the subset of patients with
favorable biology where folding in a local ther-
apy may play an important role in OS. Autopsy
series show that nearly one third of patients die of
locally destructive disease progression rather
than metastatic disease [15]. There is also evi-
dence that local control, or at least delay in local
progression, is paramount to both preventing dis-
ease progression and improving OS [16].

Our pancreatic cancer group has taken the
discussion of the best treatment algorithm for
LAPC one step further. We recently described
two categories of LAPC — type A and type B
(Table 10.2). These categories were created
based on discreet anatomic definitions with vary-
ing probabilities of completing all multimodality
treatment (neoadjuvant chemotherapy plus
chemoradiation, followed by surgical resection).
LAPC type A was defined as SMA involvement
that was >180° but <270°; celiac axis involve-
ment that was >180° of the vessel, but not touch-
ing the aorta and with a viable option for
resection with/without reconstruction; and>180°
involvement of the CHA with extension to the

Table 10.2 Staging of locally advanced pancreatic
cancer

Vascular
structures, any
of which, can
determine the
stage of PC | Locally advanced PC
Type A Type B
SMA >180°, but <270° >270°
encasement encasement
Celiac >180° but doesn’t | >180° and abuts/
extend to the aorta, | encases the aorta
resectable w/wo
reconstruction
Hepatic >180° and extends | >180°
artery to celiac but encasement and
reconstructable extends beyond
bifurcation of
proper into right
and left HA
SMV/PV Occlusion but Occluded, can’t
reconstructable reconstruct

PC pancreatic cancer, SMA superior mesenteric artery,
SMV/PV superior mesenteric vein/portal vein, HA hepatic
artery

celiac axis, but still amenable to resection/recon-
struction and PV/SMV occlusion with an option
for reconstruction (Fig. 10.1). LAPC type B was
defined as SMA involvement >270°; celiac
involvement >180°, but involving the aorta;
CHA involvement from celiac axis to the level of
the bifurcation into the right and left hepatic
artery (presuming standard anatomy); and occlu-
sion of the PV/SMV without option for recon-
struction (Fig. 10.2). While resection of the PV/
SMV has become relatively commonplace
among high volume pancreatic surgeons, resec-
tion of visceral arteries carries an even higher
magnitude of risk and is not commonly done.
However, planned major visceral arterial resec-
tion can be performed safely with good out-
comes when done in appropriately selected
patients by experienced pancreatic surgeons.
Resection is also the backbone of definitive and
potentially curative therapy for LAPC. Arterial
involvement can be surgically treated in tw@ @o
ways (1) skeletonize the vessel and separate it
from the tumor, or (2) resect the tumor en bloc
with the involved vessel and reconstruct the ves-
sel. In regard to skeletonization, it is important to
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Fig. 10.1 Locally advanced type A pancreatic cancer: (a)
axial computed tomography (CT) image of tumor involv-
ing the celiac axis (CA), common hepatic artery (CHA),
and splenic artery (SA), (b) curved planar reformat CT

image of tumor involving the length of the CHA, and (c)
axial CT image of tumor abutting/distorting the superior
mesenteric vein (SMV). The tumor is considered type A
as it involves the celiac axis but remains resectable

Fig. 10.2 Locally advanced type B pancreatic cancer:
(a) axial CT image of a tumor that engulfs the celiac axis
(CA), as well as the origin of the common hepatic artery
(CHA) and splenic artery (SA), (b) axial CT image of
tumor engulfing the celiac axis to the level of the aorta,
(c) curved planar CT reformats illustrating extent of
involvement of SMA (>180°), and (d) coronal CT images

of tumor occlusion of the portal vein with associated cav-
ernous transformation (red arrows).This patient’s tumor
is considered type B due to aortic involvement and the
lack of a cephalad target for reconstruction of the portal
vein. (SMA superior mesenteric artery, SMV superior
mesenteric vein)
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Fig. 10.2 (continued)

note that visceral arteries are enveloped by a
perineural sheath. Tumors that involve this nerve
sheath often spread longitudinally through this
neural layer. Failure to recognize this fact can
result in R1 or even R2 resections and persis-
tence or early recurrence of disease. Conversely,
finding the natural plane that exists between the
arterial adventitia and the nerve sheath may
allow removal of the tumor without arterial
resection in some patients (Fig. 10.3). This dis-
section is enhanced by neoadjuvant chemoradia-
tion, not only making the plane between the two
more apparent but also sterilizing the periphery
of these tumors allowing RO margins even in the
presence of arterial abutment [17, 18]. One
caveat to the ability to skeletonize visceral arter-
ies for complete tumor extirpation is the morbid-
ity of doing so to the SMA. If this maneuver is
done to the SMA, the patient is at risk for rapid
gastrointestinal transit due to deinnervation of
the midgut as the autonomic nerves regulating
small bowel motility are divided/removed.
Patients can develop incapacitating diarrhea and
severe nutritional deficiencies requiring the use
of total parenteral nutrition and multiple anti-
motility agents. We therefore try to not 360°
skeletonize the SMA, and we do not advocate
SMA resection/reconstruction (in addition to the
risk of intestinal ischemia if the graft occluded)
for pancreatic cancer. If a tumor encases the
entire circumference of an artery, dissection will
require cutting through the tumor to reach this
peri-adventitial plane which is oncologically

Fig. 10.3 Intraoperative photograph of a skeletonized
celiac axis with preserved left gastric artery (LGA), com-
mon hepatic artery (CHA), and celiac axis (CA). In this
patient, a distal subtotal pancreatectomy, en bloc splenec-
tomy, and complete microdissection of all nerve tissue and
surrounding nodes were completed. The splenic artery (SA)
has been ligated just past its origin at the celiac axis. (SMA
superior mesenteric artery, SMV superior mesenteric vein)

unacceptable at least at the present time. This
forms the basis for the designation of LAPC
Type A and B tumors; LAPC type A tumors can
be removed without cutting through the tumor,
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and the LAPC type B tumors would require tre-
mendous treatment response for this to ever be
the case.

In patients where the tumor has invaded or is
inseparable from the vessel, such as many pancre-
atic body tumors with celiac axis involvement,
resection of the celiac trunk is required. This
means that retrograde blood flow through the gas-
troduodenal artery (GDA) and the pancreatic
arcade must then provide hepatic arterial blood
flow through the proper hepatic artery (PHA) and
gastric perfusion through the right gastric and
right gastroepiploic arteries. We therefore prefer a
“supercharged” Appleby procedure consisting of
distal pancreatectomy, splenectomy, en bloc
celiac axis resection, plus reversed saphenous
vein interposition grafting between the celiac and
distal CHA before it divides into the GDA and
PHA (Fig. 10.4). Interposition grafting augments
hepatic and gastric blood flow and, we believe,
enhances gastric emptying. Supercharging theo-
retically prevents delayed gastric emptying result-
ing from “relative” gastric ischemia when the left
gastric artery needs to be resected with the celiac
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Fig. 10.4 Intraoperative photograph of a “supercharged
Appleby” illustrating a celiac axis (CA) resection with
reconstruction of the common hepatic artery (CHA) via
reversed saphenous vein interposition graft (RSVG). The
tumor was removed with a distal subtotal pancreatectomy,
celiac axis resection, and splenectomy. The celiac gan-
glion and all nerve and lymphatic tissue were removed en
bloc with the specimen. (SMA superior mesenteric artery,
SMYV superior mesenteric vein)

artery. A replaced right hepatic artery during an
Appleby procedure precludes the need for super-
charging the hepatic arterial flow but obviously
does not affect gastric perfusion. If the left gastric
artery is resected, gastric atony may occur in the
absence of a larger head of pressure in the right
gastric and right gastroepiploic arteries. Variations
in mesenteric arteries occur quite frequently, and
thus pancreatic surgeons dealing with LAPC must
be well-versed in the nuances of these variations
in addition to the technical challenges of the
“average” locally advanced case [19, 20].

Chemotherapeutic drugs are improving, radia-
tion delivery and dosages are more refined, and
surgeons have developed techniques to safely
remove these tumors from complex anatomic
regions. Utilizing the advantages of each treat-
ment modality (chemotherapy’s systemic effects,
radiation’s sterilization of the tumor periphery
and nodal basins and surgery’s removal of the
tumor) follows a logical paradigm utilized in
many other cancer disease sites (i.e., breast, rec-
tum, others) to maximize the chances of the
patient’s OS.

Our pancreatic cancer treatment algorithm at
the Medical College of Wisconsin in Milwaukee
consists of 4-6 months of chemotherapy, fol-
lowed by chemoradiation via a standard fraction-
ation preoperative IMRT technique targeting the
pancreatic head or body/tail and the primary
tumor, enlarged nodes, major vascular trunks,
and any visible perineural spread, followed by
surgical resection. Patients are restaged including
physical examination, tumor markers (Cal9-9,
carcinoembryonic antigen [CEA]), and axial
imaging at 2-month intervals, and proceed to the
next phase of care after multidisciplinary review,
provided they show clinical improvement in
terms of pain and performance status (PS), a sta-
ble or falling (preferred) Ca 19-9, and stable or
diminishing tumor size. Provided these things are
true, the patients are taken to the operating room
for diagnostic laparoscopy to rule out metastatic
disease followed by the same anesthetic resection
if no metastatic disease is found (Fig. 10.5).
Following this treatment plan, we found that
patients with type A LAPC had a 62% chance of
completing all treatments and had an expected
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Fig. 10.5 Treatment algorithm for LAPC employing
multimodality therapy starting with chemotherapy for
4-6 months, followed by chemoradiation, and finally sur-
gical resection. Restaging, which includes physical exam-

median OS of 55.6 months. Patients with type B
LAPC had a 24% chance of completing all treat-
ment and had an OS of 37.5 months in those with
treatment response who were successfully
resected. Taking both LAPC type A and B
together, median OS was 38.9 months for this tri-
modal approach to this advanced stage of disease,
which is nearly two to three times that of best
chemotherapy, or chemoradiation alone [21].
Separating these two stages also gives patients
and providers a probability for completion of all
therapy and sets realistic treatment goals for the
patient from the outset.

Summary

The management of LAPC is complex and still
evolving. Special expertise is required in each
phase of care. Careful delivery and management
of potentially toxic chemotherapy agents with the
necessary supportive care is essential as the first
phase of treatment. If successful, a smooth hand-
off following restaging imaging to radiation
oncologists skilled in preoperative or dose-
escalated radiation is essential. Image-based
treatment planning with accurate delineation of
the tumor and its extensions is pivotal to future
margin-negative surgery. Advanced treatment
planning and daily image-guided radiation
ensures that the complex plan is actualized.
Supportive care is necessary to sustain the patient
for future surgical intervention if restaging is
affirmative. Finally, evaluation for resection

ination, axial imaging (CT or MRI), and tumor markers, is
completed every 2 months and between modalities of
care. (Dx diagnosis, q every, wks weeks, chemo RT
chemoradiation)

requires a surgical oncologist with a complete
understanding of the complexities of the existing
anatomy and the necessary surgical skills to com-
pletely remove the tumor and its perineural
extensions, restoring the necessary blood supply
to the remaining upper abdominal organs. Skilled
care intraoperatively and postoperatively is
essential for full recovery, as is carefully planned
follow-up and surveillance. This comprehensive
team approach is essential to the exceptional
reported outcomes herein and can only be suc-
cessfully achieved in centers committed to this
series of interwoven and highly complex
treatments.
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Introduction

Pancreatic cancer is the fourth leading cause of
cancer death for both men and women in the
United States [1]. Despite aggressive multimo-
dality therapy, the 5-year survival rate remains
less than 8% [1]. The majority of patients (80—
85%) present with locally advanced and meta-
static disease [2]. Of these locally advanced
patients, approximately 30-40% present without
metastatic disease with a median survival of
I-year (9—13 months) and a 5-year survival of
<5% [2]. The definition of locally advanced pan-
creatic cancer (LAPC) is somewhat variable and
dependent upon surgeon, institutional practice
patterns, and response to neoadjuvant therapy.
Historically, tumors have been classified as unre-
sectable due to encasement or occlusion of the
superior mesenteric vein (SMV), SMV/portal
vein confluence, or direct involvement of the
superior mesenteric artery (SMA), celiac axis,
inferior vena cava, or aorta. These dictums, how-
ever, are evolving based on more effective neoad-
juvant therapies and more advanced vascular
reconstruction surgical techniques [3]. These
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patients are now approached initially with sys-
temic chemotherapy, given their propensity to
metastasize, and radiation is used selectively
based on response to chemotherapy, performance
status, and lack of distant dissemination [4, 5].
Even with systemic therapy, local progression in
the absence of metastatic disease remains a sig-
nificant problem. In LAP 07, local disease pro-
gression occurred in 32% of patients treated with
chemotherapy and radiation (chemo-RT) and
46% of patients with chemotherapy alone. This
improvement in local control was not associated
with any increase in grade 3 or 4 toxicity [6]. In
addition, isolated local/regional disease progres-
sion remains a primary cause of death in approxi-
mately one third of pancreatic cancer patients
studied at the time of autopsy [7]. These patients
die with symptoms of pain, fatigue, loss of appe-
tite, and weight loss. Additionally, failure to con-
trol the primary tumor not only increases
morbidity but may also increase mortality. In a
multivariate analysis of Murphy et al., local fail-
ure was an independent predictor of overall sur-
vival (OS), even when distant metastatic disease
was a covariate. This supports the premise that
local control or a delay in local progression is key
in preventing tumor progression and improving
OS [8,9].

It has been shown that standard radiation
(50.4-60 Gy) delivered with concurrent
chemotherapy continuous infusion 5-fluoroura-
cil (CI 5-FU), given as a palliative intervention,
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can improve the length and quality of survival in
patients with LAPC over observation alone [10].
Conventional single-agent chemotherapy and
concurrent low-dose radiation as a treatment for
LAPC are no longer considered the standard of
care [5, 11]. The emergence of more effective
systemic therapy, given prior to radiation, may
help to decrease the risk of failure outside of the
pancreas and make radiation more pivotal in
contributing to cure [4, 11]. Early studies using
radiation were compromised by suboptimal
doses, treatment planning and delivery methods,
and treatment duration. This swayed many clini-
cians away from the use of radiation for pancre-
atic cancer given the seeming lack of a survival
benefit compared with the toxicity. Though still
debated, the advent of contemporary advanced
radiation therapy technology allows for escala-
tion of radiation dose to much higher levels than
achievable historically with improved local con-
trol and acceptable toxicity [12]. Select patients
with unresectable pancreatic cancer may be cur-
able with high-dose chemoradiation if they do
not develop metastatic disease. Survival may be
improved by intensification of local therapy.
The best evidence for the impact of durable
local tumor control on survival comes from the
surgical literature: resection leads to a substan-
tial median survival benefit and cure in 20% of
patients. Similar outcomes can be achieved in
select patients with the use of carefully planned
dose-escalated radiation. Chemotherapy alone
is not a durable solution with a number of US
clinical trials using gemcitabine-based chemo-
therapy, without radiation, reporting median
survival durations of 9.1-9.9 months. In other
international trials combining chemotherapy
first followed by chemoradiation, these median
survivals increase to 12 and 14.3 months [13,
14]. Further escalation of radiation dose and
improvements in systemic therapy are needed to
reach more durable survival figures.
Considerable challenges remain, however, in
selecting the optimal patients and accomplish-
ing dose escalation in the upper abdomen which

involve both treatment planning and treatment
delivery.

Sequencing of Treatment
Modalities

Induction chemotherapy is favored prior to chemo-
radiation to address the high risk of micrometa-
static disease and provide early systemic
intervention. By excluding patients with rapid dis-
tant progression, induction chemotherapy selects
patients with LAPC who will benefit the most from
consolidative irradiation and spares those who will
not, the rigors of locoregional irradiation [5, 11].
There has not been an increase in toxicity from the
combination of up-front chemotherapy followed
by chemoradiation. Induction chemotherapy for
LAPC, prior to radiation, has traditionally con-
sisted of gemcitabine (Gem)-based regimens [5].
The LAP 07 trial evaluated Gem alone versus Gem
followed by radiation in patients with LAPC [6,
15]. In this trial, 442 patients were first randomized
to Gem alone or Gem plus erlotinib for 4 months.
Patients without progression (60%) were then ran-
domized to 2 additional months of chemotherapy
or chemoradiation (54 Gy/30 fractions). There was
no improvement in survival with the addition of
radiation following Gem (15.2 mo. vs. 16.5 mo.,
p = 0.83). Criticisms of this trial include the low-
radiation doses used in comparison to single insti-
tutional data, the off-protocol use of chemoradiation,
and the low rate of radiation protocol adherence
(32%) [16]. On secondary analysis, however,
chemoradiation was associated with decreased
local progression (32 vs. 46%, p = 0.3) [6]. In con-
trast to LAP 07, a phase III trial by the Eastern
Cooperative Oncology Group (ECOG) 4201
showed a survival advantage to the combination of
radiotherapy and Gem over Gem alone [17]. The
study was closed early because of slow accrual;
however, in the 74 patients enrolled, median sur-
vival improved from 9.2 to 11.1 months with the
addition of modest doses of radiation (50.4 Gy) fol-
lowing Gem (P = 0.017). The Selective
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Chemoradiation in Advanced Localized Pancreatic
Cancer (SCALOP) trial also revealed a survival
advantage for the addition of chemoradiation fol-
lowing chemotherapy [18]. This was a randomized
phase II trial where LAPC patients received 12
weeks of induction Gem plus capecitabine (Cape).
In those who responded, another cycle of chemo-
therapy was administered, and patients were then
treated with either Gem- or Cape-based chemora-
diation (50.4 Gy/28 fractions). Not all the 114
patients who were registered received the concur-
rent chemoradiation phase of the study. Median OS
was 14.6 months for those who were treated with
chemoradiation and 8.1 months for those who were
treated with chemotherapy alone. In the 74 patients
who were able to get chemoradiation, the median
OS was 15.2 months in the Cape arm and 13.4
months in the Gem arm, with more toxicity in the
Gem arm. Though not a primary endpoint, the
SCALQRP trial revealed a survival benefit for those
who received chemoradiation and also reinforced
the use of chemotherapy first to select responders
for local therapy. Key also to the success of the
SCALOQRP trial was a central review of a pre-trial
test case in which the contours of the planned radi-
ation tumor target as well as the radiation plan were
reviewed for adherence to protocol guidelines. A
later update to the SCALOP trial continued to show
improved outcomes with the Cape arm.
Additionally, a CA19.9 < 46 after induction che-
motherapy predicted improved OS and progres-
sion-free survival (PFS) in those receiving radiation
and may help to select those patients most likely to
benefit from the addition of radiation [19]. A phase
IIT clinical trial for patients with metastatic disease
has demonstrated that the multidrug regimen
FOLFIRINOX (fluorouracil, oxaliplatin, leucovo-
rin, and irinotecan) was statistically significantly
superior to Gem with respect to response rate
(31.6% vs.9.4%), PES (6.4 months vs. 3.3 months),
and OS (11.1 months vs. 6.8 months) for patients
with metastatic disease [20]. This drug combina-
tion is now used in the neoadjuvant setting for
patients with resectable and borderline resectable
pancreas cancer [21-23] and prior to radiation in
patients with locally advanced disease (50.4 Gy)
with excellent outcomes [22, 24, 25].

Radiation Treatment Planning
Simulation

Radiation treatment planning begins with simula-
tion. Patients are typically simulated near the end
of their course of systemic chemotherapy. It is
important for them to maintain a stable body mass
(weight) in the interval from simulation through
the end of radiation to have consistent absorption
of the planned radiation throughout its course.
Weight gain can lead to underdosage of the radia-
tion targets, and weight loss can lead to overdos-
age to the normal organs within the radiation
fields. This can be especially problematic for the
kidneys, spinal cord, and bowel. Patients should
be NPO for at least 2—4 hours prior to simulation
and treatment. If they have delayed gastric empty-
ing, even longer periods of fasting may be required
as may the addition of motility agents to promote
gastric emptying. A small volume of oral contrast
(~ 8 ounces) should be ingested prior to simula-
tion to define the stomach and duodenum. The
second portion of the duodenum can be difficult
to see even with ingestion of oral contrast. At
some institutions, water is used instead of oral
contrast to distend the duodenum. Patients will
also ingest this each day before treatment to push
the outer wall of the duodenum further from the
pancreas. Intravenous contrast is essential for
CT-based planning as it helps to define the vessels
that are often intimately related to the pancreatic
tumor and also helps to define the tumor within
the pancreatic tissues. It also helps to localize any
suspicious lymph nodes. If IV contrast adminis-
tration is not feasible at the time of simulation, the
diagnostic CT scans can be fused with the radia-
tion planning CT scans to facilitate contouring of
the tumor and its extensions. Simulation can also
be done using MR rather than CT images and
improves visualization of tumor and its exten-
sions [26]. This will be discussed in the Imaging
and Radiation Targets section. For dose escalation
patients, the essentials include respiratory motion
management, NPO status prior to simulation and
treatment, MRI simulation in the treatment posi-
tion, accurate target and OAR delineation, and
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daily image guidance with good soft-tissue reso-
lution. This may lead to improved outcomes for
this challenging disease presentation [26, 27].

Motion Management

Radiation of the upper abdomen is challenging
due to the inherent motion within the abdominal
cavity. This motion comes from the diaphragms,
which move with respiration, as well as bowel
motility, stomach/duodenal peristalsis, and other
random motion. Motion control is important as it
allows for margin reduction and dose escalation.
Methods to control for motion can include immo-
bilization and abdominal compression devices as
well as respiratory gating or breath-hold tech-
niques or tracking of key structures [28]. The first
step in controlling motion is immobilization at
the time of simulation and at each treatment. This
can include body molds (Alpha cradles, full body
vac fix, etc.) and compression belts which limit
abdominal wall movement [27]. Additionally,
controlling PO status prior to simulation and
daily radiation treatments can also lead to more
reproducible onboard imaging. An enlarged
stomach can move the pancreas as well as the
nearby vessels [29]. Another key step is measure-
ment of respiratory motion which is considerable
in the upper abdomen. The most significant
motion is in the superior-inferior direction, fol-
lowed by the AP direction, with very little lateral
motion [30]. With free breathing, this has been
reported ranging from 2 mm to over 20 mm and
can be inter-fractional as well as intra-fractional
[31, 32]. Four-dimensional computed tomogra-
phy (4DCT) and 4D MRI are used to measure
this motion and to plan gated and other motion-
managed treatments. Gated treatment provides
reconstruction of 3D scans at various phases in
the respiratory cycle. Sorting of these images fol-
lowing simulation will provide the optimal
phases for contouring and treatment. Both free-
breathing and breath-hold images can be obtained
at the time of simulation with both MR and CT. If
superior-inferior motion is >8 mm, gated treat-
ment delivery is required [33]. Typically, gated
treatments are given using the 50% (end expira-
tion) phase of the breathing cycle. The pancreas

can move as much as 2-3 cm from inspiration to
expiration. The motions of the pancreatic head,
body, and tail are all different. The celiac and
superior mesenteric arteries move less than the
pancreas [29]. Taniguchi et al. found that duode-
nal dose was higher if patients were treated on
the inspiratory rather than the expiratory phase of
respiration. They concluded that expiratory gat-
ing may be preferable to inspiratory breath-hold
or free-breathing strategies for minimizing risk to
the duodenum [34]. Cine MRI has also been used
to measure this motion with similar finding to
4DCT. The end-exhale position (50%) was the
most stable position in the breathing cycle, and
tumors spent the most time in this position [28].
Future use of MR-guided radiation will give a
more complete understanding of intra- and inter-
fraction motion, with MR imaging throughout
each entire radiation fraction. Currently, a daily
CT image is obtained prior to each radiation
treatment. This real-time verification, known as
image-guided radiation therapy (IGRT), is essen-
tial for executing radiation with tight margins and
high doses.

Imaging of Pancreatic Cancer

It is very important to correctly identify the pan-
creatic tumor and its extensions when planning
dose-escalated radiation. This is especially true
given the tight margins that necessarily accom-
pany a dose escalation strategy. Traditionally, this
has been done using contrast-enhanced CT imag-
ing. Pancreatic tumors usually are hypo-
attenuating with ill-defined borders. CT has
limitations in identifying pancreatic tumors
within the pancreatic parenchyma, and often
times the borders of the tumor may blend imper-
ceptively with the pancreatic parenchyma. Even
after contrast delivery, the Hounsfield unit differ-
ence between cancer and normal pancreatic tis-
sue is only 44 and 42, respectively. There may be
more of a difference in the Hounsfield units in the
center of the tumor where there may be a visible
hypodensity, but these differences diminish at the
periphery of the tumor with blending with the
normal pancreas [35]. Five to 14% of pancreatic
cancers are isoattenuating [36]. Most of these are
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located in the head of the pancreas and can usu-
ally be detected with endoscopic ultrasound
(EUS) [37]. Godftrey et al. reported the use of tri-
phasic contrast-enhanced CT simulation with
bolus tracking for contouring of the pancreatic
gross tumor volume (GTV). They reported that
the later arterial and portal venous phases made
the GTV more conspicuous [38]. On comparison
of the maximal CT tumor dimensions with the
fresh gross specimen following surgery, Arvold
et al. found that 84% of patients in their series
had a tumor that was larger on gross specimen
analysis than on CT. Duodenal invasion was evi-
dent in 5% on CT but was found in 70% at the
time of specimen analysis. Duodenal invasion is
usually viewed as a contraindication to dose
escalation. An expansion formula for margin
added beyond the visible tumor on CT for con-
touring was suggested. Recognition of this dis-
parity between CT and the gross specimen is
especially important when tight margins of
2-3 mm from GTV to planning target volume
(PTV) are used for dose escalation strategies
[37]. Qui et al. confirmed the underestimation of
tumor size on conventional CT but a much more
accurate representation of maximal tumor dimen-
sion using 3D CT [39]. A similar underestimation
of tumor size was reported by Hall et al. when
comparing tumor size on MR to that found when
the pathologic specimen was evaluated [40].

Pancreatic tumors are known to be hypoxic,
which may be due to hypoperfusion. This has
been proven with intra-tumoral oxygen tension
measurements [41]. The dense fibrous desmo-
plastic stroma and relatively sparse vascularity of
most pancreatic cancers, which lead to hypoxia,
may explain the resistance to both chemotherapy
and radiation. When radiation is given in the set-
ting of hypoxia, the dose must be increased by a
factor of 2.5-3.0 to achieve the same degree of
cell killing in comparison to fully oxygenated
conditions. This hypoperfusion may make che-
motherapy unable to reach its target [42]. Park
et al. reported on the use of perfusion CT to pre-
dict tumor response to concurrent chemotherapy
and radiation. Patients with high pretreatment
K™ yalues, indicating higher intra-tumoral flow,
tended to respond better to chemoradiation than
those with lower values [43].

This is also the reason that even following
high-dose radiation, there may be little change in
size of these connective tissue-rich neoplasms
[44]. If there is going to be shrinkage, it may take
up to 12 weeks after radiation for this to be seen
[9]. It is also the explanation for the characteristic
imaging findings on contrast-enhanced MR and
CT. Normal pancreatic tissue typically demon-
strates maximum enhancement in the early/arte-
rial phase of contrast enhancement. The relative
hypoperfusion/non-enhancement of the pancre-
atic tumor in comparison to the normal pancreas
makes it most conspicuous during the early phase
of contrast enhancement [36].

The superior contrast resolution/tissue differ-
entiation of MRI may make this easier not only to
detect pancreatic cancer but also to more accu-
rately distinguish the tumor volume (GTV) from
the normal pancreas [45, 46]. Not only is post-
contrast MR imaging superior to CT for defining
the intraglandular extent of pancreatic tumors, but
there are other MR imaging sequences that are
very helpful for distinguishing normal glandular
tissue from tumor. The aqueous protein within the
pancreatic acini has high signal on T1-weighted
imaging and can be used to differentiate tumor,
which is dark, from normal parenchyma, which is
bright[47]. Inaddition, fluid sensitive T2-weighted
sequences allow for very high-resolution imaging
of the pancreatic duct and the ductal disruption
associated with pancreatic adenocarcinoma. The
duodenum is also bright on T2 and easy to differ-
entiate from the pancreas.

Functional imaging is also available with MRI.
Initial experience with diffusion-weighted imaging
(DWI) of the pancreas has been very encouraging.
Early investigations have yielded very high sensi-
tivity and specificity for the detection of pancreatic
cancer [48]. DWI is a very useful sequence for
evaluating pancreatic cancer because it is very sen-
sitive for detecting tissue that has relatively
restricted diffusion in comparison with the adjacent
normal tissue [46]. Pancreatic cancer has increased
cellularity and a higher nucleus to cytoplasm ratio
than normal pancreatic tissue. Therefore, the
Brownian motion of water is significantly reduced
compared to the adjacent normal pancreatic paren-
chyma. This results in higher signal in areas of the
pancreas displaying restricted diffusion and making
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it quite sensitive for the detection of pancreatic can-
cer [48]. Impeded or restricted diffusion results in a
low apparent diffusion coefficient (ADC) on ADC
maps and high signal intensity on DW MR images.
Free or unimpeded diffusion results in a high ADC
on ADC maps and low signal intensity on DW MR
images. Pancreatic cancer is usually associated
with low ADCs because of the presence of fibrosis
and increased cell density. Necrosis, which may be
a component of large tumors or which can occur
after treatment, is associated with increased ADCs
[49]. In addition, DWI appears to be quite promis-
ing for monitoring early treatment response/cell
death prior to a change in tumor size [43]. Decreases
in DWI signal can be correlated with treatment
response/cell death prior to a reduction in tumor
size and may be a more accurate way to assess
response than simply a change in size as available
with CT [50]. Some of the seeming lack of response
to treatment when using CT size criteria may, in
fact, be a result of the shortcomings of CT in
assessing response rather than the shortcomings of
the treatment. Cuneo et al. compared pretreatment
ADC parameters with CT and pathologic response.
They found a significant correlation between pre-
treatment mean tumor ADC values and the amount
of tumor cell destruction after chemoradiation.
Tumors with a low ADC mean value at baseline
responded poorly to standard chemoradiation [50].
These findings were confirmed by Dalah with
changes in pre- and posttreatment ADC correlated
with pathological treatment response following
chemoradiation [51].

Dynamic contrast enhancement (DCE) MR
perfusion imaging may also provide some prog-
nostic information regarding survival [52] and
treatment response [53]. In a recently published
study, higher perfusion values for the rate of
transfer of gadolinium-based contrast to and
from the extracellular space (K"") in pancreatic
tumors were correlated with better response to
anti-angiogenic chemotherapy. Considering that
tumor response to radiation therapy is dependent
upon tissue oxygenation for the generation of the
cytotoxic-free radicals, measuring tumor perfu-
sion may also yield important prognostic infor-
mation prior to initiating radiation therapy.

PET imaging has also been explored in the stag-
ing of pancreatic tumors and is now an approved

disease site for this test. PET imaging utilizes fluo-
rodeoxyglucose (FDG) which is a glucose analog
tagged with the fluorine-18 ('8F) isotope. FDG is
preferentially taken up by cells with high metabolic
activity such as pancreatic cancer. Changes in PET
activity may correlate and be a means to assess
tumor response after radiation [54]. FDG PET may
also be prognostic. In the series of Chang et al.,
patients with an SUV < 3.5 and/or SUV decline
>60% had significantly better OS and PFS than
those having none [55]. In the series of Schellenberg
et al., SUV max was an independent predictor for
OS and PFS [56].

Radiation Target Identification

Radiation to the upper abdomen must be deliv-
ered with careful planning and great accuracy to
adeptly irradiate the defined pancreatic tumor
volumes while partially avoiding the many nor-
mal organs which live in close proximity to the
pancreas. Significant progress has been made in
defining the treatment targets and shaping the
dose distribution to securely cover the areas that
need radiation and partially avoid the normal
adjacent structures. Advanced multi-planar imag-
ing used for radiation planning, including CT,
MRI, and PET scans, enables excellent target
definition, selective dose escalation to key parts
of the target volume, and reduction of the irradi-
ated volumes in the radiosensitive upper abdo-
men. This leads to better patient tolerance and
reduced complications [29]. Definition of the
gross tumor volume (GTV) and subsequent
determination of the best clinical target volume
(CTV) and planning target volume (PTV) margin
are pivotal. These margins are used to compensate
for the uncertainties in accurate GTV definition
on multi-planar images and for significant and
challenging organ motion in the upper abdomen.
Accurate tumor contouring as a part of treatment
planning is vital as contouring errors can result in
systematic underdosage of the target and/or pre-
ventable toxicity to the organs at risk (OAR).
Differences in interpretation of multi-planar
images can also lead to variations in contours,
even among experienced radiation oncologists
[57]. Yamazaki et al. reported significant inter-
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observer variation in a multi-institutional trial
where eleven radiation oncologists contoured the
GTYV using CT on two cases of LAPC. The ratio
of the largest to smallest contours was 9:3 for the
two cases, demonstrating significant inter-
observer variability [58].

A standardized pancreatic cancer protocol
abdominal MRI with and without intravenous
contrast should be used to stage, assist in treat-
ment planning, and monitor treatment response
for patients undergoing MR-based radiation.
Standardized approaches to MR simulation are
available for both 1.5 T and 3.0 T scanners [26,
27]. The three MR sequences utilized for con-
touring the radiation targets are T2 (duodenal

wall delineation), fat-suppressed T1 (normal
gland delineation), and late arterial phase post-
contrast, fat-suppressed T1 (tumor boundary and
lymph node delineation; e.g., tumor appears dark,
and lymph nodes appear bright) because these
sequences offer the best contrast resolution
between tumor and normal pancreatic paren-
chyma (Fig. 11.1a—c). Normal pancreatic tissue
is bright/high signal on T1-weighted imaging. A
pancreatic tumor appears as a hypo-intense or
dark area when surrounded by normal pancreatic
tissue on TIl-weighted imaging. A detailed
approach to MR-based delineation is provided
for both 1.5 and 3.0 T images [27]. Delineation of
the GTV on both CT and MR was performed by

Fig. 11.1 The three MR sequences utilized for contour-
ing the radiation targets are (a) T2 (duodenal wall delinea-
tion, yellow), (b) fat-suppressed T1 (normal gland
delineation, white), and (c) late arterial phase post-
contrast, fat-suppressed T1 (tumor boundary and lymph

node delineation, e.g., tumor appears dark, and lymph
nodes appear bright, red) because these sequences offer
the best contrast resolution between tumor and normal
pancreatic parenchyma
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a group of 12 international radiation oncologists
experienced in GI radiation oncology. A stepwise
process was identified that led to significant
agreement in the delineations between the par-
ticipants. Despite areas of agreement, displayed
on count maps, there were definite areas of dis-
agreement among the participants. The
MR-defined GTVs were smaller volume than the
CT-defined GTVs which could be helpful in the
setting of dose escalation [57]. Dalah et al. also
found inconsistencies in defining the GTV on
CT, PET, DCE-MRI, and ADC-DWI [59]. Some
of this can be due to image registration but it is
not recommended to use any of the functional
imaging studies for GTV definition due to inac-
curacies in defining the boundaries of these
lesions on these imaging series [27].

Radiation Plan Design

A trend toward treating only the visible tumor
(involved field radiation) rather than elective vol-
umes (large field radiation) has evolved for the
treatment of LAPC although there is still consid-
erable variation in the volumes treated [11]. In a
review of large field irradiation, which included
the primary tumor and surrounding pancreas as
well as the regional nodes, vs. treating the GTV
only with a limited margin (5—10 mm) without the
regional nodes, only 5% relapsed in the untreated
nodes, and local recurrences were reported in
17-49% which was similar to studies using only
large field irradiation. These high rates of local
failure were in series with doses <54 Gy [30].
One of the most comprehensive guides for LAPC
planning is a joint effort from the RTOG and
GERCOR [30]. In this summary, the recommen-
dation was to include the primary gross tumor
volume (GTV) and any enlarged lymph nodes
over 1 cm. Both IV and oral contrast were recom-
mended at simulation to best define the tumor and
its extensions as well as the adjacent GI tract. The
planning target volume (PTV) was recommended
to be 1.5-2.0 cm around the GTV in the AP and
lateral directions and 2.0-3.0 cm in the craniocau-
dal directions to account for motion. These mar-
gins could be reduced if motion was either

measured or controlled through the use of 4DCT
or respiratory gating. Prophylactic irradiation of
uninvolved nodes was optional and recommended
only to include the peripancreatic, SMA, and
celiac regions with the porta hepatis included only
for head lesions and the splenic hilum only for tail
lesions. Conventional fractionation was recom-
mended [30]. The UK SCALOP study was also
very prescriptive in defining the radiation vol-
umes. Patients underwent CT simulation with IV
contrast and drank 200-300 ml of water. The
GTYV consisted of the CT-defined tumor and any
node with short axis diameter > 1 cm. The PTV
included the GTV with a margin of 2.0 cm in the
craniocaudal directions and 1.5 cm in all other
directions. Prophylactic irradiation of the nodes
was not done. A radiotherapy atlas which defined
the appropriate way to contour both a pancreatic
head and body tumor, according to the protocol
guidelines, was available for participating radia-
tion oncologists to review prior to contouring par-
ticipating patients. Both the contours and the
radiation plan were then sent for central review
and the need for revisions communicated back to
the radiation oncologist. The development and
insistence of adherence to protocol guidelines was
a novel aspect of this important study [18]. In the
series of Ben-Josef et al. using intensity-
modulated radiation therapy (IMRT) and a simul-
taneous integrated boost (SIB) with full-dose
Gem, there was no elective lymph node irradia-
tion, and the CT-defined GTV was expanded by
1.0 cm to form the PTV. Active breathing control
was used to reduce breathing motion. Without
including the elective nodes, only 5% of patients
had peripancreatic node failures, and none
experienced a regional lymph node failure outside
of the 80% isodose line [9, 12]. The volume of the
PTV also correlated with toxicity with severe GI
toxicity >260 cc when given with full-dose Gem
[9]. Badiyan et al. used similar expansions
(GTV + 5-10 mm) and had PTVs ranging from
101 to 531 cm? [22]. Contrastingly, Ito et al. used
more traditional large fields covering the primary
tumor and the regional lymphatics. PTVs in this
series ranged from 357 cc to 1215 cc with a
median value of 555 cc. The total volume of the
PTV was significantly correlated to acute intesti-
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nal toxicity with the highest incidence of grade 3+
in patients with a PTV volume > 500 cc [60]. The
MD Anderson technique, “hypofractionation
using a stereotactic body radiation therapy
(SBRT) technique,” is described by Crane [13,
14]. This includes a SIB technique with three dif-
ferent PTVs that include a microscopic dose, a
SIB to the entire GTV, and a higher SIB dose to
the hypoxic center of the GTV in select tumors
optimally positioned away from the GI tract
(Fig. 11.2). The SIB to the entire GTV (67.5 Gy in
15 fractions or 70 Gy in 28 fractions) is treated
with a 0- to 5-mm PTV. A reduction of that vol-
ume by 10 mm is used to create the PTV to the
hypoxic center. The hypoxic center of the tumor
receives the higher dose of 75 Gy in 15 fractions
or 98 Gy in 28 fractions. Most of the time, the
tumor is too small, or the bowel is too close for
this central high dose to be given. The decision to
use 0 to 5 mm for the PTV of the high-dose SIB is
based on the proximity of the bowel. The micro-
scopic PTV is treated with a 15-mm margin on the
GTYV, celiac axis, and superior mesenteric artery.
The microscopic dose at the periphery is 37.5 Gy
in 15 fractions or 50.4 Gy in 28 fractions. They
begin the planning process with larger expansions

of the high-dose PTV and reduce these margins
rather than the total doses to achieve plans that are
within bowel tolerance. The decision between 15
and 28 fractions is made to maximize the GTV
coverage to the prescription dose. When the tumor
is <lcm from bowel, 28 fractions are always used
to spare the bowel and achieve the highest mini-
mum dose to the tumor. When the tumor is >lcm
from the bowel, they use 15 fractions. Bowel dose
constraints, with the inspiratory breath-hold gat-
ing and CT image guidance, are based on the
work of Kelly et al. [61]. They use a maximum
point dose of 60 Gy in 28 fractions and 45 Gy in
15 fractions for the stomach and descending duo-
denum. For the transverse duodenum and jeju-
num, they use a 10% lower constraint, 55 Gy and
40 Gy, because those structures are out of reach of
an endoscopic argon plasma laser procedure,
making the consequences of bleeding greater.
Using these constraints, they have not had a sig-
nificant bleeding event in 4 years [13, 14]. They
have also not seen any arterial or biliary compli-
cations at these doses, but they do exclude the
arteries from the ultrahigh dose volumes [14]. In
most SBRT series, the GTV is contoured with a
tight margin added (3-5 mm) to create the

Fig. 11.2 Simultaneous integrated boost (SIB) and
simultaneous integrated protection (SIP) in the treatment
planning of LAPC. This figure illustrates the proximity of
gastrointestinal organs to a pancreatic tumor. This patient
was treated with a dose of 70 Gy in 28 fractions to the
GTV and 98 Gy to the hypoxic center, using feedback-

assisted inspiration breath-hold gating and daily diagnos-
tic-quality CT imaging to verify stomach position. GTV
gross tumor volume, S stomach, J jejunum, D duodenum,
C colon, PV collaterals from an occluded portal vein.
(With permission from Crane Journal of Radiation
Research 57(S1):pi55, 2016)
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PTV. There is a great need for motion manage-
ment with these tight margins, or the GTV will be
underdosed. If a 4DCT is not available to evaluate
tumor motion during treatment planning,
Goldstein et al. recommend asymmetric expan-
sions of 1.0, 0.7, and 0.6 cm along the SI, AP, and
medial-lateral directions rather than 3-5 mm.
They also found that the biliary stents were not
reliable surrogates for the position of the GTV
during treatment with the stent and tumor motion
poorly correlated [44, 50].

IMRT

Radiation to the upper abdomen must be deliv-
ered with careful planning and great accuracy to
adeptly irradiate the defined pancreatic tumor
volumes while partially avoiding the many nor-
mal organs which live in close proximity to the
pancreas. Significant progress has been made in
defining the treatment targets and shaping the
dose distribution to securely cover the areas that
need radiation and partially avoid the normal
adjacent structures. As described, advanced
multi-planar imaging used for radiation planning,
including CT, MRI, and PET scans, enables
excellent target definition, selective dose escala-
tion to key parts of the target volume, and reduc-
tion of the irradiated volumes in the sensitive
upper abdomen. The success of IMRT is very
dependent on accurate target delineation and
treatment delivery [29]. The use of 3D image-
based conformal radiotherapy (3DCRT) has been
closely followed by development of intensity-
modulated radiation therapy (IMRT). IMRT is an
advanced version of 3DCRT that entails the use
of sophisticated computer-controlled radiation
beam delivery by varying beam intensities within
each beam portal to improve the conformity of
the dose distribution to the shape of the tumor
with associated avoidance of adjacent normal
organs. IMRT treatment planning is performed
using inverse treatment planning where the PTV
dose is specified as well as the allowable doses/
volumes to the adjacent normal organs. The com-
puter program then calculates a customized
intensity pattern to best meet the specified dose-
volume constraints for the PTV and normal

organs [36]. IMRT allows for a reduction in mor-
bidity as well as for dose escalation and is the
standard technique used for definitive irradiation
for LAPC [36].

Dose escalation is challenging as the normal
tissues adjacent to the pancreas are very dose sen-
sitive. IMRT along with daily image guidance can
allow for delivery of higher doses than 3D confor-
mal plans with better dose sparing of the adjacent
stomach, duodenum, bowel, and kidneys. Dose
can be escalated to pivotal portions of the tumor
while pulling dose away from the adjacent normal
organs such as the stomach and duodenum [62].
Bittner et al. provided a systematic review of
IMRT vs. 3D conformal radiation and found that
nausea, vomiting, diarrhea, and late GI toxicity
were significantly reduced with IMRT [63]. Prasad
et al. retrospectively evaluated 205 patients with
LAPC treated with IMRT (71 pts) vs. 3D-CRT(71
pts). 3D-CRT had significantly higher grade 2+ GI
toxicity (34%) vs. IMRT(16%) [64].

IGRT

In addition to accurate target definition, image-
guided radiation therapy (IGRT) is the process of
positioning the patient on the treatment table and
using onboard imaging to localize the tumor and
adjacent organs at risk before each delivered radi-
ation treatment. This allows for tighter margins
and also assesses and corrects for pancreatic
motion due to breathing and variable GI filling
and motility. IGRT is essential to IMRT [29].
During RT, the location and shape of the pancreas
vary significantly from day to day due to daily
setup variations and physiological changes [65].
This is also true for the closely positioned loops
of bowel. Singh et al. reported that due to the
large inter-fraction anatomical changes, the day-
to-day V80% (volume covered by 80% isodose
line) for the duodenum and non-duodenal small
bowel varied in the ranges of 30-100% and
1-20%, respectively [65]. IGRT based on soft-
tissue registration can address setup error and
these inter-fractional shifts [29]. Furthermore,
online adaptive RT (ART), where the radiation
plan is adapted to the daily target and organ posi-
tions, has the potential to fully account for these
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inter-fraction variations, including organ defor-
mation [32]. With the respiratory motion elimi-
nated/reduced by a respiration management
technique such as gating, the PTV margin can be
reduced from 1-2 cm to 0.3-0.5 cm by the use of
IGRT and/or online ART. Because the PTV often
overlaps with the duodenum and small bowel,
such a drastic reduction in PTV margin would
potentially reduce toxicities or allow RT doses to
be escalated to eradicate the bulk of the tumor
and improve treatment outcomes.

Radiation Dose and Dose
Fractionation: Targets
and Organs at Risk

The challenge of controlling pancreatic cancer
with radiation is the coexistence of tumor radiore-
sistance with the radiosensitivity of the surround-
ing duodenum and stomach [35]. High doses of
radiation are needed but must be expertly con-
trolled. Both standard fractionation and stereotac-
tic body radiation therapy (SBRT) have been used
for dose escalation. With standard fractionation,
the dose to the target can be elevated in compari-
son to the other adjacent structures at risk such as
the SMA, celiac axis, or adjacent pancreas with a
technique referred to as a simultaneous integrated
boost (SIB). This allows for dose painting based
on the volume of tumor present, with the higher
dose per fraction going to gross disease, and the
lower dose per fraction to microscopic disease.
This also affords a biologically higher dose to be
given over a shorter period of time to the gross
tumor. SBRT has been advocated as a better
approach than fractionated radiation allowing pre-
cise delivery of high doses to limited volumes over
1-5 fractions. SBRT has the advantage of a more
rapid treatment course and is typically given with-
out concurrent chemotherapy. This offers a wel-
come break for patients who have received months
of prior chemotherapy. The doses delivered are felt
to have a different method of cell kill than conven-
tionally fractionated radiation with an ablative
impact that is effective against radioresistant cells.
With these large fraction sizes, however, it is very
important to spare the adjacent stomach, duode-
num, jejunum, and colon. This has led to treatment

of the defined tumor (GTV) with a very tight mar-
gin of 3-5 mm. The accuracy of defining tumors
based on CT imaging has been previously ques-
tioned. There are also patients in whom lower-
dose palliative irradiation can be given with both
SBRT and other lower-dose, hypofractionated
approaches. This may be appropriate for frail
patients or those with metastatic disease but symp-
tomatic primaries. To date, the most common dose
fractionation for SBRT has been 660 cGy X 5. A
multi-institutional trial using this dose fraction-
ation has proven it safe, but local control and sur-
vival were not moved beyond that seen with
standard fractionation [66]. Treatment with stan-
dard fractionation (50.4 Gy: BED 10-59.47 Gy)
and low-dose hypofractionated SBRT (25-33
Gy/5 fractions: BED10-53.65 Gy) have led to lit-
tle or no chance of long-term tumor control or
median survival benefit [14]. A synthesis of SBRT
and SIB (“hypofractionation using an SBRT tech-
nique”) has been proposed by Crane as previously
described. This high- and low-dose inhomogene-
ity allows areas in the tumor abutting the GI tract
to receive a lower dose and those further away to
receive an ablative dose. It is unclear if it is the
fraction size or the total dose that improves out-
come. A BED 10 of 100 Gy is proposed as the
ideal for optimal tumor control, which is at least
twice as high as standard doses [13, 14].

Despite combinations of chemotherapy and
radiation, local control in addition to distant failure
continues to be a challenge for patients with
locally advanced unresectable pancreatic cancer.
Given the propensity for local failure, there has
been interest in improving outcomes in LAPC
through dose escalation. An analysis of recently
published data was performed to assess the useful-
ness of dose escalation [67]. Multiple series with
various dose fractionation schemes were analyzed
for a dose response. Inclusion in the analysis
required histologic/cytologic confirmation of
unresectable pancreatic cancer without distant
metastases. Only results published after 1997 were
included. Studies not reporting tumor response or
those combining conventional radiation schedules
with a large boost dose were excluded. Radiation
treatment was usually combined with different
chemotherapy treatments, yet due to the lack of
sufficient studies for separate analysis, no distinc-
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Response Rate vs BED for Patients of Advanced Pancreas Cancer
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Fig.11.3 (a) Tumor local control versus biologically effec-
tive dose for radiation therapy of advanced unresectable
pancreatic cancer. (b) Tumor response rate vs. biologically
effective dose for radiation therapy of advanced unresect-
able pancreatic cancer. The data are fitted with a modified

tion was made between the various agents. In
order to properly compare the data, a biologically
equivalent dose (BED) was calculated for each
trial based on the fractionation scheme and treat-
ment duration, using estimates for the radiobio-
logical parameters. Even though there was no
survival advantage with increasing the radiation
dose, the results reveal that there is a benefit of
increased tumor response with higher dose radia-
tion, as illustrated in Fig. 11.3. A BED >70 Gy cor-
related with improved response.

Clinical Series Using Dose
Escalation

Conventionally fractioned doses of radiation of
50-54 Gy must be considered palliative in LAPC
[30]. Dose escalation in the upper abdomen has
been approached with great care. The Groupe
Cooperateur Multidisciplinaire en Oncologie
(GERCOR) retrospectively evaluated 181 patients

linear quadratic (LQ) model. The points (pink star, green
star, and blue star) show the expected response for potential
dose escalation schemes. (For color version, see online at
www.practicalradonc.org) (With permission from Moraru
et al. Practical Radiation Oncology 4:16,2014)

with LAPC who were prospectively enrolled on
multiple phase II and III clinical trials and had
received chemotherapy for at least 3 months. In
patients without disease progression (128
patients), the treating physician determined
whether to continue chemotherapy or proceed
with chemoradiation to 55 Gy with concurrent
infusion 5-FU. The groups were balanced for ini-
tial characteristics and induction chemotherapy.
In the group receiving CRT vs. chemotherapy
alone, the progression and median overall sur-
vival times were 10.8 vs. 7.4 months and 15.0 vs.
11.7 months. The radiation in this trial was
advanced 3D conformal with contouring of the
targets (GTV and associated pancreas and regional
nodes) and organs at risk. Dose-volume histo-
grams were generated. Both initial large (45
Gy/25 fx) and subsequent boost fields (10 Gy/8
fx) were created [4]. This became the backbone
trial for the LAP 07 trial previously described,
which did not show a survival advantage for the
subsequent addition of radiation (54 Gy) follow-
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ing chemotherapy [6, 15]. Contrastingly, in a
phase III radiation first vs. chemotherapy alone
study, Chauffert et al. reported on 119 patients
with LAPC randomized to intensive induction
chemoradiation (60 Gy/30 fractions with concur-
rent 5-FU and cisplatin) vs. induction Gem with-
out radiation. Maintenance Gem was then given
in both arms. There was no survival advantage in
the radiation arm vs. chemotherapy alone arm
with median overall survivals of 8.6 and 13
months and a worse toxicity profile in the radia-
tion arm. Large radiation fields were used in this
study which included the primary and elective
nodes, and toxicity was problematic with concur-
rent cisplatin and 5-FU coupled with these large
volumes. This combination had never been tested
in a phase I or II trial first [68]. In another 3D
series, Ceha et al. treated 44 patients with unre-
sectable disease with doses of 70-72 Gy in a
phase II study using small volume treatment
(PTV = GTV + 1 cm) and no concurrent chemo-
therapy. GI toxicity included three grade 3, two
grade 4, and three grade 5 (fatal GI bleeding)
complications. In six of these eight patients, there
was also progressive local disease [69].

IMRT was used in a phase I/Il trial at the
University of Michigan, to escalate the dose from
50 to 60 Gy in 25 fractions delivered concurrently
with full-dose Gem (1000 mg/m2 weekly on
weeks 1, 2, 4, and 5 of radiotherapy) [12]. The
trial accrued 50 patients and demonstrated that
high-dose radiotherapy (55Gy in 25 fractions) can
be delivered safely with concurrent full-dose
Gem, with the use of IMRT. The rate of severe
toxicity (24%) observed at this dose compares
favorably with toxicities reported with other con-
temporary regimens. The median and 2-year sur-
vival in this trial (14.8 months and 30%,
respectively) was significantly better than histori-
cal controls (11.2 months and 13%, respectively)
[9]. High-dose radiotherapy also improved the
2-year local control from 38% (historical con-
trols) to 59%. Additionally, 12 of 50 patients
(24%) receiving high-dose radiotherapy were able
to undergo resection with good outcomes; 10
patients (83%) had RO resections, and 5 patients
(42%) had a major pathological response. The
median survival in these patients was 32 months.

The trial also confirmed that elective lymph node
irradiation is not required in this setting as only
the CT-defined GTV was treated with a 1.0 cm
margin with active breathing control [12].
Investigators at Washington University also
reported a favorable progression-free and overall
survival (13.9 and 23.1 months, respectively) for
25 patients with locally advanced disease and
seven with borderline resectable disease follow-
ing intensified IMRT radiation with 55 Gy in 25
fractions with full-dose gemcitabine. All of these
patients received induction FOLFIRINOX or
gemcitabine-based chemotherapy [22]. Chung
et al. also demonstrated that patients who received
modestly higher doses of radiation therapy (EQD2
of 61Gy), even after propensity matching, had
improved OS, improved PFS, and improved local
failure rate with similar toxicities to standard
chemoradiation doses. They used 3D conformal
techniques for the patients receiving 50.4 Gy/28
fractions (EQD2 49.56 Gy) and IMRT techniques
for the higher-dose patients: 57-58.42 Gy/20-23
fractions (EQD2 61 Gy) [70]. At MD Anderson,
Krishnan et al. highlighted the benefit of dose-
escalated chemoradiation following induction
chemotherapy. Of the 200 patients with LAPC
treated between 2006 and 2014, 47 had tumors
>lcm from luminal organs and were chosen for
dose-escalated IMRT and concurrent Cape to a
biologically effective dose (BED) > 70 Gy. The
choice of dose fractionation was determined by
evaluating tumor coverage vs. the proximity of
the stomach, duodenum, and jejunum. A more
fractionated and lower-dose regimen was used
when tumors were closer to GI mucosa with a
range of fractions from 5-39 with total doses of
50 Gy-70.4 Gy [62]. The authors demonstrated a
17.8-month versus 15.0-month OS advantage
(»p = 0.03) for patients who received a BED
>70 Gy as well as an improved regional recur-
rence-free survival (10.2 versus 6.2 months
[P = 0.05]) as compared to those with a BED
<70 Gy. With exclusion of patients with tumors
adjacent to bowel, they were able to achieve
median gross tumor volume (GTV) coverage of
96% of the prescription dose. Of note, with tumors
abutting the bowel, these high doses could also be
delivered, but the GTV coverage would necessar-
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ily be lower to meet the organs-at-risk constraints.
To date, the extent of GTV coverage with the pre-
scription dose does not appear to affect outcome
with GTV coverage as low as 70% in some
patients, but more data is forthcoming relative to
this cohort. For the 47 patients treated with tumors
>1cm from the GI tract, there was no difference in
median recurrence-free survival, time to local
recurrence, distant recurrence-free survival, or the
time to distant recurrence. There was no increase
in toxicity in the high-dose group. Higher dose
(BED) was the only predictor of improved OS on
multivariate analysis. There was a threefold
increase in overall survival at 3 years (31% vs.
9%) [13, 14]. Rudra et al. reported the first series
of patients treated with high-dose adaptive MRI-
guided radiation therapy from three institutions.
Thirty-six patients were treated according to insti-
tutional guidelines. On multivariate analysis,
BED >70 was predictive of improved OS even
after controlling for CA 19-9 at diagnosis and use
of induction chemotherapy (p = 0.045). In the
BED <70, OS was 8.8 months, while OS had not
been reached for the BED >70 [71]. These trials
demonstrate that intensification of local therapy
with the use of high-dose radiation and highly
conformal techniques can be delivered safely and
results in encouraging local control rates and OS.

A National Cancer Data Base (NCDB)
review of unresected, nonmetastatic pancreatic
cancer patient treated in the United States
revealed that prior to matching, median survival
for chemotherapy alone was 9.9 months,
external beam radiation therapy (EBRT) was
10.9 months, intensity-modulated radiation
therapy (IMRT) was 12 months, and SBRT was
13.9 months. In separate matched analysis,
SBRT was superior to chemotherapy alone (log
rank P <0.0001) and ERBT (log rank P =0.180).
After matching, survival did not differ between
IMRT and SBRT (log rank P = 0.0492) [72].
Petrelli et al. did a systematic review and pooled
analysis of 19 SBRT trials which included 1009
patients. The pooled 1-year OS was 51.6% in 13
trials. The median OS ranged from 5.7 months
to 47 months (median 17 months). The LRC rate
at 1 year was 72.3%, and severe adverse events
did not exceed 10%. LRC appeared to correlate

with the total SBRT dose and the number of
fractions [73]. A recent review of SBRT dose
fractionation schemes and outcomes is provided
by Rosati et al. [74].

Considerations for Doses
to Normal Structures

Duodenal toxicity is of concern when treating
unresectable pancreatic cancer and has often
restricted radiation dose escalation strategies due
to this intimately related organ. Similar chal-
lenges exist for the stomach and other portions of
the small bowel. Singh et al. characterized duo-
denal and non-duodenal small bowel organ
motion between fractions of pancreatic radiation
therapy by obtaining multiple weekly CT scans
during the radiation course. They concluded that
the duodenum may be more vulnerable than other
small bowel segments due to its attachments and
relative immobility. The duodenum is fixed to the
pancreas by the pancreatic duct and to the
gallbladder by the common bile duct. The liga-
ment of Treitz also positions the pancreas close to
the duodenum [65]. The mobile non-duodenal
small bowel may be less threatened by high doses
to large volumes than the relatively fixed duode-
num. Additionally, the presence of stomach acid
may also make the duodenum more vulnerable to
ulceration after radiation [61]. There is concern
over ulceration, bleeding, and even perforation
with high radiation doses. When there is duode-
nal invasion by tumor, the risk of perforation is
even higher and is considered a contraindication
to SBRT. There has been very little data on duo-
denal dose constraints. Huguet et al. suggest cau-
tion when doses approach 55 Gy [30].

The Quantitative Analysis of Normal Tissue
Effects in the Clinic (QUANTEC) review by
Kavanagh et al. presents useful consensus guide-
lines for small bowel dose-volume effects for
conventionally fractionated doses of the
45-50 Gy and suggests that the volume of the
small bowel irradiated to 15 Gy, Vs, should be
less than 120 cc. For SBRT, the absolute volume
of small bowel receiving >12.5 Gy in a single
fraction should be less than 30 cc with avoidance
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of circumferential coverage above that dose. For
a three- to five-fraction regimen, the maximum
point dose should be <30 Gy. For stomach, doses
of conventional fractionation of 45 Gy to the
entire stomach are associated with late toxicity in
5—7%. For SBRT, the volume of stomach receiv-
ing >22.5 Gy should be <4% or 5cc with a maxi-
mum point dose of <30 Gy [75].

In an effort to look for dose/volume correlates
of toxicity for both SBRT and conventional frac-
tionation radiation, Prior et al. performed modi-
fied linear quadratic (MLQ) based on iso-effective
dose calculations using duodenum/small bowel
dose-response data from reports whose fraction-
ation schedules ranged from 1.5 to 25 Gy/fx
[76]. Published duodenum/small bowel dose-
response data using a dose per fraction of 1.5—
25 Gy were converted to MLQ equivalent dose
in 2 Gy fractions (MLQED,) using parameters
obtained by modified Lyman model fitting.
Furthermore, a method of converting dose-
response data at one level of NTCP to another
NTCP level was also presented. It was concluded
that these converted dose-response data from
conventionally fractionated radiotherapy (CFRT)
and stereotactic body radiation therapy (SBRT)
reports were reasonably consistent with one
another in the range of 55-65 Gy.

There have been a number of retrospective
series that have evaluated duodenal toxicity when
treating upper abdominal malignancies. Three of
these are based on para-aortic irradiation from
the gynecologic literature. Verma et al. at MD
Anderson studied 105 patients who had para-
aortic IMRT with doses of 45-50.4 Gy to large
fields and sequential boost doses up to 60-66 Gy
at 1.8-2.2 Gy/fx. The 3-year actuarial rate of any
duodenal toxicity (>G2) was 11.7% with nine
patients with complications. The 3-year actuarial
rates of duodenal toxicity with V55 above and
below 15 cm?® were 48.6% and 7.4% (p = <0.1).
In recursive partitioning analysis, a V55 less than
13.94% segregated all patients with duodenal
toxicity. A V55 < 15c¢m? was recommended [77].
Xu et al. at Pittsburg reported no duodenal com-
plications in their 76 patients who received para-
aortic irradiation for gynecologic cancers. These
patients received 45-50 Gy to the entire para-

aortic region, and then SIB boosts to positive
nodes to 55 Gy at 2.2 Gy/fx. No patients in their
series had a V55 Gy > 15 ¢cm?, and two patients
had a V55 > 5cm?, and 7, a V55 > 1cm?® without
complications. They suggested careful editing of
the high-dose PTV from the duodenum and limit-
ing this overlap to 4-5 mm [78]. Poorvu et al. at
Brigham and Women’s Hospital also reported
their experience with para-aortic irradiation and
duodenal toxicity in 46 patients. These patients
received 41.4-65 Gy at 1.8-2.0 Gy/fx using a
sequential boost technique. There were no duo-
denal complications in their 6.5% incidence of
both acute and late GI toxicities [79].

There is also important data from the pancreas
radiation literature:

SBRT A dosimetric model of NCI Common
Terminology Criteria for Adverse Events (CTC)
v3.0 duodenal toxicity had been developed by
Murphy et al. using SBRT dose-volume data
from 73 pancreatic cancer patients treated with
Cyberknife [80]. This study reported an
association between 12-month actuarial esti-
mates of grade > 2 CTCAE duodenal toxicity
(including ulceration, stricture, gastrointestinal
(GI) hemorrhage, and perforation), dose-volume
parameters V10-V25, and the maximum dose to
1 cc of duodenum, D, .. This series used a single
fraction dose of 25 Gy which is no longer in use.
Bae et al. used a 45 Gy/three-fraction SBRT regi-
men for a number of abdominal tumors and sites
and found that Dmax was predictive of toxicity
with a recommendation to limit Dmax <35 Gy. A
pre-existing history of ulcers or cirrhosis can
lower the threshold for toxicity [81].

Conventional Fractionation Nakamura et al.
identified several dosimetric parameters that cor-
related with acute upper gastrointestinal toxicity
and upper gastrointestinal bleeding in 40 patients
with LAPC treated with 54 Gy/30 fractions with
low-dose Gem. For acute GI toxicity, a
V50 > 16cm? of the stomach was the best predic-
tor, and the actual incidence was 9% vs. 61%
above or below this threshold. For upper GI
bleeding, a V50 of >33 cm? of a composite stom-
ach/duodenum was the best predictor [82].
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Huang et al. reported dosimetric predictors of
GI toxicity in a group of 46 LAPD patients
receiving 36 Gy in 2.4 Gy per fraction and full-
dose concurrent Gem. The authors report a
12-month GI toxicity rate of 8% provided the
V5 < 45%. On multivariate analysis, the V25 Gy
and V35 Gy > 20% were the best predictors for
GI toxicity [83].

Kelly et al. reported on duodenal toxicity after
fractionated chemoradiation for LAPC. All
patients received neoadjuvant as well as concur-
rent chemotherapy. Of the 106 patients treated, 78
were treated with standard dose/fractionation of
50.4 Gy/28 fractions, and 28 received dose-
escalated radiation (IMRT) of 57.5-75.4 Gy/28—
39 fractions. Twenty patients had treatment-related
duodenal toxicities. On multivariate analysis, only
V55 > 1 ecm?® was statistically significant [66].

Cattaneo et al. treated 61 patients with an
altered fractionation regime half treated with
44.25 Gy/15 fx with an SIB to a tumor sub-
volume infiltrating the vessels to 48—58 Gy. The
other half received just the 44.25/15 fx. Only the
tumor and any suspicious regional nodes were
treated. All of the patients received chemotherapy
first and then concurrent chemotherapy. They
found that the stomach V20 was an independent
predictor of acute GI toxicity. For the duodenum,
they recommended aV40 < 16% and aV45 <2.6%
to limit both acute and late toxicity [84].

Liu et al. reported on 68 patients treated with
IMRT with an SIB approach with doses of 50, 60,
and 70-80 Gy in 15-20 fractions. On multivari-
ate analysis, a V45 of the duodenum was an inde-
pendent predictor for grade 2+ GI toxicity. A V45
of 0.5 cm® was the optimal threshold to predict
GI toxicity [85].

Role of Surgery in Initially Locally
Advanced Unresectable Disease

Even some patients with locally advanced can-
cers can essentially receive neoadjuvant dose-
escalated radiation and go on to margin-negative
resections in this setting [62, 86]. In the University
of Michigan Ben-Josef series, 12 of 50 patients
(24%) receiving high-dose radiotherapy were

able to undergo resection with good outcomes;
10 patients (83%) had RO resection, and 5 patients
(42%) had a major pathological response. The
median survival in these patients was 32 months.
They noted that residual imaging abnormalities
next to blood vessels before surgery often repre-
sented just fibrotic tissue. Additionally, the sur-
gery could be done safely after high-dose
radiation [12]. With similar doses of radiation,
Badiyan at Washington University also reported
that 10/32 (32%) patients underwent resection
and surgical resection was the only treatment fac-
tor which significantly impacted overall survival
(» =0.005). Two of the ten had a complete patho-
logic response and 9/10 had negative margins
[22]. In the MCW series of Chatzizacharias et al.,
total neoadjuvant treatment was given to 96
patients with LAPC (45 Type A, 51 Type B).
Forty-seven of the 96 patients (49%) were taken
to surgery, and 40 (42%) underwent resection.
Resected patients had a median overall survival
of 38.9 months [25].

Conclusions

Locally advanced pancreas cancer is a diverse
disease. Though the LAPQ7 trial did not confer a
survival benefit with the addition of modest dose
radiation, it creates an opportunity to seek further
truths in the treatment of this difficult disease.
Many questions remain. What features predict
for resistance to both chemotherapy and radia-
tion, and what features distinguish tumors with
the propensity to spread early and widely vs.
those that persist locally? What chemotherapy
agents could be better coupled with radiation,
and what radiation techniques could further
improve outcomes by increasing local control
and decreasing complications? Dose escalation
studies using contemporary image-guided radia-
tion may be an important therapeutic intervention
for select patients with LAPC. Precision medi-
cine with an investigation of biospecimens as
well as imaging studies (radiomics) might help to
predict which patients may benefit the most from
intensive local therapy following effective sys-
temic treatment.
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Introduction

Pancreatic cancer (PC) is a highly lethal malig-
nancy, and therapeutic advances over the last
decade have translated into a survival benefit
that can at best be characterized as modest.
Approximately 53,670 people develop exocrine
PC each year in the United States, and almost
all are expected to die from the disease [1]. PC
is expected to become the second leading cause
of cancer-related mortality in the United States,
second only to lung cancer in the next decade
[1]. In the absence of validated predictive bio-
markers to guide selection of therapy, clinical
trial design in PC, over the last several decades,
has defaulted to an “all-comers” approach. In
clinical practice, it is well known that the inher-
ent biology and response to treatment can be
quite varied among patients with PC, arguing
for their phenotypic/genotypic characteriza-
tion, and biomarker-enriched treatment
strategies.

B. George (X))

Division of Medical Oncology, Department

of Medicine, The Medical College of Wisconsin,
Milwaukee, WI, USA

e-mail: bgeorge @mcw.edu

© Springer Nature Switzerland AG 2019

Molecular Pathogenesis

A variety of precursor lesions have been described
in the pancreas. These include pancreatic intraep-
ithelial neoplasia (PanIN), intraductal papillary
mucinous neoplasms (IPMNs), and mucinous
cystadenomas (MCNs) [2]. PanIN gives rise to
conventional ductal adenocarcinomas, and they
are 13—-100-fold more common than those arising
from an IPMN or MCN [3]. IPMNs are macro-
scopically visible cystic neoplasms that arise in
the mucin-producing main pancreatic duct or one
of its branches, while MCNs are macroscopically
visible cystic neoplasms that do not communi-
cate with the pancreatic duct system.

A number of key experimental and epidemio-
logical observations suggest that PC is a genetic
disease: (i) a number of somatic alterations have
been recurrently identified in PC, and many of
these have also been identified in precursor lesions
[4-6]; (ii)) PCs are known to aggregate in some
families, and the genetic basis for a subset of these
has been well described [7-10]; and (iii) geneti-
cally engineered mouse models can recapitulate
the full spectrum of pancreatic carcinogenesis and
metastasis as seen in humans [11-13].

Historically, four major driver genes have been
described in the development and progression of
PC- one oncogene [KRAS] and three tumor sup-
pressor genes [CDKN2A, TP53, and SMAD4].
KRAS is thought to be constitutively activated in
92-100% of PC patients, whereas TP53, SMAD4,
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Table 12.1 Seminal next generation sequncing studies of PC

Publication

Author year

N Methodology

Discovery

Jones, S [16] 2008 24

Exome sequencing

Core set of 12 cellular signaling
pathways and processes

Collison, EA [18] | 2011 2

datasets

Transcriptomic profiling

(i) Three subtypes—classical,
quasi-mesenchymal (QM-PDA),
and exocrine-like

(ii) Prognostic value of subtypes

Biankin, AV [15] 2012 99

Whole genome sequencing,
CNV analysis

(i) 16 significant mutated genes

(i) Frequent and diverse somatic
aberrations in genes involved in axon
guidance (SLIT/ROBO signaling)

Moffitt, RA [19] | 2015 206

Transcriptomic profiling

(i) Basal and classical tumor subtypes

(i1) Normal and activated stromal
subtypes

(iii) Prognostic and predictive values
of the subtypes

Waddell, N [17] 2015 100

Whole genome sequencing,
CNV analysis

(i) Four subtypes—stable, locally
rearranged, scattered, unstable

(i) Predictive value of unstable
subtype to platinum-based
chemotherapy

Bailey, P [14] 2016 456

profiling

Whole genome sequencing,
deep exome sequencing,
CNV analysis, transcriptomic

(i) Four subtypes—squamous,
pancreatic progenitor, immunogenic,
and aberrantly differentiated
endocrine exocrine (ADEX)

(ii) Identified 32 recurrently mutated

genes grouped into 10 pathways

and CDKN2A have been reported to be inacti-
vated in 74-83%, 31-33%, and 35-75% of
patients, respectively [14—17]. While these indi-
vidual genes play a pivotal role in pancreatic car-
cinogenesis, the recognition that derangements in
multiple signaling pathways or cellular process
was required for pancreatic carcinogenesis was
the basis for early systematic attempts to identify-
ing core pathways and processes involved in PC
development [16]. Such attempts improved our
understanding of PC pathogenesis substantially;
however, the translated gain in therapeutic
improvement was modest at best.

The overall dismal outcome associated with
PCs, the lack of reliable predictive biomarkers to
guide therapy, and the significant inter-/intra-
tumoral heterogeneity emphasized the need for a
unique, “tumor-specific,” summative, biologic
footprint to offer consistent prognostic and/or
predictive information. Major advances in tech-
nology and bioinformatics have refined attempts
at generating ‘“‘expression signatures” or ‘“‘tumor
profiles” that reflect both tumor-specific geno-

typic and phenotypic information, in a granular
fashion. Large-scale attempts have been made to
generate genomic, epigenomic, transcriptomic,
and proteomic profiles of PC, with the goal of
identifying distinct prognostic and predictive sig-
natures; some of the key attempts have been
listed in Table 12.1. This chapter will attempt to
summarize some of the key efforts in this field, as
well as the opportunities and challenges of trans-
lating “OMICS” into routine clinical practice in a
way that improves the lives of our patients.

The Genomic Landscape of PC

In an attempt to characterize the mutational land-
scape of PC, the Australian Pancreatic Cancer
Genome Initiative (APGI) as part of the
International Cancer Genome Consortium (ICGC)
recruited and consented patients from partici-
pating institutions [17]. Whole genome sequenc-
ing and copy number variation (CNV) analysis
was performed on 100 PCs with an epithelial
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cellularity of >40% (n = 75), complemented by
cell lines derived from APGI participants (n = 25)
to an average depth of 65x and compared to the
germline (average depth 38x%). A total of 857,971
somatic point mutations and small insertions/
deletions were detected in the cohort; 7888 were
non-silent mutations in 5424 genes. The average
tumor mutational burden across the cohort was
2.64 per Mb (range 0.65-28.2 mutations per Mb).
Chromosomal rearrangements leading to gene
disruption were identified in genes well known to
be important in PC (TP53, SMAD4, CDKN2A,
ARIDIA, and ROBO?2) and new candidate drivers
of PC carcinogenesis (KDM6A and PREX2).

Based on patterns of chromosomal structural
variation, PCs were classified into four subtypes
as below.

1. Stable subtype (20% of all samples) where
tumor genomes contained <50 structural vari-
ation events and often exhibited widespread
aneuploidy suggesting defects in cell cycle/
mitosis. Prevalence of TP53 mutations was
slightly less than the rest of the cohort (61%
versus a mean of 70% across all samples),
while point mutation rates for KRAS and
SMAD4 were similar to the rest of the cohort.

2. Locally rearranged subtype (30% of all
samples) where a significant focal event
was identified on one or two chromosomes.
Approximately one-third of locally rear-
ranged genomes contained common focal
amplifications in KRAS, SOX9, GATAG,
ERBB2, MET, CDK6, PIK3CA, and PIK3R3
but at low individual prevalence (1-2% of
patients). The remaining local rearrange-
ments involved complex genomic events
such as breakage-fusion-bridge (n = 9) or
chromothripsis (n = 15).

3. Scattered subtype (36% of all samples) where
a moderate range of nonrandom chromosomal
damage and < 200 structural variation events
were detected.

4. Unstable subtype (14% of all samples) where
tumors exhibited a large number of structural
variation events (>200; maximum of 558); the
scale of genomic instability suggested defects
in DNA maintenance and thus a potential for

therapeutic response to DNA-damaging agents.
The majority of unstable tumors (10 of 14) fell
within the top quintile of the BRCA signature
[20]; further, the top quintile of the BRCA sig-
nature was associated with deleterious muta-
tions in BRCAI (n = 2), BRCA2 (n = 7), and
PALB?2 (n=2). The predictive value of this sub-
type was further reinforced when five patients
with unstable genomes and/or a high BRCA
mutational signature burden had excellent
responses to platinum-based chemotherapy,
while three patients who did not have these
characteristics (off-genotype) did not respond.

Evolution of PC

It has been proposed that PC develops in a step-
wise fashion, through a sequence of genetic altera-
tions, with a relatively gradual evolutionary
trajectory since these alterations are acquired inde-
pendently [4-6, 21, 22]. However, the identifica-
tion of clonally expanded precursor lesions that do
not belong to the tumor lineage and a clinical phe-
notype that demonstrates aggressive metastatic
potential argue against that theory [21, 23-26].
Notta et al. performed an in-depth analysis of over
100 whole genomes from purified primary and
metastatic PCs using novel informatics tools, with
a focus on DNA copy number (CN) changes, their
associated rearrangements from tumor-enriched
genomes, and mutational phenomena linked to
rapid tumor progression, to reconcile these dispa-
rate theories [27]. They concluded that (i) most
mutations accumulate when these tumors are still
diploid, suggesting that a prolonged preneoplastic
phase (assuming preneoplastic cells are diploid)
predates the onset of invasive disease and that CN
events are crucial for transformation; (ii)) CN
changes from chromothripsis appeared to be
clonal (suggesting that such events were sustained
early in tumorigenesis) and transformative; (iii)
some PCs may not progress through a linear series
of PanIN lesions; and (iv) If chromothripsis were
indeed the transforming event in some PCs, a sin-
gle event could confer a cell with both invasive and
metastatic properties, suggesting a short latency
period between invasion and metastasis.
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Transcriptomic Classification of PC
Collison Classification

The first systematic attempt at molecular classifi-
cation of PC was performed using gene expres-
sion profiling [18]. Intrinsically variable (standard
deviation >0.8) genes in two gene expression
microarray datasets (University of California San
Francisco data set and Badea et al. [28]) obtained
from resected PDA were identified. These two
datasets were merged to increase power using the
distance-weighted discrimination (DWD)
method [29, 30], and nonnegative matrix factor-
ization (NMF) analysis with consensus clustering
[31] was performed to identify subtypes of the
disease. This led to the development of a 62-gene
signature (PDAssigner) and identification of
three PC subtypes which were designated as clas-
sical, quasi-mesenchymal (QM-PDA), and exo-
crine-like. The classical subtype was characterized
by high expression of adhesion-associated and
epithelial genes, such as transmembrane protein
45B (TMEM45B), trefoil factor 1 (TFF1), and
mucin 13 (MUC13); the QM-PDA subtype had
high expression of mesenchyme-associated
genes, such as absent in melanoma 2 (AIM2),
glycoprotein méb (GPM6B), and 5’-nucleotid-
ase, ecto (NT5SE); and the exocrine-like subtype
had relatively high expression of tumor cell-
derived digestive enzyme genes, such as regener-
ating islet-derived 1 beta (REG1B), pancreatic
lipase-related protein 2 (PNLIPRP2), and cystic
fibrosis transmembrane conductance regulator
(CFTR). Further validation of the PDAssigner
gene expression in three additional published PC
gene expression datasets [32-34] also supported
these three subtypes.

When 19 human PC cell lines (publicly avail-
able) and 15 mouse lines (derived from geneti-
cally engineered TP53~'~ and INK4A~"-'® models
of PC) were analyzed using the 62 gene
PDAssigner, representatives of the classical and
QM-PDA subtypes were identified, but not the
exocrine-like subtype, raising the possibility that
the latter is an artifact of contaminating normal
pancreas tissue adjacent to tumor.

The Collison classification was found to have
both prognostic and predictive values. In a multi-

variate Cox regression model including stage and
subtype, the subtype was an independent predictor
of overall survival (p = 0.024) in the UCSF data set
(where clinical information was available).
Further, the QM-PDA subtype lines were more
sensitive to gemcitabine than the classical subtype,
while erlotinib was more effective in classical sub-
type cell lines demonstrating, perhaps, the predic-
tive value of the Collison classification.

Thus, for the first time, the Collison classifica-
tion demonstrated the feasibility of molecular
classification of PC with limited, but promising
prognostic and predictive utility.

Moffitt Classification

The complex interplay between tumor and stroma
has been described as a hallmark of PC, further
complicating attempts at elucidating its biology
and non-druggable phenotype. Stromal ablation
and reprogramming strategies have garnered tre-
mendous attention in the evolution of PC treat-
ment, validating the significance of stromal
characterization as a key component of molecular
classification [35-38]. Further, tumor material
from metastatic sites is often mixed with cell
types from the host organ, thus contributing to
the “background noise” that needs to be factored
in while evaluating gene expression profiling
data. Moffitt and colleagues attempted to over-
come these limitations by utilizing blind source
separation with nonnegative matrix factorization
(NMF) [20, 39, 40] to virtually micro-dissect pri-
mary and metastatic PC samples, thus generating
and validating two tumor-specific as well as stro-
mal-specific signatures [19].

NMF was employed to analyze gene expres-
sion in a cohort of microarray data from 145 pri-
mary and 61 metastatic PC tumors, 17 cell lines,
46 pancreas, and 88 distant site adjacent normal
samples using Agilent (Agilent Technologies)
human whole genome 4x44K DNA microar-
rays. These findings were validated utilizing
RNA sequencing data performed on 15 primary
tumors, 37 PC patient-derived xenografts (PDX),
3 cell lines, and 6 cancer-associated fibroblast
(CAF) lines derived from deidentified patients
with PC.
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Independent of normal and stromal factors, two
subtypes of PC, namely, “classical” and “basal-
like,” were identified. Patients with basal-like sub-
type tumors had a worse median overall survival
of 11 months (44% 1-year survival) compared to
19 months (70% 1-year survival) for those with
classical subtype tumors (p = 0.007), indicative of
the prognostic effect of this classification. These
subtypes and their prognostic value were indepen-
dently validated within the ICGC PC microarray
data set. Although basal-like subtype tumors had a
worse prognosis, patients with basal-like subtype
tumors demonstrated a trend toward better
response to adjuvant therapy (p = 0.072); among
these patients, adjuvant therapy provided a hazard
ratio of 0.38 (95% CI 0.14—1.09), while in patients
with classical subtype tumors, adjuvant therapy
was associated with a hazard ratio of only 0.76
(95% CI 0.40-1.43). All cell lines (p < 0.001), as
well as majority of metastatic samples (p = 0.002),
analyzed in this study were classified as “basal-
like,” suggesting that cell line models represent
only one subset of PC.

Consensus clustering divided tumor samples
into two stromal subtypes, namely, “normal” and
“activated”’; both signatures were absent in PC
cell lines, while many metastatic samples
expressed them at low levels suggesting that
these genes were not expressed by the tumor epi-
thelial cells. Patients with an activated stroma
subtype had a worse median survival of 15 months
and 60% 1l-year survival when compared to
patients with a normal stroma subtype (median
24 months, 1-year 82%) indicative of the prog-
nostic value of this classification.

Both “basal-like” and “classical” tumors were
found within both “normal” and ‘“activated”
stroma subtypes; “classical” subtype tumors with
“normal” stroma subtypes (n = 24) had the lowest
hazard ratio of 0.39 (95% CI 0.21-0.73], while
the “basal-like” subtype tumors with “activated”
stroma subtypes (n = 26) had the highest hazard
ratio of 2.28 (95% CI 1.34-3.87). Both classifica-
tions were independently associated with sur-
vival in a multivariate Cox regression model that
included tumor subtypes, stromal subtypes, and
clinical variables including gender, race, T stage,
N stage, margin status, adjuvant therapy, histo-

logical grade, and age (stroma
p =0.037, tumor subtypes: p = 0.003).

The investigators attempted to reconcile the
Collison classification with their subtyping utiliz-
ing the published exemplar genes for “exocrine-
like,” “classical,” and “‘quasi-mesenchymal”
subtypes and found that (i) Collison’s “classical”
subtype had a significant overlap with Moffitt’s
“classical” subtype genes (20/22); (ii) the “quasi-
mesenchymal” subtype appeared to be a mixed
collection of genes from Moffitt’s “basal-like”
tumor (6/20) and stromal subtypes (6/20), perhaps,
thus explaining the apparent mesenchymal-like
gene expression that was observed; and (iii)
Collison’s “exocrine-like” genes overlapped with
Moffitt’s genes representing the exocrine pancreas
(17/17); tumors in this cluster had an expression
indistinguishable from adjacent normal samples
from Moffit’s data set, suggesting background
contamination with adjacent normal pancreatic
tissue in Collison’s “exocrine-like” subtype.

In addition, by virtually excluding intrinsic,
organ-specific contamination and focusing on
tumor autonomous gene expression, the investi-
gators established that intra-patient tumor hetero-
geneity between primary and metastatic sites was
surprisingly low.

subtypes:

Bailey Classification

Bailey and colleagues performed a comprehen-
sive, integrated genomic analysis of 456 PCs
using a combination of whole genome and deep
exome sequencing, along with gene copy number
analysis to determine the mutational mechanisms
and genomic events relevant in pancreatic carci-
nogenesis. Further, RNA expression profiling
was used to define four subtypes (with distinct
histopathological characteristics and prognosis)
and the different transcriptional networks related
to them. The four subtypes identified were (1)
squamous, (2) pancreatic progenitor, (3) immu-
nogenic, and (4) aberrantly differentiated endo-
crine exocrine (ADEX).

The squamous tumors were characterized
by gene networks involved in inflammation,
hypoxia response, metabolic reprogramming,
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TGF-p signaling, MYC pathway activation,
autophagy, upregulated expression of TP63AN,
and its target genes as well as hypermethylation
and concordant downregulation of genes that
governed pancreatic endodermal cell-fate deter-
mination (PDX1, MNX1, GATA6, HNFIB, etc.).

The pancreatic progenitor class was defined
by transcriptional networks containing transcrip-
tion factors PDXI, MNXI, HNF4G, HNF4A,
HNF1B, HNFIA, FOXA2, FOXA3, and HESI as
well as gene programs regulating fatty acid oxi-
dation, steroid hormone biosynthesis, drug
metabolism, and O-linked glycosylation of
mucins. Apomucins MUC5AC and MUCI, but
not MUC2 or MUC6, were preferentially co-
expressed in pancreatic progenitor tumors and
were consistent with PC-associated IPMN clus-
tering within this class.

The ADEX class was a subclass of pancreatic
progenitor tumors and defined by transcriptional
networks that are important in later stages of pan-
creatic development and differentiation. The key
networks identified included upregulation of (i)
transcription factors NRSA2, MIST1 (also known
as BHLHAI5A), and RBPJL and their down-
stream targets that are important in acinar cell
differentiation and pancreatitis/regeneration and
(ii) genes associated with endocrine differentia-
tion and MODY (including INS, NEURODI,
NKX2-2, and MAFA).

The immunogenic class shared some of the
characteristics of the pancreatic progenitor class
but was associated with evidence of a significant
immune infiltrate. B-cell signaling pathways,
antigen presentation, CD4* T cell, CD8* T cell,
and Toll-like receptor signaling pathways were
associated with this subtype. Further, enrichment
analysis identified upregulation of genes associ-
ated with nine different immune cell types and/or
phenotypes. The upregulation of acquired tumor
immune suppression pathways in this subtype
inferred therapeutic opportunities with immune
modulators.

There was significant overlap between this
classification and Collison’s subtyping, specifi-
cally (i) QM-PDA (Collison) and squamous
(Bailey), (ii) classical (Collison) and pancreatic

progenitor (Bailey), and (iii) exocrine-like
(Collison) and ADEX (Bailey).

Epigenetic Classification

Aberrant DNA methylation is implicated in initia-
tion and progression of several cancer types [41,
42]; hypermethylation of CpG islands and pro-
moter regions is associated with transcriptional
silencing of tumor suppressor genes [43], while
hypomethylation is associated with overexpression
of oncogenes [43] and genomic instability [44].

In an effort to define the genome-wide pattern
of DNA methylation in PCs, Nones and col-
leagues captured the methylation profiles of 167
untreated resected PCs and compared them to a
panel of 29 adjacent nontransformed pancreata
using high-density arrays [45]. A total of 11,634
CpG sites associated with 3522 genes were sig-
nificantly aberrantly methylated in PC and seg-
regated PC from nonmalignant pancreas,
regardless of tumor cellularity. Pathway analysis
revealed that genes involved in key molecular
mechanisms including cell adhesion, hedgehog
signaling, stellate cell activation, TGF-f, integ-
rin signaling, and WNT/NOTCH signaling were
aberrantly methylated. Epigenetic alteration of
genes involved in stellate cell activation and
their putative role in modulating cross-talk
between the tumor microenvironment and tumor
cells indicated opportunities for new therapeutic
interventions. Further, deep sequencing revealed
that epigenetic inactivation of SLIT-ROBO sig-
naling in PC constitutes an important, alternative
mechanism to disrupting the axon guidance
pathway.

Hypomethylation of MET and ITGA2 was
found to inversely correlate with their gene
expression in patients with PC. The negative
prognostic impact of MET and ITGA2 overex-
pression as well as the fact that both MET and
ITGA?2 signals via CDC42, the key effector mol-
ecule that is normally suppressed by active SLIT-
ROBO signaling, is suggestive of the important
role of aberrant methylation in pancreatic
carcinogenesis.
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Integrated Analysis

The Cancer Genome Atlas Research Network
performed an integrated, multi-platform,
genomic, transcriptomic, and proteomic profiling
of 150 PC specimens, including samples with
characteristic low neoplastic cellularity [46].

Surgically resected PCs and matched germline
DNA from whole blood were identified from 150
patients with mostly stage I-III PC; four patients
with evidence of metastatic disease at diagnosis
were excluded from survival analyses. The
median follow-up of the remaining 146 patients
was 676 days, and 71 of these were alive at last
follow-up. The neoplastic cellularity ranged from
0% to 53% (median 18%) as judged by central
pathology review and was evaluated indepen-
dently using the ABSOLUTE algorithm [47].

This comprehensive analysis led to many cru-
cial findings [46], as summarized below.

1. Depth of sequencing was critical to the detec-
tion of mutations and somatic copy number
alterations (SCNAS) in low cellularity tumors,
stressing the need for deep sequencing of low-
purity samples to detect both clonal and sub-
clonal alterations.

2. Many previously identified driver genomic
alterations in PC were detected along with a
new driver gene, RREBI.

3. Germline and somatic mutations in the DNA
damage repair genes BRCA2, PALB2, and
ATM were observed in 8% of samples, thus
identifying a class of patients for whom
platinum-based chemotherapy and/or PARP
inhibition may provide therapeutic benefit.
This data also emphasized the putative value
of routine clinical testing for these germline
variants in patients with PC, even in the
absence of contributory family history.

4. 93% of PCs demonstrated a KRAS mutation,
and 60% of KRAS wild-type tumors harbored
alternative RAS-MAPK pathway-activating
alterations, highlighting the significance of
this pathway in this disease. Targetable
genomic alterations were detected in 6/10
KRAS wild-type tumors.

5. Molecular classification of PCs based on gene
expression into basal-like and classical sub-
types was independent of tumor purity; sam-
ples classified as exocrine-like (Collison)
QM-PDA (Collison), ADEX (Bailey), and
immunogenic (Bailey) correlated with lower
tumor purity. Among low-purity tumors, a
higher estimated leukocyte fraction was asso-
ciated with immunogenic subtype. Considering
only the high-purity samples, the squamous
subtype (Bailey) showed significant overlap
with the basal-like samples (Moffitt), while the
pancreatic progenitor (Bailey) and classical
(Collison) subtypes largely overlapped with
classical subtype defined by Moffitt. Thus,
high-purity tumors could be consistently clas-
sified into a basal-like/squamous group and a
classical/progenitor group, while the strong
association of immunogenic and ADEX or
exocrine-like subtypes with the low-purity
samples likely reflected gene expression from
nonneoplastic cells.

6. Analysis of protein expression with reverse-
phase protein arrays (RPPA) in high-purity
samples revealed prognostic subtypes, specifi-
cally, a group of tumors with improved
prognosis and elevated RTK and MTOR sig-
naling, suggesting a therapeutic opportunity.

7. Differential expression of the EVADR,
DEANRI, and GATA6-ASI long noncoding
RNA (IncRNAs) was associated with the clas-
sical subtype of PC.

Opportunities and Challenges

Robust and concerted attempts at molecular
classification of PCs have yielded a wealth of
data; however, there exists a chasm between
such data and routine clinical practice that needs
to be bridged rapidly. There are several hurdles
that need to be overcome: (i) the prognostic and
to some extent predictive utility of the various
classification schemes have been established,
but the “OMIC” platform of choice for transla-
tion into clinical practice remains unclear; (ii)
limited availability of tumor material for
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“OMICS”—in regular clinical practice, for
example there is limited tumor material avail-
able from endoscopic ultrasound (EUS)-guided
fine-needle aspiration (FNA) samples (in the
neoadjuvant setting) or core biopsies in the met-
astatic setting; (iii) cost—the cost of NGS may
not currently be justified by the limited treat-
ment options available and the existing insur-
ance reimbursement model; (iv) lack of robust
Clinical Decision Support (CDS) and bioinfor-
matic tools to reliably and effectively reconcile
“OMIC” data into clinically actionable “cap-
sules” for the practicing clinician; and (v) prag-
matic barriers to expedited “OMIC” profiling/
reporting, identification of actionable biomark-
ers, and enrollment in “personalized medicine”
PC trials [48-54].

On the other hand, the significant technologic
and bioinformatic advances that have been real-
ized over the past decade provide a glimpse of the
substantial promise of precision medicine in the
treatment of PC. Specifically, identification of (i)
substantial minority of patients with alterations
in DNA damage repair genes and their likelihood
of response to platinum/PARP therapy, (ii) RAS
wild-type patients with actionable somatic altera-
tions, and (iii) predictive “OMIC” profiles utiliz-
ing machine learning algorithms that may have
immediate relevance in the therapeutic landscape
of PC. Further refinement of the myriad “OMIC”
strategies that are in various stages of develop-
ment will likely transform the early detection,
screening, diagnostic, and therapeutic options for
this aggressive disease.
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Genetic Counseling
for Pancreatic Cancer

Jennifer L. Geurts

Genetic Counseling and Risk
Assessment

Genetic counseling and cancer risk assessment
are the process of identifying, educating, and
guiding individuals with a hereditary predisposi-
tion to cancer. Genetic counselors utilize pedi-
gree analysis, lifestyle risk factor information,
genetic testing, risk modeling algorithms, clinical
findings, and/or molecular profiling to provide a
comprehensive evaluation, including quantitative
risk estimates when feasible. This information is
then utilized by the treating providers to develop
a management plan for early detection, preven-
tion, risk reduction, and/or treatment of disease.
Importantly, notification and communication
tools for at-risk family members are included.
Patient education regarding the hereditary impact
of the condition is an essential element along
with psychosocial assessment of coping with the
information, which may result in referral to men-
tal health professionals when appropriate.
Recommendations on the essential elements of
genetic cancer risk assessment, counseling, and
testing have been outlined by the National Society
of Genetic Counselors [1]. Individuals with a per-
sonal or family history suggestive of an increased
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cancer risk should be referred for genetic assess-
ment per National Comprehensive Cancer
Network (NCCN) guidelines [2, 3]. Informed con-
sent prior to genetic testing should include the pur-
pose of the test, description of the genes being
analyzed, potential results, implications for medi-
cal management, reproductive risks and review of
the possible benefits, risks, alternatives, and limi-
tations of testing [1, 4]. While the process of risk
assessment often includes genetic testing, genetic
counseling is often beneficial to patients even
though genetic testing may not be completed.
Reasons for not pursuing genetic testing include
situations in which the patient is not the best can-
didate in the family to initiate testing, the testing is
not clinically indicated, financial considerations,
logistical barriers, fear of discrimination, and con-
cern for adverse psychological effects [5-8].

The genetic testing approach typically
involves an initial comprehensive evaluation in
the individual with cancer when possible.
Considering the numerous genes identified in
association with pancreatic cancer (PC), it is
reasonable to consider a large gene panel which
includes all the genes of interest, rather than test-
ing individual genes one by one. The gene panel
testing approach has been shown to be more
cost-effective, have faster turnaround times, and
increase mutation detection rates [9, 10]. Current
genetic testing strategies identify a germline
mutation in less than a third of suspected heredi-
tary cases [11-16]. The remaining two-thirds or
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more without a causative mutation are consid-
ered to have a familial form of the disease.
Familial pancreatic cancer (FPC) is defined as at
least two first-degree relatives with PC; some
authors are more inclusive and consider three or
more relatives of any degree in this classification
[17-19].

Although the NCCN provides breast/ovarian
and colon cancer-directed genetic guidelines, no
national guidelines exist which specifically
address criteria for genetic testing in PC. A cur-
rent study looking at individuals with PC and a
previous history of malignancy found that 23%
of germline mutation carriers did not meet NCCN
Hereditary Breast and Ovarian Cancer or Lynch
Syndrome test guidelines [20]. Recently, a large
study analyzing tumor and germline DNA in
advanced stage cancer found that 25% of PC
patients carried a germline mutation [21]. These
studies and others prompt consideration for
genetic evaluation of all patents with PDAC
(regardless of family history), due to newly rec-
ognized increased prevalence of germline muta-
tions, emerging gene directed therapies for
treatment, and options for early detection and
prevention of cancer in at-risk family members.

Even with the advanced technology of the
next-generation sequencing and its capacity for
uncovering substantial genetic heterogeneity in
PC, there is considerable missing heritability
which highlights the need for new gene discovery
in addition to novel genomic disease-causing
mechanisms (i.e., epigenetics). For unexplained
familial cases, there are significant challenges to
clinical management of at-risk family members.
In these cases, a Mendelian risk prediction model,
PancPRO, has been developed to determine
appropriate high-risk populations for targeted
screening [22]. The model was validated using
data from the National Familial Pancreatic Tumor
Registry and considers age and family history of
PC to predict development of the disease, in addi-
tion to the probability of carrying a mutation in a
susceptibility gene. Subsequent validation in an
Italian cohort showed that the tool is useful for
identifying asymptomatic individuals who may
benefit from screening for early detection of PC
[23, 24].

Criteria for PC screening have been developed
by the International Cancer of the Pancreas
Screening (CAPS) Consortium and more recently
the American College of Gastroenterology
(ACQG) [25, 26]. At this time, screening for PC is
reserved for high-risk individuals as defined by a
known hereditary cancer syndrome associated
with PDAC or those with a family history sug-
gestive of FPC. There is no clear consensus on
the optimal screening modality, although MRI
and/or EUS are considered preferable [27, 28].
Other considerations still debated include
screening interval, age to start/stop screening,
and management of abnormal findings [26].
Recommendations thus far have been based on
evidence of increased risk and expert opinion
rather than proven efficacy of screening. The
numerous experienced centers represented in the
CAPS Consortium, which is working to address
this lack of data, have established a multidisci-
plinary approach performing screening in the
setting of research protocols.

Hereditary Syndromes

PC is becoming more appreciated as a heritable
disease as approximately 10% of all individuals
with PC also have a first-degree relative with the
disease [29, 30]. Several autosomal dominant
inherited syndromes have been associated with
PC to a variable degree represented in Table 13.1.
The known syndromes display autosomal domi-
nant inheritance with reduced penetrance. The
most notable and earliest described associations
include hereditary breast and ovarian cancer
(HBOC) syndrome with a primary focus on the
BRCA?2 gene, melanoma-pancreatic cancer syn-
drome due to mutations in the CDKN2A gene,
and Peutz-Jeghers syndrome (PJS) which is
caused by SKT'11 gene mutations. Subsequently,
mutations in the mismatch repair genes (MLH1,
MSH2, MSH6, and PMS2) causing Lynch syn-
drome and additional DNA double-strand break
repair genes (BRCAI, PALB2, ATM) have dem-
onstrated an increased risk for PC development.
Each year, additional genes with varying degrees
of preliminary evidence are identified lending to
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Table 13.1 Syndromes associated with increased risk
for pancreatic adenocarcinoma

Relative

Condition Gene(s) trisk of PC
Peutz-Jeghers STK11 72x
syndrome
Melanoma-pancreatic | CDKN2A 13x-34x
cancer syndrome
Hereditary breast and BRCAI, 2x—10x
ovarian cancer BRCA2
syndrome
Other DNA repair ATM, PALB UNK
genes
Lynch syndrome MLHI, MSH2, |9%-11x
(HNPCC) MSH6, PMS2
Familial adenomatous |APC 4x—5x
polyposis syndrome
Li-Fraumeni syndrome | 7P53 UNK
Hereditary pancreatitis | PRSS/, 53x

SPINK1

UNK unknown

the growing list of PC predisposition genes. Due
to the variable phenotypic expressivity, these
syndromes are important to recognize as there
are associations other than PC which may impact
medical management implications for the
patient and/or their family. For unaffected at-
risk family members, modifications to general
population screening guidelines may be made
depending on the gene and cancer risk involved,
including initiation of screening at an earlier
age, use of alternative screening modalities, and
increasing frequency of screening [2, 3].
Although single inherited gene mutations pro-
duce a major effect on cancer risk, disease pen-
etrance is incomplete as there is considerable
inter-family variability observed due to underly-
ing genetic modifiers, environment, lifestyle,
and other unknown factors [31, 32]. For this rea-
son, individual risk estimates should consider
the gene mutation in combination with the pre-
sentation and phenotype of the cancers present
in the family.

Peutz-Jeghers Syndrome (PJS) Mutations in
the STK11 gene are the only known cause of PJS,
a hamartomatous polyposis condition character-
ized by mucocutaneous pigmentation and cancer

predisposition. In PJS the lifetime risk for any
cancer type is up to 93% with a PC specific risk
of 36% [33]. Due to the striking extra-pancreatic
findings, this condition is easily recognizable,
albeit rare occurring in anywhere from 1:8,300 to
1:280,000 live births [34]. In females, the risk for
breast cancer is approximately 54%, and ovarian
sex cord tumors with annular tubules are present
in almost all affected individuals [33, 34].
Gastrointestinal cancers as a whole are the most
common malignancy; additionally PJS polyps
occur throughout the gastrointestinal tract and
are a considerable source of morbidity [34].

Melanoma-Pancreatic Cancer Syndrome
Nearly all PDAC shows somatic inactivation of
the CDKN2A gene, supporting the role for this
gene in PC risk. The CDKN2A gene is an
important tumor suppressor which codes for
two proteins, p16 (INK4) and p14 (ARF), both
involved in cell cycle regulation. Germline
mutations in the CDKN2A gene are associated
with an increased risk for melanoma and PC.
This condition is also referred to as familial
atypical multiple mole melanoma-pancreatic
cancer (FAMMM-PC). Some individuals with
a CDKN2A mutation appear to only have an
increased risk for melanoma. In the setting of a
family history of PC and melanoma, the quoted
PC risk for CDKN2A mutation carriers is 17%
by the age of 75 [35]. However, this risk appears
to be strongly influenced by genotype, ethnic-
ity, personal risk factors, and family history of
PC [36]. Smoking in CDKN2A mutation carri-
ers appears to accelerate the risk for developing
PC and other smoking-related cancers [37].
Importantly, CDKN2A gene mutations have
been observed in families with only PC and no
melanoma [38]. Mutations in CDKN2A appear
to be the main susceptibility gene in Italian
families with PC [39]. In most other popula-
tions, the presence of melanoma in the family
history is a significant predictor of CDKN2A
mutation. In families with melanoma and PC,
the likelihood of a CDKN2A mutation is
11-40% [36, 40, 41].
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Hereditary Breast and Ovarian Cancer
(HBOC) Germline mutations in the BRCAI and
BRCA2 genes cause autosomal dominant
HBOC. This syndrome is primarily associated
with a high risk for breast cancer (50-80% life-
time risk) and ovarian cancer (20-40% lifetime
risk) development [42—44]. However, there are
also reports of a moderately increased risk for
melanoma, prostate, pancreatic, gallbladder/bile
duct, and colorectal cancer [43, 45]. Specific PC
risk estimates for BRCA2 carriers range from a
3.5- to 10-fold increased risk [45, 46]. The PC
risk in BRCAI has been reported to be slightly
less, around 2.5-fold increase over that of the
general population [47].

Recent estimates predict the prevalence of
BRCAI/BRCA2 gene mutations in the general
population to be 1:200 to 1:400 individuals. The
combined carrier frequency is 1 in 40 for the
Ashkenazi Jewish founder mutations: 185delAG
in BRCAI, 5382insC in BRCAI, and 6174delT in
BRCA2. These founder mutations may explain, in
part, the increased incidence of PC in Jews.
Approximately 6% of Ashkenazi Jewish individ-
uals with pancreatic cancer, unselected for family
history, are found to carry one of these founder
mutations [48].

Some consider the recently described PALB2
gene as part of the HBOC spectrum, as it is the
partner and localizer of BRCA?2 in the Fanconi
anemia-DNA double-strand break repair path-
way. Increased risk for breast cancer and PC is
associated with mutations in the PALB2 gene, but
the exact risks for PC have not yet been estab-
lished. The absolute risk for breast cancer in
women with PALB2 mutations appears depen-
dent on family history, with a 33% increased risk
for those with no family history of breast cancer
and a 58% elevated risk for those with a signifi-
cant family history of breast cancer [49]. Studies
of smaller, specific ethnic populations have sug-
gested PALB2 mutations are responsible for
0-4% of familial PC [50-54]. The relationship
between HBOC and PC represents an example
of how molecular genetics is beginning to pro-
vide insight on prognosis and precision thera-
peutics. Recently, several studies have reported
an overall survival benefit when DNA cross-

linking chemotherapy agents are used in BRCA-
associated PC [55, 56]. In addition, there is hope
for using these therapies in combination agents
such as PARP inhibitors which play an impor-
tant role in DNA break repair [57, 58]. When a
tumor is deficient in homologous recombination
due to BRCAI, BRCA2, or PALB2 mutations,
the addition of a PARP inhibitor leads to syn-
thetic lethality [59].

Ataxia-Telangiectasia Mutated (ATM) The
ATM protein is a member of the serine/threonine
protein kinase family and is involved in DNA
double-strand break repair. ATM is vital for
genomic stability and cell response to DNA dam-
age as it phosphorylates a variety of downstream
proteins, including TP53, BRCA1, and CHEK2.
Ataxia-telangiectasia is an autosomal recessive,
childhood-onset lethal disease associated with
progressive cerebellar ataxia, immunodeficiency,
and increased cancer risk. In the heterozygous
state, carriers of an ATM gene mutation have a
four-fold increased risk of cancer. The reported
carrier frequency of deleterious ATM variants in
the general population is 0.5-1% [60, 61].

Families with FPC have been identified as
having heterozygous ATM mutations; however,
an estimate of PC risk has not been established.
Various studies have identified heterozygous
germline ATM mutations in PC cohorts, compris-
ing 22-31% of the various hereditary gene muta-
tions discovered thus far [15, 16, 62]. It has been
estimated that carrying a single ATM mutation
confers up to a 60% cumulative risk of breast
cancer by age 80 in women and an increased risk
for prostate cancer in men [63-65]. Additional
cancer risks are unknown; this is an area of active
study.

Lynch Syndrome Lynch syndrome, also known
as hereditary nonpolyposis colorectal cancer
(HNPCC), is the most common hereditary form
of colon cancer. The population frequency of
Lynch syndrome is approximately 1:370 individ-
uals [66]. Lynch syndrome is caused by defects in
the mismatch repair (MMR) genes which lead to
tumor microsatellite instability (MSI). Lynch syn-
drome also confers an increased risk for extra-
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colonic cancer including, endometrial, ovarian,
stomach, hepatobiliary tract, urinary tract, small
bowel, and brain cancers. The pancreas-specific
cancer risk in Lynch syndrome is up to 4% by age
70 [67]. Mutations in the MMR genes are thought
to be an uncommon cause for inherited PC [68].
However, the recognition of this syndrome in PC
has become increasingly important with the
advent of immune checkpoint inhibition thera-
pies. Pancreatic tumors with deficient mismatch
repair have favorable response to this form of
immunotherapy [69].

Familial Adenomatous Polyposis Familial
adenomatous polyposis (FAP) syndrome is char-
acterized by numerous (100 s—1000 s) colonic
adenomas with a 100% risk for developing
colorectal cancer without prophylactic surgical
intervention. Extra-colonic risks include thyroid,
hepatic, duodenal, and pancreas cancer. Few
studies have addressed specific risk estimates for
PC; a single study of 197 FAP families suggested
a relative risk of approximately fourfold in this
population [70]. FAP is caused by mutations in
the APC gene and has an incidence of 1:6,000 to
1:13,000 live births [34].

Li-Fraumeni Syndrome Li-Fraumeni syn-
drome (LFS) is a highly penetrant, autosomal
dominant cancer predisposition syndrome caused
by mutations in the 7P53 gene. The TP53 gene is
a major tumor suppressor involved in many
important pathways for cell cycle control, apop-
tosis, and DNA damage repair. The gene is com-
monly mutated in somatic cancer tissue including
PC. The primary cancer risks in LFS include sar-
coma, leukemia, brain, and breast cancers, while
PC is only seen in approximately 1.3% of patients
[71]. Although LFS is considered a rare condi-
tion, the true prevalence may be as high as
1:5,000 to 1:20,000 with a frequency of de novo
mutation estimated between 7% and 20%
[72-75].

Hereditary Pancreatitis Hereditary pancreatitis
(HP) and cystic fibrosis (CF) are conditions which
predispose to PC. These conditions lead to diffuse
chronic inflammation and/or fibrotic changes in

the gland, which convey the increased risk for
cancer. Mutations in the PRSS/ or SPINKI genes
cause autosomal dominant HP, which displays a
reduced penetrance. The lifetime risk for PC in
this population has been estimated to be 40% and
may be exacerbated by cigarette smoking and
paternal inheritance of the disease [76, 77].
Mutations in the CFTR gene cause CF, an autoso-
mal recessive condition associated with extensive
pulmonary disease and pancreatic insufficiency
with a 5.3-fold increased risk for PC [78].

Future Directions

The advent of the next-generation sequencing
(NGS) technology has rapidly changed the under-
standing of hereditary risk for PC. Mutations in
the PALB2 and ATM genes were discovered by
NGS as contributors to FPC; subsequent larger
studies have confirmed their involvement as PC
predisposition genes [14-16, 51, 79, 80].
However, prospective and retrospective studies on
PC incidence in ATM and PABL?2 gene mutation
carriers has yet to be completed. This research
will be necessary to inform accurate cancer risks
and early detection strategies for this population.
The large amounts of data generated by NGS will
allow FPC researchers to interrogate multiple
genes involved in pathways such as the Fanconi
anemia pathway and ATM/MREI1 pathway.
These pathways have already produced candi-
dates for hereditary risk in breast and ovarian can-
cer, such as the NBN gene and others [81, 82].
Researchers from the Czech Republic studied the
NBN gene Slavic founder mutation c.657del5
(c.657_661delACAAA) in 241 unselected PC
case and identified a mutation frequency of 2.07%
which was significantly increased when com-
pared to noncancer controls [83]. Single individu-
als with an NBN mutation and PC have been
described in other NGS-based studies [15, 16].
The association between increased risk for breast
cancer and NBN mutations has been demonstrated
[84, 85]. Further research is necessary to clarify
the risk of PC in NBN gene mutation carriers.
Several candidate genes have been individu-
ally reported in isolated families, including
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BARDI, BUBIB, CPAI, FANCC, FANCG,
FANCM, PALLD, and RNASEL [15, 16, 86, 87].
NGS and other advanced technologies will likely
uncover several additional genetic factors of low
to moderate penetrance that may have an additive
effect on cancer risk. This polygenetic theory of
inheritance challenges the traditional model of
Mendelian genetics, where a single gene is
thought to be causative. In addition, discovering
and comprehending the effects epigenetics and
intronic variants will lead to a new framework of
understanding hereditary cancer in the future.
Real challenges lie ahead to determine penetrance
of these gene mutations and associated cancer
risks. Large registries comprised of clinic labora-
tories and university researchers will be necessary
to collect enough data to produce findings of clin-
ical significance. Public efforts currently exist
including PROMPT, ClinVar, and ENIGMA [88—
90]. In addition, the vast amount of tumor
sequencing currently underway will reveal infor-
mation hidden in the germline that will be impor-
tant to extract as it has implications to the patient
and family beyond targeted cancer treatments.
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From the time of initial diagnosis of pancreatic
cancer, proper nutrition is important for main-
taining an acceptable level of quality of life.
Nutrition therapy in pancreatic cancer focuses on
adequate intake of calories, protein, and fluids in
order to support strength and energy require-
ments. Nutrition interventions should be targeted
at minimizing side effects of adjuvant treatments
and helping patients prepare and recover from
surgery. Primary goals of dietary interventions
are to prevent or reverse malnutrition, maintain
scheduled course of treatments without delays,
navigate symptom management improving qual-
ity of life, enhance recovery after surgery, and
prevent or treat macro- and micronutrient
deficiencies.

Nutrition is an integral component of cancer
care from the day of diagnosis, throughout treat-
ments, extending into survivorship and end-of-
life. Nutritional and dietetic professionals merge
the science of oncology with the study of nutri-
tion. It is the responsibility of the Registered
Dietitian to manage nutrition-related symptoms
of cancer and its treatment-related side effects.
This is achieved by maximizing oral intake
through nutritional guidance and education.
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The Role of the Pancreas
in Digestion

In order for medical professionals to assess and
treat patients with localized pancreatic cancers, it
is imperative to understand the anatomy and
physiology of the pancreas and its role in diges-
tion. The pancreas comprised of two glands
merged together into one organ. The tail of the
pancreas is responsible for the endocrine func-
tion with the production of insulin, while the
head of the pancreas is largely responsible for the
exocrine actions.

The endocrine pancreas is composed of small
groupings of cells, called the islets of Langerhans.
Endocrine cells release hormones, primarily
insulin and glucagon, into the bloodstream which
help control blood glucose levels.

The normal flow of digestion starts when
food is carried from the mouth to the stomach
by the esophagus. In the stomach, digestive
acids made by the stomach begin to break down
the food. From the stomach, chyme (a thick
fluid mass of partially digested food and gastric
secretions) passes from the stomach directly
into the first part of the small intestine (duode-
num). In the duodenum, bile (which has been
made in the liver and transported by the com-
mon bile duct) is combined with enzymes from
the pancreas and enters the digestive system.
Partially digested foods travel from the duode-
num to the other parts of the small bowel, the
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jejunum, and ileum, where further digestion of
food occurs. The ileum empties into the large
intestine where water is reabsorbed and stool is
eliminated through the anus.

The exocrine pancreas plays an integral role
in the digestive process. The exocrine cells of the
pancreas are responsible for secretion of diges-
tive enzymes, electrolytes, and water into the
duodenum in response to the presence of chyme.
These exocrine cells release lipase, protease, and
amylase into a series of small pancreatic ducts
which drain into a large central duct. This main
pancreatic duct extends the length of the pan-
creas and drains fluid produced by the exocrine
cells into the duodenum via the common bile
duct at the ampulla of Vater. Pancreatic secre-
tions, intestinal secretions, and bile neutralize
stomach acid to raise the pH of the contents in
the duodenum which allows for improved diges-
tion. The digestive enzymes are essential for pro-
cessing food particles and fluids into smaller
molecules that can be absorbed in the gastroin-
testinal tract.

As a tumor of the pancreas forms, these
important functions can become hindered.
Tumors in the head of the pancreas can result in
pancreatitis, pain, and impaired release of diges-
tive enzymes, resulting in digestive problems
from the incomplete assimilation of food. When
tumors upset the endocrine function of the pan-
creas, insulin and glucagon production are
impaired potentially leading to the development
of diabetes. Sixty percent to seventy percent of
pancreatic cancer arise in the head of the pan-
creas [1]. Pancreatic cancers arise from the exo-
crine pancreas and account for 95% of pancreatic
cancers [2]. Often, patients are already display-
ing nutrition-related concerns upon initial diag-
nosis of pancreatic cancer. These symptoms can
range from jaundice, abdominal pain, weight
loss, poor appetite, malabsorption and bowel
changes, diabetes, and delayed gastric emptying.
Medical nutritional therapy combined with med-
ication management at initial diagnosis should
focus on maximizing calorie and protein intake
while minimizing symptoms.

Obtaining Initial Nutrition
Assessment

Nutritional screening and assessment are critical
components of care for cancer patients.
Malnutrition is common and has been shown to
be the cause of death in about 20% of patients
with cancer [3]. Unintentional weight loss is
common upon initial diagnosis of pancreatic
cancer. A percentage of weight loss greater than
5% 1is associated with a greater surgical site
infection rate, longer hospital stays, and
increased morbidity and mortality [4]. Over 80%
of pancreatic cancer patients report weight loss
at the time of diagnosis, and over a third of these
patients have lost greater than 10% of the initial
body weight [5]. Cancer-associated cachexia is a
severe disorder characterized by loss of body
weight with specific depletion of skeletal muscle
and adipose tissue. Cachexia is driven by a
pathologic process of increased nutrient need
combined with reduced food intake, metabolic
changes, elevated energy expenditure, and
excess catabolism and inflammation. It is also
associated with increased morbidity and mortal-
ity, decreased response to therapy, escalated use
of healthcare resources, and impaired quality of
life [6]. However, proactive nutritional risk
assessment is one way healthcare professionals
can minimize negative outcomes.

The Academy of Nutrition and Dietetics
(AND) utilizes the Nutrition Care Process (NCP)
which is a four-step process for professionals to
provide nutritional care to their patients [7].
Nutritional assessment is the first of the four
steps which guides professionals in a systematic
way to obtain and verify information needed to
identify nutrition-related concerns. After a thor-
ough assessment is completed, a nutritional diag-
nosis is assigned using standardized language to
categorize patient-specific nutrition-related prob-
lems. This nutritional diagnosis guides the pro-
vider through the last two steps of nutritional
intervention and monitoring and evaluation.

Nutritional screening and assessment parame-
ters include patient medical history, food intake
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history, biochemical data, medication review, past
allergies/intolerances, anthropometric data, and
focused physical examinations. The patient’s his-
tory and clinical diagnosis can be helpful to iden-
tify those at risk for malnutrition and inflammation.
The history obtained should include pertinent med-
ical and social information along with medications
and supplement usage. The clinician will interview
the patient and/or family member to obtain infor-
mation on meal and snack patterns, adequacy of
intake, food and nutrient tolerances, and barriers to
nutritional adequacy such as nausea, vomiting,
bowel changes, taste aversions, postprandial dis-
comfort, anorexia, and early satiety. Biochemical
data can be obtained through lab work and other
pertinent medical tests and procedures.
Anthropometric data includes current height and
weight in addition to weight changes within a spe-
cific time frame. Nutrition-focused physical exami-
nations embody a physical exam of muscle and
adipose stores as well as the patient’s oral cavity,
eyes, hair, skin, and nails. The data compiled can
direct dietetic professionals to determine the most
appropriate nutritional diagnosis with subsequent
interventions.

The Nutrition-Focused
Physical Exam

The nutrition-focused physical exam is a way for
nutrition practitioners to evaluate malnutrition in
a tangible manor. Tangible manifestation of fat
and muscle wasting helps classify the extent in
which patients will be able to recover from adju-
vant treatments, handle the demands of surgery,
and resume an acceptable quality of life.
Indications for performing the exam include crite-
ria on weight loss and changes in energy intake,
current diagnosis and chronic conditions, and pro-
cedures that place patients at high risk for malnu-
trition or nutritional deficiencies. Weight loss is
documented and evaluated as weight change over
time as a percentage lost from baseline. Hydration
status and other clinical findings, such as edema
and ascites, are taken into consideration when
evaluating weight changes. Energy consumption
is also reported as a percentage of consumption
compared to typical intake over time [8].

The nutrition-focused physical assessment is
composed of four main sections. Each site that
is examined is ranked from O to 3 indicating
extent of depletion (none to severe). Assessments
of muscle stores include an evaluation of the
muscle volume, as well as tone and functional-
ity. It is important to know the muscles of the
upper body are more susceptible to depletion
secondary to nutritional deprivation, while the
depletion of the muscles of the lower body may
be secondary to inactivity. Assessment of subcu-
taneous fat is completed in conjunction with the
muscle assessment. Loss of subcutaneous fat
suggests an energy deficit and may be assessed
by observing the areas where adipose tissue is
typically stored. Assessment of fluid status is
integral for several reasons. Fluid status must be
assessed as malnutrition often causes edema
related to oncotic pressure changes. In addition,
weight changes can be distorted from ascites
and/or edema.

In addition to the physical exam of the body,
the practitioner should also carefully inspect
parts of the body where high cell turnover
occurs such as the mouth, tongue, skin, and hair.
For example, the cellular turnover of the oral
cavity is 3-5 days; therefore, vitamin and min-
eral deficiency may manifest early in the lips,
tongue, gingival, or mucosa [9]. Other areas for
the practitioner to evaluate are the patient’s
eyes, skin, hair, and nails. Table 14.1 reviews
tips for evaluating specific areas of the body,
while Fig. 14.1 reviews the exact sites for
inspection.

Talking to the patient while performing the
physical assessment can provide you with
information pertinent to your findings. Take
into consideration the information already
obtained from the history and assessment not-
ing that no two body types are alike and changes
to physical composition can occur at different
rates and affect different body sites. Therefore,
asking the patient about the changes, they may
have been noticing in their own body, regard-
less of changes on the scale can help formulate
a more accurate physical assessment. This data
helps to guide nutritional therapy at the initial
visit while keeping in mind the upcoming
planned course of treatment.
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Table 14.1 Nutrition-focused physical exam tips for head-to-toe evaluation

Area of examination

Tips

Temporalis muscle

Usually one of the early signs of protein/calorie malnutrition
Pay close attention to the pit of the temple for depression

Orbital region

Feel for cavernous look and less spongy response to light palpations

Buccal fat pad

Note if patient is not wearing dentures or does not have teeth
Feel for sunken area between cheekbone and jawbone

Pectoralis major

Be certain patient is not slouching in chair or hunching forward
Clavicles are typically more visible in males than females

Note if you are able to scoop your fingers beneath the clavicle

Assess the amount of stringy muscle fibers directly above and below the
clavicle

Deltoid muscle

Pay attention to the degree of stringy striations around the base of the neck
Glide hand over clavicle and acromion process to feel for protrusion

Trapezius muscle

Have patient sit up straight and push against your hand
Evaluate for prominence of bones and depressions between them

Supraspinatus Have patient sit up straight and push against your hand
Evaluate for prominence of bones and depressions between them
Infraspinatus Have patient sit up straight and push against your hand

Evaluate for prominence of bones and depressions between them

Latissimus dorsi

Have patient sit up straight and push against your hand
Evaluate for visible and concave depressions between the rib bones

Thoracic/lumbar region

Have patient sit up straight and push against your hand
Evaluate for visible and concave depressions between the rib bones
Assess with a gentle pinch the fat store just above the iliac crest

Triceps

Arm bent into a 90° angle

Separate the muscle and fat by rolling fingers down the triceps area
Assess depth to the pinch for amount of fat mass

Men typically have less fat mass in this area than women

Interosseous muscle

Ask patient to make the “okay” sign with their forefinger and thumb
Palpate the bulge as they pinch and release
Notice indentations between the knuckles of the hand

Quadriceps muscle

Feel for wasting in each of the four muscle groups comprising the
quadriceps
The patient’s knee should be bent with their heel on the bed or floor

Gastrocnemius muscle

Grasp the calf to determine if bulbous muscle is present
To fully assess, you can ask the patient to flex and extend their toes

Edema/ascites

Press gently onto the ankle and chin bones and record how long it takes for
impression to resolve
Note how far the enema extends up the leg

Information adapted from Malone and Hamilton [10]

Nutrition Throughout
Chemotherapy and Radiation
Treatments

Chemotherapy and radiation are often used at
various times to treat localized pancreatic cancer
within the continuum of care. Each treatment
modality is accompanied by possible nutrition-
related side effects and fatigue which can com-
promise nutritional status. The nutritional goals

while undergoing these treatments are to mini-
mize nutrition-related side effects, reduce weight
loss and catabolism, and preserve strength and
energy to allow the patient to complete treatment
without delays.

Chemotherapy is a systemic therapy which
can affect cells throughout the entire body.
Chemotherapy targets fast reproducing cells.
Within the body, bone marrow, hair follicles,
mucosal lining of the oral cavity, esophagus,
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Fig. 14.1 Areas for inspection during a nutrition-focused physical exam

and GI tract are typically most at risk. Side
effects of chemotherapy vary depending on the
agent(s) used.

Radiation side effects may occur several
weeks into treatments and continue to manifest
for 2—4 weeks after treatment has completed.
Side effects from radiation are generally limed to
the specific site or treatment field but also include
generalized fatigue. Symptoms may include
decreased appetite, diarrhea, fatigue, nausea/
vomiting, and weight loss.

Symptoms from cancer treatments can nega-
tively impact a patient’s quality of life.
Inadequate management of these symptoms can
result in a decline in a patient’s nutritional sta-
tus and potentially lead to malnutrition, which

has been linked to poorer treatment outcomes
[11]. Proper management of symptoms can
positively impact tolerance of treatments,
increase quality of life, and improved strength
and energy. Most common side effects of treat-
ments, both chemotherapy and radiation for
pancreatic cancers, are nausea, vomiting, bowel
pattern changes, anorexia, early satiety, and
fatigue. Symptom management is a primary
role of the nutritional professional in patients
undergoing chemotherapy and radiation.
Table 14.2 lists chemotherapy agents used for
pancreatic cancers and common nutrition-
related side effects, while Table 14.3 describes
nutrition-related tips for management of these
symptoms.
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Table 14.2 Nutrition-related side effects of chemotherapy agents used for pancreatic cancers [1, 2]

Chemo agent Trade name | Nausea Diarrhea | Anorexia | Taste changes | Fatigue | Other
Gemcitabine Gemzar Low X X X

Fluorouracil 5-FU Low X X Mucositis
Capecitabine Xeloda Moderate | X X

Cisplatin Platinol Severe X X X X

Oxaliplatin Eloxatin Moderate | X X Cold sensitivity
Nab-pacilataxel | Abraxane Low X

Irinotecan Camptosar | High X-severe | X X

Folinic acid Leucovorin | Low X

Elliott et al. [1]; Leser [11]

Table 14.3 Tips for nutritional management of treatment-related side effects [1, 2]

Side effect

Tips for management

Anorexia

Small frequent meals and snacks

Eat nutrient dense foods

Add calories and protein to favorite foods
Make mealtimes pleasant

Avoid drinking fluids 20 minutes prior to meals
Consider light exercise to stimulate the appetite
Utilize times when appetite is best

Early satiety

Small, frequent meals and snacks

High-calorie and high-protein foods
High-calorie, high-protein fluids between meals
Avoid drinking fluids 20 minutes prior to meals
Avoid high fiber which can cause bloating
Don’t lay down after eating

Constipation

Eat regular meals, snacks

Increase fluid intake

If allowed, increase fiber

Drink hot beverages first thing in the morning
Consider warm prune juice

Increase physical activity, if approved by MD

Diarrhea

Limit/avoid insoluble fiber

Add soluble fiber slowly

Small, frequent meals and snacks

Avoid greasy, fried, spicy foods

Avoid caffeine and warm/hot beverages

Avoid dairy products

Avoid sweetened beverages

BRAT (banana, white rice, applesauce, and white toast) foods with each meal
If diarrhea is severe, consider rehydrating solution

Lactose intolerance

Avoid dairy products. Substitute almond milk or lactose-free products
Try lactase enzyme supplement—amount needed depends on content of lactose consumed
Try dairy products pretreated with lactase

Nausea

Try small, frequent meals and snacks—eat every 2-3 hours

Consume liquids between meals

Consider ginger ale or sucking on crystallized ginger

Eat room temperature foods over extreme temperatures

Suck on peppermint candies or try peppermint oils on wrists

Avoid hard to digest foods—high-fiber, high-fat, greasy, and spicy foods
Avoid favorite foods when nauseated

Avoid strong odors

Consider walking after mealtimes; do not lay down after eating

Sensitivity to cold

Choose warm or room temperature foods vs cold or frozen

Be certain to use a towel or gloves to reach into the fridge or freezer to grab items to prepare
Leave beverages at room temperature for at least 1 hour prior to drinking

Lukewarm to hot beverages are better tolerated (hot cocoa vs chocolate milk)

Purchase liquids that do not need to be refrigerated prior to consumption

Taste changes

Rinse mouth with baking soda solution (1 tbsp baking soda/1 tsp salt/1 quart water) before eating
Use marinades and spices to mask other flavors

Use plastic utensils if metallic taste

Utilize flavors of foods tasting “normal or right” to season and mask offensive foods
Utilize marinades and spices to disguise strange tastes

Room temperature foods or chilled foods have less pungent flavors

Elliott et al. [1]; Leser [11]
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Preoperative Medical Nutritional
Therapy

Maximizing nutrition is vital to maintaining the
strength one needs to cope with surgery after
neoadjuvant treatment. Once surgery is deter-
mined as the next step in the plan of care, nutri-
tional interventions can continue to support the
patient to achieve positive outcomes. Weight loss
prior to surgery is not typically advised or desired.
Maintaining weight allows the protein and energy
consumed to be stored for healing and recovery.
Reassessing the nutrition-focused physical
exams is a helpful tool for practitioners to assess
for and/or measure the extent of preoperative
debilitation. This then can assist in predicting the
level of post-op nutrition management the patient
may require. It is important to compare the initial
evaluations with the follow-up assessments in
order to develop nutritional interventions to coin-
cide with these changes. Debilitation prior to sur-
gery negatively impacts the recovery process. One
study showed that length of stay was significantly
longer in patients who experienced significant pre-
operative weight loss compared to those who did
not (17.0 days versus 10.0 days). Of patients who
underwent nutritional assessment, 32% were clas-
sified as mild to moderately malnourished and
16% severely malnourished. Malnourished
patients were hospitalized twice as long as well-
nourished patients (15.8 days versus 7.6 days).
Time taken to achieve adequate nutrition post-sur-
gery was a factor in postoperative outcomes, with
a positive correlation with length of stay, a nega-
tive correlation with postoperative weight change,
and a greater risk of complications (52% versus
13%) [12]. Others have researched how inade-
quate preoperative nutrition status has been linked
consistently to increases in postoperative compli-
cations and suboptimal surgical outcomes [13].

Enhanced Recovery After Surgery
and Nutrition

Enhanced recovery after surgery (ERAS) and
enhanced recovery protocols (ERPs) are inter-
changeable terminologies. The protocol compo-
nents can be 17-plus interventions. Institutions

often customize which interventions they imple-
ment depending on logistics, cost constraints,
compliance, and resultant data. ERPs including
immunonutrition and carbohydrate loading pro-
tocols have been shown to reduce length of stay,
reduce 90-day readmissions, decrease post-op
infection rates, decrease duration of bowel func-
tion return, and improve diet advancement [14].

Other non-nutritional components may include
a selective or no bowel preparation, antibiotic pro-
phylaxis, thromboprophylaxis, and reduction in
premedication. A key component to the ERPs
includes carbohydrate-rich, immunonutritional
formulas which are consumed perioperatively. A
majority of the studies have been conducted using
IMPACT Advanced Recovery®. This provides a
unique blend of arginine, omega-3 fatty acids, and
nucleotides. These immunonutrients have been
recommended by the Society of Critical Care
Medicine and the American Society of Parenteral
and Enteral Nutrition (ASPEN) to help support
the nutritional requirements of major surgery
patients. Arginine has been found to increase
blood flow to surgical wounds and support the
immune system. Omega-3 fatty acids show bene-
fit in reducing inflammation, while nucleotides
assist in rebuilding cells. Patients consume three
cartons per day 5 days prior to surgery and for
5 days postoperatively. According to the American
Society of Enhanced Recovery Implementation
Guide, carbohydrate loading for patients with
type 1 diabetes or delayed gastric emptying has
been deemed not appropriate. Uncontrolled blood
sugars may impair wound healing, increase risk
of infection, increase inflammation, and potenti-
ate cardiovascular and respiratory concerns.
However, immunonutrition and the other compo-
nents of the ERP can still be implemented for
these individuals [16]. Figure 14.2 depicts the
multiple components of the ERPs which can be
implemented.

Nutritional professionals have a preoperative
role of discussing what to expect nutritionally
after surgery as one component to the ERPs [15].
This preadmission counseling discussion covers
preoperative ingestion of immunonutrition and/or
carbohydrate loading, typical postoperative diet
progression, possible nutrition-related side effects
of surgery (including exocrine pancreatic insuffi-
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Fig. 14.2 Multiple components of the ERPs which can be implemented

ciency, delayed gastric emptying, and diabetes)
early introduction of oral nutrition after surgery,
possible nutritional support, and discharge diet
information. Education is completed preopera-
tively to lessen the post-surgery burden on the
patient which may increase retention. The institu-
tion’s practice of immunonutrition and/or carbo-
hydrate loading is also explained to the patient
including rationale and goals of this practice
including the patient’s requirements. For review,
Box 14.1 lists specific preoperative topics
addressed by the Registered Dietitian.

Box 14.1 Preoperative nutrition-related
education topics

e Preoperative immunonutrition

* Postoperative diet progression

e Possible nutrition-related side effects of

surgery

— Exocrine pancreatic insufficiency
— Delayed gastric emptying
— Diabetes/blood sugar management
» Possibility of nutritional support
e Early introduction of oral nutrition after
surgery
* Post-op diet information
* High calorie/protein supplement use

Postoperative Nutritional
Management

Pancreatic surgery affects both pancreatic func-
tion and the nutritional status of the patient. It is
important to review the typical postoperative pro-
gression for diet advancement before discussing
specific medical nutrition therapy interventions.
Many facilities place a nasogastric tube during
surgery which is set to low intermittent suction to
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prevent nausea and vomiting of gastric acids in
the immediate postoperative period. This tube
remains in place 1-2 days, while the patient is
NPO or allowed only ice chips. Clamping trials
typically begin around day 2-3. If the patient
denies nausea or has signs of bowel function, the
tube is then removed, and a clear liquid diet is
initiated. If these items are tolerated, full liquids
are started. Some institutions prefer to skip the
full liquid step as this diet is typically high in fat
and can cause gas and bloating. If this step is
skipped, patients are started on selective foods
from the hospital offerings which are most often
well tolerated. Box 14.2 lists some of these foods
which are low in fat and fiber and easily digested.
If the patient still does not have complaints of
nausea or vomiting, a solid diet of low-fat, low-
fiber foods is initiated. Appendix 1 is a compre-
hensive review of the low-fat, low-fiber diet.
Typical reintroduction of solid foods post-surgery
can take 5-7 days.

Box 14.2 Well-tolerated foods for early
introduction

* Banana

e Canned fruit

e Cream of Wheat®/Grits®/Farina®
* Rice Krispies®/Rice Chex®

e Plain Cheerios®

e Plain bagel

e English muffin

*  White or sourdough bread/toast
e Scrambled egg

e Hard-cooked egg

e Pancakes

e Chicken noodle soup

* Noodles

e White rice

* White potatoes, mashed potatoes
e Grilled boneless chicken breast

e Baked white fish

» Turkey breast

e Pretzels

e Saltine crackers

e Graham crackers

Postoperative Nutritional Support

Because patients undergoing pancreaticoduode-
nectomy are often nutritionally depleted at the
time of surgery, nutritional support is often con-
sidered. It is well documented that routine total
parenteral nutrition is not beneficial and far infe-
rior to enteral nutrition post-pancreatic surgery as
it is associated with higher incidence of compli-
cations [17]. Total parenteral nutrition has been
shown to have an increased rate of complications,
longer duration to first bowel movement, and
delay in resumption of general diet [18, 19].
Enteral nutrition support is preferred for reasons
of better substrate utilization, prevention of
mucosal atrophy, maintenance of gastrointestinal
integrity, and immunocompetence while reduc-
ing complications and improving nutritional sta-
tus [20]. The value of jejunostomy tube placement
and utilization post-pancreaticoduodenectomy is
still not without debate and should be addressed
on a case-by-case basis. Research has shown
both risks and benefits to the practice making the
choice an unclear one. Some research shows that
early postoperative enteral nutrition enhances
immune function, reduces infections, and results
in earlier return of bowel function decreasing
overall length of stay [21]. Other studies have
associated tube feedings with diarrhea, abdomi-
nal cramping, excess gas production, and delayed
gastric emptying [22]. The differences in each
individual’s tolerance of preoperative chemother-
apy, the wide spectrum of nutritional status at ini-
tial diagnosis, and ECOG/Karnofsky scores at
time of surgery combined with the individualiza-
tion of each surgery make this a complex topic to
research. Individual approach should be taken in
evaluating whether the patient may benefit from
intraoperative jejunostomy placement. This is a
multidisciplinary-based decision taking into
account the exact surgery to be performed,
patient’s history of neoadjuvant treatment toler-
ance, and evaluating the functional and nutri-
tional status of the patient leading up to surgery.
Ongoing nutritional assessments and compari-
sons between preoperative nutrition-focused
physical evaluations can help the nutritional pro-
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fessional recommend a preoperative malnutrition
diagnosis highlighting which patients may bene-
fit from surgically placed jejunostomies.

If a patient has a J-tube placed intraopera-
tively, feeds are typically started on post-op day 2
or 3 regardless of return of bowel function [23].
Most patients tolerate a semi-elemental formula
well. Other institutions may start with a low-
fiber, polymeric formula resulting in good toler-
ance overall. The feeds are started at a low rate of
10 ml/hr and advanced by 10-15 ml/hr daily to
goal of 30-45 ml/hr. GI tolerance should be mon-
itored as feedings are advanced. A complete ele-
mental formula can be considered if patients
develop severe, uncontrolled diarrhea. If oral
intake is very poor (consistently <50% estimated
needs), the rate of tube feeding can increase up to
50 ml/hr. The goal is for total calorie intake >80%
of estimated needs prior to discharge including
nutritional support and oral intake. While cycling
the tube feedings is not recommended in the
acute post-op phase (7-10 days), prior to dis-
charge, patients may be cycled to <16-hour infu-
sions. This provides the patient with freedom
from the feedings in order to work on increasing
oral intake and activity.

As previously mentioned, parenteral nutrition
is not a standard of care for post-Whipple patients
unless complications indicate its usage.
Postoperative complications that may warrant the
use of PN are prolonged ileus, pancreatic or anas-
tomotic leak, diarrhea refractory to medication
management (i.e., short bowel syndrome), GI fis-
tulas, and large chylous leak [24].

Discharge Readiness

Nutritional status should be stable for at least
2 days prior to discharge. Calorie counts insti-
tuted in the hospital should result in patient meet-
ing at least 80% of estimated protein and calorie
needs through any combination of oral intake and
nutrition support. Oral nutritional supplementa-
tion offered to the patient in the hospital should
be emphasized to continue upon discharge.
Patients and families are instructed to keep a
weight, food, and bowel log including documen-

tation of GI symptoms and medication intake.
Prior to discharge, reeducation on the low-fat,
low-fiber diet should also be completed.

Side Effect Management

The nutritional professional plays an intricate role
in side effect management post-surgery. Common
nutritional complications after pancreas surgery
include gastroparesis or delayed gastric emptying,
slow return of bowel function/post-op ileus, fat
malabsorption, hyperglycemia, anastomotic leak,
chylous leak, dumping syndrome, and fluid—elec-
trolyte imbalances. The following section will
discuss nutritional management of some of these
complications.

Delayed Gastric Emptying

Delayed gastric emptying can be broadly defined
as a disorder which slows or stops the movement
of food from the stomach to the small intestines.
Gastric emptying is regulated by volume of food,
gastrin, gastric tone, and both nervous reflexes
and hormonal feedback (stimulated by dietary
fat) from the duodenum. The gastric tone of the
proximal stomach influences liquid emptying,
while the tone of the distal stomach is involved in
the emptying of solids. All of these aforemen-
tioned functions are surgically compromised
after a pancreaticoduodenectomy which makes
delayed gastric emptying one of the most com-
mon complications after pancreatic resection.
Further exacerbating gastric emptying is the
decrease in gut motility associated with narcotic
and opioid analgesic use. Other medications
known to compromise gastric emptying include
aluminum-containing antacids, anticholinergics,
ondansetron, and several categories of antide-
pressants [24]. Pharmacists can help to review
medications and consider alternatives; however,
the benefits of the medications may outweigh the
delay in gastric emptying.

Clinical symptoms of delayed gastric emptying
include decreased appetite and anorexia, nausea
and vomiting, bloating, fullness (especially in the
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morning after fasting overnight) early satiety,
postprandial hypoglycemia, or fluctuating glu-
cose levels in otherwise well-controlled patients.
Meal pattern and structure directly impacts the
degree of gastric emptying. Factors that slow gas-
tric emptying include high-calorie and high-fat
content, digestibility of foods consumed, osmo-
lality of bolus, and meal volume [25]. Medical
nutritional therapy can help manage delayed gas-
tric emptying. Implementing small, frequent
meals and snacks, increasing consumption of lig-
uid calories, adhering to a low-fat, low-fiber diet,
and chewing foods thoroughly are some of the
dietary principles which can help with symptom
management [24]. In addition to medical nutri-
tional therapy, delayed gastric emptying can also
be managed with scheduled prokinetic medica-
tions. Metoclopramide, 10 mg four times daily
prior to meals, has been shown to improve symp-
toms of anorexia, nausea, and vomiting associated
with this condition [1]. Diarrhea occurs infre-
quently at this dose; however, hyperactivity is
common and responds to dose reductions.
Erythromycin has also been used as a prokinetic
agent however loses efficacy rather quickly and
should not be used long term for risk of antibiotic
resistance [24]. Liquid medications are also pre-
ferred and better tolerated. Tight glucose control
is also important with patients struggling with
delayed gastric emptying [24].

Exocrine Pancreatic Insufficiency

Depending on the type of surgical resection, risk
of exocrine pancreatic insufficiency differs.
Pancreaticoduodenectomy requires a circumfer-
ential dissection of the nerve plexus and intersti-
tial cells of Cajal which potentially results in
tonic inhibitory effects of the sympathetic nerves
around the superior mesenteric artery causing
diarrhea [20, 26]. Steatorrhea is 40% less com-
mon after distal pancreatectomy primarily
because of the preservation of the celiac and
SMA plexus and bilateral ganglions [26]. After
pancreatic surgery, exocrine pancreatic insuffi-
ciency (EPI) and increased fecal fat excretion
may increase by 38% [27], and over half of

patients require enzyme supplementation [28,
29]. One of the more common symptoms of EPI
is steatorrhea, which is subjective in nature and a
poor measure of the degree of insufficiency. EPI
has been found to begin to manifest when the
pancreatic lipase is 5-10% of its normal output
[26]. Supplementation can improve steatorrhea
symptoms but does not necessarily indicate the
proper absorption of nutrients or improvement in
nutritional status [27, 30]. Malabsorption is mul-
tifactorial in origin. Dumping syndrome,
decreased production of enzymes, accelerated
transit time related to greater-sized food particles
entering the jejunum, or a combination of the
three makes this a somewhat challenging prob-
lem to address. No one solution can be the “catch
all” for every patient. Sometimes, combinations
of several treatments are required.

Pancreatic Enzymes

Pharmaceutical pancreatic enzymes contain
lipase, protease, and amylase from porcine (pig)
glands. Prescription enzyme preparations, mostly
enteric coated beads, resist degradation by gastric
acid and are absorbed after passage into the small
bowel. If not coated, or capsules are opened prior
to ingestion, gastric acid suppression is typically
necessary to prevent the inactivation of lipase.
Currently, there is no objective measurement for
adequate enzyme supplementation nor are there
specific dosing instructions for this population as
each individual presents with their own particular
clinical symptoms, altering degrees of steator-
rhea, and varying fat levels in the diet. Therefore,
individualized doses are recommended. Although
there are no specific dosing instructions for this
population, there are guidelines and recommen-
dations to consider. Fat-based dosing provides
sufficient lipase to digest a specific amount of fat
consumed. Fat-based dosing is generally dosed at
1000—4000 units of lipase/1 g of dietary fat con-
sumed. This is often best utilized when calcu-
lated per kilogram dose appears too high for a
starting dose. Weight-based dosing is another
method. This is either calculated at 500—
2500 units of lipase/kg/meal or <10,000 units of
lipase/kg/day [31]. Typically, per meal dosing is
calculated first and then double-checked to make
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sure it does not exceed the per day allotment. The
total daily dose should reflect approximately
three meals plus one to two snacks per day; how-
ever take into consideration the individual eating
pattern of the patient. Snack doses should be
approximately half the dose of mealtime amounts
or slightly less. If calculations result in an “in-
between” dose, it is best to start lower and titrate
up to avoid constipation.

Common reported side effects of enzymes
include abdominal pain, nausea, bloating, flatu-
lence, constipation (often from too high of a
dose), and the more seldom occurrence of exac-
erbated diarrhea. It is important to determine if
symptoms are caused by the medications or if
adjustments in dose, timing, or brand may be
beneficial. In order to improve tolerance and
effectiveness, enzyme replacement is taken with
food, not chewed or crushed, and not directly
mixed with foods with a pH of greater than 4.5
[32]. These actions can disrupt the protective
enteric coating resulting in early release of
enzymes, irritation of oral mucosa, and/or loss of
enzyme activity. Capsules can be opened and
added to a small amount of acidic soft foods with
a pH of 4.5 or less (applesauce or pureed canned
pears) at room temperature. Open capsules
should never be chewed. Restricting fat in the
diet long term is recommended if symptoms
(weight loss, steatorrhea) are poorly controlled
on enzymes or if enzymes are not tolerated.

Several factors influence the effectiveness of
enzymes. Compliance is the number one control-
lable variable related to the efficacy of medica-
tions. Timing of ingesting the enzymes is another.
Preferred method of practice is to take with the
first bite of foods and if prescribed more than one
capsule to spread the dosing intermittently
throughout the meal. Enzyme timing may take
many adjustments since gastric emptying varies
in individuals. The enzymes should be timed to
be present when the food passes into the small
intestines. Taking with fat-containing snacks will
also increase effectiveness. Gastric acid environ-
ment is another component that can increase or
decrease effectiveness of enzymes. Decreased
bicarbonate secretion and increased gastric acid-
ity may reduce enzyme activity by delaying the

release of enzymes in the proximal duodenum.
The enteric coatings of enzymes generally pro-
tect the enzyme until a pH of 6. If this does not
occur early in the duodenum (which after surgery
the duodenum is bypassed), adding proton pump
inhibitors, H2 blockers, or bicarbonate tablets to
raise the pH of gastric secretions can enhance
enzyme effectiveness. In addition, slower gastric
emptying can also decrease the usefulness of
enzymes. A prokinetic agent is recommended for
this issue.

Pancreatic enzymes are a porcine product.
This may be a barrier to compliance for vegetar-
ian, vegan, and Jewish patients. Their faith has
exceptions for these situations; however, some
patients choose to abide by their religious rules.
There are a few kosher enzymes which are
vegetarian-based over-the-counter supplements.
Each pill is approximately 5000 lipase units, and
therefore the number of pills required per meal is
often quadrupled. The effectiveness of these sup-
plements has not been reviewed.

Dumping Syndrome

Dumping syndrome can occur after a pancreati-
coduodenectomy because of the destruction of
the pylorus. The pylorus valve located at the base
of the stomach periodically releases small
amounts of chyme into the intestines. Without
that value, there is no regulation of amounts of
food particles passing into, in these cases, the
jejunum. The result is a large amount of undi-
gested food which is not prepared for proper
absorption.

Dumping syndrome encompasses both gastro-
intestinal symptoms coupled with vasomotor
responses. Classic gastrointestinal symptoms are
feeling of fullness, bloating, crampy abdominal
pain, and nausea which are all relieved by explo-
sive diarrhea. The vasomotor responses include
sweating, dizziness, lightheadedness, flushing,
and palpitations. The timings of these symptoms
classify dumping as early (within 15—60 minutes
of eating) or late (2-3 hours after eating and is
usually just vasomotor in etiology) [11]. The gas-
trointestinal symptoms are often related to the
rapid pouring of concentrated sugars into the
small intestines from the stomach which provokes
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an osmotic diuresis into the lumen of the intes-
tines. Vasomotor symptoms are in response to
sudden transfer of glucose to the small intestines
resulting in a rapid production and release of
serum insulin causing hypoglycemia accompa-
nied by the aforementioned symptoms. Typically,
the gastrointestinal symptoms are early onset,
while the vasomotor symptoms occur as late
onset. These symptoms decrease as the body
adjusts to the new anatomy and learns what types
of foods trigger episodes.

Dietary interventions for dumping syndrome
include elimination of simple sugars, small, fre-
quent meals and snacks, avoidance of liquids
with meals, eating slowly, and chewing foods
thoroughly. Lying down after eating can slow
down gastric emptying. Avoiding high-fiber
foods can also help control symptoms. Clear lig-
uid and full liquid diets are generally not well
tolerated if dumping syndrome occurs due to the
amount of simple sugars included in these diets.
Limiting portions to half cup at a time and dilut-
ing fruit juices and other drinks can reduce the
symptoms on these restrictive diets. Table 14.4
discusses medical nutrition therapy tips for
dumping syndrome. It is important for patients to
keep a thorough log of food and fluids consumed

Table 14.4 Medical nutritional therapy to treat dumping
syndrome [1, 2]

Tips to try Things to avoid

6-8 small meals and snacks
Drink liquids between meals;
stop drinking 3045 minutes
prior to meals and no liquids
for 1 hour following meals
Chew food well and slow down
when eating

Eat a high-protein source with
every meal and snacks

Control carbohydrate intake to
three or less servings per meal
Consume lower-fat, room
temperature, or cold foods
(avoid temperature extremes)
Consume foods high in pectin
content (bananas, apples,
oatmeal, rice, potatoes) or try 1
tbsp pectin mixed in % cup
applesauce with meals

Mueller [24]; Leser [11]

Avoid large amounts
of simple sugars and
high-calorie
beverages

Avoid insoluble
fiber as they can
increase movement
through the GI
system

Limit milk and milk
products if not well
tolerated Lactose
can be hard to break
down

in addition to symptom log to determine which
diet principles will most be beneficial to initiate.
As patients adjust to their new anatomy, diet lib-
eralization should be explored.

Endocrine Insufficiency and Diabetes

Nutritional management of diabetes varies
throughout the continuum of care. Altered endo-
crine function is often present at pancreatic can-
cer diagnosis with approximately 50% of patients
presenting with diabetes or insulin resistance.
Half of these patients have reported pancreatic
cancer diagnosis within 3 years of diabetes onset
[33-35]. Liberalizing diet restrictions is appro-
priate throughout adjuvant treatments as well as
postoperatively with much more aggressive med-
ication management since most patients experi-
ence limited oral intake. Early involvement of the
diabetes management team can greatly improve
blood sugar control during hospitalization. Blood
sugar levels tend to elevate under the body’s
physical stress of surgery. Patients should be
advised they may be on insulin to help control
levels in the hospital, but this does not necessar-
ily mean they will be on insulin long term. In
90.5% (19/21) of patients with preoperatively
known diabetes managed with insulin, no change
in endocrine function is observed post-surgery. In
contrast, endocrine function improved in 68.1%
(15/22) of patients with newly diagnosed diabe-
tes. Forty percent (14/35) of patients with a pre-
operative normal oral glucose tolerance test
(OGTT) or prediabetes experienced deterioration
in endocrine function [36]. Several more recent
papers report varying percentages of resolution
from 30.7-65% [37]. Factors associated with
either the deterioration or improvements of pan-
creatic endocrine functions are diverse.
Experimental models have suggested fasting
blood glucose impairment when >50% of beta
cells are removed, while retrospective studies
have shown of 25-44% of the pancreatic volume
during a distal pancreatectomy can influence
impairment [38—40]. Other factors include new
onset-DM; size, location and differentiation of
the tumor; the presence of pancreatitis; BMI,
preoperative bilirubin, and C-peptide levels; and
extent of surgery [36]. Patients leaving the hospital
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should be instructed on blood glucose monitoring
and set up to meet with an endocrinologist if nec-
essary. One study indicated that endocrine func-
tion at 1-week post-surgery was predictive of the
level of function at 12 months [37]. However,
others demonstrated a transient rise in endocrine
dysfunction which resolved at 3 months and a
12% decrease in DM from 6 to 12 months [34,
41]. Resolution of diabetes occurred in 20-57%
of patients after Whipple procedure [34, 40, 42].

Patients who have completed their course of
treatments and obtained a relatively stable nutri-
tional status will benefit from following the
American Diabetic Association’s guidelines for
medical nutrition therapy. These diet principles
include regularly scheduled meals and snacks,
reduced simple sugars, and a diet balanced with
lean proteins and complex carbohydrates.

Vitamin (A, D, E, K, B12) and Mineral
(Iron, Calcium, Zinc, Selenium)
Deficiencies

Vitamin deficiencies are common after pancreati-
coduodenectomy due to resected small bowel,
altered anatomy, and insufficient pancreatic
enzymes. After resection, patients lose the
absorptive capacity of the duodenum and func-
tion of the gastric antrum/pylorus valve, chyme
entering the jejunal loop is altered in composi-
tion, pH changes occur, and reduced pancreatic
enzyme excretion is prominent. In many patients,
clinicians attempt to normalize physiology with
acid-suppressing medications and enzyme sup-
plementation; however, these practices do not
appear to prevent micronutrient depletions [43].
Furthermore, studies on long-term survivors of
pancreaticoduodenectomies confirm this popula-
tion may be predisposed to trace elements and
fat-soluble vitamin deficiencies. This appears to
be independent of dietary intake and degree of
pancreatic exocrine function [44]. Specific nutri-
ents at risk are discussed in this section. Table 14.5
summarizes the specific nutrient, symptoms of
deficiency, appropriate lab testing, and subse-
quent supplementation recommendations.

Fat-Soluble Vitamins

Diminished pancreatic enzyme function increases
the risk of fat-soluble vitamin deficiencies espe-
cially with severe exocrine insufficiency [45].
Fat-soluble vitamins include vitamin A, E, D, and
K. These deficiencies manifest as subclinical pre-
sentations requiring laboratory testing [45, 46].
Most studies have resulted in vitamin A within
normal range for most patients. Vitamin E levels,
while found to be significantly lower than control
group in studies, are generally still within the ref-
erence ranges [43]. Very few studies have been
conducted on vitamin K in this population.

Vitamin D and Calcium

Vitamin D levels are well-documented deficien-
cies in this population. One study documents
patients were found to display normal serum cor-
rected calcium levels; however, 11/37 (30%) had
elevated parathyroid hormone levels suggesting a
compensatory secondary hyperparathyroidism in
order to maintain normal blood calcium levels
[43]. These patients were also found to have sig-
nificantly lower serum vitamin D levels which
were associated with an increased parathyroid
hormone level. This indicates stimulation of both
absorption and mobilization of calcium from
bones to maintain blood levels. Vitamin D sup-
plementation can be timed with meals and
enzymes to enhance absorption.

Iron and Anemias

A classic pancreaticoduodenectomy includes
resection of the gastric antrum resulting in loss of
intrinsic factor which is necessary for B2
absorption. This can lead to B12 deficiencies.
The resection of the duodenum portion places
further risk on iron and zinc deficiencies. Vitamin
B6 is mainly absorbed in the proximal small
bowel, of which the entire duodenum and approx-
imately 20 cm of jejunum are typically lost after
surgical resection. Vitamin B6 deficiency can
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Table 14.5 Micronutrient recommendations for deficiencies post-pancreaticoduodenectomy

Potential causes

Nutrient Test Normal levels of deficiencies | Recommendations for treatment
Vitamin A | Plasma retinol® 0.3-1.2 mg/L Loss of the 10,000-25,000 IU/day orally until
exocrine clinical improvement (1-2 weeks)
pancreas
Inadequate
PERT
Vitamin D | 25-hydroxyvitamin D* | 30-80 ng/mL Loss of the 6000-10,000 IU/day orally for
exocrine 8 weeks or until >30 ng/mL with
pancreas maintenance dose of 3000—
Inadequate 6000 IU/day
PERT
Vitamin E | Serum/plasma 5.5-18.0 mg/L Loss of the 100—400 1U/day orally and up to
alpha-tocopherol exocrine 800 IU/day for 3 months
pancreas
Inadequate
PERT
Iron Ferritin, transferrin, Ferritin: Gastric acid 325 mg iron sulfate orally up to
transferrin saturation, | Male: 38-530 ng/mL suppression three times daily for up to
serum iron* Female: 12-340 ng/mL | Resection of 3 months and then reassess
Transferrin: duodenum and
200-400 mg/dL jejunum
Transferrin saturation:
20-50%
Serum iron:
Males: 50-170 pg/dL
Females: 30160 pg/
dL
Vitamin MMA, homocysteine | MMA: SIBO 100-1000 mcg/month IM
B12 0.00-0.40 pmol/L Gastric acid Or
Homocysteine: suppression 350-500 mcg/day oral
<11 mmol/L Decreased
proteolytic
enzyme
production
Folate Red blood cell folate | >366 ng/mL pH changes 1 mg/day orally and up to 5 mg/
Alcoholism day for 1-3 months
Thiamine | Whole blood 70-180 nmol/L SIBO
thiamine® Alcoholism
Previous
Whipple
surgery
Calcium Ionized calcium 1.11-1.30 mmol/L Resection of 1200-1500 mg elemental calcium
(consider parathyroid the duodenum | daily orally via calcium citrate in
level) Vitamin D divided doses; reassess in
deficiency 3 months
Malabsorption
Copper Serum copper® Male: Gastric acid 2—-4 mg elemental copper orally
70-140 pg/dL suppression daily or every other day or may
Female: Resection of require 2 mg IV daily x 5 days

80155 pg/dL

the duodenum
Previous
Whipple
surgery

initially if severe malabsorption or
symptomatic; follow by oral
replacement, reassess levels in
4-6 weeks

(continued)
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Table 14.5 (continued)

Potential causes

Nutrient Test Normal levels of deficiencies | Recommendations for treatment

Zinc Serum/plasma zinc* 60-120 pg/dL Resection of 220 mg oral zinc sulfate
duodenum and | daily x 4 weeks, then reassess;
jejunum may require 60 mg elemental zinc
Gastric acid orally twice daily; monitor copper
suppression status with prolonged therapeutic
Pancreatic zinc supplementation
insufficiency
Previous
Whipple
surgery

Selenium | Erythrocyte Glutathione Resection of 100 pg/day IV

glutathione
peroxidase, Serum/
plasma selenium®

mL erythrocytes [9]
Serum/plasma

peroxidase: >10.5 U/

selenium: 23-190 pg/L

duodenum and
jejunum
Oxidative
stress

Previous
Whipple
surgery

selenium x 10-20 days or until
normalized with a maintenance
dose of 60 pg/day orally

Adapted with permissions from [1]
Van Arsdale and Goral [54]

“Levels can be altered with inflammation, check with C-reactive protein measurement

lead to normocytic, macrocytic, or sideroblastic
anemias due to impairment of heme synthesis
[47] and likely an under-recognized cause of ane-
mias in this population. Micronutrient deficien-
cies including vitamin B6, vitamin B12, folic
acid, zinc, copper, and iron are all known to cause
cytopenias. Subclinical anemias are prevalent in
long-term survivors of pancreaticoduodenectomy
[47]. Patients who exhibit subclinical iron defi-
ciencies are manifested by low serum ferritin,
elevated transferrin, increased iron binding
capacity, and decreased transferrin saturation
[44]. Although true levels of iron deficiencies
have not yet been clinically documented, bio-
chemical signs of mild anemias are often reported
and propose the question of supplementation use
for subclinical anemias.

Zinc deficiency was reported in up to 68% of
pancreas resection patients, predominantly post-
Whipple, although almost all were asymptomatic
[48]. In one study, despite normal intakes of zinc,
50% of post-pancreaticoduodenectomy patients
showed deficiency [44]. Copper deficiencies have

also been reported in patients with gastric and
bowel resections [49].

Selenium

Selenium is an important dietary antioxidant
shown to be important in anti-inflammatory pro-
cesses as well as protecting against cardiac dis-
ease, infective, and neoplastic processes. Whipple
patients are prone to selenium deficiency due to
duodenal resection and oxidative stress. Studies
have found significantly reduced serum selenium
values in 57% (21/37) of long-term pancreatico-
duodenectomy survivors compared to non-
operated controls [44].

Summary

Nutrition is a fundamental component of overall
health and wellness, and it also plays a large role
during times of illness and stress caused by dis-
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ease, treatments, and surgical procedures.
Appropriate nourishment provides the body with
the mechanisms it needs to maintain and improve
health.

Pancreatic cancer is an aggressive malig-
nancy with a poor overall prognosis. The dis-
ease itself and its treatments can cause
significant nutritional impairments adversely
impacting the quality of life. Many patients
experience cachexia [50] ultimately experienc-
ing a lower quality of life, increased morbidity
and mortality, longer hospital stays, and a
reduced response to treatment [5, 51-53].
Malnutrition (broadly defined as lack of proper
nutrition, caused by not having enough to eat,
not eating enough of the right things, or being
unable to use the food that one does eat)
impacts quality of life in many ways.
Unfortunately, lack of discreet nutritional

markers ceases to exist as a standard of prac-
tice leaving the extent of malnutrition in this
population underreported throughout the con-
tinuum of care.

After completion of cancer treatments, some
cancer survivors experience continued loss of
weight and lean body mass. Lingering effects
of treatments can compromise a patient’s long-
term quality of life. These lasting effects
include continued anorexia and poor nutritional
intake, continued taste/smell aversions, contin-
ued vitamin/mineral deficiencies, persistent
fatigue, and chronic bowel issues. The primary
nutrition goals for recovery and survivorship
are to attain a healthy body weight, improve
strength and physical abilities, and proactively
manage long-term treatment-related side effects
in order for patients to achieve an acceptable
quality of life.

Appendix 1: Low-fat, low-fiber diet

Food category Foods to choose

Foods to not eat

Meat and meat substitutes

Skinless poultry

Fish

Shrimp, crab, lobster
Eggs

Low-fat tofu

Tuna packed in water

cooking

Tender beef, pork, and lamb
(choose cuts of round or loin)

Trim meat of visible fat prior to

Choose cooking methods without
added fat such as baked, broiled,
steamed, poached, or grilled

Tough meats

Gristle from meats
Sausages or hot dogs
Bacon

Spare ribs

Oysters

Poultry skin

Meat or fish packed in oil
High-fat tofu

Legumes (chickpeas, lentils, kidney beans,
black beans, etc.)

Dairy/dairy substitutes Skim or 1% milk

sherbet

cheese
Rice milk
Almond milk

Low-fat yogurts without fruit on
the bottom/peach yogurt
Low-fat ice creams/frozen yogurt/

Pudding made with 1% milk
Low-fat cheeses, low-fat cream

Whole or 2% milk
Full-fat yogurts
Berry-containing yogurts
Full-fat ice cream

Ice cream with nuts
Custard

Milkshakes

Hard cheeses

(continued)
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Appendix 1 (continued)

Foods to choose Foods to not eat
‘White bread or rolls
Saltines, oyster crackers

Graham crackers

Food category
Breads, cereals, and grains

Any bread or muffin with nuts, seeds,
coconut, or dried fruit
Wheat or whole wheat breads

Waffles Wheat crackers
Pancakes Cornbread

Low-fat muffins without nuts Donuts

Animal crackers Pastries

Baked chips or pretzels Croissants or scones
Plain biscuits Popcorn

Refined cereals (Puffed Rice, Corn | Regular chips

Flakes, Rice Krispies, Rice Chex,
and Special K)
Oatmeal, Farina, Cream of Wheat/

Wheat, bran, or whole grain cereals
Cereals with nuts, seeds, coconut, dried
fruits, or granola

Rice, Grits Granola
White rice Brown rice
White pastas Whole wheat pasta
Couscous Wild rice
Buckwheat
Quinoa
Fruits Canned fruits except pineapple Fresh fruits not listed on opposite column
chunks Dried fruits (prunes, raisins, figs, and
Applesauce dates)
Bananas Berries of all kinds
Fruit cocktail Pineapples
Fresh fruits that have been peeled | Citrus fruits
(apples, pears, peaches, plums) Skins of fruits
Seedless melons (watermelon, Grapes
cantaloupe, honeydew) Kiwi
Papaya
Mango
Vegetables Well-cooked or canned vegetables | Raw vegetables
without seeds or skins Fried vegetables
Carrots (al dente) Vegetables with seeds or skins such as
Beets Bok Choy
Asparagus tips Broccoli
Green beans, wax beans Brussels sprouts
Iceberg lettuce (1-2 slices) Cabbage
White potatoes without skin Cauliflower
Tomato sauces Collard greens
Corn
Cucumbers
Eggplant
Kale
Mushrooms
Onions
Peas
Peppers
Pickles
Sauerkraut
Spinach
Squash
Yams
Soups Broth-based soups Cream-based soups

Soups made with allowed
vegetables above
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Food category Foods to choose Foods to not eat
Beverages Water Prune juice
Decaf coffee (limit to 1 cup per Juice with pulp
day)
Herbal teas (limit to 1 cup per
day)
Fruit juices: apple, grape, or
cranberry
Flattened carbonated beverages
Desserts/sweets Angel food cake Any dessert with nuts, seeds, coconut, or
Sherbet dried fruit
Fruit ice Pastries
Popsicles Pies
Gelatin Cakes
Hard candies Brownies
Marshmallows Donuts
Jelly/jams without seeds
Fats Low-fat or light: Lard
Mayonnaise Fried foods
Salad dressings Avocados
Margarine Olives
Gravies
Cream sauces
Hollandaise sauce
Tartar sauce
Butter
Hydrogenated oils such as palm oil,
soybean oil, and corn oil
8. Mueller C, Compher C, Ellen DM. The American
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(FDG-PET) in the Management
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Introduction

A hallmark of cancer cells is the deregulated
uptake of glucose in an effort to sustain the bio-
synthetic demands of rapid cellular proliferation
[1, 2]. This metabolic process was first described
by German physiologist Otto Warburg in the
1920s. In the seminal study, Warburg et al.
observed a significant increase in glucose con-
sumption and lactic acid production by cancer
cells as compared to normal (non-cancerous)
cells, despite aerobic conditions, suggesting an
anomalous energy metabolism [3]. Subsequent
investigators have corroborated this clinical
observation and concluded that cancer cells have
the ability to reprogram their energy metabolism
such that they rely primarily on glucose catabo-
lism for cellular energy production. In contrast,
the energy pathway favored by normal tissue
cells under aerobic conditions is the coupling of
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glycolysis with mitochondrial oxidative phos-
phorylation, as it yields an approximately 18-fold
increase in energy production in comparison to
glycolysis alone [2]. However, cancer cells are
able to compensate by upregulating glucose
transporters (GLUT) on the cell membrane,
namely, GLUTI, resulting in an increased uptake
of glucose into cells [2, 4].

Today, molecular imaging techniques such
as integrated '®F-fluorodeoxyglucose positron-
emission tomography with computed tomog-
raphy (FDG-PET/CT) have enabled the
visualization and quantification of such cellular
processes using molecular probes which mimic
endogenous substrates metabolized by cells.
FDG is a radioactive glucose analog which is
imported into cells via GLUT. However, FDG is
not completely metabolized upon entry into
cells, in contrast to glucose, and accumulates
proportionately to the amount of uptake and
metabolic activity within cells [4]. This results
in an increased accumulation of FDG within
cells, particularly those which have high rates of
glycolytic activity as cancers cells.

High levels of FDG uptake have been observed
in several solid tumors and associated with poor
survival outcomes [5-8]. This clinical observa-
tion has fueled the hypothesis that tumor FDG
avidity on FDG-PET/CT may be a surrogate
marker for tumor biology. Among patients with
pancreatic cancer, tumor characteristics on FDG-
PET/CT have been shown to closely correlate
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with clinical outcomes. For example, pancreatic
cancers which have high levels of FDG uptake on
pretreatment FDG-PET/CT imaging have been
associated with more aggressive histologic tumor
grade, early treatment failures, and poor survival
outcomes, despite the receipt of multimodality
therapy [8—14]. However, the role of FDG-PET/
CT imaging in the management of pancreatic
cancer has been somewhat limited and remains
poorly defined. This chapter will review the use
of FDG-PET/CT imaging as a prognostic tool
among patients with pancreatic cancer.

FDG-PET/CT in the Staging
of Pancreatic Cancer

At present, FDG-PET/CT is primarily utilized in
the context of equivocal extra-pancreatic lesions
on staging CT concerning for metastases or in
select patients thought to be high risk for harbor-
ing occult metastases due to either a large pri-
mary tumor, significant elevation of serum
carbohydrate antigen 19-9 (CA19-9), or the
presence of suspicious lymph nodes on CT imag-
ing. FDG-PET/CT has been shown to improve
the detection of occult metastases in patients with
pancreatic cancer. In a review including 65
patients with localized pancreatic cancer, clinical
staging was performed using CT angiogram and
FDG-PET/CT, and the sensitivities for detecting
metastases were 57% and 61% using CT angio-
gram and FDG-PET/CT, respectively. However,
when FDG-PET/CT was used in combination
with CT angiogram, the sensitivity for detecting
metastases increased to 87%. Importantly, the
detection of occult metastatic disease with FDG-
PET/CT altered the initial plan of care in 7 (11%)
of the 65 patients [15]. Similarly, in a review of
71 patients with locally advanced pancreatic can-
cer who underwent FDG-PET/CT imaging as
part of radiation therapy planning, FDG-PET/CT
detected occult metastases in 19 (26%) patients
which were not identified on CT imaging. In each
of these 19 patients, the treatment modality and/
or sequencing of therapies were influenced by the
diagnosis of metastatic disease [16]. This under-

scores the importance of accurate staging of dis-
ease and the value of multimodality imaging,
which may prevent the application of invasive
therapies to patients who will derive little onco-
logic benefit yet endure the associated
morbidity.

In the absence of suspected metastatic disease,
the routine use of FDG-PET/CT is not recom-
mended [17]. This is largely due to conflicting
evidence that FDG-PET/CT imaging improves
the accuracy of diagnosis of pancreatic cancer as
compared to CT alone. A recent multi-institutional
study including 550 patients with suspected pan-
creatic cancer found FDG-PET/CT to be superior
to CT at diagnosing pancreatic cancer. In this
study, all patients underwent both multidetector
CT and FDG-PET/CT imaging as part of their
diagnostic evaluation, and 261 (47%) of the 550
patients were found to have pancreatic cancer.
Multidetector CT had a sensitivity and specificity
of 88.5% and 70.6%, respectively, at diagnosing
pancreatic cancer, whereas FDG-PET/CT had a
sensitivity and specificity of 92.7% and 75.8%,
respectively [18]. However, prior meta-analyses
have demonstrated comparable diagnostic capa-
bilities for CT and FDG-PET/CT [19, 20].

A meta-analysis including 65 studies demon-
strated a pooled sensitivity and specificity of 91%
and 85%, respectively, for diagnosing pancreatic
cancer with conventional CT imaging. In addi-
tion, CT was determined to be superior to both
magnetic resonance imaging (MRI) and ultra-
sound (US) at diagnosing pancreatic cancer;
FDG-PET/CT was not evaluated in this study
[19]. However, in later meta-analysis which
included 35 studies, the pooled sensitivity and
specificity were 90% and 76%, respectively, for
diagnosing pancreatic cancer with FDG-PET/CT
imaging. Therefore, the authors of this analysis
concluded that FDG-PET/CT may not provide
any additional benefit to CT at diagnosing pan-
creatic cancer. Interestingly, in the discussion of
this analysis, the authors proposed the clinical
utility of FDG-PET/CT may be disease prognos-
tication, as several studies in the meta-analysis
reported a correlation between tumor FDG avid-
ity and survival outcomes [20].
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Prognostic Value of Pretreatment
FDG-PET/CT Imaging

Value of Pretreatment FDG-PET/CT

There is substantial evidence to suggest that
tumor FDG avidity on FDG-PET/CT imaging
may be prognostic of patient outcomes. Several
parameters to quantify FDG uptake by tumor
cells have been evaluated, including maximal
standard uptake value (SUV), total lesion gly-
colysis (TLG), and metabolic tumor volume
(MTV); however, SUV may be the most well
studied. SUV is a semi-quantitative measure of
FDG uptake which is determined by the equa-
tion: [region of interest activity (mCi/mL) x
patient body weight (g)] / injected FDG dose
[21]. The prognostic value of tumor SUV on
FDG-PET/CT has been studied in a variety of
cancers and shown to correlate with overall sur-
vival (OS) outcomes [5-8].

Data is evolving which suggests that pancre-
atic cancers with high SUVs on FDG-PET/CT
may be associated with more aggressive tumor
phenotypes and, subsequently, worse survival
outcomes. For example, in a review of 102
patients with pancreatic cancer, SUV on pretreat-
ment FDG-PET/CT directly correlated with
pathologic tumor grade. The mean SUVs were
4.93, 6.47, and 7.29 for patients with well-, mod-
erately, and poorly differentiated tumors, respec-
tively. Further, the investigators observed an
inverse relationship between maximal SUV and
OS outcomes (p = 0.002) [9]. In another review
including 42 patients with pancreatic cancer who
underwent FDG-PET/CT imaging at diagnosis,
there was a positive correlation between SUV and
histologic grade, though this did not reach statisti-
cal significance. However, the investigators did
observe a strong correlation between SUV and
Ki-67 proliferative index (PI). The mean SUVs
were 4.2, 6.0, and 8.6 for patients with low (<
5%), moderate (6% to 50%), and high (>50%)
Ki-67 PI, respectively (p < 0.001) [11]. These
findings suggest that SUV on FDG-PET/CT may
be a surrogate marker for the biologic aggressive-
ness of pancreatic cancers. More compelling evi-

dence to support this hypothesis may be the
clinical observation that patients with higher
SUVs experience worse survival outcomes as
compared to patients with lower SUVs (Figs. 15.1
and 15.2). Table 15.1 summarizes studies which
have demonstrated a correlation between tumor
SUV on FDG-PET/CT and survival outcomes
among patients with pancreatic cancer.

In a recent analysis of 105 patients with early-
stage pancreatic cancer who underwent FDG-
PET/CT imaging prior to resection, the
investigators observed a significantly improved
OS among patients with alow SUV (<5.1) as com-
pared to those with a high SUV (>5.1). Of the 105
patients, the median OS of the 51 (49%) patients
with low SUV was 28 months as compared to
16 months among the 54 (51%) patients with high
SUV (p = 0.036) [8]. Similarly, in review of 128
patients with resected pancreatic cancer who
underwent preoperative FDG-PET/CT imaging,
the investigators used a cutoff of 6.0 to classify
tumor SUYV as either low (<6.0) or high (>6.0). Of
the 128 patients, the median OS of the 59 (46%)
patients with low SUV was 37 months as com-
pared to 18 months among the 69 (54%) patients
with high SUV (p < 0.001) [14].

FDG-PET/CT has also been investigated
among patients with advanced disease and simi-
larly has demonstrated prognostic value. In a
review of 69 patients with unresected, locally
advanced pancreatic cancer treated with either
chemotherapy, chemoradiation, or radiotherapy
alone, the investigators observed a superior OS
among patients with low SUV (<5.5) as com-
pared to those with high SUV (>5.5). In this
study, FDG-PET/CT imaging was performed
prior to the initiation of all therapies. Of the 69
patients, the median OS of the 34 (50%) patients
with low SUV was 16.6 months as compared to
12.6 months among the 35 (50%) patients with
high SUV (p = 0.025) [22]. These findings were
consistent with a prior analysis which included
55 patients with unresected, locally advanced
pancreatic cancer. In this study, patients were
treated with chemotherapy and stereotactic
body radiotherapy (SBRT). The investigators
used the median SUV of 6.2 to classify patients
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Fig. 15.1 FDG-PET/CT imaging of a 69-year-old
female with a pancreatic head mass/neck and serum
CA19-9 level of 933 U/mL. Axial fused FDG-PET/CT
imaging (a) demonstrating increased FDG uptake
throughout the pancreatic head/neck mass with a maxi-
mal SUV = 10.6. Axial FDG-PET (b) and noncontrast
CT (c) are shown for comparison Endoscopic ultra-

Fig. 15.2 FDG-PET/CT imaging of a 69-year-old male
with a pancreatic head mass and significant elevation of
serum CA19-9 level to 1775 U/mL. Axial fused FDG-
PET/CT imaging (a) demonstrating heterogenous FDG
uptake throughout the pancreatic head mass with a max-
imal SUV = 5.0. Axial FDG-PET (b) and noncontrast

CT (c¢) are shown for comparison. Endoscopic

as having either a low SUV (<6.2) or high SUV
(>6.2), and a superior OS was observed among
patients with low SUV as compared to those
with high SUV (15.3 vs 9.8 months, respec-
tively; p < 0.01) [13].

Other Prognostic FDG-PET/CT
Parameters

Volumetric parameters such as TLG and MTV
have also been studied and shown to correlate
with clinical outcomes among patients with pan-
creatic cancer [23]. MTV is the total volume of
tumor with FDG uptake (usually over a set
threshold), and TLG is derived by multiplying

sound-guided fine needle aspiration confirmed pancre-
atic cancer. The mass was staged as borderline
resectable, and the patient was treated with neoadjuvant
therapy prior to surgical resection. The patient devel-
oped recurrent disease 7 months from surgery and suc-
cumbed to her disease 19 months from initial pancreatic
cancer diagnosis

ultrasound-guided fine needle aspiration confirmed pan-
creatic cancer. The mass was staged as borderline
resectable and the patient treated with neoadjuvant ther-
apy prior to surgical resection. The patient developed
recurrent disease 28 months from surgery and suc-
cumbed to disease 54 months from initial pancreatic
cancer diagnosis

the MTV by the mean SUV. In contrast to maxi-
mal SUV which only measures FDG uptake in
the region of the tumor with the highest level of
metabolic activity, MTV and TLG provide a
three-dimensional measure of total tumor burden
and account for the metabolic heterogeneity
among the different cell types comprising the
tumor. High MTV and TLG values have been
associated with worse survival outcomes among
patients with pancreatic cancer. In an analysis of
55 patients with locally advanced pancreatic can-
cer treated with SBRT, the median MTV was
57.5 for all patients. Of the 55 patients, the
median OS of patients with low MTV (<57.5)
was 18.0 months as compared to 10.1 months
among patients with high MTV (>57.5; p <0.01).
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Similarly, in a retrospective review of 122
patients with resected pancreatic cancer who
underwent FDG-PET/CT imaging prior to sur-
gery, patients were classified as low or high using
the MTV and TLG median values of 15.7 and
57.7, respectively, as cutoffs. Of the 122 patients,
the median OS of patients with high MTV and
high TLG was 9.7 months as compared to
24.2 months among patients with low MTV and
low TLG (p < 0.001). In the multivariable haz-
ards analysis, the investigators observed that high
MTV (HR: 2.72; p < 0.001), high TLG (HR:
2.79; p <0.001), and elevated CA19-9 at diagno-
sis (HR: 2.65; p = 0.006) were independent fac-
tors associated with an increased risk of death.
These data suggest the metabolic activity of pan-
creatic cancers on FDG-PET/CT at diagnosis is
an important prognostic marker. When used in
combination with CA19-9 level, which has been
correlated with stage of disease, rates of resec-
tion, and survival outcomes, clinicians may be
able to provide patients with highly accurate pre-
dictions of disease outcomes [24, 25].

FDG-PET/CT as a Predictor
of Response to Therapy

Unfortunately, the vast majority of patients with
resected pancreatic cancer will succumb to sys-
temic disease recurrence. Among those who
undergo up-front surgery followed by adjuvant
therapy, the median time to first disease recur-
rence is approximately 13 months from the time
of surgical resection [26, 27]. The timing and pat-
terns of disease recurrence following neoadju-
vant therapy and surgery are less clear; this is
currently being investigated. Several predictors
of disease recurrence have been identified,
including positive resection margins, regional
lymph node metastases, and perineural inva-
sion — all determined upon pathologic review of
surgically resected specimens [28]. At present,
there are limited preoperative prognostic markers
to stratify patients, with the exception of serum
CA19-9 level. As such, identifying patients who
are high risk for early treatment failures remains
a major challenge in the management of patients

with pancreatic cancer. Recent studies evaluating
tumor FDG avidity on pretreatment FDG-PET/
CT as a predictor of disease recurrence have
demonstrated promising results. In a recent
review of 46 patients with resected pancreatic
cancer, patients with SUV < 6.0 (n = 19, 41%)
experienced a median disease-free survival
(DFES) of 25 months as compared to 13 months
among patients with SUV > 6.0 (n = 27, 59%;
p = 0.003). In a multivariable hazards analysis,
SUV > 6.0 was associated with a 2.28-fold
increased risk of disease recurrence (HR: 2.28;
p =0.024) [29].

FDG-PET/CT has been particularly success-
ful at predicting early disease recurrences after
surgery. For example, in a report including 128
patients with resected pancreatic cancer, the
investigators observed an increased incidence of
early (<6 months) postoperative recurrences
among patients with SUV > 6.0 as compared to
those with SUV < 6.0 (49% vs 5%; p <0.001). Of
the 128 patients, the 3- and 5-year DFS rates and
median DFS were 39.1%, 36.5%, and 23 months,
respectively, for patients with SUV < 6.0, as
compared to 13.0%, 13.0%, and 6 months among
patients with SUV > 6.0 (p < 0.001) [14].
Similarly, in a review of 56 patients treated with
a surgery-first approach, 22 (39%) patients expe-
rienced disease recurrences within 6 months
from surgery. The median SUV on pretreatment
FDG-PET/CT among the 22 (39%) patients with
early (<6 months) postoperative recurrences was
7.9 as compared to 4.2 among the 34 (61%)
patients who did not experience an early recur-
rence (p = 0.004) [12]. This data suggests that
patients with pancreatic cancers which demon-
strate high FDG uptake on FDG-PET/CT may be
at a higher risk for early disease recurrence due to
aggressive tumor biology. This taken in the con-
text of a significantly elevated CA19-9 should
warrant careful consideration of the oncologic
benefit of invasive therapies such as surgery
(Figs. 15.1 and 15.3).

Among patients with unresected disease, pre-
treatment FDG-PET/CT SUYV has been shown to
be predictive of time to disease progression. In an
analysis of 106 patients with unresected, stage
II-IV pancreatic cancer who underwent initial
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Fig. 15.3 FDG-PET/CT imaging of a 76-year-old male
with a pancreatic body mass and serum CA19-9 level of
647 U/mL. Axial fused FDG-PET/CT imaging (a) dem-
onstrating intense FDG uptake throughout the pancreatic
body mass with a maximal SUV = 11.9. Axial FDG-PET
(b) and noncontrast CT (c¢) are shown for comparison.
Endoscopic ultrasound-guided fine needle aspiration con-

staging with FDG-PET/CT, prior to the start of
therapy, maximal SUV was shown to correlate
with progression-free survival (PFS). Using a
SUV cutoff of 4.93, the investigators observed
that patients with SUV < 4.93 progressed at
median of 385 days as compared to 204 days
among patients with SUV >4.93 [10]. Table 15.2
summarizes studies which have demonstrated a
correlation between tumor SUV on FDG-PET/
CT and disease progression in patients with pan-
creatic cancer.

Limitations of FDG-PET/CT

Though published data would suggest a pancre-
atic mass with a SUV greater than 2.0 to 4.0 on
FDG-PET/CT is consistent with pancreatic can-
cer, differentiating benign inflammatory lesions
from pancreatic cancers can be challenging [30,
31]. Similar to pancreatic cancer, inflammatory
diseases of the pancreas such as acute/chronic
pancreatitis may result in high levels of FDG
uptake. A review of 47 patients with pancreatic
lesions demonstrated that there is considerable
overlap between the SUV ranges of patients with
mass-forming pancreatitis (n = 14, 30%) and
those with pancreatic cancer (n = 33, 70%).
However, at both 1 hour and 2 hours post FDG
injection, the SUVs of pancreatic cancers were
generally higher than the SUVs of mass-forming
pancreatitis (p = 0.001 and p = 0.012, respec-

firmed pancreatic cancer. The mass was staged as resect-
able. The patient received neoadjuvant therapy prior to
surgical resection and adjuvant therapy. The patient devel-
oped recurrent disease 8 months from surgery and suc-
cumbed to disease 17 months from initial pancreatic
cancer diagnosis

tively) [32]. In addition, the sensitivity of FDG-
PET/CT at diagnosing pancreatic cancer has
been shown to be significantly decreased among
patients with elevated serum glucose levels,
resulting in false negative studies [33]. As such,
adequate glycemic control at the time of image
acquisition is essential to accurately diagnose
pancreatic cancers.

Future Directions

In recent years, integrated FDG-PET/MRI has
emerged as an imaging modality for pancreatic
cancer. FDG-PET/MRI may offer several poten-
tial advantages over FDG-PET/CT, as MRI pro-
duces superior imaging of soft tissue pathologies.
In addition, the simultaneous acquisition of the
FDG-PET and MRI results in optimal fusion of
images and minimizes misregistration artifact
associated with the sequential acquisition of
FDG-PET and CT [34, 35]. Furthermore, FDG-
PET/MRI is associated with an approximately
40% to 60% reduction in radiation exposure,
which is particularly important among cancer
patients who undergo frequent imaging for stag-
ing and/or surveillance purposes [34].
FDG-PET/MRI has been shown to be superior
to FDG-PET/CT at differentiating pancreatic
cancers from benign pancreatic lesions. In a
review of 47 patients with pancreatic lesions, the
diagnostic accuracy of FDG-PET/MRI at
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diagnosing pancreatic cancer was 93% and
90.7% for T1-weighted and T2-weighted fusion
images, respectively, as compared to 88.4% for
FDG-PET/CT [36]. Consistent with these find-
ings, an analysis including 119 patients with pan-
creatic lesions reported a sensitivity, specificity,
and accuracy of 99%, 82.6%, and 96.6%, respec-
tively, at diagnosing pancreatic cancer with FDG-
PET/MRI, as compared to 96.9%, 43.5%, and
86.6%, respectively, with FDG-PET/CT [37].
Despite preliminary data demonstrating improved
diagnostic capabilities, FDG-PET/MRI has not
been readily incorporated into clinical practice.
This may be due to its limited availability, higher
cost, and the specialized training required by
technologists. Additionally, FDG-PET/MRI pro-
tocols for assessing pancreatic cancers have not
been validated in the current literature.

Conclusion

The clinical utility of FDG-PET/CT in the man-
agement of patients with pancreatic cancer is
evolving. Current data has demonstrated a strong
correlation between tumor FDG avidity and clin-
ical outcomes among patients with pancreatic
cancer, suggesting the true value of FDG-PET/
CT may be as prognostic tool, rather than diag-
nostic. Maximal SUV on FDG-PET/CT is an
objective measure of tumor metabolic activity
which may be a surrogate marker of tumor biol-
ogy. Early insight into the biologic behavior of
pancreatic cancers is extremely valuable infor-
mation which may improve patient risk stratifica-
tion and enable the delivery of more personalized
and comprehensive treatment.
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Introduction

During the last three decades, significant
advances have been made in the field of pancre-
atic cancer. Notable among them is the realiza-
tion of the contribution of genomics and
epigenomics [1] to the progression of the disease;
the discovery of new treatment regimens based
on the combination of neoadjuvant therapy, sur-
gery, and radiation [2]; the creation of a large
number of animal models [3]; new radiographic
modalities for diagnosis and treatment [4]; as
well as the testing of a large number of targeted
therapies [5]. Thus, although this falls short of
the ultimate goal for every pancreatic cancer
investigator to defeat this dismal disease, the field
has progressed in the right direction with small
yet steady improvements. Most of these changes
have taken place because of the unprecedented
partnership among patients, patient advocates,
scientists, and philanthropists, who together have
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increased both the awareness and the funding for
studies on this disease. This stimulus to the field
has prepared many investigators, both conceptu-
ally and methodologically, to begin capturing and
applying new developments from other areas of
science to the study of pancreatic cancer, as well
as create solutions that are specific for this dis-
ease. Many of these solutions are establishing
part of the arsenal that has become the new revo-
lution in medical practice and clinical research,
namely, precision medicine. This specialty found
its developmental roots in the race for sequencing
the human genome. In fact, the engineering tools
used to crack this code, specifically next-
generation sequencing together with bioinfor-
matics and data analytics, function as the current
engine of precision medicine. According to the
definition provided at the launch of the National
Precision Medicine Initiative in 2015, this disci-
pline represents “an emerging approach for dis-
ease treatment and prevention that takes into
account individual variability in genes, environ-
ment, and lifestyle for each person [6].” Thus,
precision medicine centers have been formed
within most of the top US academic institutions.
In addition, several national reference laborato-
ries for precision medicine offer tools, services,
and assays, primarily for the management of can-
cer. In fact, the critical value of “clinical utility”
for precision medicine has been proven to exist
due to the cancer field. Precision medicine offers,
for the first time, the ability to interrogate patients,
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Fig. 16.1 Precision
medicine as the new
bench for the academic
surgeon. The academic
surgeon holds the
possibility to play a key
role in precision
medicine through
combining the
methodologies of
genomics, epigenomics,
pharmacogenomics, and
microbiome, as well as
the acquisition of
clinical data with
printables, wearables,
and portables
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at the level of their germline as well as their can-
cer tissue, with the highest precision tools avail-
able to science. Although cell and animal models
continue to be utilized for research, precision
medicine is imparting us with the tools to study
humans directly, with the immense advantages
that this giant step forward signifies. Thus, this
chapter will review the new branches of science
that assemble the arsenal of tools for precision
medicine, how they can address individual varia-
tions in genes, environment, and lifestyle for
each of our patients, and the emergence of preci-
sion medicine as a “new bench” for academic
surgeons (Fig. 16.1).

At the Beginning of the Journey
Toward Precision Medicine,
We Found the Genes

The significant efforts devoted to the Human
Genome Project were based on the rationale of
the time that if DNA held the code of life, deter-
mining the DNA sequence of an entire human
would reveal a “Rosetta stone” to unlock the
state of health and disease, as well as to change
the “sick” phenotype into a more normal one.
However, according to the expectations of many,
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the Human Genome Project did not find a single
genome but rather the confirmation that humans
vary quite frequently in DNA sequences.
Humans have differences in common, as well as
rare genomic variants in coding and noncoding
regions, along with additional structural differ-
ences in genes, copy number variation, and
repetitive sequences. In fact, it was soon realized
that some of these differences prevent or protect
from diseases, while others predispose to them.
Moreover, human genomes are diverse not only
in their germline DNA, but somatic DNA
changes are present that confer differences in
normal and diseased organs as well. In fact, the
field of pancreatic cancer benefited from
advances in the utilization of genomics in both
germline and somatic DNA. At the level of
somatic DNA, many of the initial discoveries are
indebted to the Johns Hopkins group of Hruban
et al., who together outlined the cancer progres-
sion model for pancreatic cancer [7]. This group
and others were also key in detecting that spe-
cific germline alterations give rise to familial
pancreatic cancer [8]. Interestingly, these pio-
neering discoveries were made before the latest
advances in massive parallel sequencing or next-
generation sequencing began, which determines
the entire genome of an individual at a lower cost
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than many clinical diagnostic procedures.
Moving forward several years from now, sophis-
ticated methods of analyses have been imple-
mented to allow one to reach conclusions of
significant medical value. For instance, using
exon panels or genome-wide methodologies,
such as whole exome sequencing or whole
genome sequencing from blood or peripheral
blood mononuclear cells, the complete genomic
makeup of an individual’s germline DNA can be
obtained, offering new possibilities. For instance,
in the case of familial pancreatic cancer, the con-
clusion that someone was a carrier of a familial
form of the disease used to be based solely on
family history, showing the generations of
affected individuals. However, though useful at
the beginning, this approach did not clearly
reflect the reality of the disease. Today, it is
known that approximately 4% of patients diag-
nosed with apparent sporadic pancreatic cancer
carry germline genomic variants in cancer driver
genes in addition to the 5-10% occurrence with
a family history of the disease [9]. Importantly,
some of these variants may help to predict
whether some of these patients will be more sen-
sitive to a particular type of therapy (e.g., BRCA
genes being more sensitive to radiation and plat-
inum-based compounds [10]). As a result, the
ability to obtain this refined knowledge is open-
ing the question as whether genomic testing
should be offered to individuals upon diagnosis,
since the results can potentially inform disease
management as well as aid the genetic counsel-
ing of these patients and their families.

It is noteworthy that the current implementa-
tion of precision medicine is not a significant
undertaking. Whole exome sequencing (WES) is
a methodology that uses probes to capture the
protein-coding regions of the genome (exons)
and sequence them [11]. Subsequently, the genes
may contain alterations, now referred to with the
terminology of genomic variants, as a known
pathogenic one (e.g., KrasG12D), a variant of
unknown significance (VUS), or a gene of
unknown significance (GUS) [12]. VUS are those
variants in which the amino acid substitution falls
within a gene, for which significant information
exists in relationship to the phenotype but has

never been proven to be pathogenic. For instance,
a mutation in Kras that involves a residue adja-
cent to a known pathogenic one, without existing
proof to support the same conclusion for this new
variant, would be classified as a VUS. In essence,
GUS is similar, although it relates to variants in
genes that have not been previously found to be
associated with disease causation. Similar crite-
ria are applied for both germline and somatic
testing [13]. Whole genome sequencing (WGS)
can provide the same data as WES along with an
extensive amount of more information, as it
reveals the remaining 99% of the genome that is
not exposed with WES. In addition, the technique
behind WGS is better than WES, since it does not
implement a capture step, which sometimes cre-
ates artifacts or dissimilar representation of vari-
ants [11]. Another aspect for which WGS is
superior to WES is its information on copy num-
ber and structural aberrations, while WES is sub-
optimal. With the release of the Illumina
sequencers, the HiSeq X and NovaSeq 6000, the
price of WGS has recently decreased signifi-
cantly and promises to become even more afford-
able in the near future [14]. In addition to these
approaches, narrower focused gene panels and
arrays have acquired more rapid application to
the clinic because these methods can select
disease-specific pathways, are easy to process at
a bioinformatics level, and, therefore, are valued
at much lower cost [15]. Currently, there are
institutional precision medicine centers and
national reference laboratories that can provide
all these services. Thus, the question is what type
of information can be obtained with these meth-
odologies. While there is a general agreement
that gene panels represent a fast, reimbursable,
and informative way to interrogate the potentially
pathogenic genomic profile of patients and
tumors, ultimately the best possible result for any
of these genomic techniques is what is referred to
as an “actionable variant.” An “actionable vari-
ant” would offer insight that can be harnessed for
immediate benefit with currently available medi-
cal options. For instance, tumors with mutations
in DNA repair pathways are likely to be more
sensitive to chemoradiation [16], thereby influ-
encing the neoadjuvant and adjuvant therapies
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that potentially would be more effective for the
patient carrying such a mutation. Similarly, a
tumor with a mutation in a particular gene, for
which drugs are being tested in clinical trials, can
designate a patient to be eligible to participate,
thereby providing additional benefits, including
intangibles such as hope, which increase quality
of life.

Novel molecular assays are rapidly entering
the clinical domain of research-based monitoring
in oncology, as well as other screening and diag-
nostics purposes, for which the aforementioned
genomic techniques are at the core. A new form
of effective and promising diagnosis is the liquid
biopsy, in which investigators perform assays on
cell-free circulating DNA in blood, or genetic
material released by tumor cells, to detect muta-
tions that would identify the presence of malig-
nancy [17]. Another methodology, though more
cumbersome, is to isolate circulating tumor cells
from blood to subsequently obtain a genomic
profile. In fact, the use of circulating DNA as a
noninvasive biomarker in the clinical diagnosis
and prognosis of pancreatic cancer is gaining sig-
nificant momentum. Initial work focused on mea-
suring the presence of Kras mutation in cell-free
DNA. While this approach has provided a great
proof of principle in support of the methodology
and procedures, its limited sensitivity has not
permitted advancement in patient management
[18]. A more promising discovery was recently
pioneered by Cohen and colleagues, in which a
combined assessment of serum markers with cir-
culating free DNA led to the development of the
CancerSEEK assay that can diagnose eight can-
cer types, including pancreatic cancer with a
median sensitivity of 70% and specificity >99%
[19]. Another useful application of technology
for cell-free DNA evaluation originated from
studies out of the Mayo Clinic [20], which culmi-
nated in the development of Cologuard®, which
is an FDA-approved, multi-target stool DNA test
based on detecting an altered gene signature shed
from cancer cells into the stool. Notably, although
this assay is commercialized for colon cancer
screening, the test reveals altered DNA released
from any cancerous cell located within the
aerodigestive and gastrointestinal tract from the

mouth to the anus, and therefore follow-up stud-
ies are evaluating whether pancreatic, esopha-
geal, stomach, lung, and hepatobiliary cancers
are also revealed by the assay [21]. Further areas
of prominent development are involved in the
search for indicators that facilitate patient man-
agement based on prognosis, by monitoring
disease-free survival through novel circulating
markers, such as DNA, RNA, and protein, which
are present in exosomes [22, 23]. Thus, genomics
has completely changed the field of pancreatic
cancer in terms of the future diagnosis, progno-
sis, and treatment of this disease. Furthermore,
this discipline has paved the way for the estab-
lishment of other core elements of precision
medicine, including pharmacogenomics, epig-
enomics, and microbiomics.

Pharmacogenomics: Own Your
Drug Response

Just as humans have significant variation in the
whole genome, it follows that pathways that are
utilized in metabolism also differ. In fact, metab-
olisms for many molecules, including food prod-
ucts such as sugars, are significantly affected by
genomic variants, which can range from the sub-
tle to the complex metabolic disease state, result-
ing in genetically influenced metabotypes [24].
Not surprisingly, therefore, variations in genes
that encode for enzymes participating in drug
metabolism can have a significant impact on the
way humans react to drugs. From anesthesia
used to operate, opiates for controlling pain, anti-
clotting agents, chemotherapy, and radiation,
patient sensitivity is influenced by enzymes,
which by nature are encoded by genes that vary
their potential response to treatments. This con-
cept forms the basis of pharmacogenomics.
Genomic variation can impact drug functionality
at the level of either pharmacokinetics, including
the absorption, distribution, metabolism, and/or
elimination of a drug, or pharmacodynamics,
such that the drug target or associated biological
pathways are modified to alter drug effects [25].
Thus, by studying and taking into consideration
these variations, pharmacogenomics has the abil-



16 The New Bench for the Academic Surgeon: Precision Medicine 191

ity to influence all aspects of patient manage-
ment. Based on this knowledge, many centers
around the world have incorporated pharmacoge-
nomics testing into clinical care [25]. Thus,
although in the early stages, pharmacogenomics
promises to be an essential component of the
future practice of pancreatic cancer surgery and
treatment [26].

The fact that the arsenal of potentially benefi-
cial therapeutic drugs is growing at a rapid speed
presents evolving pharmacogenomics consider-
ations. Besides new chemotherapeutic combina-
tions, most efforts of pharmaceutical and
academic institutions are directed to develop tar-
geted therapies. In fact, success in this area has
already been achieved with the development of
epidermal growth factor receptor (EGFR) inhibi-
tors which effectively target cancers, alone or in
combination with other therapies [27]. In this
regard, it is important to highlight that most of
the drugs developed by pharma in the last decades
were targeted to signaling enzymes and cell cycle
inhibitors. However, this trend has recently
changed to increase the development of epig-
enomic inhibitors, because they can reverse a
pathogenetic inherited trait coming from the
environment, and immunotherapeutics, which
seek to harness the immune system to generate an
antitumor response. However, little is known
about the pharmacogenomics of these new drugs,
which if approached properly, will provide more
justification for pharmacogenomics testing.
Furthermore, since genes are also regulated by
epigenomic-based mechanisms, variations in the
epigenomics of genes, such as drug-metabolizing
enzymes, present an additional layer of complex-
ity to develop a new field, pharmacoepigenomics
[28]. Lastly, another metabolic pathway that can
have gene variations is that involved in the
response to radiation, which is considered as a
variation of pharmacogenomics, better known as
the field of radiogenomics. This field is populated
by our historical radiotherapeutics partners
focused on two complementary directions,
namely, the study of genetic variation associated
with response to radiation (radiation genomics)
or reference to the correlation between cancer
imaging features and gene expression (imaging

genomics) [29]. Without a doubt, pharmacoge-
nomics is anticipated to have a promising future
with increasing benefits. For instance, all varia-
tions in drug-metabolizing enzymes can be fil-
tered from WES and WGS, even from babies
undergoing sequencing for other reasons, and
those individuals will grow with the knowledge
of their genome-based drug response profile for
the rest of their lives. Thus, looking at the patient
as a whole, and not solely as a “tumor carrier,”
pharmacogenomics can significantly impact
numerous aspects of patient care from decisions
for improving drug and radiation sensitivity as
well as resistance to efforts for managing clotting
or pain, as well as other symptoms.

Environment-Gene Interactions:
The Role of Epigenomics

For many years, investigators, particularly in the
area of genetic epidemiology, have been discuss-
ing the concept of gene—environment interactions.
However, it required quite some time to truly
define the term “environment” from a mechanistic
point of view. In other words, the persistent ques-
tion was how, molecularly, the environment
changes gene programs, how it can be measured,
and whether the deleterious environmental insults
can be reverted. One of the major clues to this
challenge came with the incorporation of concepts
and methodologies from epigenomics. The term
epigenetics was coined by Conrad Waddington in
1942 [30], which was more than 10 years before
the publication of the structure of DNA responsi-
ble for the basis of genetic inheritance [31]. Today,
epigenetics is understood as a form of inheritance
that is independent of the coding capacity of DNA
[1]. In other words, a gene can be either silenced or
induced, and this pattern can be altered without
being mutated. The broader term, epigenomics,
refers to the collective epigenetic changes across
many genes in a cell or entire organism. Therefore,
it becomes essential to define what comprises the
epigenome and how it can generate changes in the
response of genes to the environment, without any
alteration in the underlying base compositions of
these genes. The epigenome is molecularly more
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complex than the genome, and its function is to
regulate the former. The epigenome is formed by
chromatin, which is composed of the DNA, small
and large noncoding RNAs frequently associated
to it, histones, as well as other regulatory proteins,
which together transmit the messages from the
environment to the nucleus where the result is a
change in gene expression [1]. The key to under-
standing how the epigenome works in this context
is to first get familiar with the concept of “marks.”
Marks are posttranslational modifications that are
deposited onto DNA, RNA molecules, or associ-
ated proteins (e.g., histones) in response to an
environmental stimulus. Certain marks instruct to
either activate or silence the expression of genes
located in this marked region of the nucleus by
regulating the production of messenger RNA
(mRNA). The marks are generated by a variety of
molecular machinery specialized for this purpose.
Protein complexes, referred to as writers, readers,
and erasers, are responsible for depositing, reading
and interpreting, and, when necessary, erasing the
mark, respectively. For example, an inflammatory
molecule present in the tumor microenvironment
can bind to its corresponding receptor at the tumor
cell surface, transmit the signal through the cyto-
plasm with a cascade of protein interactions and
modifications, and eventually transmit to the
nucleus where the activation or inactivation of
writers, readers, and erasers occurs to modulate
the expression of entire gene networks (e.g., a drug
resistance pathway). To utilize one epigenomic
pathway as an example for clarifying this concept,
a stimulus can ultimately travel to the nucleus and
activate DNA methyltransferases (writers), which
will methylate DNA [32]. The methylated DNA
will be interpreted as a command for gene silenc-
ing by methyl-binding proteins (readers), such as
MeCP2. Once this signal either terminates or this
change needs to be reversed, DNA is demethylated
by Ten-eleven translocation (TET) enzyme (eras-
ers). Thus, in this manner, instructions from the
external environment are passed all the way to the
nucleus of cells.

The second important consideration is the way
that modifications of epigenome become inher-
ited, similar to the inheritance of genomic varia-
tions, so that the resultant phenotype is indefinitely
propagated from mother cells to their progeny.

One of the most widely accepted mechanisms for
inheritance of marks on the DNA and proteins
comes from the discovery of the semiconservative
replication of DNA [33]. Old models focus on the
duplication of DNA as only representing the
nucleic acid molecules. However, today it is
known that proteins and RNAs are also at the rep-
lication fork. In addition, when the DNA is dupli-
cated, the marks that were present in the region
are also duplicated onto the nascent chromatin
fiber. While the mechanisms are not fully eluci-
dated, it is believed that the existing parental chro-
matin supplies half of the histones for the
replicated DNA, and these clusters of parental
chromatin may inform the propagation of histone
marks to reestablish the epigenomic state [34]. In
this manner, a cell with epigenomic changes will
propagate these alterations, and if these epig-
enomic modifications lead to a more aggressive
phenotype, then the progeny of this cell will also
carry a more aggressive phenotype.

Fortunately, a large number of methodologies
are now available to measure how the environ-
ment has changed the epigenome of a tumor or an
individual. Similar to genomic methodologies,
epigenomics can be studied in either a panel
format or in genome-wide versions. For
instance, various methodologies to measure
DNA methylation exist, from methylated DNA
immunoprecipitation (MeDIP), which is an
immunoprecipitation-based = methodology, to
arrays which contain an extensive representation
of the modifiable regions of DNA, as well as
bisulfite modification of DNA to convert unmodi-
fied cytosines and protect methylated cytosines
followed by next-generation sequencing, to define
with high precision the genome-wide alterations
in DNA methylation caused by an environmental
stimulus [32]. Correspondingly, immunoprecipi-
tation-based methodologies, known as chromatin
immunoprecipitation or ChIP, combined with
next-generation sequencing are employed specific
to histone marks and chromatin machinery (writ-
ers, readers, and erasers) to map the genome-wide
landscape of these epigenomic pathways [35].
The most advanced approaches involve the inte-
gration of many of these methodologies, which
requires extensive resources in bioinformatics and
data analytics [36].
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Genomics and epigenomics research has led
to the recent discovery that there is more than one
subtype of pancreatic cancer with defined
changes in histone and DNA marks that are con-
gruent with gene silencing or activation [37—40].
These studies indicate that the basal subtype
demonstrates more malignant behavior than the
classical phenotype, opening an interesting ave-
nue of investigation for clinical trials, which will
seek to determine a priori the subtype of pancre-
atic cancer affecting the patient to potentially
govern treatment management. Gene expression
patterns in all of these studies were measured by
RNA-seq, one of the most useful methodologies
to survey the entire repertoire of RNAs, whether
coding, noncoding, or foreign. This technique is
also important when analyzing posttranscrip-
tional RNA editing, a recently described phe-
nomenon [41]. In this process, a particular RNA
can be edited by specialized enzymes, thereby
altering its sequence from the original one
encoded by its mother gene. In this case, while a
genomic mutation could be identified by WES or
WGS, this mutation potentially may be fixed dur-
ing posttranscriptional editing or vice versa.
Without integrated information, the practitioner
can have inaccurate information to manage the
patient. Furthermore, RNA-seq plays a key role
in the identification of novel markers in the form
of small and large noncoding RNAs, as well as
the profiling of tumor-produced exosomes for the
same purpose. Therefore, the combination of
methods for characterizing DNA methylation,
histone marks, writers, readers, erasers, and a
plethora of different RNA species is promoting
significant advancement both mechanistically
and translationally, at a speed that is by far faster
than in previous decades.

The Environment as a Symbiosis:
The Microbiome

Another important way that the environment can
modify the state of a patient or the treatment of a
tumor is through the microbiome. The microbi-
ome is the collective group of microorganisms that
normally colonize and live in equilibrium with
humans. An extremely large number and even

unknown types of microorganisms are present in
all mucosa and in many organs [42]. In fact, today,
less is known about the microbiome than is known
about space or the sea. These organisms influence
many physiological functions, a fact that was
ignored until very recently, and in fact, the micro-
biome has been labeled as an extra human organ
[43]. The microbiome plays a significant role in
human health, and thus, not surprisingly, microbes
can also promote disease, including cancer, when
in a state of dysbiosis. While studies investigated
the role of the pathogen Helicobacter pylori (H.
pylori) in pancreatic cancer without conclusive
evidence, some other investigations on dysbiosis
of oral bacteria have found an association with
higher risk for pancreatic cancer [44]. Thus, the
microbiome may serve as a future source of bio-
markers for pancreatic disease. Additionally, the
microbiome can modify the quality of life and,
potentially, even the treatment of pancreatic can-
cer, though studies in this area are currently under-
represented. Moreover, it seems inevitable that the
microbiome will be different in a postoperative
pancreatic cancer patient, yet how these changes
contribute to the post-Whipple symptoms of
patients and, thereby, their quality of life remains
poorly understood. Recent reports have supported
that the microbiome can also modulate the
response to drugs, in particular some chemothera-
peutic compounds [45]. Lastly, the effect of small
lipid molecules produced by the microbiome to
the whole organism is unknown. It would not be
surprising that these substances influence paraneo-
plastic symptoms and, in this manner, alter quality
of life. Thus, more studies of this type are neces-
sary and represent a great opportunity for research
in our field. In fact, we are optimistic that incorpo-
rating more microbiome studies to the field of pan-
creatic cancer research will soon generate exciting
benefits for both science and medicine.

More Than Toys: Printables,
Wearables, Portables,
and the Importance of Data

More than genomics, the integrated data from
numerous sources, including many from non-
genomic origins, is potentially the most valuable
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and priceless output of any precision medicine
efforts. Since its inception, the world of precision
medicine was made possible by revolutionary
developments in engineering, namely, advanced
sequencing technologies and computational biol-
ogy. In fact, from these efforts, an independent
line of biomedical engineering research was
launched that aims at designing novel precision
medicine tools and services, as well as a whole
collection of epidemiological research, which is
based on obtaining better and more information
(more precision) to help patient management.
This new area of clinical research will generate
the need for additional studies to measure the
outcome of these precision medicine technolo-
gies, which are not necessarily genomic in nature.
The invention of many non-genomic tools, such
as portable and wearable biosensors, for preci-
sion medicine will require research collabora-
tions with companies or academic departments of
biomedical engineering. This extensive amount
of information is now populating large ware-
houses in the most prestigious genomic centers,
which is primed for data mining as an important
nascent career in clinical research. Interestingly,
society already depends on several types of
implantable devices, such as insulin pumps,
which are equipped with electronic monitoring.
Gathering this data from consented patients,
using apps that capture and transmit information
from these pumps to a research center, may pro-
vide useful knowledge about how to improve this
type of therapy and beyond [46]. In a similar
manner, data can be gathered on any number of
measurements via a wearable-/portable-based
route for transmitting research information [47].
In addition, from the field of engineering and of
direct interest to pancreatic surgeons are printa-
bles. For instance, several institutions around the
world have implemented the use of 3D printing
for reconstructing models of the individual cases
of pancreatic cancer, based on imaging, before
surgery, so that the intervention can be planned
with better anatomical precision [48]. However,
printables are not limited to surgical planning.
Several institutions are investing in research on
3D bioprinting for a growing number of tissues
and organs, such as blood vessels, liver, and car-
tilage, for grafting, as well as other manipula-

tions that can help expand surgical options and
improve outcomes. Through bioprinting, features
can be engineered to recreate tissues and organs
down to the minute shape, structure, and archi-
tecture in a precise, detailed, or even personal-
ized manner, and therefore, this evolving
technology is expected to offer one of the most
efficient, convenient, and dependable ways to
biofabricate tissue constructs [49]. Thus, techno-
logical devices will continue advancing capabili-
ties for not only data collection and monitoring
but also tissue engineering and beyond to provide
real-time precision medicine.

Modeling Pancreatic Cancer in Cells
and Animals: A Scientific Approach
Reinforced by Precision Medicine

Precision medicine has brought a renaissance in
clinical research by bringing advanced tools and
concepts from basic science to interrogate
humans rather than exclusively animal models.
In many ways, the level and speed at which this
change is occurring is unprecedented. Advance-
ments in genomics, epigenomics, microbiome,
pharmacogenomics, and the invention of new
tools have directly expanded the capabilities of
clinical research. In fact, for those institutions
that have highly equipped precision medicine
centers, there are no limitations for a practicing
surgeon with academic aspirations to pursue
research along this path, which functions in
partnership with members of these centers,
through collaborative arrangements or fee-for-
services. Surgeons contribute to the develop-
ment of new models, which represent a novel
way to more directly interrogate human pancre-
atic tumors. Most conspicuous among these
models are patient-derived xenografts, which
can be done in several species, including the
mouse [50] and chick embryo chorioallantoic
membrane [51]. The concept of the xenograft
was to create an avatar of a patient’s tumor to
determine tumor properties and test new meth-
ods. Today, xenografts are used prevalently in
the field to discover new markers for diagnosis
and prognosis, as well as novel therapeutic tar-
gets. In addition, these models have been uti-
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lized to evaluate therapy sensitivity. Another
direct extension of the avatar concept has been
the creation of patient-derived organoids, with
the literal meaning “organ-like,” which grow
autonomously in vitro under conditions that
allow cells to self-organize into structures reca-
pitulating the complex three-dimensional orga-
nization of pancreatic cancer [52]. This
self-renewing source of patient-derived cells
allows investigators to implement genetic and
chemical manipulations, serving a similar pur-
pose as xenografts in a more rapid and poten-
tially less expensive manner. Thus, models of
pancreatic cancer have offered additional preci-
sion medicine tools at the hands of a surgeon,
not only for helping his or her patients but also
as a foundational approach to an academic
research career. If the transformational manner
and exquisite speed at which our ability to inter-
rogate humans follows a similar trend as seen in
recent years, these tools will prime the field to
accelerate pancreatic cancer research and reach
more robust conclusions.

The Concept of Team Science

in Precision Medicine: A Place

for the Pancreatic Surgeon and New
Educational Opportunities

Among many paradigms that precision medicine
has changed, the culture of the research team has
shifted from the concept where a single Principal
Investigator, in a pyramidal manner, directs a
group of people, who generally had similar, or
less, knowledge. More than ever, precision med-
icine has emphasized the advantages of team sci-
ence implementation in biomedical research
[53]. This approach leverages the diverse exper-
tise of investigators from different fields to
address complex health challenges through col-
laborative efforts. Together, a team composed of
individuals with knowledge in many of the
“omics” and data analytics along with engineers
gives ample opportunities for a surgeon to better
understand the patient condition, as well as to
advance academic careers [54]. Surgeons have
exquisite access to the patients, along with their

tissue, which can be investigated by many of the
methodologies ~ for  precision  medicine
(Fig. 16.1). Thus, it becomes critical to meditate
on how they can better prepare to benefit from
these possibilities. One solution is to integrate
more concepts of precision medicine in resi-
dency research and fellowships, as well as create
certificate and master programs in complemen-
tary areas to this field. Without a doubt, however,
since the participation in precision medicine
research does not need to be bench-intensive, the
most useful background will be in bioinformat-
ics and data analytics to speak the common lan-
guage of the field.

Concluding Remarks

Whether from the bench to the bedside or from the
bedside to the bench, translational research prom-
ises to advance the field of pancreatic cancer.
However, the emergence of precision medicine has
further evolved many research paradigms.
Importantly, this research requires, in large part,
team sciences. As a result of this approach, sur-
geons have a privileged position within the team
with the firsthand opportunity to obtain tumors and
develop human-to-mouse avatar models or organ-
oids. By participating in and collaborating with sci-
entists from precision medicine centers, their door
opens the possibilities to do research in genomics,
epigenomics, pharmacogenomics, radiomics,
microbiome, and bioinformatics. An immersion
into research based on precision medicine does not
even require the principal investigator to have a
bench. Thus, we believe that this translational
research path represents a unique opportunity for
pancreatic cancer researchers, in particular, the
academic surgeon, to embrace an emerging con-
cept of a new bench in scientific research, the bench
embodied by precision medicine.
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