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Introduction

Despite improvements in imaging, treatment,
and symptom management, the prognosis of a
patient with newly diagnosed pancreatic cancer
remains exceedingly poor. In 2015, it is estimated
that 40,560 of the 48,960 patients diagnosed with
pancreatic cancer will die as a consequence of
the disease [1]. This translates to an 83 % mortal-
ity rate. Pancreatic cancer is the fourth most com-
mon cause of cancer-related death among both
men and women in the United States [1]. At this
time, no prospectively validated screening tool is
available, though the incidence of this disease
continues to rise.

The majority of patients who present with
localized—borderline resectable (BRPC) and
locally advanced (LAPC) tumors—disease are
unable to undergo a curative resection due to
extensive tumor involvement of adjacent vascu-
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lature. In these patients, the options for poten-
tially curative therapy include concurrent
chemoradiation (CRT), aggressive multi-agent
chemotherapy, or chemotherapy followed by
CRT [2]. While standard fraction radiation has
been considered the standard-of-care in both
BRPC and LAPC patients for decades, more
recent data has questioned the impact of conven-
tional three-dimensional conformal radiation
therapy (3D-CRT) on overall survival, and a sig-
nificant debate in the field of gastrointestinal
oncology has resulted [3-5].

Advanced imaging and radiation techniques
allow for an increase in the precision of radiation
delivery. The field of radiation oncology has wit-
nessed a paradigm shift in the delivery of
radiotherapy from small daily fractions of radia-
tion (1.8-2.5 Gy/day) to large daily doses given
over fewer consecutive days or alternating days
(540 Gy/day) [6]. This radiotherapy technique,
entitled stereotactic body radiotherapy (SBRT) or
stereotactic ablative radiotherapy (SABR), is now
gaining traction in pancreatic cancer as an option
for patients with borderline resectable and locally
advanced disease. By delivering a higher daily
dose per fraction of radiation over a shorter total
number of days, this treatment appears to result in
an increased biologically effective dose (BED) as
compared to standard radiation [7]. In doing so, a
higher level of tumor sterilization and improved
clinical and pathologic outcomes may be achieved.
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Fig. 8.1 Computed tomography scan of a locally
advanced tumor (a) prior to chemotherapy and (b) follow-
ing chemotherapy and SBRT to 33 Gy in 5 fractions.
Patient then underwent a successful margin- and node-

This can be seen in Fig. 8.1, which provides anec-
dotal radiographic evidence of the marked
response observed after a patient received
FOLFIRINOX (5-fluorouracil, irinotecan, leucov-
orin, and oxaliplatin) chemotherapy and SBRT.

In this chapter, we will explore the published
data, including that of retrospective and prospec-
tive studies in the field of SBRT for pancreatic
cancer. The opportunities and challenges in the
utilization of this technique, including appropri-
ate patient selection and treatment methodology,
will be discussed.

Resectability in Borderline
Resectable and Locally Advanced
Pancreatic Cancer

In pancreatic cancer, surgical resectability is con-
sidered paramount in achieving a cure. To deter-
mine whether a tumor is resectable, careful
consideration of arterial and venous involve-
ment—the superior mesenteric artery (SMA),
celiac axis, common hepatic artery (CHA), supe-
rior mesenteric vein (SMV), and portal vein (PV)
specifically—is taken into account. While the
nomenclature defining surgical resectability has
remained fairly constant for years, the definition
of borderline resectable disease was recently for-
malized by a consensus group from the Americas

negative resection in which only scattered microscopic
foci of adenocarcinoma (a near-pathologic complete
response) was found

Hepato-Pancreatico-Biliary Association
(AHPBA), Society of Surgical Oncology (SSO),
and Society for Surgery of the Alimentary Tract
(SSAT) [8]. These criteria are often referred to as
the Consensus or Callery guidelines and have
been reproduced in Table 8.1. The criteria
adopted by the National Comprehensive Cancer
Network (NCCN) are listed in Table 8.2 [2]. A
more refined definition of borderline resectable
tumors, classically a difficult subgroup to define,
is noted in Table 8.3 [9]. The definition listed in
Table 8.3 provides specific criteria used in the
Intergroup trial (A021101) testing neoadjuvant
FOLFIRINOX followed by 50.4 Gy of external
beam radiation and capecitabine in patients with
borderline resectable pancreatic cancer [9]. Due
to the heterogeneous definitions of resectability,
careful consideration of these criteria and the
involved vasculature is necessary to compare
clinical outcomes among populations involving
patients with borderline resectable and locally
advanced pancreatic cancer. Standardization of
resectability in pancreatic cancer is essential.

In general, patients with LAPC are considered
unsuitable candidates for upfront surgery, in part
due to the morbidity and mortality risk associated
with vasculature resection [10]. Additionally, the
decision to resect a tumor with a high likelihood
of a positive margin at the site of vascular involve-
ment is suboptimal as the survival of patients
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Table 8.1 The AHPBA/SSO/SSAT pretreatment staging system of pancreatic adenocarcinoma [8]

Resectability status
Resectable

Borderline resectable

Median survival
20-24 months

Criteria
No distant metastases

No radiographic evidence of SMV and portal
vein abutment, distortion, tumor thrombus, or
encasement

Clear fat planes around the celiac axis, hepatic
artery, and SMA

No distant metastases Resected: ~20 months

Venous involvement of the SMV/portal vein
demonstrating tumor abutment with or
without impingement and narrowing of the
lumen, encasement of the SMV/portal vein
but without encasement of the nearby arteries,
or short segment venous occlusion resulting
from either tumor thrombus or encasement but
with suitable vessel proximal and distal to the
area of vessel involvement, allowing for safe

resection and reconstruction

GDA encasement up to the hepatic artery with

Unresected: ~11 months

either short segment encasement or direct
abutment of the hepatic artery without
extension to the celiac axis

Tumor abutment of the SMA not to exceed
>180° of the circumference of the vessel wall

Locally advanced

HEAD: No distant metastases; SMA

9-15 months

encasement exceeding >180° or any celiac
axis abutment; unreconstructible SMA/portal
vein occlusion/encasement; extensive hepatic
artery involvement; aortic invasion or

encasement

BODY: No distant metastases; SMA or celiac
axis encasement >180°; unreconstructible
SMV/portal occlusion; aortic invasion

TAIL: No distant metastases; SMA or celiac

axis encasement >180°

ALL: Metastases to lymph node beyond the

field of resection
Metastatic

Any presence of distant metastases

4—6 months

SMYV superior mesenteric vein, SMA superior mesenteric artery, GDA gastroduodenal artery

with a microscopically (R1) or grossly (R2) posi-
tive margin has been shown to be significantly
inferior to patients resected to a negative
(RO) margin [10, 11]. The standard-of-care in
these patients is most often upfront chemother-
apy alone or CRT. The goal of this therapy is to
optimally downsize (or, if possible, sterilize) the
tumor to allow for surgical resection and increase
the likelihood of improved pathologic outcomes
(i.e., margin- and node-negative resection, patho-
logic complete response). In fact, a recent study
has suggested promising outcomes in 40 patients

with BRPC or LAPC who underwent neoadju-
vant FOLFIRINOX (5-fluorouracil, irinotecan,
leucovorin, and oxaliplatin) therapy. Of these 40
patients, 30 (75 %) received radiation therapy: 24
received 50.4 Gy CRT and 5-fluorouracil (5-FU),
10 of which also received a 7-12 Gy intraopera-
tive radiation therapy (IORT) boost, and 6
received proton beam therapy with charged par-
ticles. On final pathology, the patients who
received neoadjuvant therapy had a significant
decrease in lymph node positivity (35 % vs. 79
%) and perineural invasion (72 % vs. 95 %) in
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Table 8.2 The NCCN guidelines for pancreatic cancer staging [2]

Stage
Resectable

Borderline resectable

Unresectable

Arterial

Clear fat planes around celiac axis,
superior mesenteric artery, and
hepatic artery

Gastroduodenal artery encasement
up to the hepatic artery with either
short segment encasement or direct
abutment of the hepatic artery
without extension to the celiac axis.
Tumor abutment of the superior
mesenteric artery not to exceed
greater than 180°

Aortic invasion or encasement.
Based on tumor location: pancreatic
head—more 180° encasement, any
celiac axis abutment, inferior vena
cava; pancreatic body/tail—superior

R. Kumar et al.

Venous

No superior mesenteric vein/portal vein
distortion

Venous involvement of the superior
mesenteric vein or portal vein with
distortion or narrowing of the vein or
occlusion of the vein with suitable
vessel proximal and distal, allowing for
safe resection and placement

Unreconstructable superior mesenteric
vein/portal vein occlusion

mesenteric artery or celiac axis
encasement greater than 180°

Table 8.3 The Intergroup trial [9] definition of border-
line resectable pancreatic cancer

Vessel Tumor involvement
Superior Interface between tumor and vessel
mesenteric measuring 180° or greater of the

circumference of the vessel wall,
and/or reconstructable occlusion

vein—portal vein

Superior Interface between tumor and vessel
mesenteric measuring less than 180° of the
artery circumference of the vessel wall
Common Reconstructable, short-segment

interface between tumor and vessel
of any degree

hepatic artery

Interface between tumor and vessel
measuring less than 180° of the
circumference of the vessel wall

Celiac trunk

comparison with 87 patients who underwent
upfront surgery. Furthermore, the neoadjuvant
patients achieved margin-negative and node-
negative resection rates of 92 % and 65 %,
respectively.

Unpublished data exploring neoadjuvant
SBRT in borderline and locally advanced patients
at Johns Hopkins University. Among 80 resected
patients with BRPC or LAPC, 33 received neo-
adjuvant chemotherapy alone and 47 received
induction chemotherapy followed by
SBRT. FOLFIRINOX-based chemotherapy was
administered to 63 and 45 % of the SBRT group

and chemotherapy group, respectively. The
majority (57 %) of SBRT patients were deemed
unresectable while only 24 % in the chemother-
apy alone group had LAPC (p=0.009).
Pancreaticoduodenectomy was performed in 68
% of patients who underwent SBRT vs. 85 % of
patients who received chemotherapy (p=NS). In
the SBRT group, the RO resection rate was 85 %
in BRPC and 89 % in LAPC vs. 48 % in BRPC
and 63 % in LAPC patients in the chemotherapy
group (p=NS). Node-negative resections were
achieved in 72 % of patients who received SBRT
(60 % in BRPC, 81 % in LAPC) vs. 42 % of
patients who received chemotherapy alone (40 %
in BRPC, 50 % in LAPC) (p=NS). The patho-
logic complete response rate was 13 % in the
SBRT group (10 % in BRPC, 15 % in LAPC) vs.
3 % in the chemo group (0 % in BRPC, 13 % in
LAPC) (p=NS). The near-pathologic complete
response rate, defined as microscopic foci of sin-
gle cells or groups of single cells of adenocarci-
noma, was 28 % in the SBRT group (25 % in
BRPC, 30 % in LAPC) vs. 12 % in the chemo-
therapy group (12 % in BRPC, 13 % in LAPC)
(»p=NS). Figures 8.2 and 8.3 demonstrate the
extensive treatment effect seen macroscopically
(Fig. 8.2) and microscopically (Fig. 8.3) in
patients who underwent neoadjuvant
SBRT. Further follow-up data is underway to
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Fig.8.2 Resected bivalve specimen has been sliced along
the pancreatic duct. The pancreas (the left side) looks
hyperemic. The tumor is located in the center. The

[

Fig.8.3 Microscopic evidence of (a) extensive treatment
effect observed following pancreas SBRT to a tumor that
was measured to be 3.8 cm in size, and (b) the presence of

determine the impact of these pathologic out-
comes on survival.

Standard Treatment for Borderline
Resectable and Locally Advanced
Pancreatic Cancer

The morbidity and potential mortality associated
with surgical resection of BRPC and LAPC
implies that CRT or chemotherapy alone is the
only viable option for cure in these patients [12].
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upstream pancreas is to the right (towards the spleen). The
dilated pancreatic duct and the stroma appear to be edem-
atous. Courtesy of Ralph H. Hruban
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hemosiderin-laden macrophages (brown cells), inflamma-
tory cells that are suggestive of a reactive process follow-
ing therapy

Despite the completion of multiple studies on
this topic, no consensus regarding the optimal
course of management exists. The most recent
NCCN clinical practice guidelines recommend
enrollment onto a clinical trial as the first-line
option [2]. In patients with good performance
status, multi-agent chemotherapy followed by
CRT is considered appropriate.

Data supporting the above approach are
derived from decades of clinical trials dating
back to the 1980s [4, 5, 13—17]. Table 8.4 pres-
ents a selection of the clinical trials which have
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Table 8.4 Selected studies of locally advanced pancreatic cancer

Median survival

Study Number Treatments (months) P value
GITSG Moertel [13] 194 60 Gy vs. 60 Gy +5FU 5.7 vs. 10.1 or <0.01
(bolus) or 40 Gy +5FU 10.6
(B)
GITSG [14] 43 Streptozocin, MMC, 5FU | 8 vs. 10.5 <0.02
vs. 54Gy +5FU
(bolus) — Streptozocin,
MMC, 5FU
ECOG Klaassen [15] 91 SFU (bolus) vs. 40 8.2vs. 8.3 ns
Gy +5FU (bolus) — SFU
FFCD/SFRO Chauffert | 119 Gem vs. 60 Gy +5FU 13 vs. 8.6 0.03
[5] (continuous
infusion) + Cis - Gem
ECOG Loehrer [4] 74 Gem vs. 50.4 9.2 vs. 11 0.04
Gy+Gem — Gem
GERCOR Huguet [16]* | 181 Gem-based Chemo vs. 1.7 vs. 15 0.0009
Gem-based
Chemo — Chemorad
MDACC Krishnan [17]* | 323 Chemorad vs. Gem-based |8.5vs. 11.9 <0.001

Chemo — Chemorad

5FU 5-fluorouracil, MM C mitomycin-C, Gem gemcitabine, Cis cisplatin, Chemo chemotherapy, Chemorad radiation in

concurrence with SFU, Gem, or capecitabine
*Retrospective studies

investigated the role of standard fractionated
radiation in LAPC. As is evidenced by the table,
the survival of patients has not progressed dra-
matically despite the numerous advances in che-
motherapy agents and radiation technology in the
last three decades.

The most significant debate in the appropriate
management of patients with BRPC and LAPC
centers on the role of radiation in this disease. Some
studies have demonstrated a survival decrement
with the application of radiation therapy in this
patient population. However, these studies suffer
from major drawbacks, including poor radiation
quality assurance, excess radiation dose, unclear
dose constraints for adjacent critical structures, and
the use of “split-course” radiation in which a
2-week treatment break is part of the planned
course of treatment. Other studies have shown a
potential benefit for radiotherapy [4]. However, a
major criticism of all these data is the utilization of
outdated or ineffective chemotherapy.

A more modern approach to the treatment of
this disease has been to use combination chemo-
therapy with either FOLFIRINOX or gem-

citabine with nab-paclitaxel [18-20]. These two
combination chemotherapeutic regimens have
demonstrated a survival benefit in comparison to
gemcitabine alone, albeit in the metastatic set-
ting. In BRPC and LAPC, the current NCCN
guidelines recommend either single-agent
gemcitabine or combination chemotherapy, with
CRT preferred following a course of initial che-
motherapy. SBRT is listed as an option, though
its use is encouraged as part of enrollment on a
clinical trial [2].

Stereotactic Body Radiation
Therapy

Traditional radiotherapy has been delivered in
small daily fractions to take advantage of the
ability of normal human tissue to repair radiation
more quickly than tumor tissue. This “therapeutic
window” is particularly critical in anatomical
locations prone to severe, irreparable radiation
damage [7]. One of the dangers of using high-
dose-per-fraction radiation is the risk of over-
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whelming the therapeutic window and damaging
sensitive adjacent normal tissues without precise
targeting of the tumor [21, 22]. However, the
development of advanced radiotherapy tech-
niques in the last two decades has dramatically
changed the landscape of radiation oncology [6].
SBRT is defined as the use of intensity modu-
lation, image guidance, tumor motion control,
and stereotactic targeting to deliver a high dose of
radiation to the tumor in five or less fractions [6].
Each of the aforementioned techniques and tech-
nological developments contributed to the ability
to use this type of treatment. Image guidance
ensures that the tumor and/or fiducial or stent is
visualized at the time of each treatment, allowing
for reduced treatment margins (thereby reducing
normal tissue exposure). Whereas treatment mar-
gins had historically been measured in centime-
ters, the use of this technology has reduced these
margins to only a few millimeters (mm) [6].
SBRT was first used to treat intracranial neo-
plasms [23]. Later, this was expanded to extracra-
nial sites, particularly with early stage lung
cancer, demonstrating outstanding local control,
virtually absent acute (<3 months) toxicity, and
minimal chronic (>3 months) toxicity [24]. By
nature of its “parallel” normal tissue unit arrange-
ment, lung tissue benefits from being able to
receive an ablative dose to one region without
compromising the overall function of the organ.
In contrast, the perceived risk of using SBRT
in locations abutting normal tissues with a
“serial” arrangement of normal tissues, including
the small bowel and stomach as seen with the
pancreas, is more concerning. Consequently,
SBRT to areas within the abdomen and pelvis
have been adopted with much more caution [6].
Without a firm understanding of the dose con-
straints of these sensitive organs at risk (OARs),
practitioners have been hesitant to use ablative
doses of radiation in this region. As data has
emerged from groups that have utilized this
approach, a stronger understanding of the dose
tolerance of the small bowel and stomach has led
to the widespread adoption of SBRT in the infra-
diaphragmatic space [25]. An analysis of patterns
of care of radiation delivery from 39 centers in
the United States indicates that the use of SBRT

for pancreatic cancer is increasing, but still repre-
sents a relatively small absolute value [25].

In the following sections, the clinical results,
toxicities, and techniques for the safe and effec-
tive utilization of pancreas SBRT are described.

Clinical Trials Utilizing SBRT

for Borderline Resectable

and Locally Advanced Pancreatic
Cancer

In the last decade, retrospective reports and pro-
spective clinical trials have supported the use of
pancreas SBRT as a potent method for providing
excellent tumor control, increasing resectability
rates, and improving surgical outcomes in
patients with BRPC and LAPC (Table 8.5) [26—
40]. However, heterogeneity in selection criteria,
patient immobilization technique, radiation dose,
radiation planning techniques, and radiation
delivery devices limit direct comparisons
between these studies.

The first published data using SBRT in pan-
creatic cancer was from researchers at Stanford
University [26]. Koong and colleagues described
their experience treating 15 patients with LAPC
using a CyberKnife (Accuray Inc, Sunnyvale,
CA, USA) linear accelerator. Two patients had
previously received conventionally fractionated
radiation to a dose of 50 Gy. This phase I dose
escalation study planned to increase radiation
dose from 15 to 25 Gy in a single fraction if
patients met predefined toxicity criteria at 12
weeks. Three patients were treated at 15 Gy in
one fraction, five patients at 20 Gy in one frac-
tion, and seven patients at 25 Gy in one fraction.
Even at the highest dose level, no grade 3 or
greater acute toxicity was observed. With a
median follow-up of 5 months, no local failures
were observed, though this may be a consequence
of the short median follow-up interval. The
median survival noted in the study was 11 months
and, in that time, only acute grade 2 or less toxic-
ity was observed.

Shortly thereafter, researchers from Aarhus
University in Denmark published their experi-
ence with linear accelerator (Linac)-based SBRT
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[27]. Their phase I trial used three fractions of
15 Gy each in 22 patients with LAPC. The results
of this trial were significantly inferior to the local
control rate and overall survival seen in the afore-
mentioned Stanford study. Local control was
only achieved in 57 % of patients, and median
overall survival was 5.4 months (vs. 11 months in
the Stanford study). Finally, when assessing
patient tolerability of this regimen, a much higher
toxicity rate was seen, with 79 % of patients
experiencing a grade 2 or greater toxicity.

Considering the starkly different results for
both trials using the same disease and treatment, a
comparison of the treatment technique in both sets
of clinical trials must be performed. In the 2004
Stanford study, the breath-hold technique was
used to account for tumor motion during respira-
tion. Each dose of radiation was delivered during
deep inspiration only, allowing for small tumor
margins of 2.5 mm [26]. However, in the 2005
Aarhus analysis, abdominal compression was uti-
lized, and the tumor margins were much larger:
10 mm in the cranio-caudal dimension and 5 mm
in the transverse dimension [27]. Additionally,
whereas implanted fiducials within the tumor
were used to target the lesion during treatment in
the Stanford trial, this was not performed in the
Aarhus trial [26, 27]. Based on interpretation of
these two sets of data, the recommendation for the
implementation of SBRT in pancreatic cancer has
been to use both tumor motion management strat-
egies as well as image guidance to optimally tar-
get the lesion and limit margins to <5 mm. This
has limited untoward treatment-related toxicity
and improved oncologic outcomes.

The largest prospective experience in pan-
creas SBRT has recently been published [40].
This multi-institutional phase II trial included
patients treated at three major academic centers
and accrued 49 LAPC patients. All patients were
allowed up to 3 doses of gemcitabine (to allow
time for SBRT simulation and planning), fol-
lowed by a five-fraction SBRT regimen to a total
cumulative dose of 33 Gy (6.6 Gy per fraction)
delivered over a maximum of 2 weeks. While
direct comparison to prior trials can be challeng-
ing, the median overall survival of 13.9 months
seen in this trial is superior to other published
studies. Despite including only patients with
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LAPC, 18 % of patients survived 2 years or lon-
ger from the date of diagnosis. The local control
rate was equally impressive; the 1-year freedom
from local progression was 78 %.

A large retrospective series of patients treated
with pancreas SBRT has been published by
investigators from Johns Hopkins University
[39]. Eighty-eight patients with both BRPC and
LAPC were treated with five-fraction SBRT
treated to a total dose of 33 Gy. Of these 88
patients, 14 had BRPC and 74 had LAPC, and 32
(80 %) of the 74 patients with LAPC were treated
on the aforementioned multi-institutional clinical
trial. All patients had an ECOG performance sta-
tus of 0 or 1. Prior to radiation, the vast majority
of patients were treated with gemcitabine-based
or FOLFIRINOX chemotherapy. Survival from
diagnosis for the entire cohort was 18.4 months,
specifically 18.4 months for patients with LAPC
and 14.4 months for patients with BRPC. As with
the multi-institutional trial, SBRT appeared to
significantly improve local control, with median
local progression-free survival found to be 13.9
months. However, the overall progression-free
survival in this study was 9.8 months, demon-
strating that distant failure continues to be a
major detriment in this patient population.

A decade worth of published data demonstrates
that SBRT in BRPC and LAPC is effective in pro-
viding local tumor control, and in some cases, sig-
nificant patient longevity. However, the matter of
patient safety remains critical in deciding whether
or not this treatment is appropriate to supplant the
role of standard dose and fractionation radiation.

Stereotactic Body Radiation
Therapy and Treatment-Related
Toxicity

To determine the safety profile of SBRT in pan-
creatic cancer, the most severe toxicities from the
published studies should be analyzed.

Standard radiotherapy for pancreatic cancer, in
which up to 6 weeks of daily fractionated radiation
are delivered, is accompanied by fairly significant
toxicity, most commonly gastrointestinal and
hematologic, throughout the duration of treatment
[4]. Indeed, early radiotherapy trials that demon-
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strated inferior outcomes with the application of
adjuvant radiation included a mandatory 2-week
treatment break due to known treatment toxicity
[41]. Due to the exquisite radiosensitivity of the
gastrointestinal tract, the proximity of the stomach,
small bowel, and large bowel presents a significant
challenge for delivering radiation in the acute set-
ting. However, fractionated treatment maintains
the integrity of the gastrointestinal tract by limiting
the dose to critical structures below an established
threshold. Chronic devastating toxicity, including
gastrointestinal obstruction, ulcer, and perforation,
may generally be avoided with fractionation.

While SBRT may allow for limited acute tox-
icity due to the completion of radiation within
3-5 treatments, the initial concerns from the
greater radiation oncology community have been
the risk of potentially lethal late toxicities result-
ing from a higher BED to sensitive gastrointesti-
nal structures [21, 22]. However, the published
data demonstrate that, by and large, SBRT can be
completed with minimal acute and late toxicity
when performed with appropriate patient selec-
tion, tumor motion control, image guidance, and
well-defined dose constraints [26—40]. As previ-
ously discussed, abdominal SBRT is imprecise
and potentially destructive without tumor motion
management and image guidance [26, 27].

To understand the risk of toxicity from this type
of treatment, a comparison may be made between
two different SBRT regimens from separate insti-
tutions. Investigators from Harvard University
have published their results using a three-fraction
SBRT regimen treating up to a total dose of 36 Gy
(BEDy6y=79 Gy, BED;5,=180 Gy) [33]. While a
significant number of patients had acute grade 1
(56 % fatigue, 18 % nausea) and grade 2 (23 %
nausea) toxicity, no acute grade 3 or greater toxic-
ity was seen. Further, the rate of late grade 3 or
greater toxicity was also low, noted in only 6 % of
patients (two patients with gastrointestinal hemor-
rhage requiring endoscopic intervention and trans-
fusion, one patient with gastric outlet obstruction).
Motion management was achieved using
implanted fiducials within the tumor thereby
allowing for tumor tracking using the CyberKnife
Synchrony system (Accuray Inc., Sunnyvale, CA).

Investigators from Johns Hopkins University
have utilized a five-fraction SBRT regimen treated
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up to a total dose of 33 Gy (BED,; g,=54 Gy,
BED; ¢,=103 Gy) [39]. Acute toxicity was found
to be fairly minimal, with the two most common
grade 2 toxicities reported as lymphopenia (14.7
% of patients) and fatigue (8.0 %). Acute grade 3
or greater gastrointestinal toxicities occurred in
3.4 % of patients. Late grade 3 or greater toxicity
occurred in five patients (5.7 %): three duodenal
ulcers (grade 3), one enteric fistula (grade 4), and
one gastrointestinal hemorrhage (grade 5). The
late grade 5 toxicity occurred in a patient with
tumor invasion into the duodenal wall. Following
tumor regression after treatment with SBRT, an
ulcer resulted and, after a biliary stent exchange,
he possibly had a perforation that resulted in a
fatal gastrointestinal hemorrhage less than a day
later. Because these events were a possible late
toxicity due to the SBRT, the investigators
adjusted their patient enrollment criteria to ensure
that any patient with direct tumor invasion into
the lumen of the stomach or duodenum on endo-
scopic ultrasound isineligible for SBRT. Treatment
planning on this protocol included a pretreatment
endoscopic ultrasound with the implantation of
gold fiducials to identify the lesion, a breath-hold
technique to prevent tumor motion, and daily
cone-beam computed tomography to accurately
track the lesion during treatment.

Despite using a higher BED of radiation, the
above data support the safety of SBRT in BRPC
and LAPC when using appropriate tumor localiza-
tion, motion management, and daily imaging. It is
anticipated that long-term data and a comparison
between standard radiation and dose-escalated
SBRT will be forthcoming from the Alliance for
Clinical Trials in Oncology three-arm clinical trial
that is currently being developed to investigate the
role of neoadjuvant chemotherapy vs. chemoradi-
ation vs. chemotherapy and SBRT.

Impact of Stereotactic Body
Radiation Therapy on Quality of Life
and Pain

Even in pancreatic cancer patients who respond
well to the most aggressive therapies, life expec-
tancy is limited and maximizing quality of life
and ameliorating pain is imperative. In addition
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to physician assessment of patient toxicity, sev-
eral validated metrics have been used to assess
patient-reported outcomes such as quality of life
and symptom burden. Most frequently employed
are the European Organization for Research and
Treatment in Cancer quality of life core cancer
questionnaire (EORTC QLQ-C30) and pancre-
atic cancer-specific module (EORTC QLQ-
PAN26) [42, 43]. Although quality of life data
are scarce, there have been a few published
reports that explore these outcomes.

A number of studies have used these question-
naires in the setting of standard CRT in BRPC and
LAPC [44, 45]. Serrano and colleagues reported a
decline in global quality of life after neoadjuvant
standard CRT and one cycle of chemotherapy in
BRPC and resectable patients, whereas additional
studies demonstrated unchanged or improved
global quality of life at 3—4 month post-CRT fol-
low-up when compared to baseline [45, 46].
Improvement in pain and jaundice after comple-
tion of CRT was reported; however, patients also
experienced deterioration in physical and social
functioning, an increase in diarrhea, nausea, and
vomiting, and a variable impact on appetite change.

The previously mentioned prospective SBRT
study indicated unchanged global quality of life
scores from baseline to 4 weeks after SBRT and 4
months after SBRT [40]. Furthermore, patients
demonstrated a significant improvement in pancre-
atic pain, body image, and jaundice scores on the
QLQ-PAN26 from pre-SBRT values to 4 weeks
post-SBRT. From 4 weeks pre-SBRT to 4 months
post-SBRT, an improvement in body image
approached statistical significance (Rao et al., pub-
lication forthcoming). Further prospective evalua-
tion of quality of life data is necessary to assess
optimal therapies in localized pancreatic cancer.

Stereotactic Body Radiation
Therapy in Patients with Recurrent
Pancreatic Cancer

Given the locally aggressive nature of pancreatic
cancer, local recurrences may occur even after
resection and adjuvant concurrent CRT. Surgical
resection in the setting of recurrent disease is often
difficult and, even when accomplished, rarely
results in disease clearance [47]. In patients previ-
ously treated with standard radiation who later suf-
fer local tumor progression, SBRT has been
investigated as a viable option to provide local
control or to palliate epigastric pain. Limited data
exists regarding this patient population, but at least
three studies have utilized SBRT in this clinical
scenario, and are listed in Table 8.6 [35, 48, 49].
Tozzi and colleagues combined their analysis
of patients treated with SBRT in LAPC and the
setting of recurrent pancreatic disease [35]. Their
analysis did not separate these two entities, but
they specifically noted that the local control out-
come in patients treated in the recurrent setting
and LAPC were equivalent when using a dose of
45 Gy in six fractions (76 % at 2 years).
Lominska et al. and Wild et al. have published
their individual institutional results in patients
treated with SBRT for recurrent disease following
standard CRT [48, 49]. Lominska and colleagues
reported their results on the treatment of 28 patients
treated with SBRT in the recurrent setting after
receiving a median dose of 50.4 Gy of prior exter-
nal beam radiation [48]. Various treatment fraction-
ation schemes were utilized, most commonly 24 or
21 Gy in three fractions. Median follow-up was
expectedly short in this analysis (5.9 months), with
1-year survival noted to be 18 %. Local control,
however, was achieved in 86 % of patients. Wild

Table 8.6 Stereotactic radiation in the setting of locally recurrent pancreatic cancer

Dose Per
Author Number LINAC/CK Fraction
Tozzi [35] 9 LINAC 7.5
Wild [49] 18 both 5
Lominska 14 CK 7 (4-8)
[48]

Total |1 year 1 Year
Fractions dose |LC PFS oS oS
6 45 8% |8 11 47 %
5 25 3.7 8.8%
3(3-5) 22.5 86 % 5.9 18 %
(20—
30)

LINAC linear accelerator, CK CyberKnife ®, LC local control, PFS progression-free survival, OS overall survival
Indicates that survival was calculated from the end of SBRT (otherwise noted from date of diagnosis)
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and colleagues utilized Linac- and CyberKnife-
based radiation delivery of SBRT (to a median
dose of 25.0 Gy in five fractions) to 18 patients
who experienced local progression after adjuvant
CRT (15 patients) or definitive CRT (3 patients) to
a prior median dose of 50.4 Gy at Stanford or Johns
Hopkins University [49]. Median overall survival
in this patient population was found to be 8.8
months following SBRT. Furthermore, 57 % of
patients with abdominal or back pain prior to SBRT
were able to achieve palliation following treatment
delivery. The time frame of local recurrence at 9
months was found to be an important delineation in
this study. Patients who suffered local recurrence
within 9 months following initial surgery or defini-
tive CRT lived only 3.4 months following SBRT,
whereas those whose local failure occurred after 9
months lived 11.3 months following SBRT
(p=0.019). Freedom from local progression was
78 % at 6 months and 62 % at 12 months after com-
pleting SBRT, likely reflecting the lower BED of
this fractionation. The treatment was safe in both of
these studies, with late grade >3 toxicity in two
patients and one patient, respectively.

In this population with limited treatment
options, SBRT represents a reasonable option for
safe and effective local tumor control. Although
prospective data in this patient population is
likely to be limited, enrollment on clinical trials
or tumor registries should be encouraged to
gather further information and gain long-term
efficacy and toxicity data.

Techniques for Implementation
of Stereotactic Body Radiation
Therapy in Pancreatic Cancer

SBRT trials in pancreatic cancer may vary in the
dose utilized, but consistently use multiple mea-
sures to ensure patient safety and reproducibility.
At all phases of the treatment, from simulation to
radiation delivery, accuracy and precision are
paramount. The following section represents the
authors’ consensus on patients treated defini-
tively with pancreas SBRT [34]. Appropriate
patient selection is the first step in delivering safe
treatment with SBRT. Patients should be in a
position to benefit from this more aggressive

R. Kumar et al.

local treatment, i.e., ideally a performance status
of two or better (ECOG <2). Specifically, a life
expectancy of more than 6 months should be con-
sidered minimum, as was noted on the prospec-
tive, multi-institutional trial [40]. Tumor size is
an additional key criterion, though this varies
between studies—most of which involve a tumor
under 100 cc, though the largest PTV was noted
to be greater than 500 cc [26, 33, 37, 40].

A pre-radiation upper endoscopy procedure
should be performed to accurately stage the
tumor, to assess tumor extent into the duodenum
and/or stomach, and to place gold markers (fidu-
cials) into the lesion for precise tumor localiza-
tion. We believe there is an increased risk of
complications when the tumor directly extends
into the stomach or bowel. Consequently, the
investigators recommend that SBRT be limited to
patients without this adverse finding. Regarding
the placement of fiducial markers into the pan-
creas, one study has explored whether coiled
fiducials were superior to traditional, linear fidu-
cials in reducing fiducial migration [50]. The
authors found that traditional fiducials had
improved visualization compared to coiled fidu-
cials, with no difference in fiducial migration or
complications of placement. Traditional, linear
fiducials remain the preferred choice for pancreas
SBRT at this time.

Patients receiving SBRT for pancreatic cancer
should be simulated using a CT scan (3 mm
slices) with intravenous and oral contrast (240
cc) to highlight the tumor and standardize gastric
filling (give 240 cc of water) during treatment.
Many centers utilize positron emission tomogra-
phy/computed tomography (PET/CT) scans to
help identify the lesions as well as monitor for
treatment response [51, 52].

As with any site in Radiation Oncology,
appropriate immobilization at the time of simula-
tion is paramount in importance. Given the prox-
imity of the pancreas to the diaphragm, tumor
motion is common and expected. As previously
mentioned, multiple investigators have published
their findings on tumor motion and appropriate
margins for the use of SBRT in localized pancre-
atic cancer [53-58]. Table 8.7 lists the movement
of pancreas tumors in different planes during the
respiratory cycle. This data supports that pancre-
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Table 8.7 Pancreatic tumor motion for stereotactic radi-
ation assessed with varying modalities

Sup- | Left- | Ant-
Inf right | Post
Author N Modality | (mm) | (mm) | (mm)
Minn [53] 20 |FB 0.9- |0.1- |0.2-
28.8 |13.7 |7.6
CK 0.5- |04- 0.6-
12.7 |94 5.5
Heinzerling |10 |FB 1.2- | 1.0- | 0.2-
[55] 89 |38 |26
AC 0.8- |0.1- |0.2-
5.7 1.0 8.9
Knybel [56] |20 FB 48— |2.6— |29-
234 |6.7 8.2
Song [54] 16 |CK 1.0- |1.0- |5.0-
4.0 3.0 16.0
Wang [57] 11 FB 1.0- |1.0- |0.0-
15.0 |7.0 18.0
Goldstein 30 FB 1.2- 02— |0.1-

[58] 102 6.7 7.1

N patient number, Sup superior, Inf inferior, Ant anterior,
Post posterior, CK CyberKnife ®, FB free breathing, AC
abdominal compression

atic motion is a concern during radiation treat-
ment and should be considered when planning
these patients.

Tumor motion is often the greatest in the
superior-inferior plane or the anterior-posterior
plane, demonstrating the need for careful assess-
ment of this factor at the time of treatment plan-
ning. To help stabilize the tumor, some centers
utilize abdominal compression in which a device
is applied to the abdomen to provide direct ante-
rior pressure, thereby limiting breathing induced
abdominal motion. Heinzerling’s data supports
that this is an adequate method to help reduce
tumor motion, thereby increasing reproducibility
[55]. Other centers prefer a “breath-hold” tech-
nique using active breathing control in which the
patient is instructed to pause their respiration at
either full inspiration or expiration during which
the treatment is delivered [39]. Again, no consen-
sus exists as to whether treatment at full inspira-
tion or expiration is optimal, though a small
study (18 patients) from Taniguchi recommends
treating patients at full expiration to minimize
duodenal toxicity [59]. No data exists to specify
which immobilization method is optimal and
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Table 8.8 Recommended dose constraints for five-
fraction SBRT

Recommended
Normal tissue constraint (5 fractions)
Proximal small bowel and 9 cc <15 Gy
stomach (within 1 cm of PTV |3 ¢ <20 Gy
in any plane) 1 cc <33 Gy
Combined kidneys V75 % <12 Gy
Spinal cord 1 cc <8 Gy

largely becomes a choice of the treating physi-
cian and institution. Lastly, in regard to tumor
motion, daily imaging during treatment is a
requirement. This can be accomplished using a
cone-beam CT scan at the time of treatment,
orthogonal kilovoltage (kV) imaging, and/or
real-time tumor tracking.

The appropriate dose of radiation in pancreas
SBRT is also the subject of significant debate. As
noted in Table 8.5, the dose and fractionation has
varied from 25 Gy in one fraction to 5 Gy in five
fractions. Brunner et al. has completed a review
of published data on patients treated with pancre-
atic SBRT from 2000 to 2013 [60]. By assessing
the BED,( g, and BED; g,, as well as the BED in
2 Gy fractions (EQD2), the authors of this review
attempted to estimate the therapeutic window for
tumor response and normal tissue complications
from different radiation dose regimens. Their
results demonstrated that a weak correlation was
found between EQD2-o/f10 and BED-a/f10
(tumor control), but a much stronger correlation
was found for EQD2-a/p3 and BED-o/p3 (nor-
mal tissue toxicity). A 5 and 10 % rate of late
grade >2 toxicity was seen at EQD2-a/f3 doses
of 66 and 100 Gy, respectively. This data is
important for helping to determine the optimal
dose to avoid long-term complications in these
patients, but needs to be further refined.
Regardless of the dose that is chosen for treat-
ment, the physician should utilize published dose
constraints from institutions utilizing a similar
dosing regimen. For reference, dose constraints
to surrounding OARs from the recently published
multi-institutional trial using 33 Gy in five frac-
tions are presented in Table 8.8 [40]. An SBRT
treatment plan can be found in Fig. 8.4.
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Fig. 8.4 Example of a pancreas SBRT treatment plan.
Patient was treated to 33 Gy in 5 fractions (6.6 Gy per
fraction). Note that each color represents the isodose dis-
tribution of prescription dose. Beyond the isocenter, rapid

Finally, it is important to support patients dur-
ing and after SBRT. Due to the proximity of the
lesions to sensitive gastrointestinal mucosa, pro-
phylactic use of anti-nausea medication is impor-
tant. The authors of this chapter recommend using
ondansetron, with a minimum dose of 8 mg at
least 1 h prior to therapy. Likewise, gastrointestinal
reflux can be frustrating for patients after treat-
ment, and the use of proton pump inhibitors or H,-
antagonists may also help ameliorate this side
effect. These medications may also be prescribed
as a prophylactic measure to decrease the risk of
developing stomach and/or bowel ulceration. The
authors recommend taking a proton pump inhibi-
tor daily during, and ideally 6 months following,
the administration of SBRT. Furthermore, pancre-
atic enzymes are recommended to aid in digestion
and absorption of nutrients and reduce the fre-
quency and/or severity of digestive symptoms
such as gas, bloating, and loose, oily stools.

Conclusion

The optimal treatment for patients with BRPC
and LAPC remains an area of active investigation
[61, 62]. Traditional chemotherapy and CRT
remains only partially effective in treating this
disease and is, at best, a temporizing measure for
disease progression. Without the ability to sig-
nificantly downstage these patients and render
their disease resectable, the ability to cure these

dose falloff is achieved in order to minimize exposure to
surrounding organs at risk such as the stomach and small
bowel

patients is unlikely. SBRT has demonstrated sig-
nificantly improved rates of local tumor control,
tumor down-staging, treatment response, and
resectability rates. While more prospective, ran-
domized data is necessary to officially compare
SBRT with standard CRT, the current results with
SBRT appear favorable and should be pursued in
future clinical trials. Additionally, by reducing
the amount of time these patients spend undergo-
ing radiation, the delay in time to the delivery of
full-dose chemotherapy is reduced, and the
opportunity for both local and distant control is
improved. Though the published results of this
treatment are still early, they provide a measure
of guarded optimism to radiation oncologists
treating an otherwise uniformly lethal disease.
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