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Purpose: To determine the feasibility and toxicity of delivering stereotactic radiosurgery to patients with locally
advanced pancreatic cancer.
Methods and Materials: Patients with Eastern Cooperative Oncology Group performance status <2 and locally
advanced pancreatic cancer were enrolled on this Phase I dose escalation study. Patients received a single fraction
of radiosurgery consisting of either 15 Gy, 20 Gy, or 25 Gy to the primary tumor. Acute gastrointestinal toxicity
was scored according to the Radiation Therapy Oncology Group criteria. Response to treatment was determined
by serial high-resolution computed tomography scanning.
Results: Fifteen patients were treated at 3 dose levels (3 patients received 15 Gy, 5 patients received 20 Gy, and
7 patients received 25 Gy). At these doses, no Grade 3 or higher acute gastrointestinal toxicity was observed. This
trial was stopped before any dose-limiting toxicity was reached, because the clinical objective of local control was
achieved in all 6 evaluable patients treated at 25 Gy.
Conclusions: It is feasible to deliver stereotactic radiosurgery to patients with locally advanced pancreatic cancer.
The recommended dose to achieve local control without significant acute gastrointestinal toxicity is 25 Gy.
© 2004 Elsevier Inc.
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INTRODUCTION

ancreatic cancer is the fourth leading cause of ca
elated deaths for men and women in the United State
003, pancreatic cancer will result in approximately 30,
eaths(1). The natural history of this disease is charac

zed by a propensity for early nodal and liver metasta
ven in patients with relatively small primary tumors. Ov
ll, the 5-year survival is less than 5%, and surgical re

ion offers the best chance for long-term survival.
Clinical outcome and prognosis are determined by the e

f disease and performance status at presentation. Most
atients with pancreatic cancer are classified into those

ocalized, locally advanced, or metastatic disease. The m
urvivals for patients in these groups range from 11
onths, 10–12 months, and 5–7 months, respectively(2).
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The role of chemoradiotherapy for patients with unres
ble pancreatic cancer was defined by the Gastrointe
umor Study Group in a landmark study demonstrating

reatment with 5-fluorouracil (5-FU) and concurrent rad
herapy resulted in superior survival compared to radio
py alone. Although this study is criticized for using sp
ourse radiotherapy and for having small numbers
evertheless established a role for combined modality
py in the management of locally advanced pancreatic
er (3). A follow-up Gastrointestinal Tumor Study Gro
tudy comparing 5-FU/continuous radiotherapy with c
otherapy alone (streptozocin, mitomycin, and 5-FU)
emonstrated a survival benefit in the combined mod
rm (4).
We hypothesized that stereotactic radiosurgery may
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rovide a similar benefit in pancreatic cancer with the
dvantage of compressing the entire treatment into a single
ay. Recent technologic advances have made extracranial
adiosurgery possible by coupling the delivery of highly
onformal radiotherapy with real-time imaging. Although
verall survival in pancreatic cancer is impacted most by the
rogression of systemic disease, local control is an impor-
ant clinical end point that affects quality of life and may
revent tumor seeding to distant sites.
To address the feasibility and impact of radiosurgical treat-
ent in patients with locally advanced pancreatic cancer, we

onducted a Phase I dose escalation single-fraction radiosur-
ery study in these patients. Although no dose-limiting toxicity
DLT) was observed even at the highest dose level (25 Gy), all
valuable patients who received 25 Gy had control of their
rimary pancreatic tumor and developed distant metastases as
he site of first progression. The study was therefore stopped at
5 Gy, because we achieved our primary clinical objective of
ocal control at this dose.

METHODS AND MATERIALS

We enrolled 15 patients with locally advanced pancreatic
ancer on this institutional review board–approved dose esca-
ation protocol. All patients signed an informed consent, also
pproved by the institutional review board. To be eligible for
his study, patients must have had an Eastern Cooperative
ncology Group performance status of �2 and pathologically

onfirmed pancreatic adenocarcinomas. Three patients re-
eived 15 Gy, 5 patients received 20 Gy, and 7 patients
eceived 25 Gy. All patients received a single fraction of
tereotactic radiosurgery. At least 3 patients completed the
reatment and were assessed for acute toxicity in the 12-week
ollow-up period before we escalated to the next dose level.

aximum tolerated dose was defined as �50% of patients
xperiencing Grade 3 or higher acute toxicity. These study
arameters were based upon the recommendations of our in-
titutional biostatisticians and are consistent with our institu-
ional guidelines for Phase I studies.

Patients underwent standard pretreatment staging studies,
ncluding history and physical examination, complete blood
ount, chemistry panel, CEA, CA19-9, chest radiograph,
nd pancreas protocol computed tomography (CT) scan
high-speed abdominal CT scan with dual-phase contrast,
hin cuts, and 3D reconstruction). Selection criteria for
atients included those with pancreatic tumors less than 7.5
m in greatest dimension in a single plane. Prior therapy
as allowed if it had been administered more than 1 month
efore radiosurgery. All patients were evaluated and deter-
ined to have unresectable tumors at the Stanford Gastro-

ntestinal Combined Modality Tumor Board.
All patients had 3–5 gold fiducials implanted into the

umor for targeting purposes, via a laparoscopic procedure
n 1 patient, an open laparotomy in 2 patients, and with the
elp of CT guidance in 12 patients. The method of place-
ent was left to the discretion of the attending physician.
ll except the 2 patients with an open laparotomy had the
ducials placed while they were outpatients.
An Alpha Cradle (Smithers Medical Products, North

anton, OH) immobilization device was custom made for
ach patient 7–14 days after fiducial placement. Next, a
ancreatic protocol CT scan was performed with the patient
n the treatment position. These images were then processed
or radiosurgery with an algorithm specifically developed
or the CyberKnife (Accuray Inc., Sunnyvale, CA).

The attending surgeon and attending radiation oncologist
elineated the pancreatic tumor volume on cross-sectional
mages from the planning CT scan. A body imaging radi-
logist was also asked to confirm the location and extent of
ach pancreatic tumor. A radiosurgical treatment plan was
hen generated based on tumor geometry and location. All
atients were treated within 2 weeks of their planning CT
can and within 4 weeks of enrollment on the protocol.

All radiosurgery treatments were administered as single
ractions, using a breath hold technique. Patients were
rained to hold their breath in mid–late cycle for 15–20 s.
he fiducials were tracked by orthogonal X-ray to ensure

eproducibility. Previous studies from our institution re-
ealed that pancreas positioning was reproducible within
.5 mm on average (5). Because the small bowel is the most
adiosensitive structure in the vicinity of these pancreatic
umors, all patients had the 50% isodose line covering only
he duodenal wall closest to the tumor. Overall, the treat-
ent time ranged from 3 to 6 h with the majority of patients

reated in less than 4 h.
Patients were evaluated at follow-up intervals of 4 to 6

nd 10 to 12 weeks. At each follow-up visit, standard
valuation consisted of history and physical examination,
umor marker assessment, and pancreatic protocol CT
cans. Gastrointestinal toxicities were scored according to
he Radiation Therapy Oncology Group acute radiation
orbidity criteria (http://rtog.org/members/toxicity/acute.

tml). Patients could receive chemotherapy after this 12-
eek period or earlier if there was evidence of progression.

RESULTS

Figures 1a and 1b show axial and coronal views of a
adiosurgical treatment plan for one of the patients treated
n this study. The structure outlined in red is the tumor
olume. The green line represents the 60% isodose line, and
he purple line represents the 50% isodose line. The high
egree of conformality and rapid dose drop-off minimize
he dose to the surrounding normal structures.

Table 1 lists the characteristics of the patients enrolled in
his study. Of the 3 patients who had prior treatment, 2
eceived conventional 5-FU–based chemoradiotherapy to a
ose of 50 Gy, and 1 received chemotherapy alone. All of
hese patients had local progression of their pancreatic tu-
or before radiosurgery, and none had any treatment in the
weeks before radiosurgery.
Table 2 lists the radiosurgery treatment parameters, tox-

city data, and site of first progression for the patients treated
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Fig. 1. (a) Axial and (b) coronal views of radiosurgical treatment plan for a patient treated with 25 Gy. The tumor located
in the head of the pancreas is outlined in red. The green line represents the 60% isodose line, and the purple line
represents the 50% isodose line.
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n this study. The radiosurgery dose (Dmin) was prescribed
o the isodose line that completely surrounded the tumor.
he Dmax was the isocenter dose. The gross tumor volume

reated ranged from 19.2 to 71.9 cc (mean: 32.9 cc, median:
9.0 cc). All evaluable patients treated at the highest dose
evel (25 Gy) developed distant metastases as the site of first
rogression after radiosurgery. This observation was deter-
ined by direct comparisons of pretreatment pancreatic

rotocol CT scans and those taken at 4 to 6 weeks and 10 to
2 weeks after radiosurgery.
Within the 12-week follow-up period after radiosurgery,

e observed no significant gastrointestinal acute toxicity.
able 2 summarizes the toxicity data obtained at each dose

evel during this period. The Grade 1 toxicity reported by 2
atients consisted of mild nausea lasting less than 24 h.
ith regard to Grade 2 toxicity, 1 patient experienced

iarrhea requiring i.v. hydration, another experienced mod-
rate abdominal pain immediately after radiosurgery requir-
ng analgesics, and another experienced moderate abdomi-

Table 1. Patient characteristics

Patient Age Location Previous treatment

1 65 Body None
2 81 Head None
3 57 Body None
4 68 Body None
5 62 Body None
6 80 Head None
7 64 Head None
8 81 Head None
9 50 Head None

10 82 Head Gemcitabine,
taxotere

11 43 Tail 5-FU/XRT,
gemcitabine

12 51 Head None
13 60 Head Gastrojejunostomy
14 55 Head 5-FU/XRT
15 61 Head Gastrojejunostomy

Table 2. Radiosurgery parameter

Patient Dmin (Gy) Dmax (Gy) Tumor volume

1 14.8 17.40 26.8
2 15.0 23.00 28.9
3 15.0 20.00 22.7
4 20.0 23.50 39.8
5 20.0 25.00 71.9
6 20.0 25.64 29.1
7 20.0 25.18 36.7
8 20.0 25.32 36.7
9 25.0 31.25 27.2

10 25.0 31.25 28.1
11 25.0 29.75 21.5
12 25.0 37.87 54.6
13 25.0 41.66 20.0
14 25.0 33.33 19.2
15 25.0 33.78 51.0
al pain requiring increased analgesics at 10 weeks after
adiosurgery. In both of the patients with increased abdom-
nal pain, the symptoms resolved within 24 h, and no further
orkup was indicated. Overall, we did not observe any

ignificant changes in follow-up blood tests, including CBC
nd liver function tests.

During the course of this study, 2 patients did not receive
ollow-up CT scans to assess response. Patient 8 developed
deep vein thrombosis, experienced complications related

o anticoagulation therapy, and refused to come for further
ollow-up evaluation. Patient 10 also refused further fol-
ow-up care and was placed into a hospice program, even
hough the patient had a clinical improvement after radio-
urgery. Of the remaining 13 patients, 6 were placed into
ospice care after the 4–6-week follow-up CT scan dem-
nstrated radiographic evidence of metastatic disease. The
emaining 7 patients were imaged at 4 to 6 weeks and 10 to
2 weeks after radiosurgery. Additional follow-up data
ere obtained on all patients until death.
For all patients, the median overall survival was 11
onths with a median follow-up time of 5 months. Among

he evaluable patients, the median time to progression was
months. Changes in CA19-9 levels after radiosurgery

ere difficult to interpret because of the rapid development
f metastatic disease in this patient population.
In the 6 evaluable patients treated at the highest dose

evel (25 Gy), the median overall survival was 8 months
ith a median follow-up time of 4.5 months. All of these
atients had local control of their pancreatic tumors until
eath or at last follow-up (2 patients were still alive with
ocal tumor control at 7 months after radiosurgery) and
rogressed systemically as the site of first progression.
ecause we achieved our primary objective of local control
t this dose, we elected to stop the dose escalation portion of
his trial before reaching any DLT.

Table 3 summarizes the radiosurgery doses to the normal
issues in the vicinity of the pancreatic tumors. These values
epresent the mean dose to 50% or 5% of nearby abdominal

ity, and site of first progression

Acute gastrointestinal toxicity Site of first progression

2 (diarrhea) Distant
0 Local
0 Distant
0 Distant
0 Local
0 Local
0 Distant
0 Not evaluable
0 Distant
0 Not evaluable

1 (nausea) Distant
0 Distant

2 (abdominal pain) Distant
2 (abdominal pain) Distant

1 (nausea) Distant
s, toxic

(cc)
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rgans in all 6 evaluable patients treated at the highest dose
evel (25 Gy). Because 2 of these patients had received
revious external beam radiotherapy, the actual dose to
hese structures is somewhat higher.

DISCUSSION

This is the first study to demonstrate the feasibility of
sing stereotactic radiosurgery for the treatment of locally
dvanced pancreatic adenocarcinomas. In this cohort of 15
atients, we achieved our primary clinical end point of local
ontrol at 25 Gy and therefore stopped the trial before
eaching any DLT.

Longer follow-up and treatment of more patients with
adiosurgery are necessary to determine the full scope of
ny treatment-related toxicity. However, the majority of
hese patients will succumb to their disease before man-
festing any symptoms related to long-term morbidity.

As expected, an analysis of mean doses to surrounding
ormal tissues reveals that the duodenum received the highest
ose. The duodenum is in closest proximity to the majority of
he pancreatic tumors treated, and it was impossible to avoid
reating this structure to a relatively high dose. These data

Table 3. Mean dose to abdominal organs in the cohort of
patients treated at the highest dose (25 Gy)

Structure Mean dose to 50% Mean dose to 5%

uodenum 14.5 Gy 22.5 Gy
owel 1.1 Gy 12.3 Gy
iver 0.7 Gy 7.0 Gy
eft kidney 1.5 Gy 5.0 Gy
ight kidney 2.0 Gy 5.8 Gy
5

6

7

8

uggest that it is possible to irradiate a small volume of duo-
enum to a dose of 22.5 Gy with acceptable toxicity.

Because all evaluable patients treated at 25 Gy had local
ontrol of their disease and progressed systemically as the
ite of first progression, effective chemotherapy needs to be
ntegrated into this treatment before we will substantially
mprove survival. Although there was a trend toward more
rades 1 and 2 toxicity in the patients treated at the highest
ose, these toxicities were transient and managed conserva-
ively on an outpatient basis.

We chose to target only the primary pancreatic tumor
ith radiosurgery and not the regional lymph nodes, in an

ttempt to minimize the volume treated. In a prospective
tudy from Johns Hopkins randomizing 299 patients to a
tandard pancreaticoduodenectomy or a pancreaticoduo-
enectomy with an extended lymph node dissection,
here was an increased overall complication rate in the
adical surgery group without a corresponding survival
enefit (6). However, the treatment of regional lymph
odes with conventional radiotherapy may influence
reatment outcome, because lymph nodes are a common
ite of metastatic spread. Furthermore, standard pancre-
ticoduodenectomy includes en bloc resection of some
eripancreatic lymph nodes.
Radiosurgery for locally advanced pancreatic cancer is a

romising treatment strategy, and the future challenge is to
etermine how best to integrate this treatment with other
nnovative therapeutic approaches (7, 8). Because a single
ose of 25 Gy seems to be well tolerated and effective in
ontrolling local disease, our next trial will incorporate a
adiosurgical dose of 25 Gy as a boost treatment after
onventional chemoradiotherapy for patients with locally
dvanced pancreatic cancer.
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