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Abstract: Pancreatic carcinoma is a challenging malignancy to manage with a very poor prognosis. Despite

continued difficulties in its management, there have been incremental improvements in outcomes over the

past several decades. Achieving the best oncologic outcomes requires a multimodality approach including

surgery, chemotherapy, and radiotherapy. Proton radiotherapy enables the delivery of high-dose radiotherapy

to the tumor or resection bed while sparing nearby critical organs. Due to their unique physical properties,

protons can deliver radiotherapy dose distributions that are not achievable with photons (X-rays) even with

advanced photon delivery techniques (e.g., intensity-modulated radiotherapy). Improved dose distributions

can lead to reduced treatment toxicity and enable treatment intensification. As better chemotherapy

regimens lead to better systemic disease control, it will become increasingly important that local-regional

control is achieved. This will in part be accomplished by combining better radiotherapy with more active

chemotherapies. Proton radiotherapy provides an excellent means for achieving this.
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Introduction

Pancreatic adenocarcinoma remains a challenging
malignancy to treat with a grim prognosis. In 2018, there
were an estimated 55,000 new cases in the United States
and nearly 500,000 worldwide (1,2). The annual number of
deaths from pancreatic carcinoma nearly equals the annual
incidence (2,3). Nevertheless, there has been incremental
progress in treatment outcomes over the past several
decades. The combination of surgery, chemotherapy, and
radiotherapy has led to advances in our understanding of
the disease and has improved the outcomes for patients
with pancreatic carcinoma. During the past 4 decades,
the role of radiotherapy in the treatment paradigm for
pancreatic carcinoma has been varied and controversial.
Early randomized trials of the Gastrointestinal Tumor
Study Group (GITSG) showed overall survival benefits
with combined chemotherapy and radiotherapy (CRT)
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for locally advanced (unresectable) pancreatic cancer
(LAPC) compared to either chemotherapy or radiotherapy
alone (4,5). Investigators of the Eastern Cooperative
Oncology Group study ECOG E4201 compared induction
chemotherapy with gemcitabine to CRT with gemcitabine
followed by consolidation with gemcitabine for locally
advanced pancreatic cancer. The results indicated a 2-month
median survival improvement for CRT (6). In contrast,
LAPO7 was a large, international contemporary study
evaluating chemotherapy (with gemcitabine) alone versus
induction chemotherapy (with gemcitabine) followed by
CRT (with capecitabine) for locally advanced pancreatic
carcinoma (7). While there was a strong trend towards
an improvement in progression-free survival in the CRT
arm, there was no difference in overall survival (7). Trials
evaluating the survival benefit for postoperative radiotherapy
have also come with mixed results. Investigators of the
GITSG 91-73 trial showed an overall survival benefit for
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CRT in the postoperative setting (8). However, subsequent
trials in Europe demonstrated conflicting outcomes. The
results of EORTC 40891 showed a strong trend toward
improved survival with postoperative CRT, although it
did not reach statistical significance (9). Investigators of
ESPAC-1 demonstrated a survival benefit to postoperative
chemotherapy but no benefit to CRT (10). Despite early
trials showing a benefit to CRT for locally advanced and
resectable pancreatic cancer, these recent studies have
cast uncertainty on the survival benefits of radiotherapy.
In the postoperative setting, the data have been more
conclusive in demonstrating a survival benefit with adjuvant
chemotherapy compared to no adjuvant therapy (10,11).
Meanwhile, advances in chemotherapy regimens have led to
improved tumor responses and survival outcomes (12-14).
It is expected that with improved systemic control as a
result of more effective chemotherapies, the local-regional
control benefits of CRT will have a greater impact on
overall patient outcomes. Furthermore, with continued
improvements in the delivery techniques and modalities
of radiotherapy, treatment is expected to become more
tolerable and amenable to intensification to improve disease
control. Proton radiotherapy is one such modality that
enables significantly improved radiation dose distributions
and is being explored as a means to improve treatment
tolerance and enable treatment intensification in an effort
to improve outcomes. Herein, we will review the theoretical
foundation and clinical evidence in support of proton
radiotherapy as part of the management of pancreatic
carcinoma as well as discuss ongoing and future studies.

Rationale for radiotherapy

The high risk of local-regional recurrence of pancreatic
carcinoma forms the rationale for CRT as part of its
management. Resection margin status and lymph node
involvement are known risk factors for local-regional
recurrence (15,16). Contemporary studies report positive
postoperative margins rates of 35-60% and lymph node
metastases are present in ~75-80% (12,16). Following
surgery alone, ~40-70% of patients experience a local-
regional recurrence (17,18). Importantly, the pattern of
failure for pancreatic cancer varies depending on which
treatment modalities are utilized. Patients receiving
chemotherapy alone have significantly higher rates of
local-regional failure, while those receiving CRT have
reduced rates of local-regional recurrence, but a higher
incidence of distant failures (7,16). With adjuvant
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chemotherapy, there remains a nearly 50% risk of a local-
regional recurrence (12,19). In contrast, contemporary
studies show rates of local-regional recurrence following
CRT for both operable and inoperable cases of ~30%,
whereas metastatic progression is ~70% (7,20). Combining
optimal selection and timing of treatment modalities will
likely improve outcomes for this malignancy. As more
efficacious chemotherapy regimens achieve improved
systemic disease control, the role of CRT for local-
regional control will become paramount. The recently
reported Dutch PREOPANC-1 Trial showed a survival
benefit with preoperative CRT and adjuvant chemotherapy
(gemcitabine) compared to surgery and adjuvant
chemotherapy for resectable disease (21). More effective
chemotherapy regimens than those in the PREOPANC
trial are already improving survival outcomes (22).
These systemic therapy advances combined with other
improvements in local-regional control will ultimately be
required to further improve disease-free and overall survival
outcomes.

Radiotherapy advances

With advances in radiation treatment planning and
delivery techniques, CRT for pancreatic cancer has
become significantly more tolerable. Intensity-modulated
radiotherapy IMRT) was initially used for the treatment of
pancreatic cancer in the early 2000s. IMRT enables highly
conformal radiation dose delivery with an improved ability
to avoid nearby organs at risk (small bowel/duodenum,
kidneys, etc.) compared to 3-dimensional conformal
radiotherapy (3DCRT). Early series confirmed the safety
and efficacy of IMRT in both the adjuvant and definitive
settings (23,24). Subsequent series have demonstrated
reduced acute and late gastrointestinal (GI) toxicity
using IMRT compared to 3DCRT in the adjuvant and
postoperative settings (25,26). A large systematic review
including over 1,000 patients compared treatment-related
toxicity between 3DCRT and IMRT. When comparing
3DCRT and IMRT, the investigators of the study observed
> grade 3 nausea and vomiting in 13.4% and 7.8%, and >
grade 3 diarrhea in 11.6% versus 2.0%, respectively (27).
With reduced toxicity through IMRT, investigators have
explored radiation dose intensification to achieve ablative
doses that may improve local control and disease outcomes
(28-30). RTOG 1201 was a phase II randomized trial
comparing standard dose or dose-escalated radiotherapy
with concurrent gemcitabine/nab-paclitaxel to gemcitabine/
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nab-paclitaxel alone for locally advanced pancreatic cancer.
The study was closed early due to slow accrual.

Rationale for proton radiotherapy

The use of particle radiotherapy utilizing protons has been
pursued in an effort to further improve the therapeutic ratio
of preoperative, adjuvant, and definitive CRT. In proton
radiotherapy, the nucleus of a hydrogen atom is accelerated
to high speeds (i.e., high energy) by a particle accelerator
such as a synchrotron or cyclotron. In contrast to photons
(X-rays), protons possess both charge and mass. Relative
to electrons, which is another charged particle commonly
utilized for radiotherapy, protons possess 1,836-fold greater
mass. Their mass and charge impart protons with unique
and beneficial radiotherapeutic characteristics that enable
focused delivery of the radiation energy to the target, while
avoiding radiation dose deposition to surrounding normal
tissue. The dosimetric benefit of proton over photon (and
electron)-based radiotherapy derives from these physical
properties of the proton beam. As the proton beam reaches
the end of its path, most of the proton energy is deposited
at a depth determined by the energy of the beam. The
high-energy deposition at the end of the proton beam path
is termed the “Bragg peak”. Beyond the Bragg peak there
is little or no additional dose deposited (i.e., “exit dose”). A
summation of proton energies comprises the proton beam
that is directed at a target. This summation is termed the
“spread-out Bragg peak” and enables the delivery of highly
conformal proton beams of which most of the energy is
delivered within the target volume. By contrast, with X-ray
(photon) radiation delivery (including IMRT), most of
the total energy (integral dose) is delivered outside of the
target volume due to both entrance and exit dose. Another
difference between protons and photons is their relative
biological effectiveness (RBE) compared to the physical
dose of radiation (or, the amount of absorbed energy).
Photons have a 1:1 ratio of RBE to physical dose (Gray),
while the RBE of the proton beam is generally considered
to be 1.1 and the proton dose is often presented as GyRBE.
GyRBE for protons is calculated by multiplying the physical
dose (Gray) by 1.1. This enables effective comparison of
biological dosing between the two treatment modalities.

As with photon-based radiotherapy, there are varying
techniques for proton planning and delivery. In passive-
scattering proton therapy (PS) (also known as double-
scattering) the proton beam is shaped in the lateral
directions with the use of a physical block known as an
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aperture. The proximal and distal beams are shaped using
a compensator to alter the depth of beam penetration as
necessary to conform to the target. Pencil-beam scanning
(PBS), on the other-hand, uses a magnetically guided
narrow proton beam to scan across the target. PBS delivers
protons to the target volume through the accumulation
of layers of protons delivered throughout the depth of the
target. PBS enables improved control of dose delivery at
the proximal aspects of the beam and can provide improved
conformality of high-dose regions. PBS delivery has
enabled the development of intensity-modulated proton
therapy (IMPT) (Figure I). Treatment planning for PS
proton therapy resembles that for 3DCRT in that it is done
via forward treatment planning, while PBS/IMPT is akin to
IMRT and utilizes inverse planning.

The dosimetric advantage of proton radiotherapy

An early radiation treatment planning study from Zurlo
et al. compared two cases of locally advanced pancreatic
head lesions planned with 3DCRT, IMRT, and PBS (31).
The authors used each technique to generate plans to treat
the primary tumor and regional lymphatics to 50 GyRBE
followed by a 20-25 GyRBE boost to the primary tumor.
Uniform dose constraints were applied to each modality.
In both cases, only PBS was able to deliver the total dose
(including the boost) while meeting the organ-at-risk
(OAR) constraints. When planned to 50 GyRBE without
the boost, only IMRT and PBS were able to deliver the
prescription dose while meeting the OAR constraints;
however, PBS demonstrated lower doses to the liver,
bowel, and kidneys (31).

A recent study compared PBS proton planning and
double-scattered proton planning for unresectable
pancreatic cancer. Chuong ez al. retrospectively generated
PBS plans on 11 patients previously treated on a prospective
phase 2 trial at The University of Florida (Jacksonville,
FL, USA) with double-scattered proton radiotherapy to
59.4 CGE to the primary tumor (excluding elective lymph
nodes) (32). The PBS treatment planners were blinded to
the PS plans. PBS achieved improved target coverage, with
the median PTV volume receiving the prescription dose of
97% versus 95.1% for double-scattered protons. PBS also
achieved improved dose homogeneity (decreased hot spots)
within the target volume compared to PS. Additionally, PBS
achieved statistically lower median duodenal V59.4 CGE
(37.4% vs. 40.4%) and lower stomach median V59.4 CGE
(0.01% vs. 0.1%). A similar study conducted by Thompson

7 Gastrointest Oncol 2020;11(1):166-175 | http://dx.doi.org/10.21037/jg0.2019.03.02



Journal of Gastrointestinal Oncology, Vol 11, No 1 February 2020

VMAT PS protons

169

PBS protons

Figure 1 Dosimetry comparison VMAT;, PS protons, and PBS protons. Comparison planning between VMAT (X-rays), passively scattered

proton therapy (PS), and pencil beam scanning proton therapy (PBS). The light shaded green includes gross disease and regional elective

lymph nodes and received 40.05 GyRBE (2.25 Gy/fx). The dark shaded green contour is the high dose planning target volume which is

prescribed to receive 63 GyRBE (2.25 Gy/fx).

et al. compared 13 patients planned to 55 GyRBE at
2.2 GyRBE per fraction with PS, PBS, and IMRT with
unresectable cancer of the pancreatic head. They showed
similar reductions in the low and moderate doses to the
stomach and small bowel with protons (PBS or double
scattering), with no benefit to protons in the high-dose
range and perhaps an incremental benefit to IMRT (33).
Similar to the Chuong ez 4/. study, there were small but
statistically significant benefits to PBS over PS in lowering
the dose to the liver, small bowel, and duodenum.

In the postoperative setting, Nichols er 4/. conducted a
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dosimetric comparison between double-scattered protons
and IMRT with optimized planning conducted at separate
institutions with planners blinded to each other’ plans (34).
Target volumes and planning goals were the same for each
institution. Standard postoperative doses were utilized,
delivering 45 GyRBE to the tumor bed and regional
lymphatics and a 5.4-GyRBE boost to the tumor bed.
Proton and IMRT planning equally covered the target
volumes, while proton planning dramatically reduced the
median V20 to the small bowel and stomach compared to
IMRT: 15.4% vs. 47.0% and 2.3% vs. 20.0%, respectively.
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Table 1 Proton therapy for resectable pancreatic carcinoma

Rutenberg and Nichols. Proton therapy for pancreas cancer

C t
Institution, year (reference) No. of Pts  Preoperative or postoperative oneurren RT dose Toxicity rate
chemotherapy
Massachusetts General Hospital, 35 Preoperative Capecitabine 25 GyRBE 4.1% grade 3,
2014 (35) (5 Gy/fraction) 0% grade 4/5
University of Florida, 2013 (36) 10 Preoperative, 5 pts; Capecitabine 50.4-59.4 GyRBE 0% > grade 3

postoperative, 5 pts

(1.8 Gy/fraction)

Pts, patients.

Table 2 Literature review proton therapy for unresectable pancreatic carcinoma

Institution, year (reference) No. of Pts Concurrent chemotherapy Radiotherapy dose (GyRBE) Treatment toxicity

University of Florida, 2014 11 Capecitabine

(36,37)

Hyogo lon Beam Medical 50 Gemcitabine

Center, 2012 (38)

Hyogo lon Beam Medical 91 Gemcitabine

Center, 2014 (39)

Korean National Cancer 37 Capecitabine or 5FU
Center, 2018 (40)

Mayo Clinic, 2018 (41) 13 Capecitabine or 5FU

59.4 GyRBE (1.8 Gy/fx)

50-70.2 (2-2.7 Gy/fx)

67.5 (2.7 Gy/fx)

45 (4.5 Gy/fx)

50 (2 Gy/fx)

0= grade 3

12% grade 3 (10% late > grade 3)
3.3%= grade 4 (including 2 patients
with gastric ulcer, duodenal perforation)

0= grade 3

8% grade 3

5FU, fluorouracil.

The kidney dose was also lowered with protons compared
to IMRT (34).

Clinical outcomes using proton therapy

To date, there are no randomized data comparing proton
and photon radiotherapy for pancreatic cancer. It is
unlikely that such a trial will ever be seen to completion.
The current evidence to support the use of proton
radiotherapy comes from dosimetric studies (see above),
single-institutional retrospective series, and single-arm
prospective studies. Below is a summary of the current body
of clinical evidence for proton therapy in the management
of pancreatic carcinoma (Tibles I and 2).

Resectable disease

A phase I feasibility study of short-course preoperative
CRT for pancreatic head adenocarcinoma was completed
by investigators at Massachusetts General Hospital (MGH;
Boston, MA) (42). Hong ez 4l. reported on 15 patients with
localized, resectable disease treated under a dose-escalation
schema beginning with 30 GyRBE in 10 fractions followed
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by several dose schemas consisting of 25 GyRBE in
S fractions with progressively shorter delivery intervals
(12 days followed by 11, 9, and then 5 consecutive treatment
days). The rationale for this approach was to improve
surgical outcomes and local control while shortening the
duration that patients were without full-dose chemotherapy.
Treatment volumes included the primary tumor and elective
lymph nodes. Capecitabine at 1,650 mg/m’ was given twice
daily for 2 weeks starting on the first day of radiotherapy.
Six cycles of postoperative gemcitabine was recommended.
No dose-limiting toxicities occurred. No delays in surgery
occurred due to treatment toxicity. Four patients did
not undergo resection: 3 due to metastatic progression
and 1 due to unresectable disease at exploration. Nine of
11 patients had an RO resection and 10 of 11 had positive
lymph nodes. Six grade 3 acute toxicities occurred in
4 patients, including biliary obstruction (n=2), elevated total
bilirubin (n=2), shoulder pain, and infection. Eleven patients
remained alive with a median follow-up of 12 months. One
patient experienced a local recurrence (with synchronous
distant metastases).

In the phase 2 study that followed their feasibility study,
investigators at MGH reported on an additional 35 patients
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treated with preoperative protons (25 GyRBE in 5 fractions)
and concurrent capecitabine (35). The primary endpoint
was to demonstrate a rate of > grade 3 toxicity <20%.
Surgery was performed 1 to 6 weeks after CRT. Six cycles
of postoperative gemcitabine was recommended. A total of
37 patients (from the phase I/II studies) underwent surgical
resection with 84% having negative surgical margins. Local-
regional control was achieved in 84% of patients. Among
the 35 patients included in the phase 2 study, 2 experienced
grade 3 toxicity, including colitis and chest wall pain.
Therefore, the study met its primary endpoint with a 4.1%
rate of grade 3 toxicity. There were no grade 4 or 5 events.
The study indicated that short-course proton radiotherapy
with concurrent chemotherapy (encompassing the primary
and elective lymphatics) was safe and well-tolerated, and
resulted in excellent local control and RO resection rates
without delaying patient surgery.

Investigators at the University of Florida reported on
10 patients treated with passively scattered proton
radiotherapy with concurrent capecitabine (1,000 mg/m’
BID) either preoperatively (n=5) or postoperatively
(n=5) for borderline resectable pancreatic or ampullary
adenocarcinoma (36). Radiotherapy doses ranged from
50.4 to 59.4 GyRBE. The primary focus of this study was
on the tolerability of proton radiation with concurrent
chemotherapy. With a median follow-up of 11 months,
no patient experienced > grade 3 toxicity during or after
treatment. One patient experienced grade 2 GI toxicity,
including abdominal pain and vomiting during CRT. Of
note, this patient was treated with a field arrangement
including an anterior field, which delivered a portion of the
dose through the small bowel. The institutional approach
for proton field arrangements for pancreatic carcinoma was
subsequently modified to include posterior oblique fields
and a lower weighted right lateral oblique field. Following
this treatment planning modification, no further episodes of
> grade 2 toxicity occurred (36).

Investigators from the University of Pennsylvania
(Philadelphia, PA, USA) presented an abstract analyzing
toxicity in their series of patients treated with postoperative
radiotherapy for pancreatic carcinoma (43). They compared
38 patients treated with proton radiotherapy and concurrent
fluorouracil (5-FU) or capecitabine to 67 patients treated
with photon radiotherapy (3D conformal or IMRT) plus the
same chemotherapy. The median radiation dose was higher
in the proton cohort (54 versus 50.4 GyRBE). Despite the
higher postoperative radiation dose in the proton cohort,
they reported 5% acute grade 3 GI toxicity in the proton
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cohort compared to 18% in the photon cohort. There was
also a statistically significant increase in the number of
photon patients compared to proton patients requiring 3 or
more hospitalizations (43).

Unresectable disease

Investigators at the University of Florida published their
series of 11 patients treated with CRT for unresectable
pancreatic carcinoma (36,37). Patients were treated with
passively scattered protons and concurrent capecitabine
(1,000 mg/m’ BID). The radiotherapy dose delivered was
59.4 GyRBE in 1.8 GyRBE/fraction. Lymph node basins
were not electively treated. The median overall follow-
up was 14 months and the median follow-up for surviving
patients was 23 months. One patient (9%) experienced
grade 2 fatigue during CRT and no patient experienced
acute > grade 3 GI toxicity (36,37).

In a subsequent report, investigators at the University
of Florida reported on the surgical outcomes of
6 patients from a series of 15 patients with unresectable
pancreatic carcinoma (including the initial 11 from the
series above) treated with concurrent proton radiotherapy
(59.4 GyRBE) and concurrent capecitabine (44). The
post-CRT radiographic response among the 6 patients
warranted surgical exploration. Five patients underwent a
pancreaticoduodenectomy and the sixth was found to have
intra-abdominal metastases and therefore did not undergo
surgery. The study evaluated surgical details including
resection type (open vs. laparoscopic), length of surgery,
blood loss, surgical complications, intensive care unit stay,
and postoperative readmissions. Surgical outcomes were
consistent with published historical benchmarks. This small
series provided early evidence of the feasibility of high-
dose preoperative CRT with proton therapy with respect to
subsequent surgical resection (44).

Investigators at the Hyogo Ion Beam Medical
Center (Tatsuno, Hyogo Prefecture, Japan) reported on
50 patients with locally advanced pancreatic cancer treated
on 3 prospective trials utilizing proton radiotherapy and
concurrent gemcitabine (800 mg/m°) (38). Treatment
planning included gross disease and elective primary
lymph node basins (celiac, SMA, paraaortic). The first two
trials selected patients based on the relationship between
the primary tumor and critical GI structures. Group P-1
included 5 patients with GI-adjacent LAPC treated with
50 GyRBE in 25 fractions and P-2 included 5 patients
with non-GI adjacent LAPC treated with 70.2 GyRBE
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in 26 fractions. After completing accrual to P-1 and P-2,
40 patients (regardless of the relationship of the primary
tumor to GI structures) were enrolled on P-3, which
delivered 45 GyRBE to the entire PTV volume and
67.5 GyRBE in 25 fractions to gross disease (excluding
the stomach and duodenum) using a field-within-a-field
technique. All but 6 patients (12%) completed CRT as
planned. 6 six patients who did not complete the planned
course of CRT experienced grade 3 hematologic and/or
GI toxicities. Late > grade 3 toxicity included 5 patients
(10%) with gastric ulcer, one of whom experienced a fatal
hemorrhage. Other late severe toxicities included grade
3 anorexia and fatigue (38). With a median follow-up
of 12.5 months, the 1-year rate of freedom from local-
progression was 81.7% and overall survival was 76.8%.

The same group reported on the late GI toxicity of
a subsequent series of 91 patients treated with the same
aggressive regimen including 67.5 GyRBE (25 fractions)
of proton radiotherapy with concurrent gemcitabine
(800 mg/m’) given on days 1, 7, and 15 (39). With
10 months of follow-up, 1 patient (1.1%) experienced a
grade 4 gastric ulcer and 2 patients (2.2%) experienced
grade 5 toxicity, 1 from a bleeding gastric ulcer and 1
from a duodenal perforation (in the setting of a metal
biliary stent) (39).

Investigators from the Korean National Cancer Center
(Gyeonggi-do, South Korea) reported on 37 patients with
locally advanced pancreas adenocarcinoma treated with
passively scattered, hypofractionated proton radiotherapy
delivering 30 GyRBE with a simultaneous integrated boost
to the gross tumor to 45 GyRBE in 10 fractions. Most
patients received concurrent chemotherapy (84%) with
capecitabine or 5-FU (40). Two patients went to surgery
after CRT and had RO resections. With a median follow-
up of 16.7 months, 5.4% developed local only failure, while
43.2% experienced local recurrence in addition to distant
failure. Grade 2 anorexia (8.1%), vomiting (5.4%), and
stomatitis (2.7%) were the only GI acute toxicities. No >
grade 3 acute or late radiation-related or GI toxicities were
observed (40).

Investigators from the Mayo Clinic (Rochester, MN,
USA) recently published their initial retrospective review of
13 patients treated with multifield, optimized IMPT with
concurrent chemotherapy for borderline or unresectable
pancreatic adenocarcinoma (41). Patients were treated
with an initial target including the gross tumor volume
and elective lymph nodes to 45 GyRBE (1.8 Gy/fx) with a
simultaneous integrated boost to the gross tumor volume to
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50 GyRBE (2 Gy/fraction) utilizing posterior and posterior
oblique fields. Concurrent chemotherapy consisted
of capecitabine (850 mg/m’ BID) or infusional 5-FU
(225 mg/m’). One patient (8%) experienced grade 3
acute GI toxicity. All patients completed assessments
for health-related quality of life outcomes using the
Functional Assessment of Cancer Therapy- Hepatobiliary
questionnaire. There were no significant differences in
observed health-related quality of life between the pre- and
post-CRT in their cohort (41).

Investigators from the Nagoya Proton Therapy Center
in Japan presented data in abstract form of a prospective
study of concurrent CRT utilizing hypofractionated proton
radiotherapy and concurrent S-1 chemotherapy for locally
advanced pancreatic cancer (45). Eighteen patients received
40 GyRBE in 2-GyRBE fractions to the clinical target
volume with a concomitant boost to the gross tumor of
60 GyRBE in 3 GyRBE per fraction. With a median
follow-up of 12 months, the 1-year local control and overall
survival rates were 100% and 80%, respectively. One patient
experienced a liver abscess and cholangitis, which the
authors attributed to a hepaticogastrostomy procedure and a
second patient experienced cholangitis after placement of a
biliary stent. A third patient underwent endoscopic clipping
for a grade 3 gastric ulcer at 4 months after CRT (45).

Future directions

Although the data are limited, the available studies utilizing
proton radiotherapy for pancreatic carcinoma are very
encouraging and support the need for additional trials
to fully explore the benefits of this technology. Existing
data indicate that proton radiotherapy combined with
chemotherapy in the preoperative, adjuvant, and definitive
settings is extremely well-tolerated and allows for the
possibility of dose intensification. Several ongoing trials
are investigating hypofractionated dose-escalated proton
radiotherapy in combination with chemotherapy for
unresectable/marginally resectable disease. Investigators at
the University of Florida have a trial underway delivering
63 GyRBE in 2.25 GyRBE/fraction to gross disease while
electively treating the high-risk nodal areas to 40.5 GyRBE
with concurrent capecitabine (1,000 mg orally twice-daily).
Investigators at the University of Maryland (Baltimore,
MD, USA) are conducting a phase I/1I study of dose-
escalated proton therapy with concurrent nab-pacliaxel and
gemcitabine in locally advanced pancreatic cancer. The
study delivers 67.5 GyRBE in 4.5 GyRBE/fraction utilizing
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IMPT. The primary aim is to determine the maximum
tolerated dose of gemcitabine and nab-paclitaxel with
concurrent radiotherapy. Investigators at the University of
Pennsylvania are completing a phase I trial for borderline/
unresectable disease which involves dose escalation of nab-
paclitaxel concurrent with combined proton/photon-based
radiotherapy to determine the maximum tolerated dose
(MTD) of chemotherapy. The second phase of the study
will deliver nab-paclitaxel at the MTD concurrent with
escalated doses of radiotherapy. These ongoing studies
will provide important data detailing combinations of
increasingly tumoricidal and radiosensitizing agents with
more ablative doses of radiotherapy.

Improvements in proton planning and delivery
techniques are helping to realize the full potential of proton
radiotherapy. Given the limited number of proton facilities,
many of the advances and supporting technologies seen
over the past three decades for photon-based radiotherapy
have not been as rapidly adapted to protons as has been
the case with photons (e.g., advanced image guidance, arc
therapy). With increasing interest, decreasing costs, and
expanding numbers of proton facilities, the planning and
delivery techniques for proton radiotherapy are enjoying
rapid advances. IMPT utilizing pencil-beam scanning has
been a major step forward in improving dosimetry at the
proximal proton beam and improving conformality for
irregular/complex targets. Advances such as CT-based
image guidance improve the delivery of proton therapy (45).
Work is also underway to explore the possibility of MRI-
guided proton therapy as has recently become available
for photon radiotherapy (46,47). Spot-scanning proton arc
therapy (all known as SPArc) is in development and may
help improve proton dosimetry and treatment efficiency
compared to IMPT (48). Respiratory gating is also being
used to improve delivery and better manage the impact of
variable tissue densities and respiratory motion on proton
range (45).

Conclusions

Proton radiotherapy for pancreatic carcinoma is effective
and very well-tolerated in the pre- and postoperative
settings. By helping reduce radiotherapy treatment-
related toxicity, proton therapy can facilitate radiation dose
escalation and/or chemotherapy intensification to improve
outcomes. Importantly, well-tolerated radiotherapy can
provide the radiotherapeutic benefits in local-regional
control without the risk of chemotherapy or surgical delays.
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Negotiating the relationship between CRT for local-
regional control and chemotherapy for systemic control will
be increasingly important as outcomes continue to improve.
With better systemic control and chemotherapy driving
improvements in overall survival, the role of local-regional
control will become increasingly salient in the management
of pancreatic carcinoma. Proton therapy offers a promising
approach to deliver well-tolerated radiotherapy to improve
local-regional control and improve outcomes in pancreatic
carcinoma.
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