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Background: Proton beam radiotherapy (PBT) is frequently shown to be dosimetrically superior to photon 
radiotherapy (RT), though supporting data for clinical benefit are severely limited. Because of the potential 
for toxicity reduction in gastrointestinal (GI) malignancies, we systematically reviewed the literature on 
clinical outcomes (survival/toxicity) of PBT.
Methods: A systematic search of PubMed, EMBASE, abstracts from meetings of the American Society for 
Radiation Oncology, Particle Therapy Co-Operative Group, and American Society of Clinical Oncology was 
conducted for publications from 2000–2015. Thirty-eight original investigations were analyzed.
Results: Although results of PBT are not directly comparable to historical data, outcomes roughly mirror 
previous data, generally with reduced toxicities for PBT in some neoplasms. For esophageal cancer, PBT 
is associated with reduced toxicities, postoperative complications, and hospital stay as compared to photon 
radiation, while achieving comparable local control (LC) and overall survival (OS). In pancreatic cancer, 
numerical survival for resected/unresected cases is also similar to existing photon data, whereas grade ≥3 
nausea/emesis and post-operative complications are numerically lower than those reported with photon RT. 
The strongest data in support of PBT for HCC comes from phase II trials demonstrating very low toxicities, 
and a phase III trial of PBT versus transarterial chemoembolization demonstrating trends towards improved 
LC and progression-free survival (PFS) with PBT, along with fewer post-treatment hospitalizations. Survival 
and toxicity data for cholangiocarcinoma, liver metastases, and retroperitoneal sarcoma are also roughly 
equivalent to historical photon controls. There are two small reports for gastric cancer and three for 
anorectal cancer; these are not addressed further.
Conclusions: Limited quality (and quantity) of data hamper direct comparisons and conclusions. However, 
the available data, despite the inherent caveats and limitations, suggest that PBT offers the potential to 
achieve significant reduction in treatment-related toxicities without compromising survival or LC for 
multiple GI malignancies. Several randomized comparative trials are underway that will provide more 
definitive answers.
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Introduction

The use of proton beam radiotherapy (PBT) to treat various 
cancers is increasing globally. Ten years ago in the US, there 
were only four proton therapy facilities; as of the writing 
of this manuscript, 17 centers have become operational in 
the US, with several more anticipated to come online in 
the next 2 years. Because of the near-total absence of exit 
dose, PBT affords excellent dose distributions, especially in 
the beam-exit path, which permits the use of a very limited 
number of treatment fields, which further reduces the total, 
whole-body integral dose. Consequently, in several clinical 
situations, the dose to organs-at-risk (OARs) is reduced 
with PBT, and almost uniformly the integral dose is more 
favorable for PBT, the consequence of which is a potential 
decline in both acute and long-term radiation-related 
toxicities (including second malignancies), as well as the 
toxicities of combined chemoradiotherapy (1,2).

Due to the anatomy of the abdomen, OARs generally 
lie in close proximity to many GI tumors. The excellent 
dosimetric profiles, conformality, and ability to spare critical 
organs and structures make PBT especially attractive as a 
treatment for gastrointestinal (GI) tumors (3). Due to the 
dearth of general reviews of this topic (4), we conducted a 
systematic literature review for published clinical outcomes 
after PBT for GI neoplasms.

Methods

This systematic review was conducted using the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines (5). Eligibility criteria included 
published work in English evaluating clinical outcomes of 
proton radiation therapy for GI malignancies. Sources of 
information for this review included PubMed, EMBASE, 
abstracts from annual meetings of the American Society 
for Radiation Oncology (ASTRO), Particle Therapy Co-
Operative Group (PTCOG), and the American Society 
of Clinical Oncology (ASCO), those found in references 
from the major articles identified, and articles known to 
the authors. The searches were conducted to identify any 
and all articles addressing clinical outcomes of proton 
radiotherapy (RT) for GI neoplasms in adults with the 
following headings: proton, proton radiation therapy, 
proton beam therapy, pencil beam, GI, anus, anal, anal 
cancer, biliary, bile duct cancer, cholangiocarcinoma, 
esophagus, esophageal, esophageal cancer, liver cancer, 
hepatocellular carcinoma (HCC), metastasis, pancreas, 

pancreatic, pancreatic cancer, rectum, rectal, rectal cancer, 
retroperitoneum, retroperitoneal, retroperitoneal sarcoma, 
stomach, gastric, gastric cancer. Due to the dearth of 
overall data, search terms were not restricted in terms of 
publication year or number of patients. Searches were 
complete by October 15, 2015.

Based on the initial searches, a total of 331 articles/
abstracts were identified (Figure 1). Care was taken to 
ensure that the inclusion criteria were sufficiently broad 
in order to ensure that possibly pertinent publications 
were excluded by individual screening rather than the 
initial database search. In case of journal publications and 
meeting abstracts being from the same group, the abstract 
was excluded in favor of the journal article. If updates with 
larger sample sizes were available from the same group, 
those were chosen preferentially. Though subgroup analyses 
were often cited, they were not officially counted in the 
list of included articles. After duplicates were removed, 
each of the 283 remaining eligible items was independently 
screened for the described criteria, and a further 223 were 
excluded. Articles without specific assessments of clinically 
relevant outcomes (e.g., survival, toxicity) of proton RT for 
GI cancers in adults (e.g., medical physics and dosimetric 

Figure 1 PRISMA diagram illustrating systematic searches used 
for this review. PRISMA, Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses.

Records identified through 
database searching  

(n=331)

Records after duplicates removed  
(n=283)

Records screened  
(n=283)

Records excluded  
(n=223)

Id
en

tif
ic

at
io

n
S

cr
ee

ni
ng

E
lig

ib
ili

ty
In

cl
ud

ed

Review articles excluded  
(n=19)

Full-text articles assessed for 
eligibility  
(n=60)

Studies included in qualitative 
synthesis  

(n=41)



646 Verma et al. Protons for gastrointestinal cancers

© Journal of Gastrointestinal Oncology. All rights reserved. J Gastrointest Oncol 2016;7(4):644-664jgo.amegroups.com

publications) were excluded. Additionally, letters to the 
editor and direct commentary to other articles were also 
excluded. Of the 60 publications remaining, an additional 
19 were review articles, and though some were cited, they 
were not included in the primary analysis. Thus, 41 original 
investigations (28 published articles and 13 abstracts) 
were found to have sufficient focus and relevance to be 
incorporated into the review.

Results

Esophagus

A number of studies consistently report significant dose 
reduction to nearly all intrathoracic OARs with PBT, and 
increasing non-comparative clinical data support the efficacy 
and safety of PBT for esophageal cancer (Table 1). Early PBT 
reports for esophageal cancer come from Tsukuba University. 
Sugahara et al. (8) treated 46 patients (45 of whom had 
squamous cell carcinoma) with PBT and X-ray radiotherapy 
(XRT) (40/46, 87%) to a median XRT dose of 48 Gray 
(Gy) and PBT dose of 32 cobalt Gray equivalent (CGE). 
All patients were treated definitively without chemotherapy, 
with 22/46 (48%) designated medically inoperable. Five-
year local control (LC), disease-specific survival (DSS), and 
overall survival (OS) was 57%, 67%, and 34% respectively, 
with median follow-up of 35 months. Grade 3 acute 
esophagitis occurred in 5 of 46 (11%) patients, with grade 3 
late esophageal toxicity in 3 of 46 (7%) patients, and two (4%) 
cases of grade 5 esophageal toxicity (unspecified cause).

These data are consistent with subsequent publications 
from the same group (10). In a later report on 51 patients 
(50 squamous cell carcinoma), 24 of 51 (47%) were treated 
definitively without chemotherapy and were deemed inoperable. 
Median XRT dose was 46 Gy and PBT dose 36 CGE;  
33 of 51 (65%) received both XRT and PBT, with the 
remainder receiving median 79 CGE PBT alone. With a 
median follow-up of 23 months, 5-year LC, progression-
free survival (PFS), and OS were 38%, 14%, and 21%, 
respectively. Grade 3 acute esophagitis was similar to the 
earlier report (6/51 patients, 12%) with one case (2%) of 
grade 5 esophageal toxicity (ulcer-related hemorrhage). 

The response of  esophageal  cancer,  especia l ly 
adenocarcinoma, to PBT and chemotherapy has been studied 
by investigators at M.D. Anderson Cancer Center. Lin et al. 
examined 62 patients (47/62, 76% with adenocarcinoma) 
that were treated with a median of 50.4 CGE PBT and 
concurrent  chemotherapy,  most  commonly  wi th 

5-fluorouracil (5-FU) and a taxane or platinum-based 
chemotherapy (14). Twenty-nine patients (47%) were 
treated neoadjuvantly. With a median follow-up of  
20 months, 3-year locoregional control (LRC), recurrence-
free survival (RFS), distant metastasis-free survival (DMFS), 
and OS were 57%, 52%, 67%, and 52%, respectively. 
Grade 3 toxicities were as follows: esophagitis (6/62, 10%),  
dysphagia (6/62, 10%), nausea/emesis (5/62, 8%), dermatitis 
(2/62, 3%), fatigue (5/62, 8%), anorexia (3/62, 5%),  
and pneumonitis (1/62, 2%). There were no grade  
4 or 5 toxicities with PBT as part of multimodality therapy 
in this series. Though surgery improved LRC (P=0.005) 
and RFS (P=0.05), there was no significant association 
with DM rates (P=0.24) or OS (P=0.33). When comparing  
72 PBT-treated patients at the same institution (15) 
with 208 patients undergoing 3-dimensional conformal 
radiotherapy (3DCRT) and 164 patients undergoing 
intensity-modulated radiotherapy (IMRT), all with the 
aforementioned concurrent chemotherapy, pulmonary 
complications were 30% in the 3DCRT group, 24% with 
IMRT, and 14% with PBT (P=0.02 3DCRT vs. PBT;  
P values for IMRT vs. PBT not given). GI complications 
were 28% with 3DCRT, 18% with IMRT, and 18% with 
PBT (P=0.04 3DCRT vs. PBT). Median length of hospital 
stay was 12 days for 3DCRT, 10 days IMRT, and 8 days 
PBT (P<0.0001 3DCRT vs. PBT). Though no statistically 
significant difference between PBT and IMRT was 
elucidated, given that these were the smallest cohorts and 
qualitative numerical differences existed, larger sample 
sizes are needed to determine if PBT is associated with a 
statistically significant reduction in toxicities compared 
with IMRT.

The Japanese experience of concurrent cisplatin/5-FU 
with 60 CGE PBT in 40 squamous cell carcinoma patients 
treated definitively showed similar results (18). Twenty-four  
of 40 patients (60%) were medically inoperable, with the 
remainder refusing surgery. At a median follow-up of  
24 months, 2-year LRC, DSS, and OS were 66%, 77%, 
and 75%, respectively. Three-year OS was 70%, with 
grade 3 esophagitis in 9/40 (22%) patients and grade  
3 skin toxicity in two (5%) patients. Grade 3 late 
esophageal ulcers occurred in two (5%) patients. There 
were no grade 4–5 toxicities.

Emerging data presented at PTCOG 2015 (19,20) 
compared 110 patients that underwent PBT with  
472 patients treated with XRT using 3DCRT (n=217) or 
IMRT (n=255) techniques. Most (535/582, 92%) patients 
had adenocarcinoma and all underwent concurrent 
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f luoropyr imid ine-based  chemotherapy  wi th  RT  
(50.4 Gy or CGE). At median 28 months follow-up, 
3-year OS was nonsignificantly but numerically lower 
for XRT (58%) versus 70% for PBT (P= nonsignificant); 
there was also a trend towards higher 90-day mortality 
with XRT (4.2% XRT vs. 0.9% PBT, P=0.13). PBT also 
statistically decreased grade 2 nausea (50% XRT vs. 29% 
PBT, P<0.001), grade ≥2 fatigue (33% XRT vs. 27% PBT, 
P<0.001), grade ≥2 hematologic toxicity (26% XRT vs. 2% 
PBT, P<0.001), postoperative pulmonary complications 
(28% XRT vs. 14% PBT, P=0.003), postoperative wound 
complications (15% XRT vs. 5% PBT, P=0.002), and length 
of hospital stay (12 days XRT vs. 9 days PBT, P<0.0001).

Table 1 lists several other articles examining PBT for 
esophageal cancers (9,11-13,16,17). Over a decade of 
published PBT data point to the safety and efficacy of PBT 
for esophageal cancers, with or without chemotherapy 
and/or surgery. Furthermore, PBT is beginning to show 
decreased clinical toxicity as compared to photons, 
including IMRT, thus actualizing its dosimetric potential; 
further work and experience is correspondingly needed 
to more precisely examine differences in PBT and IMRT 
toxicities. In that context, NRG Oncology is planning a 
randomized comparison of the two modalities.

Stomach

The use of PBT in the management of gastric cancer has 
been limited to two case reports from Japan (Table 1). One 
medically inoperable gastric cancer patient was treated with 
61 CGE PBT concurrently with 5-FU and tegafur and 
survived for two months with endoscopic and histologic 
evidence of tumor regression (6). Two patients with 
inoperable T1N0M0 cancer were treated with 86 and 
83 CGE PBT without chemotherapy (7). Both patients 
developed persistent ulcers negative for malignancy and 
were alive at median follow-up of 21 months.

Pancreas

PBT for pancreatic cancer, especially in the pancreatic 
head, is an attractive option to decrease toxicity to multiple 
surrounding OARs, including the duodenum, stomach, 
bowel, liver, and kidneys (Table 2). Translating dosimetric 
data to evaluating reductions in clinical toxicities, work from 
the University of Florida (21) examined 22 patients with 
resected (n=5), borderline resectable (n=5), and unresectable 
(n=12) tumors who underwent PBT (50.4–59.4 CGE)  

with concurrent gemcitabine. At median follow-up of  
11 months, there were no cases of grade ≥3 GI toxicity; in 
patients without anterior and left lateral fields, grade 2 GI  
toxicity was eliminated. Median survival of resected, 
borderline resectable, and unresectable patients was 11, 
14, and 9 months, respectively. The same group examined 
15 initially unresectable patients (treated with 59.4 CGE 
and concurrent capecitabine), of whom five (33%) were 
able to undergo resection after PBT (25). These patients 
had a median survival of 24 months; the only postoperative 
complications were wound infection, ischemic gastritis, and 
delayed gastric emptying seen in one (2%) patient each. The 
results are comparable to those of the Proton Cooperative 
Group registry of 22 patients (22), 8 of which were treated 
adjuvantly and the remainder definitively (50.4 CGE). With 
follow-up to 5 months, 9 patients died and there was one 
case each of grade 3 fatigue and grade 4 thrombocytopenia.

A phase I report from Harvard used concurrent PBT 
(25–30 CGE) with capecitabine in 15 resectable patients, 
followed by adjuvant gemcitabine (23). Eleven underwent 
resection, 10 of whom were alive at a median 12-month 
follow-up; median survival was not reached and 1-year OS 
was 75%. One patient (7%) had local progression and 8/15 
patients (53%) developed DM. There were no postoperative 
complications, and four patients experienced six grade 3 
toxicities (biliary obstruction, n=2; hyperbilirubinemia, n=2; 
infection, n=1; positional shoulder pain, n=1).

A phase I/II study from Japan (24) enrolled 50 locally 
advanced pancreatic cancer patients in one of three dose 
levels: 50 CGE (n=5), 70.2 CGE (n=5), or 67.5 CGE 
(n=40). All patients received concurrent and adjuvant 
gemcitabine. At a median follow-up of 13 months, 1-year 
freedom from local progression, PFS, and OS were 82%, 
64%, and 77%, respectively. Grade 3 nonhematologic acute 
toxicities included nausea (n=2), emesis (n=1), anorexia 
(n=5), epigastralgia (n=3), gastric ulcer (n=1), weight loss 
(n=3), and fatigue (n=1). Grade 3 late toxicities included 
anorexia and fatigue in one patient each, and three patients 
with gastric ulcer, with one death from gastric hemorrhage. 
Clinically evident gastric ulcers were nearly five times fewer 
than endoscopically evident gastric ulcers, according to a 
separate report from the same group (26).

Biliary system & gallbladder

There are some small cohort experiences for the use of 
PBT for intra- or extrahepatic cholangiocarcinoma. One 
study utilized postoperative helium and neon ion RT in 
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22 patients with extrahepatic cholangiocarcinoma (27).  
Specifically, 16 patients were treated by helium ions  
(11 of which were treated only with helium ions), which 
have similar relative biological effectiveness (RBE) as PBT, 
to a median dose of 60 CGE. These patients were compared 
with 45 patients undergoing postoperative conventional 
photon RT (54 Gy) and 62 surgery-only patients. With a 
minimum follow-up of 5 years and removing palliatively-
treated patients, the median survival of the surgery-only and 
postoperative photon RT group was 16 and 23 months for 
the PBT group (P=0.13).

Tw o  d i f f e r e n t  i n s t i t u t i o n s  i n  J a p a n  t r e a t e d 
cholangiocarcinomas with PBT (Table 3). Ohkawa et al. (38) 
used PBT (median dose 72.6 CGE) to treat 14 intrahepatic 
cases (thirteen of which were advanced-stage). Seven 
patients underwent pyrimidine analog chemotherapy, the 
timing of which was not mentioned. At a median follow-up 
of 12 months, 1-year OS was 50%, with two in-field local 
recurrences (LRs), seven out-of-field intrahepatic failures, 
and four with DM. There were no late grade ≥3 toxicities 
and two cases of acute grade ≥3 toxicities (myelosuppression 
and elevated transaminases). 

Makita and colleagues examined 28 patients, 10 of 
which were locally or regionally recurrent (39). Of the 
18 primary tumors, 6 each were intrahepatic and hilar, 
3 distal extrahepatic, and 3 gallbladder. Fifteen patients 
underwent adjuvant pyrimidine analog or gemcitabine-based 
chemotherapy, and median PBT dose was 68.2 CGE. With 
a median follow-up of 12 months, 1-year OS was consistent 
with the prior study at 49%, with PFS 30% and LC 68%. 
There was a strong correlation between biologically effective 
dose (BED) >70 Gy and LC (P=0.002). There was one 
case of grade 3 acute cholangitis and 7 cases of grade 3 late 
toxicity involving the duodenum or bile ducts. There were no 
grade 4–5 toxicities. 

Liver

There has also been over a decade of published PBT results 
for the treatment of hepatocellular carcinoma (HCC), much 
of it from Tsukuba University. In a report from 2005 (28),  
162 patients with 192 lesions (84% stages I or II) were treated 
with a median 72 CGE PBT and followed up for a median 
32 months. Five-year LC was 87% and 5-year OS was 
24%. The only grade ≥2 non-hematologic acute toxicities 
were transaminitis (18/185, 10%) and hyperbilirubinemia  
(3/185, 2%). The grade ≥2 late toxicities of infected biloma 

and GI bleeding occurred in two patients each (1%), and 
common bile duct stenosis occurred in one patient (1%).

The group later published a separate experience of  
318 patients (31), which remains the largest cohort study to 
date. These patients were also mostly stage I or II (81%), 
and received a median 72.6 CGE PBT and followed up 
for a median 19 months. Though 5-year LC was similar at 
83%, 5-year OS was 45%, likely due to more (56%) patients 
receiving arterial embolization/chemoembolization or other 
means of pre-PBT tumor control, and/or patients being of 
lower Child-Pugh class in this latter study. The treatment 
was very safe, with the only grade 3 nonhematologic 
toxicities being integumentary and colonic hemorrhage in 
four and one patients, respectively.

Along with these two high-volume studies, the group 
has also extensively published subgroup analyses on HCC 
associated with severe cirrhosis (42,43), severe ascites (30),  
portal vein tumor thrombosis (44,45), porta hepatis 
involvement (46), limited treatment options (47), elderly 
patients (48), LR (29,36), tumor adjacent to the GI tract (49), 
large-sized tumors (50), and altered fractionation (51,52). 

Other reports from Japan have demonstrated similar 
outcomes. Sixty patients were treated to a median dose 
of 76 CGE and followed for a median of 43 months (33). 
Five-year LC, DFS, and OS were 86%, 4%, and 25%, 
respectively. The only grade 3 toxicity reported in this 
publication was one patient (2%) with hemorrhagic colonic 
ulcer. Komatsu and colleagues (34) treated a total of 386 
lesions with PBT (n=278) or carbon ion RT (n=108). 
Treatment regimens were varied but all were significantly 
hypofractionated at 60–76 CGE in 10–20 fractions. With 
median follow-up of 31 months, 5-year LC and OS were 91 
and 38%, respectively. There were no significant differences 
in outcomes between carbon ion and PBT. Grade 3 late 
skin toxicity was reported in four (2%) patients; and 
transaminitis, upper GI ulcer, and biloma in one patient 
(1%) each. The only grade 4 toxicity was dermatitis in one 
(1%) patient.

Phase II data from Loma Linda have been published, 
with a 76-patient cohort in which 47% of patients were 
Child-Pugh class B, as opposed to the majority of previous 
studies in which over 70% of patients are Child-Pugh class 
A (35). PBT was given at a dose of 63 CGE. Median PFS 
was 36 months, and 20% of patients recurred. Three-year 
OS in the 18 patients who underwent liver transplantation 
was 70%, as compared to 10% in the remainder. Though 
the poor survival is to be expected in light of the Child-



654 Verma et al. Protons for gastrointestinal cancers

© Journal of Gastrointestinal Oncology. All rights reserved. J Gastrointest Oncol 2016;7(4):644-664jgo.amegroups.com

T
ab

le
 3

 R
es

ul
ts

 o
f P

B
T

 fo
r h

ep
at

ob
ili

ar
y 

ca
nc

er

R
ef

er
en

ce
 &

 

da
te

N
um

be
r o

f 

pa
tie

nt
s

Tu
m

or
 ty

pe
 &

 c
ha

ra
ct

er
is

tic
s

C
hi

ld
-P

ug
h 

cl
as

s

P
B

T 
do

se
, f

ra
ct

io
na

tio
n,

 

te
ch

ni
qu

e
C

he
m

ot
he

ra
py

M
ed

ia
n 

fo
llo

w
-u

p 

(m
on

th
s)

S
ur

vi
va

l o
ut

co
m

es
To

xi
ci

ty

C
hi

ba
 e

t a
l.,

 

20
05

 (2
8)

16
2 

 

(1
92

 le
si

on
s)

P
rim

ar
y 

H
C

C
, 8

0/
16

2 
(4

9%
) s

in
gl

e 

no
du

le
; 8

2/
16

2 
(5

1%
) m

ul
tip

le
. S

ta
ge

 I 

(6
6/

16
2,

 4
1%

); 
st

ag
e 

II 
(7

0/
16

2,
 4

3%
); 

st
ag

e 
III

A
 (2

5/
16

2,
 1

5%
); 

st
ag

e 
III

B
 

(1
/1

62
, 1

%
), 

si
ze

 <
3 

cm
 (5

1/
16

2,
 2

7%
); 

3–
5 

cm
 (1

08
/1

62
, 5

6%
); 

>5
 c

m
 (3

3/
16

2,
 

17
%

)

A
 (8

2/
15

4,
 

51
%

); 
 

B
 (6

2/
15

4,
 

38
%

); 
 

C
 (1

0/
15

4,
 

4%
)

M
ed

ia
n 

72
 C

G
E 

in
 1

6 

fra
ct

io
ns

, A
P

 o
r P

A
 &

 

rig
ht

 la
te

ra
l b

ea
m

 u
nl

es
s 

cl
os

e 
to

 g
ut

Fo
r r

ec
ur

re
nc

e 
on

ly
32

5 
y 

LC
 8

7%
; 5

 y
 O

S
 2

4%
, 

5 
y 

O
S

 s
ta

ge
 I 

45
%

, s
ta

ge
 

II 
11

%
, s

ta
ge

 II
IA

 2
7%

G
ra

de
 2

+ 
no

nh
em

at
ol

og
ic

 

ac
ut

e 
to

xi
ci

tie
s:

 

tr
an

sa
m

in
iti

s 
(1

8/
18

5,
 1

0%
), 

hy
pe

rb
ili

ru
bi

ne
m

ia
 (3

/1
85

, 

2%
). 

G
ra

de
 2

+ 
la

te
 to

xi
ci

tie
s:

 

in
fe

ct
io

n 
bi

lo
m

a 
(2

/1
85

, 1
%

), 

G
I b

le
ed

in
g 

(2
/1

85
, 1

%
), 

C
B

D
 

st
en

os
is

 (1
/1

85
, 1

%
)

H
as

hi
m

ot
o 

 

et
 a

l.,
  

20
06

 (2
9)

27
  

(6
8 

le
si

on
s)

R
ec

ur
re

nt
 H

C
C

, P
re

vi
ou

sl
y 

tre
at

ed
 

us
in

g 
P

B
T 

w
ith

 (2
2/

27
, 8

1%
) o

r w
ith

ou
t 

(5
/2

7,
 1

9%
) T

A
C

E

A
 (2

1/
27

, 

78
%

); 
B

 

(6
/2

7,
 2

2%
)

M
ed

ia
n 

in
iti

al
 P

B
T 

do
se

 

72
 C

G
E 

in
 1

6 
fra

ct
io

ns
, 

M
ed

ia
n 

re
-R

T 
do

se
 6

6 

C
G

E 
in

 1
6 

fra
ct

io
ns

, A
P

 

an
d 

rig
ht

 la
te

ra
l f

ie
ld

s

P
re

vi
ou

s 
TA

C
E 

in
 

22
/2

7 
(8

1%
) p

at
ie

nt
s

62
A

fte
r r

e-
R

T,
 5

 y
 L

C
 8

6%
 

an
d 

5 
y 

O
S

 2
6%

A
cu

te
 to

xi
ci

tie
s:

 g
ra

de
 4

 

hy
pe

rb
ili

ru
bi

ne
m

ia
 (1

/2
7,

 4
%

), 

gr
ad

e 
4 

he
pa

tic
 c

om
a 

(1
/2

7,
 

4%
). 

La
te

 to
xi

ci
tie

s:
 g

ra
de

 4
 

rib
 fr

ac
tu

re
 (1

/2
7,

 4
%

), 
gr

ad
e 

3 
in

fe
ct

io
us

 b
ilo

m
a 

(1
/2

7,
 4

%
), 

gr
ad

e 
3 

ob
st

ru
ct

iv
e 

ch
ol

an
gi

tis
 

(1
/2

7,
 4

%
)

H
at

a 
et

 a
l.,

 

20
07

 (3
0)

3 
 

(4
 le

si
on

s)

H
yp

of
ra

ct
io

na
tio

n 
fo

r H
C

C
 w

ith
 

un
co

nt
ro

lla
bl

e 
as

ci
te

s,
 m

ed
ia

n 
tu

m
or

 

si
ze

 3
.0

 c
m

B
 (2

/3
, 

67
%

); 
 

C
 (1

/3
, 

33
%

)

24
 C

G
E 

in
 1

 fr
ac

tio
n,

  

4–
5 

fie
ld

s 
un

iq
ue

 to
 e

ac
h 

pa
tie

nt

N
on

e
13

C
R

 in
 2

/3
 (6

7%
) p

at
ie

nt
s;

 

P
R

 in
 1

/3
 (3

3%
) p

at
ie

nt
s;

 

2/
3 

(6
7%

) a
liv

e 
at

  

30
 m

on
th

s

N
o 

ac
ut

e 
to

xi
ci

tie
s.

 L
at

e 

to
xi

ci
ty

: g
ra

de
 2

 ri
b 

fr
ac

tu
re

 

(1
/3

, 3
3%

)

N
ak

ay
am

a 
 

et
 a

l.,
  

20
09

 (3
1)

31
8

H
C

C
, s

ta
ge

 I 
(1

50
/3

18
, 4

7%
); 

st
ag

e 
II 

(1
07

/3
18

, 3
4%

); 
st

ag
e 

III
 (6

1/
31

8,
 1

9%
)

A
 (2

34
/3

18
, 

74
%

);

B
 (7

7/
31

8,
 

24
%

);

C
 (7

/3
18

, 

2%
)

77
 C

G
E 

in
 3

5 
fra

ct
io

ns
 if

 

w
ith

in
 2

 c
m

 o
f g

ut
 (6

6/
31

8,
 

21
%

); 
 

72
.6

 C
G

E 
in

 2
2 

fra
ct

io
ns

 

if 
w

ith
in

 2
 c

m
 o

f p
or

ta
 

he
pa

tis
 (8

5/
31

8,
 2

7%
); 

66
 C

G
E 

in
 1

0 
fra

ct
io

ns
 if

 

>2
 c

m
 (1

04
/3

18
, 3

3%
), 

re
m

ai
nd

er
 v

ar
ie

d

36
/3

18
 (1

1%
) 

tre
at

ed
 w

ith
 p

re
-P

B
T 

TA
C

E/
TA

E,
 1

44
/3

18
 

(4
5%

) w
ith

 p
re

-P
B

T 

P
EI

/R
FA

19
5 

y 
LC

 8
3%

; 1
 y

 O
S

 9
0%

; 

3 
y 

O
S

 6
5%

; 5
 y

 O
S

 4
5%

, 

pr
ed

ic
to

rs
 o

f O
S

: T
-s

ta
ge

, 

pe
rfo

rm
an

ce
 s

ta
tu

s,
 C

hi
ld

-

P
ug

h 
cl

as
s;

 n
ot

 p
re

-P
B

T 

tre
at

m
en

t

G
ra

de
 2

 n
on

he
m

at
ol

og
ic

 

to
xi

ci
tie

s:
 s

ki
n 

(2
8/

31
8,

 9
%

), 

rib
 fr

ac
tu

re
 (3

/3
18

, 1
%

), 
G

I 

ul
ce

rs
 (3

/3
18

, 1
%

). 
G

ra
de

 3
 

no
nh

em
at

ol
og

ic
 to

xi
ci

tie
s:

 

sk
in

 (4
/4

18
, 1

%
), 

co
lo

ni
c 

he
m

or
rh

ag
e 

(1
/3

18
, 0

%
)

O
ht

su
bo

  

et
 a

l.,
  

20
09

 (3
2)

1
LR

 o
f H

C
C

 a
fte

r s
ur

ge
ry

 a
fte

r P
EI

 &
 

m
ic

ro
w

av
e 

co
ag

ul
at

io
n,

 T
re

at
ed

 w
ith

 

H
A

I a
nd

 P
B

T

–
70

 C
G

E 
in

 3
5 

fra
ct

io
ns

P
re

vi
ou

s 
H

A
I w

ith
 

5-
FU

, c
is

pl
at

in
, 

is
ov

or
in

; f
ol

lo
w

ed
 

by
 e

pi
ru

bi
ci

n 
&

 

m
ito

m
yc

in
 C

; J
us

t 

pr
io

r t
o 

P
B

T 
H

A
I 

w
ith

 ir
in

ot
ec

an
 &

 

do
ce

ta
xe

l

14
D

ie
d 

of
 li

ve
r f

ai
lu

re
 a

nd
 

D
M

 1
4 

m
on

th
s 

af
te

r P
B

T

N
o 

gr
ad

e 
3+

 n
on

he
m

at
ol

og
ic

 

to
xi

ci
tie

s

T
ab

le
 3

 (c
on

tin
ue

d)



655Journal of Gastrointestinal Oncology Vol 7, No 4 August 2016

© Journal of Gastrointestinal Oncology. All rights reserved. J Gastrointest Oncol 2016;7(4):644-664jgo.amegroups.com

T
ab

le
 3

 (c
on

tin
ue

d)

R
ef

er
en

ce
 &

 

da
te

N
um

be
r o

f 

pa
tie

nt
s

Tu
m

or
 ty

pe
 &

 c
ha

ra
ct

er
is

tic
s

C
hi

ld
-P

ug
h 

cl
as

s

P
B

T 
do

se
, f

ra
ct

io
na

tio
n,

 

te
ch

ni
qu

e
C

he
m

ot
he

ra
py

M
ed

ia
n 

fo
llo

w
-u

p 

(m
on

th
s)

S
ur

vi
va

l o
ut

co
m

es
To

xi
ci

ty

K
aw

as
hi

m
a 

et
 a

l.,
 2

01
1 

(3
3)

60
H

C
C

, 4
5/

60
 (7

5%
) s

in
gl

e 
no

du
le

; 

re
m

ai
nd

er
 m

ul
tip

le
/d

iff
us

e.
 M

ed
ia

n 
 

45
 m

m

A
 (4

7/
60

, 

78
%

); 
B

 

(1
3/

60
, 

22
%

)

M
ed

ia
n 

76
 C

G
E 

in
  

20
 fr

ac
tio

ns
, A

P
 &

 ri
gh

t 

la
te

ra
l f

ie
ld

s

26
/4

3 
(4

0%
) w

ith
 

pr
io

r T
A

C
E

43
3 

y 
LC

 9
0%

; 5
 y

 L
C

 8
6%

; 

3 
y 

D
FS

 1
8%

; 5
 y

 D
FS

 4
%

; 

3 
y 

O
S

 5
6%

, 5
 y

 O
S

 2
5%

G
ra

de
 2

+ 
G

I t
ox

ic
iti

es
: 

he
m

or
rh

ag
ic

 d
uo

de
ni

tis
 (1

/6
0,

 

2%
), 

gr
ad

e 
3 

he
m

or
rh

ag
ic

 

co
lo

ni
c 

ul
ce

r (
1/

60
, 2

%
), 

gr
ad

e 

2 
es

op
ha

gi
tis

 (1
/6

0,
 2

%
)

K
om

at
su

  

et
 a

l.,
  

20
11

 (3
4)

34
3 

(3
86

 

le
si

on
s,

 

n=
27

8 
P

B
T,

 

n=
10

8 
C

IT
)

H
C

C
, 3

33
/3

86
 (8

6%
) s

in
gl

e 
no

du
le

; 

re
m

ai
nd

er
 m

ul
tip

le
/d

iff
us

e.
 <

5 
cm

 

(2
77

/3
86

, 7
2%

); 
5–

10
 c

m
 (8

7/
38

6,
 

22
%

); 
>1

0 
cm

 (2
2/

38
6,

 6
%

)

A
 (2

62
/3

86
, 

76
%

); 
B

 

(7
5/

38
6,

 

22
%

); 
C

 

(6
/3

86
, 2

%
)

M
os

t c
om

m
on

 P
B

T 

re
gi

m
en

s:
 6

0 
C

G
E 

in
  

10
 fr

ac
tio

ns
 (8

9/
24

2,
 

37
%

), 
76

 C
G

E 
in

 2
0 

fra
ct

io
ns

 (7
0/

24
2,

 2
9%

), 

66
 C

G
E 

in
 1

0 
fra

ct
io

ns
 

(5
3/

24
2,

 2
2%

)

–
31

3 
y 

LC
 9

1%
; 5

 y
 L

C
 9

1%
; 

5 
y 

LC
 9

0%
 P

B
T;

 9
3%

 

C
IT

 (P
= 

N
S

). 
3 

y 
O

S
 5

9%
, 

5 
y 

O
S

 3
8%

; 5
 y

 O
S

 3
8%

 

P
B

T;
 3

6%
 C

IT
 (P

= 
N

S
)

G
ra

de
 3

 la
te

 to
xi

ci
tie

s:
 

de
rm

at
iti

s 
(4

/2
42

, 2
%

), 

tr
an

sa
m

in
iti

s 
(1

/2
42

, 1
%

), 

up
pe

r G
I u

lc
er

 (1
/2

42
, 1

%
) 

bi
lo

m
a 

(1
/2

42
, 1

%
). 

G
ra

de
 4

 

la
te

 to
xi

ci
ty

: d
er

m
at

iti
s 

(1
/2

42
, 

1%
)

B
us

h 
et

 a
l.,

 

20
11

 (3
5)

76
H

C
C

, 6
5/

76
 (8

6%
) s

in
gl

e 
no

du
le

; 

re
m

ai
nd

er
 m

ul
tip

le
/d

iff
us

e.
 <

5 
cm

 

(3
9/

76
, 5

1%
); 

5–
10

 c
m

 (3
3/

76
, 4

3%
); 

>1
0 

cm
 (4

/7
6,

 5
%

)

A
 (2

2/
76

, 

29
%

); 
B

 

(3
6/

76
, 

47
%

); 
C

 

(1
8/

76
, 

24
%

)

63
 C

G
E 

in
 1

5 
fra

ct
io

ns
, 

PA
 a

nd
 le

ft 
la

te
ra

l f
ie

ld
s

N
on

e
–

15
/7

6 
(2

0%
) p

at
ie

nt
s 

w
ith

 

LR
; 2

3/
76

 (3
6%

) p
at

ie
nt

s 

w
ith

 o
th

er
 in

tr
ah

ep
at

ic
 

fa
ilu

re
; 1

3/
76

 (1
7%

) 

pa
tie

nt
s 

w
ith

 e
xt

ra
he

pa
tic

 

fa
ilu

re
. M

ed
ia

n 
P

FS
 3

6 

m
on

th
s;

 3
 y

 O
S

 7
0%

 

in
 th

os
e 

w
ith

 tr
an

sp
la

nt
 

(1
8/

76
, 2

4%
); 

3 
y 

O
S

 1
0%

 

w
ith

ou
t

N
o 

gr
ad

e 
3+

 a
cu

te
 o

r l
at

e 

to
xi

ci
ty

A
be

i e
t a

l.,
 

20
13

 (3
6)

9
R

ec
ur

re
nt

 H
C

C
 tr

ea
te

d 
w

ith
 B

C
G

 

ex
tr

ac
t v

ac
ci

ne
, 7

/9
 (7

8%
) s

in
gl

e 

no
du

le
; r

em
ai

nd
er

 m
ul

tip
le

/d
iff

us
e.

  

<5
 c

m
 (4

/9
, 4

4%
); 

≥5
 c

m
 (5

/9
, 5

6%
)

A
 (8

/9
, 

89
%

); 
B

 

(1
/9

, 1
1%

)

M
ed

ia
n 

72
.6

 C
G

E 
in

  

22
 fr

ac
tio

ns

7/
9 

(7
8%

) 

re
ce

iv
ed

 T
A

C
E,

 

ch
em

ot
he

ra
py

, 

or
 s

or
af

en
ib

 fo
r 

re
cu

rr
en

ce

12
+

LR
 in

 8
/9

 (8
9%

) p
at

ie
nt

s;
 

6/
9 

(6
7%

) d
ie

d

N
o 

gr
ad

e 
3+

 a
cu

te
 o

r l
at

e 

to
xi

ci
ty

Le
e 

et
 a

l.,
 

20
14

 (3
7)

27
H

C
C

 w
ith

 p
or

ta
l v

ei
n 

tu
m

or
 th

ro
m

bo
si

s.
 

≤7
 c

m
 (1

4/
27

, 5
2%

); 
 

>7
 c

m
 (1

3/
27

, 4
8%

)

A
 (1

8/
27

, 

67
%

); 
B

 

(9
/2

7,
 3

3%
)

M
ed

ia
n 

55
 C

G
E 

in
  

21
 fr

ac
tio

ns

P
re

vi
ou

s 
TA

C
E 

an
d/

or
 s

or
af

en
ib

 in
 2

0/
27

 

(7
4%

); 
co

nc
ur

re
nt

 

so
ra

fe
ni

b 
in

 6
/2

7 

(2
2%

); 
po

st
-P

B
T 

TA
C

E 
or

 s
or

af
en

ib
 in

 

11
/2

7 
(4

1%
)

13
27

/2
7 

(1
00

%
) w

ith
 

in
tr

ah
ep

at
ic

 re
cu

rr
en

ce
, 

14
/2

7 
(5

2%
) w

ith
 D

M
; 1

 y
 

LP
FS

 7
1%

, 1
 y

 R
FS

 1
1%

, 

1 
y 

O
S

 5
6%

; 2
 y

 L
P

FS
 

62
%

, 2
 y

 R
FS

 4
%

, 2
 y

 O
S

 

33
%

N
o 

gr
ad

e 
3+

 a
cu

te
 o

r l
at

e 

to
xi

ci
ty

T
ab

le
 3

 (c
on

tin
ue

d)



656 Verma et al. Protons for gastrointestinal cancers

© Journal of Gastrointestinal Oncology. All rights reserved. J Gastrointest Oncol 2016;7(4):644-664jgo.amegroups.com

T
ab

le
 3

 (c
on

tin
ue

d)

R
ef

er
en

ce
 &

 

da
te

N
um

be
r o

f 

pa
tie

nt
s

Tu
m

or
 ty

pe
 &

 c
ha

ra
ct

er
is

tic
s

C
hi

ld
-P

ug
h 

cl
as

s

P
B

T 
do

se
, f

ra
ct

io
na

tio
n,

 

te
ch

ni
qu

e
C

he
m

ot
he

ra
py

M
ed

ia
n 

fo
llo

w
-u

p 

(m
on

th
s)

S
ur

vi
va

l o
ut

co
m

es
To

xi
ci

ty

O
hk

aw
a 

 

et
 a

l.,
  

20
10

 (3
8)

14
In

tr
ah

ep
at

ic
 c

ho
la

ng
io

ca
rc

in
om

a.
 S

ta
ge

 

II 
(1

/1
4,

 7
%

); 
st

ag
e 

III
A

 (4
/1

4,
 2

9%
); 

st
ag

e 
III

C
 (5

/1
4,

 3
6%

); 
st

ag
e 

IV
 (4

/1
4,

 

29
%

)

–
M

ed
ia

n 
72

.6
 C

G
E 

in
 2

6 

fra
ct

io
ns

7/
14

 (5
0%

); 
5/

14
 

(3
6%

) w
ith

 S
1

12
1 

y 
O

S
 5

0%
; 1

 y
 P

FS
 

36
%

, L
P

 in
 6

/1
4 

(4
3%

); 

LR
 in

 2
/1

4 
(1

4%
); 

O
ut

-o
f-

fie
ld

 re
cu

rr
en

ce
 in

 7
/1

4 

(5
0%

); 
D

M
 in

 4
/1

4 
(2

8%
)

G
ra

de
 3

 n
on

he
m

at
ol

og
ic

 

to
xi

ci
tie

s:
 e

le
va

te
d 

tr
an

sa
m

in
as

es
 (1

/1
4,

 7
%

)

M
ak

ita
 e

t a
l.,

 

20
14

 (3
9)

28
C

ho
la

ng
io

ca
rc

in
om

a.
 In

tr
ah

ep
at

ic
 

(6
/2

8,
 2

1%
); 

hi
la

r (
6/

28
, 2

1%
); 

di
st

al
 

ex
tr

ah
ep

at
ic

 (3
/2

8,
 1

1%
); 

ga
llb

la
dd

er
 

(3
/2

8,
 1

1%
); 

lo
ca

l/n
od

al
 re

cu
rr

en
ce

 

(1
0/

28
, 3

6%
)

–
M

ed
ia

n 
68

.2
 C

G
E/

31
 

fra
ct

io
ns

10
/2

8 
(3

6%
) 

pr
io

r, 
3/

28
 (1

1%
) 

co
nc

ur
re

nt
, 1

5/
28

 

(5
4%

) a
dj

uv
an

t, 

ge
m

ci
ta

bi
ne

 a
nd

/o
r 

S
1

12
1 

y 
LC

 6
8%

, 1
 y

 P
FS

 

30
%

, 1
 y

 O
S

 4
9%

. 

In
cr

ea
se

d 
LC

 w
ith

 B
ED

 

>7
0 

G
y 

(P
=0

.0
02

)

G
ra

de
 3

 a
cu

te
 to

xi
ci

ty
: 

ch
ol

an
gi

tis
 (1

/2
8,

 4
%

). 
G

ra
de

 3
 

la
te

 to
xi

ci
tie

s:
 c

ho
la

ng
iti

s 
(2

/2
8,

 

7%
), 

du
od

en
al

 h
em

or
rh

ag
e 

(2
/2

8,
 7

%
), 

C
B

D
 s

te
no

si
s 

(1
/2

8,
 4

%
), 

du
od

en
al

 s
te

no
si

s 

(1
/2

8,
 4

%
), 

du
od

en
al

 u
lc

er
 

(1
/2

8,
 4

%
)

H
on

g 
et

 a
l.,

 

20
15

 (4
0)

83
H

C
C

 (n
=4

4)
; i

nt
ra

he
pa

tic
 

ch
ol

an
gi

oc
ar

ci
no

m
a 

(n
=3

7)
; m

ix
ed

 

(n
=2

). 
M

ed
ia

n 
si

ze
 5

 c
m

 in
 H

C
C

, 6
 c

m
 

ch
ol

an
gi

oc
ar

ci
no

m
a

A
 (6

6/
83

, 

80
%

); 
B

 

(1
5/

83
, 

16
%

)

M
ed

ia
n 

58
 C

G
E/

15
 

fra
ct

io
ns

A
ny

 c
he

m
ot

he
ra

py
 

(in
cl

ud
in

g 
TA

C
E)

 in
 

27
/8

3 
(3

3%
)

19
.5

H
C

C
, 2

 y
 L

C
 9

5%
; 1

 y
 

P
FS

 5
6%

; 2
 y

 P
FS

 4
0%

; 

1 
y 

O
S

 7
7%

; 2
 y

 O
S

 6
3%

. 

C
ho

la
ng

io
ca

rc
in

om
a:

 2
 y

 

LC
 9

4%
; 1

 y
 P

FS
 4

1%
;  

2 
y 

P
FS

 2
6%

; 1
 y

 O
S

 

70
%

; 2
 y

 O
S

 4
7%

G
ra

de
 3

 to
xi

ci
tie

s:
 

th
ro

m
bo

cy
to

pe
ni

a 
(1

/8
3,

 

1.
2%

), 
liv

er
 d

is
ea

se
 (1

/8
3,

 

1.
2%

), 
ga

st
ric

 u
lc

er
 (1

/8
3,

 

1.
2%

), 
hy

pe
rb

ili
ru

bi
ne

m
ia

 

(1
/8

3,
 1

.2
%

)

B
us

h 
et

 a
l.,

 

20
16

 (4
1)

69
H

C
C

, p
ha

se
 II

I P
B

T 
vs

. T
A

C
E;

 3
1/

69
 

(4
5%

) s
in

gl
e 

no
du

le
; r

em
ai

nd
er

 m
ul

tip
le

/

di
ffu

se
. L

ar
ge

st
 tu

m
or

 3
.2

 c
m

 in
 b

ot
h 

gr
ou

ps

–
70

.2
 C

G
E/

15
 fr

ac
tio

ns
36

 p
at

ie
nt

s 

ra
nd

om
iz

ed
 to

 

TA
C

E,
 3

3 
pa

tie
nt

s 
to

 

P
B

T

28
2 

y 
LC

 P
B

T 
88

%
 v

s.
 T

A
C

E 

45
%

 (P
=0

.0
6)

; 2
 y

 P
FS

 

P
B

T 
48

%
 v

s.
 T

A
C

E 
31

%
 

(P
=0

.0
6)

; 2
 y

 O
S

 5
9%

, 

no
 d

iff
er

en
ce

s 
be

tw
ee

n 

gr
ou

ps

To
xi

ci
tie

s 
no

t s
pe

ci
fie

d.
 

H
os

pi
ta

liz
at

io
ns

 3
0 

da
ys

 p
os

t-

tr
ea

tm
en

t: 
TA

C
E

 6
2 

vs
. P

B
T 

2 

(P
<0

.0
01

). 
To

ta
l h

os
pi

ta
liz

at
io

n 

da
ys

: T
A

C
E

 1
66

 v
s.

 P
B

T 
24

 

(P
<0

.0
01

)

P
B

T,
 p

ro
to

n 
b

ea
m

 r
ad

io
th

er
ap

y;
 C

G
E

, 
co

b
al

t 
gr

ay
 e

q
ui

va
le

nt
; 

5-
FU

, 
5-

flu
or

ou
ra

ci
l; 

G
I, 

ga
st

ro
in

te
st

in
al

; 
PA

, 
p

os
te

ro
an

te
rio

r;
 M

S
, 

m
ed

ia
n 

su
rv

iv
al

; 
O

S
, 

ov
er

al
l 

su
rv

iv
al

; 
LP

, 
lo

ca
l 

p
ro

gr
es

si
on

;  

D
M

, d
is

ta
nt

 m
et

as
ta

si
s;

 F
FL

P,
 fr

ee
do

m
 fr

om
 lo

ca
l p

ro
gr

es
si

on
; P

FS
, p

ro
gr

es
si

on
-f

re
e 

su
rv

iv
al

; D
G

E,
 d

el
ay

ed
 g

as
tr

ic
 e

m
pt

yi
ng

.



657Journal of Gastrointestinal Oncology Vol 7, No 4 August 2016

© Journal of Gastrointestinal Oncology. All rights reserved. J Gastrointest Oncol 2016;7(4):644-664jgo.amegroups.com

Pugh distributions, no patients experienced grade 3+ 
acute or late toxicities. This report mirrors other studies 
demonstrating no grade ≥3 toxicities, presented in Table 3 
(32,36,37). 

The results of a prospective phase II trial of PBT in 
83 patients with unresectable HCC (n=44), intrahepatic 
cholangiocarcinoma (n=37), or mixed (n=2) have recently 
been reported (40). The vast majority (80%) of patients 
had Child-Pugh grade A disease, and prior treatment (most 
frequently, chemotherapy) had been administered to 32% 
of HCC and 62% of cholangiocarcinoma patients. Median 
dose was 58 CGE in 15 fractions. At a median follow-up of 
19.5 months (for survivors), 2-year LC was 95% for HCC 
and 94% for cholangiocarcinoma, with corresponding 
2-year PFS of 40% and 26% respectively. OS at 2 years 
were 63% and 47%, respectively. Treatment was well-
tolerated, with the only grade 3 toxicities being (in one 
patient each) thrombocytopenia, liver disease, gastric ulcer, 
and hyperbilirubinemia. There were no grade ≥4 toxicities. 

The most direct comparison of PBT versus transarterial 
chemoembolization (TACE) is in press at the time of 
this manuscript (41). In this phase III trial, 33 patients 
underwent PBT and 36 received TACE. Clinicopathologic 
characteristics were similar between groups, and PBT 
dose was 70.2 CGE in 15 fractions. At a median 28-month 
follow-up, though there were no differences in OS, there 
were trends towards improved 2-year LC (88% PBT vs. 
45% TACE; P=0.06) and 2-year PFS (48% PBT vs. 31% 
TACE; P=0.06) in the PBT arm. PBT also decreased 
the rate and duration of post-treatment hospitalizations 
(P<0.001). Though still small in sample size, these are 
the strongest data to date that PBT could be equivalent 
and likely superior to existing therapies like TACE for 
certain HCC cases. Further higher-volume trials are highly 
anticipated as a result.

Rectum

Despite mounting data demonstrating dosimetric 
superiority in nearly all OARs with PBT, there has not been 
a clinical toxicity comparison of IMRT and PBT to date. A 
report from the University of Pennsylvania prospectively 
evaluated seven patients with recurrent rectal cancer after 
prior chemoradiotherapy and surgery (53). The median 
dose of prior RT was 50.4 Gy, and the mean PBT dose 
was 61.2 CGE. All but one patient underwent concurrent 
5-FU. Median follow-up was 19 months; at that time one 
patient had progressed, five had a partial response, and one 

a complete response. Two patients recurred locally and one 
distantly. Adverse effects were notable, with three cases of 
grade 3 diarrhea and one case of grade 3 abdominal pain. 
Two patients developed small bowel obstruction (one after 
salvage surgery), and later developed a rectovaginal fistula.

Next, Vitek and colleagues similarly analyzed six patients 
with pelvic failures (median prior RT dose 48 Gy) (54). 
A dose of 39–45 CGE PBT using a single posterior or 
opposing lateral fields (prone positioning) was employed. 
Two patients experienced out-of-field progression and 
reportedly all received “substantial symptom release”. 
At a median follow-up of one year, two patients of eight 
(including two patients with retroperitoneal relapse of 
chordoma and esophageal cancer) died, with no grade ≥3 
toxicity reported. To date, there has not been an experience 
of PBT for primary rectal cancer, however.

Anus

Similar to that of rectal cancer, despite consistent dosimetric 
data, there has been only one Japanese case report detailing 
a 7-year recurrence-free interval of PBT (70 CGE) for 
unresected LR of anorectal cancer with distant metastases; 
chemotherapy was not given, but two lobectomies were 
reportedly performed for lung metastases (55). Thus, it is 
clear that PBT for anorectal cancer offers an open arena 
to explore clinical outcomes and toxicities to back up 
dosimetric superiority data.

Metastases

Metastases to the GI system, particularly the liver, make up a 
substantial proportion of all GI cancers that are treated with 
PBT (Table 4). Several abstracts from ASTRO and PTCOG 
by groups in Japan have provided a number of reports of 
clinical outcomes. Hashimoto et al. (56) treated 52 liver 
metastases in 35 patients to a median dose of 72.6 CGE.  
At a median follow-up of 15 months, 2-year OS and LC 
was 87.2% and 82.1% respectively. New out-of-field 
metastases developed in 20/35 (57%) of patients, and DM 
in 13/35 (13%) patients. The only grade ≥3 toxicity was a 
single patient with a grade 3 gastric ulcer. An update from 
the same institution (58) with 132 patients displayed 5-year 
OS of 24% and median survival of 1.6 years. The only late 
effects observed were cholangitis and rib fracture in one 
patient each.

Another Japanese group presented an experience of 156 liver 
metastases in 120 patients (59). Though 71/156 (46%) were 
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treated with PBT and the remainder with carbon ions, there 
were no differences in outcomes between modality. The median 
BED was 115.2 CGE. At a median 22.3 month follow-up,  
2-year LC, PFS, and OS were 55%, 16.7%, and 54.5%, 
respectively. The only grade ≥3 toxicities were bone fracture 
in 3/120 (3%) patients and skin ulceration in 1/120 (1%),  
but it is unreported whether these patients received carbon 
ion or PBT. This report found statistically improved OS 
from colorectal primary tumors, which contrasts with no 
difference seen in another series (56).

A phase I trial at Loma Linda is enrolling patients with 
liver metastases for stereotactic body proton therapy (SBPT), 
which reported interim results of four lesions in three 
patients (57) with 12 CGE in 3 fractions. Two LRs occurred, 
which were re-irradiated with the same dose. No toxicities 
have occurred. Though the results are very immature, they 
underscore the ability of PBT and SBPT to salvage LRs, 
which remains to be tested in other tumor types.

Hence, in efforts to provide minimal toxicity to patients 
with GI metastases, PBT remains an attractive option that 
needs further study. Quality-of-life studies are also warranted 
to corroborate these clinical outcomes data as well.

Retroperitoneum

Though retroperitoneal cancers are traditionally not 
classified as GI neoplasms, the anatomic location of these 
tumors can be associated with significant GI toxicities 
during treatment. Therefore, PBT has been used for these 
malignancies (Table 5). Schneider et al. (61) studied 31 patients  
undergoing retroperitoneal PBT (median dose 72.3 CGE)  
and correlated dosimetry with no cases of acute grade 
≥2 toxicity, although paraspinal tumors were included in 
addition to retroperitoneal tumors. At a mean follow-up of 
5 years, 5-year LC and OS were 52% and 72%, respectively. 

A report from Harvard described clinical outcomes of 
PBT and IMRT (60). PBT (n=10), IMRT (n=11), or both 
(n=7) were used in 28 tumors, 8 of which were recurrent. 
Three-quarters of RT was delivered neoadjuvantly, and the 
median dose was 50 Gy for both modalities. Intraoperative 
electron radiotherapy (IOERT) at a median dose of 11 Gy 
was used in 12/28 (43%) of patients due to positive posterior 
margins. With a median follow-up of 33 months, 3-year 
RFS and LC were 90% for nonrecurrent tumors; these 
values were 30 and 63%, respectively, for recurrent tumors. 
The 3-year distant RFS, DSS, and OS were 78%, 87%, 
and 87% respectively. Unfortunately, outcomes were not 
stratified between RT modality. Four patients experienced 
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RT-related toxicities, one of which had neoadjuvant PBT 
alone and the other which had neoadjuvant PBT and IMRT, 
along with IOERT. 

Discussion

To the best of our knowledge, this is the first report that has 
systematically reviewed the clinical outcomes and toxicities 
of PBT for GI cancers. The field of PBT has made much 
advancement in a relatively short amount of time. There is 
currently dosimetric data for each type of cancer discussed 
that demonstrates superiority of PBT over various other 
treatment techniques, including 3DCRT, IMRT, and/or  
volumetric-modulated arc therapy (VMAT) (62-70). 
However, determining whether there is a clinical benefit 
in toxicity profiles or outcomes is a key goal of current and 
ongoing research, including several prospective clinical trials 
directly comparing PBT with other RT techniques.

The improved dosimetry of PBT treatment planning 
has a number of advantages that can be clinically relevant. 
Less OAR dose can translate to safer dose-escalation in 
various tumors, which has already been tested for other 
cancers (71). Aforementioned studies have also demonstrated 
improved LC with higher BED values (39). Additionally, 
as the treatment of GI tumors often requires concurrent 
or sequential multimodality therapy with surgery and/or  
chemotherapy, PBT may be an ideal RT modality for 
treating GI malignancies, as it may more safely allow 
for multimodality therapy (72). Furthermore, because 
the total body integral dose has been linked to second  
malignancies (73), the low integral doses given by PBT, 
especially as compared to modalities such as IMRT or VMAT, 
may prove to decrease the risk of secondary malignancies (69). 
Further study is certainly warranted, especially in younger 
patients with most potential for tumor cure.

Though not a substitute for head-to-head clinical trials, 
PBT-based therapy for several GI malignancies has shown 
similar survival and decreased toxicities compared with 
historical reports. Available PBT/chemotherapy data for 
esophageal cancer result in similar to improved 5-year 
OS (50–70%) to the 3-year OS of 58% in the photon-
based CROSS trial (74). Grade 3 esophagitis rates (5–12% 
without concurrent chemotherapy, 10–36% with concurrent 
chemotherapy) are also favorable to the fluoropyrimidine-
based regimen in the CALGB 9781 trial (27% grade 3 
esophagitis) (75). Grade 4 esophageal toxicities in the 
CALGB trial were documented in 15% of patients, a rate 
higher than has clinically been observed in the PBT studies 
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examined for this review. Postoperative pulmonary (14%) 
and GI (18%) complications with PBT as reported by Lin  
et al. (14) are also favorable to photon reports; the 
pulmonary complication rates in the CROSS and CALGB 
trials were 33% and 46% respectively, and GI complication 
rates in those trials were 21% and 22%, respectively. Further 
encouraging head-to-head comparisons demonstrate clear 
decreases in both toxicities and postoperative complications 
of protons as compared with photons (19,20,76).

Regarding HCC, in addition to the multiple studies 
reporting no grade ≥3 toxicities, support from prospective 
phase II data (35,40) and a phase III trial (41) demonstrating 
numerical superiority of PBT have provided high-quality 
evidence that PBT is, at minimum, equivalent to existing 
standards of care. In this phase III trial, the decreased  
post-therapy hospitalization rate provides a pertinent 
endpoint for which PBT was clearly superior to TACE; these 
results have major implications for cost-effectiveness (77). 
Taken together, partially as a result of the relatively greater 
volume of published data on PBT for HCC, there have been 
recommendations recently proposed regarding PBT for 
various “levels” of HCC (incorporating staging, performance 
and Child-Pugh status, vascular invasion, etc.) (78).

Lastly,  albeit  with markedly less data than the 
aforementioned neoplasms, the very low rates of grade 3 
nonhematologic toxicities with PBT in pancreatic cancer 
are also improvements over historical controls. For instance, 
grade 3 nausea (0–4%), vomiting (0–2%), fatigue (0–5%), 
and anorexia (0–10%) are generally lower than previous 
data, which have reported nausea in 16%, vomiting in 
11%, and anorexia in 18% (79). Incidences of postoperative 
complications are also numerically less than that found 
in existing photon data (80). Additionally, publications of 
retroperitoneal PBT have produced a total of two toxicities 
amongst the 48 total patients in both reports, which is in 
stark contrast to an estimated 39% grade ≥3 toxicity rate seen 
in photon-based treatment as presented at ASTRO (81).

Because clinical utility of PBT has sprung ahead 
of corresponding technical study, the importance of 
medical physics and technological advances is important 
to incorporate into further outcomes data. For example, 
PBT beam arrangement (which in some aforementioned 
studies was relatively fixed/constant for all patients) must 
be carefully considered in light of individual anatomical 
OAR variations, as well as tumor size and location (82). 
Differences in beam arrangements can mean substantial 
dosimetric differences (83). Optimally accounting for bowel 
gas and respiratory motion, which if unaccounted for may 

result in range errors and misdosing of the tumor, is another 
realm that is increasingly being explored (83,84). Finally, 
dosimetric and clinical differences in proton pencil beam 
scanning versus passive scattering have only begun to be 
investigated (85). With greater time and clinical experience, 
however, answers to fundamental technical aspects of 
PBT may leave less outstanding questions and more 
streamlining of PBT, which can drive down the treatment 
costs that are known to be a major logistical hurdle for PBT 
implementation (77).

Aside from esophageal and liver cancer, the overall level 
of evidence for PBT in GI cancers remains low. However, 
experiences for these two neoplasms provide appropriate 
models for further study. In the absence of clinical data 
supporting the use of PBT for many cancers, evidence can 
come from cost-effectiveness and quality-of-life analyses 
as well. To date, there are no such analyses published. 
It is very plausible, however, that PBT will be shown to 
be cost-effective in certain circumstances and certain 
subgroups of patients across a number of GI malignancies. 
For instance, the 3-day decrease in mean hospital stay in 
PBT-treated esophageal cancer patients versus photon-
treated patients (12 vs. 9 days) could likely translate into 
significant improvements in cost-effectiveness. Though 
cost-effectiveness is beyond the scope of this review (77), 
discerning a difference lies strongly whether clinical 
toxicities are reduced with a particular intervention, which 
lends itself well to GI cancers and their often-intimate 
anatomical relationship with various OARs.

What, then, is the role for PBT in treatment of an 
intrinsically heterogeneous group of GI malignancies? Based 
on the available data, despite clear potential advantages, 
there is no high-level evidence to support its routine for all 
patients use outside of a clinical protocol, aside from the 
recent phase III trial which would certainly benefit from 
longer follow-up (41). This being said, investigators should 
seek to utilize the paradigm of PBT for HCC—widespread 
institutional experiences eventually leading to phase II trials, 
and terminating in a phase III multi-institutional trial in a 
specific subpopulation. It is likely that PBT may not be the 
optimal choice in all patients, but careful patient selection 
of trials is paramount. It is known that clinical trials often 
select so-called “healthier” patients and exclude those with 
advanced ages, greater comorbidities, or worse performance 
status, but perhaps this is the subset that would benefit most 
from PBT and in which marginally improved differences in 
clinical toxicities could be discerned. Moreover, results can 
be enhanced by selection of nontraditional endpoints, such as 
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hospitalization rates, cost-effectiveness, and/or quality of life. 
This notion is not particularly novel, as multiple ongoing PBT 
trials are utilizing similar endpoints. It would also exploit the 
fact that several GI neoplasms are often treated neoadjuvantly 
(e.g., rectal, pancreatic, and esophageal cancers), and improved 
local dosimetry could translate to meaningful differences 
in various operative/postoperative endpoints such has been 
demonstrated in esophageal cancer (19,20). In all likelihood, 
however, encouraging data from even one phase II/III trial can 
provide great evidence for further multi-institutional analyses 
with larger sample sizes and hence potentially increased 
sensitivities to detect differences in various outcomes. Hence, 
accrual and completion of several ongoing phase II/III studies 
is highly anticipated.

Conclusions

In summary, GI malignancies offer an exciting realm to 
actualize the great potential of PBT by precisely treating 
the appropriate tumor while minimizing surrounding OAR 
dose. We encourage publications of clinical outcomes 
of PBT for GI cancers in efforts to determine optimal 
oncologic care of patients with GI neoplasms, while striving 
to minimize morbidities and maximize quality of life.
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