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BACKGROUND: The objective of this study was to evaluate the safety and efficacy of carbon-ion radiotherapy (CIRT) in patients with

hepatocellular carcinoma (HCC) with stepwise dose escalation and hypofractionation in 2 combined prospective trials. METHODS:

Sequential phase 1/2 (protocol 9603) and phase 2 (protocol 0004) trials were conducted for patients with histologically proven HCC.

The phase 1 component of protocol 9603 was a dose-escalation study; CIRT was delivered in 12, 8, or 4 fractions. After determination

of the recommended dose, 2 phase 2 trials were performed in an expanded cohort, and the data were pooled to analyze toxicity,

local control, and overall survival. RESULTS: In the phase 1 component of protocol 9603, 69.6, 58.0, and 52.8 Gy (relative biological

effectiveness [RBE]) in 12, 8, and 4 fractions, respectively, constituted the maximum tolerated doses, and 52.8 Gy (RBE) in 4 fractions

was established as the recommended dose regimen for the 2 phase 2 studies. In 124 patients with a total of 133 lesions, few severe

adverse effects occurred, and local-control and overall survival rates at 1, 3, and 5 years were 94.7% and 90.3%, 91.4% and 50.0%, and

90.0% and 25.0%, respectively; this included 1-, 3-, and 5-year local-control rates of 97.8%, 95.5%, and 91.6%, respectively, in the phase

2 study. In a multivariate analysis, Child-Pugh class B and the presence of a tumor thrombus were significant factors for mortality.

CONCLUSIONS: The safety and efficacy of CIRT in 12, 8, and 4 fractions were confirmed, with 52.8 Gy (RBE) in 4 fractions established

as the recommended treatment course for eligible HCC patients. Cancer 2017;123:3955-65. VC 2017 The Authors. Cancer published by

Wiley Periodicals, Inc. on behalf of American Cancer Society. This is an open access article under the terms of the Creative Commons

Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is prop-

erly cited, the use is non-commercial and no modifications or adaptations are made.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is generally a multifocal tumor found in the cirrhotic liver that potentially requires
repeated therapy. Standard treatments for localized HCC include surgical resection, liver transplantation,1,2 radiofre-
quency ablation (RFA),3,4 and transcatheter arterial chemoembolization (TACE).5-7 Treatment eligibility is dependent
on patient and tumor conditions. When patients are medically ineligible for or refuse these treatments, radiotherapy may
be used instead.

Historically, external-beam radiotherapy with curative intent has been difficult to perform in patients with HCC
because of its inherent radiosensitivity and the potential for radiation-induced liver disease (RILD).8 However, with
improvements in treatment technology and targeting, such as computed tomography (CT)–based treatment planning
with respiratory gating and fiducial markers, high doses may now be delivered to the diseased liver without gross deteriora-
tion of function. As such, stereotactic body radiotherapy (SBRT) with or without TACE9,10 or proton-beam radiother-
apy11-13 has demonstrated favorable local-control rates for HCC and few severe adverse effects.

The Hospital of the National Institute of Radiological Sciences (NIRS) began using carbon-ion radiotherapy
(CIRT) for HCC in 1995. The carbon-ion beam and the proton beam have a high dose concentration, and CIRT can
deliver significantly higher target conformity while sparing normal liver tissue in comparison with SBRT.14 In addition,

Corresponding author: Hiroshi Tsuji, MD, PhD, Hospital of the National Institute of Radiological Sciences, National Institutes for Quantum and Radiological Sci-

ence and Technology, 4-9-1 Anagawa, Inage Ward, Chiba City, 263 8555 Japan; tsuji.hiroshi@qst.go.jp

1Hospital of the National Institute of Radiological Sciences, National Institutes for Quantum and Radiological Science and Technology, Chiba, Japan; 2Kato Medical

Clinic, Tokyo, Japan; 3Chiba Rosai Hospital, Chiba, Japan; 4Department of Public Health, Dokkyo Medical University, Tochigi, Japan; 5Brown University Alpert Medi-

cal School, Providence, Rhode Island; 6International University of Health and Welfare, Mita Hospital, Tokyo, Japan.

We express our deep appreciation to the late Dr. Masao Ohto, the principal investigator of the Liver Cancer Working Group, as well as the members of the

group.

DOI: 10.1002/cncr.30816, Received: January 27, 2017; Revised: April 29, 2017; Accepted: May 5, 2017, Published online June 29, 2017 in Wiley Online Library

(wileyonlinelibrary.com)

Cancer October 15, 2017 3955

Original Article

http://orcid.org/0000-0001-8375-6855


the carbon-ion beam has a higher biological effect because
of inherently high linear energy transfer radiation; this dis-
tinguishes it from proton and X-ray beams.15,16 However,
to date, there remains a lack of evidence for the safety and
efficacy of CIRT for patients with HCC. Treatment safety
and a favorable local-control rate were demonstrated in
the first prospective clinical phase 1/2 trial conducted, in
which 15 fractions were used in a stepwise dose-escalation
study.17 This was followed by the current study con-
ducted in patients with HCC; this constituted a prospec-
tive phase 1/2 clinical trial using 3 levels of
hypofractionation (12, 8, and 4 fractions) and another
phase 2 clinical trial using the same recommended dose
regimen but with slight alterations in study eligibility.

The aims of this study were to evaluate the safety

and efficacy of the carbon-ion beam for HCC and to

investigate the suitability of hypofractionation according

to 2 prospective trials.

MATERIALS AND METHODS

Protocol and Eligibility Criteria

Protocols 9603 and 0004 were created by the protocol

design committee of the Network Advisory Board for

Heavy-Ion Therapy at NIRS via prospective studies con-

ducted from April 1997 to February 2001 and from April

2001 to February 2003, respectively.
The inclusion criteria for entry into the 9603 study

were as follows: 1) biopsy-proven HCC; 2) a measurable

lesion; 3) recurrent or residual tumors after previous inef-

fective treatments or poor candidacy for other treatments;

4) stage II, IIIA, or IVA HCC without lymph node metas-

tasis according to TNM Classification of Malignant
Tumours (5th edition),18 which was determined by CT,

magnetic resonance imaging (MRI), and/or ultrasonogra-

phy; 5) a performance status of 0 to 2 on the Eastern Coop-

erative Oncology Group scale; and 6) an age � 80 years.

The exclusion criteria for this study were as follows: 1) tar-

get tumors that had been treated by other radiation thera-

pies or by any other therapy within the past 2 months, 2) a

hepatic disorder classified as Child-Pugh class C,19 3)

tumor thrombosis of the main portal vein and extrahepatic

metastasis, 4) the presence of an untreatable esophageal or

gastric varix, 5) the presence of active double cancers other

than HCC, 6) an estimated life expectancy of less than 6

months, 7) the involvement of the digestive tract in the

clinical target volume, and 8) a serious medical or psycho-

logical condition precluding the safe administration of the

treatment. The eligibility criteria for the 0004 study were

the same as those for the 9603 study except for the

inclusion of patients with stage I HCC unaffected by or
ineligible for other therapy and the exclusion of patients
with a Child-Pugh score of 9. In both protocols, there were
no criteria concerning the tumor size or the number of
lesions. When patients had other active HCC lesions in the
liver considered eligible for CIRT, the aim was to include
all lesions in a single target volume; if this was not possible,
other therapies were used for the lesions that could not be
treated by CIRT. In addition, if the minimum distance
between the tumor and the gastrointestinal (GI) tract was
less than 1 cm on pretreatment CT or MRI, we judged the
case to be not eligible for CIRT.

These studies were conducted in accordance with
the ethical standards set forth by the Declaration of Hel-
sinki.20 All patients satisfying the criteria were approved
by the ethics committee and enrolled.

Study Design

Protocol 9603 (phase 1/2) and protocol 0004 (phase 2)
were both nonrandomized, open-label, single-center studies
of CIRT monotherapy. The primary endpoints were safety
for protocol 9603 and local control for protocol 0004.

The phase 1 component of protocol 9603 was a
dose-escalation study consisting of 12, 8, or 4 fractions
over 3, 2, or 1 weeks, respectively. This began with a dose
escalation for the 12-fraction arm, which was followed by
dose escalation for the 8- and 4-fractions arms sequen-
tially. The prescription dose was started from 54, 48, and
48 Gy (RBE) for the 12-, 8-, and 4-fraction arms, respec-
tively. The dose per fraction was escalated, generally in
10% increments, and changes in fraction size and dose
were set by the protocol committee, which was established
as part of the Liver Cancer Working Group. The dose-
limiting toxicity was defined according to the dose causing
acute RILD (ie, an elevated total bilirubin level> 4.0 mg/
dL, an aspartate aminotransferase level > 800 IU/L, and/
or a prothrombin time< 25%) within 3 months.

In the phase 1 study, in which 68 cases were
enrolled, there were no dose-limiting toxicities, but a 2-
point increase in the Child-Pugh score was observed at 3
months in 1 case administered 69.6 Gy (relative biological
effectiveness [RBE]) in 12 fractions, 58.0 Gy (RBE) in
8 fractions, and 52.8 Gy (RBE) in 4 fractions, which were
determined to be the maximum tolerated doses (MTDs)
for each respective fraction number. A grade 3 adverse
effect was observed in 1 case, with a grade 3 skin reaction
after treatment with 52.8 Gy (RBE) in 4 fractions, and
local recurrence was seen in 1 case treated with 69.6 Gy
(RBE) in 12 fractions among 3 MTDs by the end of the
phase 1 study. As such, the recommended dose
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determined for the phase 2 component of protocol 9603
was the most hypofractionated dose of 52.8 Gy (RBE) in
4 fractions in 3 MTDs, which was extended to 14 addi-
tional cases. Another 44 cases were treated with the same
dose regimen in protocol 0004.

Treatment

Irradiation fields were established with a 3-dimensional
planning system based on 5-mm-thick CT images. The
gross tumor volume was defined as the macroscopic
tumor and thrombi, and the clinical tumor volume was
defined as the gross tumor volume plus 5 mm to account
for microscopic invasion. The planning target volume was
defined as the clinical tumor volume plus 5 mm, includ-
ing internal and setup margins. The treatment policy
required the entirety of the planning target volume to be
covered by at least 95% of the prescribed dose. To repro-
duce the target position accurately, a low-temperature
thermoplastic sheet and a customized cradle were used.
During treatment, patient-machine alignment was
achieved via the overlapping of the onboard image taken
in a true lateral position with a kilovoltage X-ray with the
reconstructed 2-dimensional image taken at planning CT;
deviations in the skeletal anatomy, diaphragm, and
inserted fiducial markers were minimized between the 2
images. Respiratory gating at the end of the expiratory
phase was used for CT planning, positional verification
on the treatment board, and irradiation.21 These treat-
ment methods were the same for the 2 protocols.

Follow-Up

Each patient was examined at least once a month for the
first 6 months and once every 3 months thereafter. Blood
tests and ultrasonography were performed every 3
months, and contrast-enhanced CT and MRI were per-
formed every 3 months for the first 6 months and every 6
months thereafter.

As for liver toxicity, the Child-Pugh scores 3 and 6
months after CIRT were compared with the score before
CIRT. Laboratory tests, including transaminase, alkaline
phosphatase, total bilirubin, c-glutamyl transpeptidase,
and albumin levels as well as white blood cell counts,
hemoglobin levels, and platelet counts, were evaluated
both before and after CIRT according to the National
Cancer Institute’s Common Toxicity Criteria (version
2.0).22 To evaluate RILD, fatigue, anicteric ascites, alka-
line phosphatase levels, and transaminase levels were eval-
uated both 3 and 6 months after CIRT.

Other adverse effects were evaluated acutely, that is,
within the first 3 months after CIRT was started (defined

as the early phase), according to the National Cancer
Institute’s Common Toxicity Criteria (version 2.0).22 For
late effects, that is, more than 3 months after CIRT was
started (defined as the late phase), the late radiation mor-
bidity scoring scheme from the Radiation Therapy
Oncology Group and the European Organization for
Research and Treatment of Cancer23 was used. Each
phase was evaluated according to the worst adverse-effect
grades observed during the follow-up period.

Evaluation

Local failure was defined as either progressive disease
according to the modified Response Evaluation Criteria in
Solid Tumors24 or the new appearance of lesions within
the target volume. Local control was defined as the
absence of local failure. The local-control duration was
defined as the interval between the start of CIRT and the
date of diagnosis of local failure or the date of last follow-
up. The survival time was defined as the interval between
the start of CIRT and the date of death or the date of last
follow-up. Death from hepatic failure was defined as death
caused by the progression of coexisting liver cirrhosis with-
out progression of HCC. Patients who were enrolled mul-
tiple times for the irradiation of separate tumors were
treated as separate cases for the purpose of this analysis.
The cutoff date for analysis was September 2016.

Statistics

The phase 2 trial (protocol 0004) was designed to detect
an increase in the 2-year local-control rate from 60%
(based on conventional X-ray radiotherapy data25) to
85% with a 1-sided a value of 2.5% and a power of 80%.
The number of cases required to detect this difference
with normal approximation of the binominal distribution
was 29. Taking dropout into consideration, we aimed for
a total of 30 cases. On the other hand, because of the
dose-escalation nature of the phase 1 trial, the sample size
was not set beforehand in protocol 9603.

Proportions were compared with the chi-square test.
The equality of population medians among groups was
tested with a Kruskal-Wallis 1-way analysis of variance.
Cumulative local-control rates, with non-HCC mortality
accounted for as a competing risk, and overall survival
rates were calculated with Gray’s test26 and the Kaplan-
Meier method, respectively. Survival curves were com-
pared with the log-rank test. Univariate and multivariate
analyses of predictive factors of local control, with non-
HCC mortality accounted for as a competing risk, and
overall survival were calculated with the Fine and Gray
model27 and the Cox proportional hazards model,
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respectively. A P value < .05 was considered significant.

Gray’s test and the Fine and Gray model were performed

with EZR,28 and all other statistical analyses were per-

formed with SPSS software (version 20.0; IBM Japan,

Ltd, Tokyo, Japan).

RESULTS

Patient Characteristics

Between April 1997 and February 2003, 127 patients

with histologically proven HCC were enrolled. Three

patients were excluded from the analysis because their eli-

gibility could not be verified after enrollment. Therefore,

the total number of patients analyzed was 124; because 2

of these patients received a CIRT course in both proto-

cols, the total number of cases analyzed was 126. In addi-

tion, 4 and 3 patients received 2 courses of CIRT in

protocols 9603 and 0004, respectively. Therefore, 133

lesions were treated with CIRT in the current study. Fig-

ure 1 shows a flowchart of this study protocol, and Table

1 presents patient and tumor characteristics. The median

follow-up of the 124 patients was 27.1 months (range,
0.9-154.8 months).

Toxicity

Treatment was completed for all 126 cases with 124
patients. A total of 124 patients were evaluated for liver
toxicity at 3 months after CIRT. Three of these patients
died, and 8 received additional treatments elsewhere from
3 to 6 months after CIRT; therefore, 113 patients were
evaluated for liver toxicity at 6 months after CIRT. An
evaluation of nonhepatic adverse effects was performed
for all 124 patients, and Table 2 lists the noted adverse
effects observed.

As for liver toxicity, a 3-point or greater increase in
the Child-Pugh score was seen for 1 patient who experi-
enced acute progression and HCC rupture outside the
planning target volume at 3 months and then died 5
months after CIRT. There were no other 3-point or
greater score increases observed. Of the 95 patients classi-
fied as Child-Pugh class A before CIRT, 9 and 7 patients
progressed to Child-Pugh class B at 3 and 6 months after

Figure 1. Flow chart of this study. CIRT indicates carbon-ion radiotherapy; CT, computed tomography; HCC, hepatocellular carci-
noma; RBE, relative biological effectiveness.
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TABLE 1. Patient and Tumor Characteristics

Protocol 9603 Protocol 0004

Total Phase 1 Phase 1 Phase 1/2 Phase 2

Pa

Fractions, No. 12 8 4 4

Cases, No. 126 33 22 27 44

Age, median (range), year 68 (37-84) 67 (45-80) 65 (44-80) 66 (37-77) 69 (46-84) .140

Sex, No. (%)

Male 90 (71) 22 (67) 15 (68) 23 (85) 30 (68) .366

Female 36 (29) 11 (33) 7 (32) 4 (15) 14 (32)

ECOG performance status, No. (%)

0-1 109 (87) 30 (91) 17 (74) 23 (85) 39 (89) .534

2 17 (13) 3 (9) 5 (23) 4 (15) 5 (11)

Type of chronic hepatitis, No. (%)

HBV 17 (13) 3 (9) 4 (18) 6 (22) 4 (9) .728

HCV 93 (74) 25 (76) 16 (73) 18 (67) 34 (77)

Other 16 (13) 5 (15) 2 (9) 3 (11) 6 (14)

Prior treatment, No. (%)

None 66 (52) 16 (48) 10 (45) 12 (44) 28 (64) .316

Recurrence after treatment 60 (48) 17 (52) 12 (55) 15 (56) 16 (36)

Child-Pugh class, No. (%)

A 97 (77) 26 (79) 19 (86) 17 (63) 35 (80) .305

B 29 (23) 7 (21) 3 (14) 10 (37) 9 (20)

ICG R15, No. (%)b

�20% 48 (40) 14 (42) 9 (43) 10 (40) 15 (38) .969

>20% 71 (60) 19 (58) 12 (57) 15 (60) 25 (62)

Clinical stage, No. (%)

I 10 (8) 0 (0) 0 (0) 0 (0) 10 (23) <.001

II 61 (48) 12 (36) 11 (36) 13 (48) 25 (57)

IIIA 43 (34) 16 (48) 8 (37) 11 (41) 8 (18)

IVA 12 (10) 5 (15) 3 (14) 3 (11) 1 (2)

BCLC stage, No. (%)

0 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) .193

A 34 (27) 11 (33) 9 (41) 5 (19) 9 (20)

B 17 (13) 7 (21) 2 (9) 2 (7) 6 (14)

C 75 (60) 15 (46) 11 (50) 20 (74) 29 (66)

D 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

AFP, No. (%)

<20 ng/mL 49 (39) 13 (42) 9 (42) 9 (36) 18 (41) .926

�20 ng/mL 77 (61) 20 (58) 13 (58) 18 (64) 26 (59)

PIVKA-II, No. (%)

<40 ng/mL 48 (38) 17 (53) 8 (33) 5 (18) 16 (36) .073

�40 ng/mL 78 (62) 16 (47) 14 (67) 22 (82) 28 (64)

Total tumors, No. 133 34 24 28 47

Maximum tumor size, median (range), mm 40 (10-120) 36 (13-72) 26 (10-120) 47 (25-120) 37 (12-86) .002

Maximum tumor size, No. (%)

�30 mm 39 (29) 7 (21) 14 (58) 4 (14) 14 (30) .004

>30, �50 mm 56 (42) 18 (55) 7 (29) 10 (36) 21 (45)

>50 mm 38 (29) 9 (26) 3 (13) 14 (50) 12 (25)

Treatment duration (range), day 8 (4-22) 21 (18-22) 14 (11-15) 4 (4-8) 4 (4-8) <.001

Tumor thrombus, No. (%)

Present 23 (17) 5 (15) 4 (17) 11 (39) 3 (6) .003

Absent 110 (83) 29 (85) 20 (83) 17 (61) 44 (94)

Tumor number, No. (%)

Single 103 (77) 23 (64) 21 (73) 24 (81) 35 (74) .308

Multiple 30 (23) 11 (36) 3 (27) 4 (19) 12 (26)

Target volume, No. (%)

<158 mL 66 (50) 16 (47) 15 (63) 14 (50) 21 (45) .543

�158 mL 67 (50) 18 (53) 9 (37) 14 (50) 26 (55)

Fields, No. (%)

2 109 (82) 17 (50) 22 (92) 27 (96) 43 (91) <.001

3 21 (16) 14 (41) 2 (8) 1 (4) 4 (9)

4 3 (2) 3 (9) 0 (0) 0 (0) 0 (0)

Abbreviations: AFP, a-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; ECOG, Eastern Cooperative Oncology Group; HBV, hepatitis B virus; HCV, hepatitis C

virus; ICG R15, indocyanine green retention rate at 15 minutes; PIVKA-II, protein induced by vitamin K absence/antagonist II.
a Age, tumor size, and treatment duration were analyzed with the Kruskal-Wallis test. Other variables were analyzed with the chi-square test.
b Seven cases did not undergo the indocyanine green test because of an allergy.
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CIRT, respectively. As for RILD, an increase in anicteric
ascites was observed in 3 and 4 patients at 3 and 6 months
after CIRT, respectively, and all cases of ascites were con-
trollable. Neither grade 2 or higher severe fatigue nor a
grade 3 elevation of alkaline phosphatase levels was
observed at 3 or 6 months. In addition, a grade 3 elevation
of transaminase levels was observed in 2 patients each at 3
and 6 months after CIRT.

With respect to hematologic adverse effects, there
were very few changes in grade 3 effects from the period
before CIRT to 3 months after CIRT. During the early
phase, although grade 3 adverse skin reactions were
observed in 3 patients (4%) who were treated with 52.8

Gy (RBE) in 4 fractions in protocol 9603, there were no
other grade 3 adverse effects.

The late-phase grade 2 and 3 reactions in the skin
and GI tract as well as chest wall pain, radiation pneumo-
nitis, and pleural effusions are listed in Table 2. Of the 63
patients who were treated with 52.8 Gy (RBE) in 4 frac-
tions, late grade 3 adverse reactions in the skin were
observed in 3 (5%). A late nonskin grade 3 adverse effect
was observed in a patient treated with 52.8 Gy (RBE) in
8 fractions. This patient had an initial Child-Pugh score
of 8 and suffered a pleural effusion that required hospitali-
zation for intermittent pleural cavity paracentesis at 7
months after CIRT. No case of CIRT-associated common

TABLE 2. Adverse Effects: Liver, Hematology, Skin, Gastrointestinal Tract, Chest Wall Pain, Radiation Pneu-
monitis, and Pleural Effusion

Protocol 9603
Protocol

0004

Phase 1 Phase 2 Phase 2 Total,
No. (%)

Fractions, No. 12 8 4 4 4

Total dose (RBE), Gy 54 60 66 69.6a 48 52.8 58a 48 52.8a 52.8 52.8

Patients, No. 3 8 16 6 5 13 4 6 7 14 42b 124

Liver

Change in Child-Pugh

score: 3 mo/6 moc

11 point 1/1 3/2 6/2 2/2 1/0 2/3 1/1 1/1 3/2 2/1 14/10 36/25 (29/22)

12 points 0/0 0/1 0/0 1/0 0/1 0/0 1/1 0/2 1/0 0/0 1/1 4/6 (3/5)

1�3 points 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 1/0 1/0 (1/0)

Laboratory test grade:

before CIRT/3 mo/6 moc,d

Grade 3 1/0/0 0/0/2 2/2/3 1/1/0 0/0/0 1/0/1 1/2/1 0/0/1 2/1/1 1/1/0 1/1/3 10/8/12 (8/6/10)

Hematology: before CIRT/3 mo

White blood cells, grade 3 0/0 0/1 0/1 0/0 0/0 1/0 0/0 0/1 0/0 0/0 0/0 1/3 (1/2)

Hemoglobin, grade 3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 1/1 0/0 1/1 (1/1)

Platelets, grade 3 0/0 2/1 3/3 1/1 0/0 0/0 0/0 2/2 1/1 0/1 3/4 12/13 (10/10)

Skin: early/latee

Grade 2 0/0 1/2 0/1 0/0 0/0 2/1 0/0 1/0 1/0 2/1 2/5 9/10 (7/8)

Grade 3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 1/1 2/0 0/2 3/3 (2/2)

Gastrointestinal tract: early/latee

Grade 2 0/0 0/0 0/0 0/0 0/0 0/0 2/1 0/0 0/0 0/0 0/0 2/1 (2/1)

Grade 3 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 0/0 (0/0)

Chest wall pain: latee

Grade 2 0 0 0 0 0 0 0 0 0 0 2 2 (1)

Grade 3 0 0 0 0 0 0 0 0 0 0 0 0 (0)

Radiation pneumonitis: latee

Grade 2 0 0 0 0 0 1 0 0 0 0 1 2 (1)

Grade 3 0 0 0 0 0 0 0 0 0 0 0 0 (0)

Pleural effusion: latee

Grade 2 0 1 2 0 0 1 1 0 0 1 0 6 (5)

Grade 3 0 0 0 0 0 1 0 0 0 0 0 1 (1)

Abbreviations: CIRT, carbon-ion radiotherapy; RBE, relative biologically effectiveness.

There were no grade 4 or 5 adverse effects.
a Maximum tolerated dose.
b Two patients who overlapped with protocol 9603 were excluded from the analysis of adverse effects.
c Six months after CIRT, 113 patients were evaluated for liver toxicity.
d Highest grade determined by laboratory tests, including transaminase, alkaline phosphatase, total bilirubin, g-glutamyl transpeptidase, and albumin levels.
e Early and late indicate the evaluation of adverse effects within 3 months and after 3 months, respectively.
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bile duct or portal vein stenosis was noted in the current

study.

Local Control

The 1-, 3-, and 5-year local-control rates for all 133

lesions were 94.7% (95% confidence interval [CI],

89.9%-97.6%), 91.4% (95% CI, 85.7%-95.5%), and

90.0% (95% CI, 83.5%-94.6%), respectively. The 86

lesions evaluated in protocol 9603 and the 47 lesions eval-

uated in protocol 0004 demonstrated 1-, 3-, and 5-year

local-control rates of 92.9% (95% CI, 86.1%-97.1%)

and 97.8% (95% CI, 89.9%-99.8%), 89.1% (95% CI,

81.3%-94.7%) and 95.5% (95% CI, 86.5%-99.2%), and

89.1% (95% CI, 81.3%-94.7%) and 91.6% (95% CI,

78.7%-98.1%), respectively. Figure 2 shows the Kaplan-

Meier curves for the local-control rates of all 133 lesions

in the protocols. The local-failure rates for each dose regi-

men and the local-control rates for each dose fraction size

in the 2 protocols are presented in Table 3. Table 4 shows

the predictive factors for local failure; none of the variables

examined were significant in the univariate analysis.

Recurrence and Mortality

Regional and distant failures, defined as the occurrence of

lesions in the liver outside the planning target volume and

as the occurrence of metastatic lesions outside the liver,

respectively, were noted in 95 cases (77%) and 32 cases

(26%), respectively, at the end of follow-up.

At the last follow-up, 6 patients were alive, and 118
patients were dead. For the 118 patients who died, mor-
tality was attributed to progressive HCC (n 5 84 [71%]),
other cancers (n 5 5 [4%]), hepatic failure (n 5 4 [3%]),
pneumonitis (n 5 3 [3%]), accidental death (n 5 2),
respiratory failure (n 5 2), acute myocardial infarction (n
5 2), aortic dissection (n 5 2), chronic renal failure (n 5

2), obstructive jaundice due to gallstones (n 5 1), intra-
cranial hemorrhage (n 5 1), or brain infarction (n 5 1);
the cause of death was unknown for 9 patients. The 4
patients who died of hepatic failure had other lesions
detected outside the irradiated area of the liver before the
completion of CIRT and, therefore, received additional
local therapies immediately after CIRT. The changes in
the Child-Pugh score from the period before CIRT to 6
months after CIRT for these 4 patients were from 8 to 10,
from 7 to 9, from 7 to 7, and from 7 to 7, and these
patients died 12.2, 23.8, 33.2, and 54.7 months after the
completion of CIRT, respectively.

The median survival time (MST) of the 124 patients
was 35.4 months (range, 4.1-185.1 months), and the 1-,
3-, and 5-year overall survival rates were 90.3% (95% CI,
83.6%-94.4%), 50.0% (95% CI, 40.9%-58.4%), and
25.0% (95% CI, 17.8%-32.9%), respectively. The 1-, 3-,
and 5-year overall survival rates for the 82 cases in proto-
col 9603 (MST, 33.2 months; range, 4.1-185.1 months)
and for the 44 cases in protocol 0004 (MST, 38.3
months; range, 5.7-159.3 months) were 89.2% (95% CI,
80.0%-94.1%) and 93.2% (95% CI, 80.0%-97.7%),
46.3% (95% CI, 35.3%-56.7%) and 56.8% (95% CI,
41.0%-69.9%), and 25.6% (95% CI, 16.8%-35.4%) and
25.0% (95% CI, 13.5%-38.4%), respectively (Fig. 3).
Predictive factors for overall mortality were evaluated
(Table 5), and Child-Pugh class B and the presence of a
tumor thrombus were found to be significant factors for
mortality in both univariate and multivariate analyses.

DISCUSSION
In the phase 1 component of protocol 9603, 52.8 Gy
(RBE) in 4 fractions was concluded to be the recom-
mended dose for CIRT. Combined results from the 2
prospective trials demonstrated few severe adverse effects,
and the 1-, 3-, and 5-year local-control rates for all 133
lesions were 94.7%, 91.4%, and 90.0%, respectively. In
particular, in the phase 2 protocol 0004, with hypofractio-
nation of 52.8 Gy (RBE) in 4 fractions, high 1-,3-, and 5-
year local-control rates of 97.8%, 95.5%, and 91.6%,
respectively, were achieved. To the best of our knowledge,
there have been no prospective hypofractionation trials of
CIRT for HCC until now.

Figure 2. Kaplan-Meier curves for the local-control rates of all
133 lesions in the 2 protocols. No cases of local failure
occurred after 5 years.
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As for adverse effects, except for 1 patient who expe-
rienced HCC rupture outside the planning target volume,
no 3-point or greater increases in the Child-Pugh score
were observed in the current study. Our previous dose-
escalation study using 15 fractions also indicated no 3-
point or greater increases in the Child-Pugh score at any
time point evaluated and no grade 3 or higher adverse
effects during the late phase.17 In addition, the incidence
rates of RILD at 3 and 6 months after CIRT were consid-
ered to be low in the current study. In a study comparing
CIRT and proton therapy for HCC, Komatsu et al29

observed no severe adverse effects, including effects in the
liver for patients treated with CIRT. These results suggest
that the high dose-concentrating ability of the carbon-ion
beam offsets the higher biological effect of high linear
energy transfer radiation on healthy tissue damage, and
this allows the benefits of high linear energy transfer radia-
tion to affect primarily the target.

However, 4 patients died of hepatic failure in this
study. These 4 patients were Child-Pugh class B with other
active HCCs, although it was difficult to conclude whether
the cause of death was radiation-induced liver failure,
tumor progression, side effects caused by other therapies,
or the natural course of their liver disease. In fact, this study
revealed that patients classified as Child-Pugh class B had a
significantly higher mortality rate than those classified as
Child-Pugh class A; this finding is similar to reports evalu-
ating SBRT9,30 and proton therapy.12,31 This suggests that
patients with poor liver function, such as those who have
Child-Pugh class B or worse disease, and especially those
with other active HCCs should be treated with caution
when they are undergoing radiotherapy, including CIRT.

Severe skin reactions are possible with CIRT, and
caution is warranted. Of the 18 patients with grade 2 or 3
skin adverse effects during the early or late phase, 17 were
treated with 2 fields in the current study. CIRT can enable
a favorable dose distribution to the target volume with 2
fields; 109 of 133 lesions (82%) were treated with 2 fields
in this study. However, an adjustment of the field number
or angle may minimize high dose delivery to the skin or
subcutaneous tissue.

Meanwhile, no severe adverse effects in the GI tract
were observed in this study. Our institutional treatment pol-
icy prohibiting high dose delivery to the GI tract, including
the requirement of tumors being at least 1 cm away from the
GI tract or the irradiation field fractions being differentially
balanced to offset radiation delivery to the GI tract, may
have contributed to preservation of the GI tract.

Chest wall pain due to a rib fracture requiring pain
killers was observed in 2 patients enrolled in protocol
0004 (52.8 Gy [RBE] in 4 fractions). The tumors of the 2
patients were relatively large in size (56 and 72 mm,
respectively), and both were located close to the chest
wall. Hypofractionation, tumor location, and tumor size
might have influenced the chest wall pain.

There were no cases of CIRT-related common bile
duct or portal vein stenosis in the current study. Irradia-
tion of the hepatic portal region was avoided because
patients with tumor thrombosis of the main portal vein
were ineligible. Because the results of the current study do
not ensure the safety of CIRT to the porta hepatis, CIRT
as well as other types of radiotherapy such as proton and
photon radiotherapy should be conducted carefully in this
region.

TABLE 3. Dose Regimens for 133 Lesions and Local-Control Rates

Protocol 9603 Protocol 0004

Phase 1 Phase 2 Phase 2

Fractions, No. 12 8 4 4 4
Total

Total dose (RBE), Gy 54 60 66 69.6a 48 52.8 58a 48 52.8a 52.8 52.8

Fraction dose, Gy 4.5 5 5.5 5.8 6 6.6 7.25 12 13.2 13.2 13.2

Lesions, No. 3 9 16 6 5 15 4 6 8 14 47 133

Local failure, No. (%) 0 (0) 1 (11) 2 (13) 1 (17) 1 (20) 1 (7) 0 (0) 1 (17) 0 (0) 2 (14) 3 (6) 12 (9)

Local-control
rate, % (95% CI)b

1 y 97.1 (86.8-99.8) 91.5 (75.7-97.6) 88.9 (75.7-97.3) 97.8 (89.9-99.8) 94.7 (89.9-97.6)
3 y 87.3 (73.0-96.1) 91.5 (75.7-97.6) 88.9 (75.7-97.3) 95.5 (86.5-99.2) 91.4 (85.7-95.5)
5 y 87.3 (73.0-96.1) 91.5 (75.7-97.6) 88.9 (75.7-97.3) 91.6 (78.7-98.1) 90.0 (83.5-94.6)

Abbreviations: CI, confidence interval; RBE, relative biologically effectiveness
a Maximum tolerated dose.
b Gray’s test.
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Recently, for the purpose of dose reduction to
organs at risk, scanning irradiation with respiratory gating
has been started at NIRS.32,33

The current study showed a favorable local-control
rate in patients with HCC similar to the findings of previ-
ous studies on particle therapy,11-13,29,31 and there were no
significant differences in local failure according to tumor
characteristics such as the size or stage before CIRT; this is
similar to what has been reported previously.29 This study
revealed no significant differences in local failure between
the 38 cases with a tumor size > 50 mm (3- and 5-year
local-control rates of 88.5% and 88.5%, respectively), who
might have been ineligible for liver transplantation, and the
39 cases with a tumor size � 30 mm (3- and 5-year local-
control rates of 97.1% and 91.0%, respectively). Moreover,
even for the 58 cases with both a pre-CIRT indocyanine
green retention rate at 15 minutes > 20% and a tumor
size > 30 mm, which limited their eligibility for surgery
and RFA, respectively, the 3- and 5-year local-control rates

were 89.3% and 85.8%, respectively. In addition, our pre-
vious report indicated no difference in clinical outcomes
according to proximity to the porta hepatis.34 These results
suggest that CIRT is efficacious for local control, regardless
of the tumor characteristics.

The overall survival rate in the current study was not
favorable despite good local control. One reason may be
that the patients who enrolled in this study generally had
recurrent or locally advanced HCC; they included
patients with a tumor thrombus or impaired liver function
(Child-Pugh class B), which significantly decreased the
overall survival rate. Because CIRT is a local therapy, it
may not contribute significantly to survival, especially for
patients with recurrent liver lesions or extrahepatic metas-
tases after CIRT. Another reason for the unfavorable over-
all survival is that liver transplantation and RFA were not
routinely performed during the protocol time frame
(1998-2003) in Japan. Among the 64 patients with recur-
rent lesions before CIRT, only 3 received RFA; moreover,
no patients were treated by transplantation after CIRT in
the current study, even though these treatments are cur-
rently regarded as essential for HCC.35 Nevertheless, the
3-year overall survival rate (50.0%) and MST (35.4
months) achieved with CIRT in the current study were
not inferior to those achieved with TACE (3-year overall
survival rate, 29%; MST, 28.7 months)36 or sorafenib
treatment (MST, 10.7 months),37 which are recom-
mended for patients with Barcelona Clinic Liver Cancer
stage B or C disease, respectively.35

TABLE 4. Predictive Factors for Local Failure in
Univariate Analyses

Factor HR 95% CI P

Age <68 y Reference

�68 y 0.589 0.188-1.841 .360

Sex Male Reference

Female 2.881 0.931-8.910 .066

ECOG performance

status

0/1 Reference

2 0.601 0.078-4.629 .630

Type of chronic

hepatitis

HCV Reference

HBV or other 1.471 0.448-4.834 .520

Prior treatment None Reference

Recurrence after

treatment

0.495 0.152-1.618 .240

Child-Pugh class A Reference

B 1.073 0.294-3.917 .920

ICG R15 �20% Reference

>20% 1.376 0.411-4.611 .610

Clinical stage I/II Reference

IIIA/IVA 1.376 0.446-4.245 .580

Maximum tumor size �30 mm Reference

>30 mm, �50 mm 4.850 0.622-37.800 .130

>50 mm 4.329 0.495-37.890 .190

Tumors in target

volume

Single Reference

Multiple 0.665 0.150-2.937 .590

Tumor thrombus Absent Reference

Present 1.920 0.527-7.002 .320

Target volume <158 mL Reference

�158 mL 1.431 0.460-4.448 .540

Fractions, No. 4 Reference

8 0.741 0.135-4.077 .730

12 0.670 0.192-2.339 .530

Fields, No. 2 Reference

3/4 2.400 0.732-7.871 .150

Protocol 9603 Reference

0004 0.569 0.159-2.013 .380

Abbreviations: CI, confidence interval; ECOG, Eastern Cooperative Oncol-

ogy Group; HBV, hepatitis B virus; HCV, hepatitis C virus; HR, hazard ratio;

ICG R15, indocyanine green retention rate at 15 minutes.

Figure 3. Kaplan-Meier curves for the overall survival rates of
all 124 patients in the 2 protocols.

Hypofractionated CIRT for HCC/Kasuya et al

Cancer October 15, 2017 3963



There were limitations to this study. First, these pro-
spective studies were conducted at a single institution; a
multi-institutional, prospective study is needed. Second,
there were some discrepancies in the treatment strategies
and diagnostic accuracy because more than 13 years had
passed since the completion of this protocol treatment.
Since these protocols, CIRT delivered in 2 fractions has
been conducted at NIRS for patients with HCC, and clin-
ical outcomes are forthcoming.

In conclusion, CIRT appears to be safe and effective
even for patients with recurrent or locally advanced HCC.
The safety and efficacy of CIRT hypofractionation with
15, 12, 8, and ultimately 4 fractions were confirmed, and
52.8 Gy (RBE) delivered in 4 fractions was established as
the recommended CIRT treatment course for eligible
HCC patients.
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TABLE 5. Predictive Factors for Overall Mortality in Univariate and Multivariate Analyses

Factor

Univariate Analyses Multivariate Analyses

HR 95% CI P HR 95% CI P

Age <68 y Reference

�68 y 0.942 0.655-1.354 .942 0.922 0.611-1.393 .700

Sex Male Reference

Female 1.132 0.755-1.697 .549 1.160 0.717-1.875 .546

ECOG performance status 0/1 Reference

2 1.348 0.789-2.301 .274 1.027 0.573-1.843 .928

Type of chronic hepatitis HCV Reference

HBV or other 1.111 0.727-1.697 .628 1.588 0.982-2.570 .060

Prior treatment None Reference

Recurrence after treatment 1.225 0.851-1.764 .276 1.041 0.679-1.596 .855

Child-Pugh class A Reference

B 2.029 1.320-3.121 .001 2.670 1.461-4.878 .001

ICG R15 �20% Reference

>20% 1.577 1.079-2.306 .019 1.311 0.853-2.015 .217

Clinical stage I/II Reference

IIIA/IVA 1.154 0.802-1.660 .441 0.974 0.639-1.483 .901

Maximum tumor size �30 mm Reference

>30 mm, �50 mm 0.879 0.560-1.379 .574 0.981 0.583-1.652 .945

>50 mm 0.998 0.616-1.617 .992 0.964 0.562-1.653 .894

Tumor thrombus Absent Reference

Present 1.747 1.097-2.784 .019 1.798 1.005-3.217 .048

AFP, PIVKA-II Both normal Reference

Other 1.846 1.126-3.028 .015 1.761 0.991-3.219 .054

Protocol 9603 Reference

0004 0.828 0.563-1.218 .337 0.870 0.557-1.360 .541

Abbreviations: AFP, a-fetoprotein; CI, confidence interval; ECOG, Eastern Cooperative Oncology Group; HBV, hepatitis B virus; HCV, hepatitis C virus; HR, haz-

ard ratio; ICG R15, indocyanine green retention rate at 15 minutes; PIVKA-II, protein induced by vitamin K absence/antagonist II.

Bolded values are significant.
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