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Purpose: A prospective multicenter registry study was started May 2016 in Japan to evaluate the efficacy and safety of proton
beam therapy (PBT) for hepatocellular carcinoma (HCC).
Methods and Materials: Patients who received PBT for HCC from May 2016 to June 2018 were registered in the database of
the Particle Beam Therapy Committee and Subcommittee of the Japanese Society for Radiation Oncology. Overall survival
(OS), progression-free survival (PFS), and local recurrence were evaluated.
Results: Of the 755 registered patients, 576 with initial PBT and no duplicate cancer were evaluated. At final follow-up, 322
patients were alive and 254 had died. The median follow-up period for survivors was 39 months (0-58 months). The median
OS time of the 576 patients was 48.8 months (95% CI, 42.0-55.6 months) and the 1-, 2-, 3-, and 4-year OS rates were 83.8%
(95% CI, 80.5%-86.6%), 68.5% (64.5%-72.2%), 58.2% (53.9%-62.2%), and 50.1% (44.9%-55.0%), respectively. Recurrence was
observed in 332 patients, including local recurrence in 45 patients. The median PFS time was 14.7 months (95% CI, 12.4-
17.0 months) and the 1-, 2-, 3-, and 4-year PFS rates were 55.2% (95% CI, 51.0%-59.2%), 37.5% (33.5%-41.5%), 30.2% (26.3%-
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34.2%), and 22.8% (18.5%-27.4%), respectively. The 1-, 2-, 3-, and 4-year OS rates were significantly higher for tumor size
<5 versus 5 to 10 cm (P < .001) and <5 versus ≥10 cm (P < .001); Child-Pugh score A/B versus C (P < .001); and distance of
the tumor from the gastrointestinal tract <1 versus 1 to 2 cm (P < .008) and <1 versus >2 cm (P < .001). At final follow-up,
27 patients (4.7%) had late adverse events of grade 3 or higher, with liver failure (n = 7), and dermatitis (n = 7) being most
common.
Conclusions: This multicenter prospective data registry indicated that PBT for HCC gives good therapeutic effects (3-year
local control rate of 90%) with a low risk of severe late adverse events. � 2023 The Author(s). Published by Elsevier Inc. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Introduction
The annual number of cases of hepatocellular carcinoma
(HCC) worldwide is 750,000, which is the sixth largest among
all carcinomas.1 Surgical resection, radiofrequency ablation
(RFA) and liver transplantation are standard curative treat-
ments for HCC2-5 and are selected according to liver function
and tumor size and number. Good local control is likely for a
lesion with a maximum tumor diameter ≤3 cm, whereas
surgery is mainly selected for tumors with a large maximum
diameter.6 In a case with a large number of lesions or poor
liver function, transcatheter arterial embolization (TACE), or
systemic therapy is used next to surgery or RFA.7

Stereotactic body radiation therapy (SBRT) for HCC per-
mits administration of a curative dose due to advances in irra-
diation technology, and results in a high local control rate,
especially for small lesions.8,9 Proton beam therapy (PBT) has
excellent dose concentration that allows safe administration of
high doses to tumors, even for large lesions that are difficult to
cure with SBRT, and also gives good local control.10,11 PBT is
also effective for HCC with portal vein tumor thrombosis
(PVTT) or inferior vena cava tumor thrombosis, which is dif-
ficult to treat with surgery or RFA.12,13

These findings indicate that the indication for PBT as
curative treatment for HCC is likely to expand. However,
most studies of PBT for HCC have been retrospective, and
higher quality data are needed to clarify the role of PBT.10,11

Thus, a prospective multicenter registry study was started in
May 2016 in Japan to evaluate the efficacy and safety of PBT
for malignant carcinoma. Here, we evaluate the preliminary
results of this study for use of PBT for HCC.
Methods and Materials
Patients who received PBT from May 2016 to June 2018
were registered in a database managed by the Hepatocellular
Cancer Working Group of the Particle Beam Therapy Com-
mittee and Subcommittee of the Japanese Society for Radia-
tion Oncology (JASTRO). Twelve centers participated in the
study, after obtaining prior approval from ethics committees
and written informed consent from all patients. The study
protocol was reviewed and approved by the Ethical Review
Board for Life Science and Medical Research at Hokkaido
University Hospital (approval no. 016-0106).
Eligibility for the study was defined as unresectable HCC,
including patients who refused surgery or RFA, and all
active tumors amenable to PBT. Irradiation was performed
using a respiratory-gated system or a motion tracking sys-
tem.

The initial registration items were name of the center,
sex, age, PBT (initial treatment, second or more), localized
(localized, with metastasis), surgical indication (operable,
inoperable), initial treatment (initial, recurrence), diagnostic
method (histologic diagnosis, clinical diagnosis), duplicate
cancer (yes or no), radiation treatment history (yes or no),
performance status (PS), treatment policy (radical, nonradi-
cal), tumor location (peripheral, hepatic portal, gastrointes-
tinal [GI tract] proximity), PBT method (broad beam, spot
scanning), PBT start/end date, total dose, number of frac-
tions, treatment period, irradiation completion status (com-
plete, complete with break ≥8 days, discontinuation at
≥50% of schedule, discontinuation at ≤50% of schedule),
Child-Pugh class (A, B, C), hepatitis (none, alcohol, type B,
type C, autoimmune), maximum tumor diameter (cm),
indocyanine green 15 minute value, PVTT (VP0-2 or 3-4),
hepatic vein tumor thrombosis (Vv0-1 vs 2-3), and clinical
stage (TNM, Union for International Cancer Control, Japan
Pancreas Society) at the starting date of PBT. Surgical indi-
cation (operable or inoperable) was determined by the can-
cer board at each facility, with participation of radiation
oncologists, gastroenterologists, and GI surgeons.

The registration items were late adverse events (yes or
no), date of confirmation of late adverse events, Classifica-
tion of Late Adverse Events, Grade of Late Adverse Events,
version 4 (Common Terminology Criteria for Adverse
Events ver. 4, grade 3 or higher), status (death from HCC,
survival with recurrence, survival without recurrence,
unknown), date of confirmation of survival status, recur-
rence (yes or no), date of confirmation of recurrence, site of
recurrence (inside irradiated field, outside irradiated field
and inside liver, affiliated lymph nodes, distant metastasis,
unknown), secondary cancer (yes or no), date of confirma-
tion of secondary cancer, and registered at least once a year.

Individual patient information was Secure Socket Layer
encrypted and anonymized. If patients were followed at a
center that differed from the center at which PBT was per-
formed, data were entered based on the rules of the follow-
up hospital or with ethical approval. Overall survival (OS)
and progression-free survival (PFS) were estimated with the
Kaplan-Meier method. The cumulative incidence for local
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Table 1 Characteristics of patients and tumors

Characteristic No. %

Age (y) 21-93 71 (median)

Sex

Male 437 75.9

Female 139 24.1

Surgical indication

Operable 134 23.3

Inoperable 442 76.7

ECOG performance status

0 460 79.9

1 90 15.6

Volume 118 � Number 3 � 2024 Multicenter registry study of PBT for HCC 727
recurrence with the competing risk of death without local
recurrence was estimated with the ordinary nonparametric
method. OS, local control, and PFS were calculated starting
from the first day of PBT. Multivariate Cox regression mod-
els were applied for OS and PFS and a multivariable Fine-
Gray regression model14 was used for local recurrence. The
candidate covariates in these models were age, tumor size,
sex, surgical indication, prior treatment, prior radiation
therapy, PS, tumor location, Child-Pugh class, history of
hepatitis, PVTT, tumor size, and clinical stage. Variable
selection for multivariate models was conducted using the
stepwise method with AIC. The significance level for statisti-
cal tests was set at .05 and 95% confidence level. Analyses
were conducted using the survival, prodlim, cmprsk, and
crrstep packages in R software v.4.2.0.15-19
2 17 3.0

3 9 1.6
Results

History of hepatitis

Yes 473 82.1

No 103 17.9

Child-Pugh class

A 459 79.7

B 110 19.1

C 6 1.0

Tumor location

Peripheral 222 38.5

Hepatic portal 294 51.0

Gastrointestinal proximity 60 10.4

Tumor size (mm)

All cases 5-200 35 (median)

<30 224 38.9

30-49 163 28.3

50-99 126 21.9

≥100 63 10.9

Portal vein tumor thrombus

Vp 0-2 502 87.2

Vp 3-4 74 12.8

Prior treatment

Yes 224 38.9

No 352 61.1

Prior radiation therapy

Yes 58 10.1

No 518 89.9

Clinical stage

I 236 41.0

II 156 27.1

III 168 29.2

IV 15 2.6

Abbreviation: ECOG = Eastern Cooperative Oncology Group.
A total of 755 cases that received PBT for HCC were regis-
tered between May 2016 and June 2018. Of these cases, 576
with initial PBT and no duplicate cancer were included in
this analysis. The 576 cases (Table 1) had a male:female ratio
of 437:139, and a median age of 71 years old (21-93 years
old). The background data for the patients are summarized
in Table 1.

The treatment protocol was selected using the unified
treatment policy stipulated by JASTRO. In this policy, 66.0
Gy (RBE) in 10 fractions (fr) was mainly selected for periph-
eral HCC, 72.6-76 Gy (RBE) in 20 to 22 fr for HCC adjacent
to the porta hepatis and 74.0-76.0 Gy (RBE) for HCC adja-
cent to the alimentary tract.20 This protocol was selected
from past reports in Japan and adopted after consultation
with an expert team. Only the irradiation dose is specified in
this policy and setting of the irradiation range and margin
depended on the standard approach at each facility. An irra-
diation dose outside this protocol is acceptable when the
treatment period must be adjusted due to the patient’s cir-
cumstances or adjustment is necessary based on the tolera-
ble dose of organs at risk. The acceptable dose to such
organs is not specified in the policy.

At final follow-up, 322 patients were alive and 254 had
died. The median follow-up period for survivors was 39.0
months (0.4-58.3 months). The causes of death were tumor
progression (n = 162), another illness (n = 57), and an
unknown reason (n = 35). The median survival time of the
576 patients was 48.8 months (95% CI, 42.0-55.6 months)
and the 1-, 2-, 3-, and 4-year OS rates (Fig. 1) were 83.8%
(95% CI, 80.5%-86.6%), 68.5% (64.5%-72.2%), 58.2%
(53.9%-62.2%), and 50.1% (44.9%-55.0%), respectively.

Recurrence was observed in 332 cases, including in the
liver outside the irradiated area (n = 247), lymph node
metastasis in (n = 14), distant metastasis (n = 44), and local
recurrence (n = 45) (with more than one type of recurrence
in some cases). The median PFS time was 14.7 months (95%
CI, 12.4-17.0 months) and the 1-, 2-, 3-, and 4-year PFS
rates (Fig. 1) were 55.2% (95% CI, 51.0%-59.2%), 37.5%



Fig. 1. Overall survival and progression-free survival
rates for all patients. Abbreviations: OS = overall survival;
PFS = progression-free survival.

Fig. 2. Local recurrence rate for all patients.

728 Mizumoto et al. International Journal of Radiation Oncology � Biology � Physics
(33.5%-41.5%), 30.2% (26.3%-34.2%), and 22.8% (18.5%-
27.4%), respectively. The 1-, 2-, 3-, and 4-year local recur-
rence rates (Fig. 2) were 3.5% (1.8%-5.1%), 8.8% (6.1%-
11.6%), 10.8% (7.7%-14.0%), and 11.9% (8.5%-15.3%),
respectively.

Multivariate analyses (Table 2) were performed to evalu-
ate factors with a possible relationship with OS, PFS, and
local recurrence. Age, tumor size, sex, surgical indication,
prior treatment, prior radiation therapy, PS, tumor location,
Child-Pugh class, history of hepatitis, PVTT, tumor size,
and clinical stage were evaluated as prognostic factors. The
analyses showed significant associations of surgical indica-
tion, PS, Child-Pugh class, PVTT, and clinical stage with
OS; surgical indication, prior treatment, tumor location
(adjacent to porta hepatis), tumor size and clinical stage
with PFS; and tumor location (adjacent to alimentary tract)
and tumor size with local recurrence.

The 1-, 2-, 3-, and 4-year OS rates based on tumor size
(Fig. 3), Child-Pugh score (Fig. 4), and distance from the GI
tract (Supplemental Materials E3) are shown in Supplemen-
tal Materials E1. These rates were significantly higher for
tumor size <5 versus 5 to 10 cm (P < .001) and <5 versus
≥10 cm (P < .001); Child-Pugh score A/B versus C (P <
.001); and distance from the GI tract <1 versus 1 to 2 cm
(P < .008) and <1 versus >2 cm (P < .001).
Similar data for the 1-, 2-, 3-, and 4-year local recurrence
rates (Figs. 5 and 6; Supplemental Materials E4) are also
shown in Supplemental Materials E1. These rates did not
differ significantly for tumor size <5 versus 5 to 10 cm
(P = .160) but were significantly lower for tumor size <5
versus ≥10 cm (P = .006). The local recurrence rates did not
differ significantly for Child-Pugh score A/B versus C
(P = .24) or for distance from the GI tract <1 versus 1 to
2 cm (P = .630) but were significantly lower for distance
from the GI tract >2 versus <1 cm (P = .002).

At final follow-up, 27 patients (4.7%) had late adverse
events of grade 3 or higher for which a relationship with
PBT could not be excluded (Supplemental Materials E2).
The median time to an adverse event in the 27 patients was
4.4 months (1.7-16.6), and 23 adverse events developed
within 1 year. The details of the adverse events are shown in
Supplemental Materials E2. The 7 patients with hepatic fail-
ure all had hepatitis, and it was difficult to determine
whether the hepatic failure was due to hepatitis or PBT.
Three patients who died due to liver failure had hepatitis B
(n = 2) and hepatitis C (n = 1). Of the 4 patients with GI
tract disorders of grade 3 or higher, the distance of the
tumor from the GI tract was <1 cm (n = 2), 1 to 2 cm
(n = 1), and >2 cm (n = 1).
Discussion
This is the first multicenter prospective data registry study
of PBT for HCC in Japan. The 3-year OS and local recur-
rence rates of 58.1% and 10.8% are consistent with previous
findings.10,11,21-26 The PBT protocol for HCC in Japan is
stipulated by JASTRO based on tumor location.20 The bio-
logical effective dose (BED10) in this protocol is about 91.2
Gy (76 Gy [RBE] in 38 fr, adjacent to alimentary tract), 96.6
Gy (72.6 Gy [RBE] in 22 fr, adjacent to porta hepatis) and
109.6 Gy (66.0 Gy [RBE] in 10 fr, peripheral). This indicates
that PBT of at least 90 Gy (BED10) within a safe range of the
GI tract, blood vessels, or bile duct is likely to be effective
for HCC. However, the local recurrence rate in this study
was significantly higher in cases with tumors adjacent to the
GI tract. This may be due to the insufficiency of 90 Gy
(BED10) and a decreased dose in areas close to the GI tract.
The correlation between tumor location and PBT protocol
and the various protocol patterns make it difficult to deter-
mine whether the lower BED10 affected OS and local recur-
rence. A detailed analysis of the recurrence site may show if
recurrence is due to a reduced dose caused by proximity to
the GI tract, or if 90 Gy (BED10) is simply an insufficient
dose; however, this issue is difficult to examine in a registry
study.

Child-Pugh class, PS, and tumor progression have all
been suggested as prognostic factors for OS after PBT for
HCC.21-26 Similarly, in the present study, PS, Child-Pugh
class, PVTT, and clinical stage were prognostic factors for
OS. The surgical indication judged from liver function and
lesion progression2-4,27 was also related to OS, as might be



Table 2 Multivariate analysis of potential predictive factors for overall survival, progression-free survival, and local
recurrence

Factor No. 3-year (%) HR HR range z-value P value

Overall survival

Surgical indication

Yes 134 87.6

No 442 49.1 3.045 1.946-4.765 4.874 .000

Performance status

0 460 62.7

1-3 116 40.0 1.507 1.138-1.996 2.862 .004

Child-Pugh class

A 459 61.8

B/C 116 43.4 1.533 1.152-2.040 2.928 .003

Portal vein tumor thrombus

vp0-2 502 63.4

vp3-4 74 21.7 1.469 1.037-2.082 2.162 .031

Clinical stage

1/2 392 71.9

3/4 183 28.0 2.359 1.681-3.310 4.967 .000

Progression-free survival

Surgical indication

Yes 134 48.6

No 442 24.5 1.683 1.286-2.201 3.794 .000

Prior treatment

No 352 34.5

Yes 224 23.4 1.468 1.194-1.804 3.648 .000

Tumor location

Peripheral 222 41.0

Porta hepatis 294 23.5 1.276 1.015-1.603 2.090 .037

Alimentary tract 60 23.0 1.089 0.766-1.548 0.474 .635

Tumor size (cm)

≤3.5 301 38.2

>3.5 275 21.5 1.337 1.038-1.723 2.246 .025

Clinical stage

1/2 392 37.1

3/4 183 15.1 1.678 1.302-2.162 4.004 .000

Local recurrence

Tumor location

Peripheral 222 5.8

Porta hepatis 294 13.7 1.825 0.860-3.873 1.567 .120

Alimentary tract 60 22.0 3.527 1.348-9.232 2.568 .010

Tumor size (cm)

≤3.5 301 6.9

>3.5 275 17.0 2.424 1.251-4.695 2.624 .009

Abbreviation: HR = hazard ratio.
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Fig. 3. Overall survival rates by tumor size (<5, 5-10, or
≥10 cm).

Fig. 4. Overall survival rates by Child-Pugh score (A/B or C).

Fig. 5. Local recurrence rates by tumor size (<5, 5-10, or
≥10 cm).

Fig. 6. Local recurrence rates by Child-Pugh score (A/B or C).
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expected. PVTT was a poor prognostic factor, but all cases
with PVTT were inoperable, and those that also could not
undergo PBT had a particularly poor prognosis. Therefore,
PBT is an option in these cases.12,13 The prognostic factors
for PFS were surgical indication, treatment history, tumor
location (porta hepatis), and tumor size. These findings are
also reasonable because surgical indication and tumor size
are related to tumor progression, and a more advanced
tumor has a generally higher risk of recurrence and metasta-
sis. Tumor size and GI tract proximity were also identified
as risk factors for local recurrence. A larger tumor generally
has a higher local recurrence rate if the treatment intensity
is similar.24,28 The high recurrence rate in cases with GI tract
proximity may be due to use of insufficient doses to avoid
the GI tract and initial use of a lower total dose.20 There
have been recent attempts to place spacers between the
tumor and GI tract to allow sufficient irradiation of tumors
in such cases.29

PBT for HCC has rates of late toxicity of grade 3 or
higher of 3.2% to 8.1%.10,11,21-26,30-32 These late toxicities
include liver failure, GI tract disorders, rib fractures, and
pneumonitis. In the current study, this rate was 4.7% and
the main late toxicities were hepatic failure, GI tract disor-
ders, and pneumonitis. The 7 cases of liver failure were all
complicated by hepatitis, and 4 of the patients also had
recurrence. Thus, it was difficult to determine whether liver
failure was due to PBT, recurrence or exacerbation of hepa-
titis. We note that Mizumoto et al found a low risk of liver
failure with PBT.33 High reproducibility of PBT outcomes
and adverse event rates are possible with selection of appro-
priate irradiation based on the position of the risk organ.20

SBRT can give good local control for small HCC,8,34 but
comparisons of SBRT and PBT have shown better progno-
sis, less liver damage, and a significantly better prognosis for
large tumors using PBT.35-37 In this study, liver failure of
grade 3 and higher was found in 7 (1.2%) subjects and GI
tract disorder in 4 (0.7%) subjects, both of which are low
rates. This is probably due to lower-dose irradiation of PBT
to the normal liver than with SBRT and slow treatment with
a low dose in patients with lesions near the intestine. In par-
ticular, in patients with poor liver function at dosing points,
even low-dose irradiation is likely to cause liver failure.
Therefore, PBT appears to be more effective than SBRT.
However, DHV analysis of risk organs was not conducted,
and it is difficult to evaluate how PBT contributed to reduc-
tion of adverse events in the liver and GI tract.

The 1- and 2-year OS rates for PBT for HCC with a
maximum tumor diameter of 5 to 10 cm were 72.0%
(63.2%-79.0%) and 53.8% (44.6%-62.2%), respectively, in
this study. Recent studies using SBRT have reported 1-
and 2-year OS of 62% (35%-73%) and 43% (36%-70%),
respectively.38-44 Among studies of SBRT and particle
therapy for PVTT, the mean survival time with particle
therapy is 13.2 to 22 months and 1-year OS is 56% to
61%, and those with SBRT are 9 to 12 months and 9%
to 49%.45-48 The mean survival time with particle ther-
apy for cases with poor liver function (Child-Pugh B/C)
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is 13 to 23 months and 1-year OS is 80%, and those for
SBRT are 8 to 20 months and 32% to 71%.49-53 All these
data are from nonrandomized studies, but particle ther-
apy appears to have similar or better outcomes than
SBRT, even for larger tumors. It is difficult to conduct a
randomized control trial in patients with poor general
conditions, and a systematic comparative analysis is
needed to determine whether particle therapy and SBRT
have better treatment outcomes than three-dimensional
conformal radiation therapy. However, it seems that par-
ticle therapy and SBRT can both be selected for small
HCC tumors that are suitable for SBRT, whereas particle
therapy is useful for large HCC tumors that are difficult
to treat with SBRT, and for HCC with impaired liver
function because particle beam irradiation has minimal
effects on normal liver function.

Treatment of HCC in Japan is performed in accordance
with Japan Hepatology of Society guidelines.54 Surgery and
RFA are the preferred local treatment options. In cases in
which this treatment is difficult, TACE and molecular tar-
geted drugs are selected. Whether particle therapy should be
a first-choice treatment similarly to surgery and RFA is diffi-
cult to determine because there are only a few comparative
trials of PBT with other treatments. In 69 cases without a
surgical or RFA indication that were randomly chosen for
treatment with TACE or PBT of 70.2 Gy (RBE) in 15 fr,
Bush et al55,56 found improved PFS and local control with
PBT, and similar 2-year OS for PBT and TACE of 68% and
65%, respectively. In a randomized comparative study of
PBT and percutaneous RFA for 144 cases of recurrent HCC
of 2 lesions or less and ≤3 cm, Kim et al57 found no signifi-
cant difference in 4-year local recurrence-free survival
(83.0% with PBT vs 78.3% with RFA), 4-year PFS (18.7% vs
12.6%), or 4-year OS (75.4% vs 77.0%). These results at least
suggest noninferiority of PBT compared with other treat-
ments.

Based on the results of this study, we suggest 2 main
types of cases that may be suitable for PBT: those in which
surgery or RFA is difficult due to complications, tumor con-
dition, or patient refusal; and those requiring additional
treatment for a residual tumor after surgery, RFA, or TACE.
This proposal requires validation in prospective studies and
meta-analyses comparing PBT with other treatments. Ongo-
ing clinical trials include the JCOG (Japan Clinical Oncol-
ogy Group) 1315c phase 3 trial comparing surgery and PBT
for resectable HCC, and the NRG-GI003 randomized trial
comparing PBT with x-ray therapy. Meta-analyses and
matched-pair analyses have found almost equivalent treat-
ment effects for PBT and SBRT compared with RFA.58,59

These results and a future prospective study will assist in
guiding treatment recommendations across modalities.

There are 2 limitations in the study. First, the patient
selection criteria were not strict, and cases with various
backgrounds were included. Second, only dose fraction-
ation was stipulated in the protocol, and the irradiation
margin and dose constraints for normal tissue and the
follow-up methods were determined at each facility.
Within these limitations, we conclude that PBT has a
good therapeutic effect (3-year local control rate of 90%)
for HCC with an irradiation schedule selected based on
the risk organ. The results suggest that cases in which
surgery or RFA is difficult due to tumor size or compli-
cations are a good indication for PBT. However, there
are few comparisons of PBT with other treatment, and
high-level evidence randomized control trials are needed
to clarify the role of PBT for HCC.
Conclusion
The results suggest that cases in which surgery or RFA is dif-
ficult due to tumor size or complications are a good indica-
tion for PBT. However, there are few comparisons of PBT
with other treatment, and high-level evidence RCTs are
needed to clarify the role of PBT for HCC.
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