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Abstract Charged particle therapy (proton beam therapy
and carbon ion therapy) is a form of radiotherapy which has
the unique characteristic of superior depth dose distribution,
and has been used for the treatment of hepatocellular carci-
noma (HCC) in a limited number of patients, especially in
Japan. We undertook a systematic review to define the clini-
cal utility of charged particle therapy for patients with HCC.
We searched the MEDLINE database from 1983 to June
2016 to identify clinical studies on charged particle therapy
for HCC. Primary outcomes of interest were local control,
overall survival, and late radiation morbidities. A total of 13
cohorts from 11 papers were selected from an initial dataset
of 78 papers. They included a randomized controlled trial
comparing proton beam therapy with transarterial chemoem-
bolization, 9 phase I or II trials and 2 retrospective stud-
ies. The reported actuarial local control rates ranged from
71.4-95% at 3 years, and the overall survival rates ranged
from 25-42.3% at 5 years. Late severe radiation morbidities
were uncommon, and a total of 18 patients with grade >3
late adverse events were reported among the 787 patients
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included in this analysis. Charged particle therapy for HCC
was associated with good local control with limited prob-
ability of severe morbidities. The cost-effectiveness and the
distinctive clinical advantages of charged particle therapies
should be clarified in order to become a socially accepted
treatment modality for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the second leading cause
of cancer death and the age-adjusted incidence of HCC is
still increasing worldwide [1, 2]. HCC is mostly attributable
to persistent infection by hepatitis B or C viruses with inter-
current liver cirrhosis, which limits the treatment options.
Recent progress in radiation oncology has enabled the
concentration of higher radiation doses of photon beams to
HCC lesions surrounded by relatively radiosensitive normal
liver tissue, using stereotactic body radiotherapy (SBRT) or
stereotactic ablative body radiotherapy, and this has now
become one of the ablative treatment options for HCC [3].
Charged particle therapy (CPT) is a form of radiotherapy
with superior depth dose distribution compared to photon
radiotherapy. This superiority in depth dose distribution
is attained by the energy-dependent specific range of the
charged particles within the tissues and the sharp peak of
the energy deposit just before stopping the particle, which
is called Bragg peak. Consequently, tumors can be treated
more effectively with less toxicity by charged particles
than by photons on theoretical grounds, even in the cir-
rhotic liver with limited hepatic functional reserve (Fig. 1).
Recently, CPT facilities are increasing worldwide owing to
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Fig. 1 Typical dose distributions of proton beam therapy (a) and ste-
reotactic body radiotherapy (b). Both modalities can achieve highly
conformal dose distribution, but the middle- to low-dose region of the
normal liver can be minimized by charged particle therapy owing to
Bragg peak. Accordingly, treatment of larger tumors (i.e., maximum
diameter >5 cm) is more suitable for charged particle therapy

the development of compact accelerators and the lowered
cost of facility construction.

With the increase in CPT facilities, the number of HCC
patients who are treated by CPT is also increasing (Fig. 2).
However, the scarcity of clinical trials comparing CPT with
other treatment modalities and the limited number of the
facilities where CPT can be used, seem to hamper the preva-
lence of CPT for HCC. Here, we systematically reviewed the
treatment results of CPT (proton beam therapy [PBT] and
carbon ion therapy) for HCC in order to confirm the safety
and efficacy of this treatment modality. We also summarized
the findings from these and other related papers.

Materials and methods
A systematic review of publications was performed using

the MEDLINE database from 1983 to June 2016 as a part
of the work for the revision of the Japanese Clinical Practice
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Guidelines for Hepatocellular Carcinoma, although the
review protocol was not registered in advance [4, 5].

The search strategy was developed to obtain literature
on CPT with or without systemic therapy for human HCC,
excluding review articles. The search methods were imple-
mented by skilled librarians of the International Medical
Information Center (Tokyo, Japan), with input from the
authors. A literature search was limited to English language
papers and carried out in February 2012 for the period from
1983 to 2011, and in October 2016 for the period from 2012
to June 2016. The detailed search queries are described in
the Clinical Practice Guidelines for Hepatocellular Carci-
noma—The Japan Society of Hepatology 2013 update for
the search carried out in 2012, and will be described on the
web page of the Japan Society of Hepatology (https://www.
jsh.or.jp/) for the search carried out in 2016 [4, 5].

The inclusion criteria were reports of clinical results
after CPT for HCC with data on survival and local control.
Retrospective studies as well as prospective clinical trials
were also included. Only papers published in English were
selected. The number of participants was not used for inclu-
sion criteria, but single-case reports were excluded. Retro-
spective studies which were reported from institutions that
had already published the results of their own prospective
clinical trials were excluded in order to avoid possible dupli-
cate publication; some retrospective studies might include
patients who had been treated in a prospective clinical trial.
The first selection was conducted through a review of the
titles and abstracts of the records from the database search
by two of the authors (HI and HS) independently. We then
performed a second selection through a full-text review of
the papers adopted in the previous step by the authors (MM,
TO, HI, and HS). The search flow diagram during our selec-
tion procedure is presented in Fig. 3. Our methodology was
guided by the PRISMA statement [6], which provides an
evidence-based process for conducting systematic reviews.

Results
Literature search

A total of 78 papers were identified from the database
search. After the first and second selection through screen-
ing and review, 11 papers with 13 cohorts met the inclu-
sion/exclusion criteria (Fig. 3) [7-17]. A review paper was
included because it contained the summary results of two
prospective studies which were not reported elsewhere [17].
Table 1 lists a summary of these studies.

Among the 13 cohorts included in this analysis, 10 and
3 were prospective and retrospective studies, respectively.
Ten prospective studies comprised 9 phase I or II trials and
a randomized controlled trial which compared PBT with
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Fig. 2 Yearly numbers of
patients treated by proton

beam therapy (a) or carbon ion
therapy (b) in Japan. Treatment
of liver (gray) or other sites
(black) is displayed separately.
Data are provided by the Japan
Clinical Study Group of Particle
Therapy JCPT)
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transarterial chemoembolization (TACE). The results of
the randomized controlled trial were based on an interim
analysis [8]. Thirteen cohorts included 9 PBT cohorts and
4 carbon ion cohorts.

There was only one study which had a comparative treat-
ment arm of TACE in a randomized controlled study [8], and
one retrospective study which compared the two cohorts of
PBT and carbon ion therapy [15]. All the other cohorts were
single-arm studies of PBT or carbon ion therapy. As a result,
comparative evidence was at a high risk of bias, and as well
as selection bias. Assessment of publication bias was not

performed, because we evaluated only published literature
in the MEDLINE database.

Clinical results

Each prospective study included 15-76 patients, and 27 and
353 patients were eligible in the two retrospective studies.
Most prospective studies included unresectable tumors.
Dose fractionations differed among the studies, and the
crude and actuarial local control rates ranged from 67-93%
and 71.4-95% at 3 years, respectively. In addition, overall
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Fig. 3 Flow diagram of trial selection in the systematic review

survival rates ranged from 25—42.3% among those who
reported 5-year results. The overall survival rate after PBT
was not significantly different from that after TACE, with a
rate of 59% for the entire group at 2 years, according to the
interim report of the randomized controlled trial [8].

Late severe radiation morbidities were uncommon. There
was a total of 18 grade >3 late adverse events including
8 patients from prospective studies and 12 patients from
retrospective data among the 787 patients included in
this analysis, but most cohorts had no severe morbidities.
Some patients with post-treatment hepatic insufficiency
or Child—Pugh score deterioration were reported in some
papers [9, 13, 14]. On the other hand, some patients with
improvement in Child—Pugh score after treatment were
reported in these papers [9, 14]. Kawashima et al. [13]
reported a relatively high rate of hepatic insufficiencies with
8 of 30 patients treated by PBT, but they found two risk fac-
tors predicting the tendency of hepatic insufficiency—the
retention rate of indocyanine green at 15 min (ICG R15)
and the percentage of hepatic noncancerous portions receiv-
ing >30 Gy (RBE) (V3,%). Here, Gy (RBE) is the unit of

@ Springer

relative biological effectiveness (RBE)-weighted absorbed
dose in PBT, recommended by the International Commis-
sion on Radiation Units and Measurements (ICRU) [18]. All
studies affirmed the safety of CPT for HCC under adequate
patient selection.

Discussion
Summary of findings

The findings from our systematic review suggested high effi-
cacy of CPT on local tumor control, resulting from the theo-
retical benefit of concentrated radiation dose to the tumor
by Bragg peak.

Survival rates depend on patient characteristics such as
hepatic functional reserve and number of tumors. However,
reported survival rates were promising because most cohorts
had inclusion criteria of unresectable HCCs, although com-
parative evidence and patient selection were at a high risk
of bias in this systematic review as shown above. Kato et al.
[12] reported an overall survival rate of 50% at 5 years in
6 patients without previous treatment, as a subgroup anal-
ysis of their prospective study, which was comparable to
the results after surgery. Chiba et al. [19] also reported an
excellent survival rate of 53.5% in 50 patients with favorable
prognostic factors of Child—Pugh class A and solitary tumor
from their retrospective analysis, which was not included
in this systematic review because of the potential overlap
of patients.

Severe adverse events were limited within the analyzed
studies. Only 2.3% (18/787 patients) of grade >3 late adverse
events were reported. A randomized controlled study also
suggested less toxicity after PBT compared with TACE,
from the data on days of hospitalization within 30 days of
the treatment course (4.6 days and 0.73 days per patient
after TACE and PBT, respectively, p < 0.001). There were
some patients with post-treatment hepatic insufficiency or
Child-Pugh score deterioration in some papers [9, 13, 14].
However, it is difficult to differentiate between the natural
clinical course of liver cirrhosis and post-treatment sequelae
only by Child—Pugh score deterioration. Some patients with
an improvement in Child—Pugh score after treatment were
also reported in these papers [9, 14].

From these findings, the Committee for the Revision of
the Clinical Practice Guidelines for Hepatocellular Carci-
noma of the Japan Society of Hepatology issued a recom-
mendation to the Japanese Clinical Practice Guidelines for
Hepatocellular Carcinoma (2017) that particle radiotherapy
[PBT and heavy particle (carbon ion) radiotherapy] can be
performed for HCC that is difficult to treat with other local
therapies (weak recommendation) (authors’ translation) [5].
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Table 1 Summary of publication on charged particle therapy for HCC (reproduced from ref. 5 with permission of Kanehara Shuppan, Co. Ltd.,

Tokyo, Japan)

Type of clinical trial N Dose fractionation Local control Survival Late severe adverse
events
Proton
Bush et al. [8] RCT 33 70.2Gy (RBE)/15f  88% (2 years) MST 30 months Serious complications
PFS 48% (2 years) were uncommon
OS 59% (2 years) 2 hospitalizations due
to liver failure
Bush et al. [7] Phase 11 76 63 Gy (RBE)/15f 60/76 patients Median PFS 5/76 patients G2
36 months toxicities
No significant overall
deterioration in
laboratory tests of
liver function
Hong et al. [11] Phase I1 49  58.05-67.5 Gy 94.8% (2 years) MST 49.9 months 4 G3 toxicities
(RBE)/15f
Fukumitsu et al. [9] Phase II 51 66 Gy (RBE)/10f 87.8% (5 years) 38.7% (5 years) 3 rib fractures and a
G3 radiation pneu-
monitis
3 CP class improve-
ments and 8 CP class
deteriorations
Kawashima et al. Phase 11 30 76 Gy (RBE)/20f 96% (2 years) 66% (2 years) 8 hepatic insufficien-
[13] cies
No hepatic insuf-
ficiency among 9
patients with ICC
R15 < 20%
Kim et al. [14] Phase I 27 60 Gy 71.4-83.3% (3 years) 42.3% (5 years) No >Q@G2 late toxicity
(RBE)/20f-72 Gy CP score: 4 1-point
(RBE)/24f decreases and a
1-point increase,
others no change
Hong et al. [10] Phase 1 15  45-75 Gy (RBE)/15f 1/15 patients had a 33% (3 years) 1 G1 gastrointestinal
marginal recur- bleeding
rence 1 G5 gastrointestinal
perforation
Leeetal. [16] Retrospective 27 50-66 Gy (RBE)/20- 9/27 patients 0OS 33.3% (2 years)  No >G3 toxicity
22f developed local MST 13.2 months
recurrence
Carbon
Kato et al. [12] Phase I/IT 24 49.5-79.5 Gy 81% (3 years) 25% (5 years) No severe liver injury
(RBE)/15f No >2 points increase
in CP score at any
time
Tsujii et al. [17] Phase I/IT 82  48-70 Gy (RBE)/4-  87% (3 years) 26% (5 years) Not described
Phase 11 44 12f 95% (3 years) 35% (5 years) Not described
52.8 Gy (RBE)/4f
Proton and carbon
Komatsu et al. [15] Retrospective 242 Proton: 52.8-84.0 Gy Proton: 90.2% Proton: 38% Proton: 8 >G3 toxici-
101 (RBE)/4-38f (5 years) (5 years) ties
Carbon: 52.8— Carbon: 93% Carbon: 36.3% Carbon: 4 >G3 toxici-
76.0 Gy (RBE)/4- (5 years) (5 years) ties
20f

CP Child—Pugh, G grade, IGC RI5 retention rate of indocyanine green 15 min after administration, MST median survival time, OS overall sur-
vival, PFS progression-free survival
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PBT

HCC treatment by PBT was initiated in 1983 at the High
Energy Accelerator Research Organization (KEK) in Japan.
Prior to that, PBT was indicated mainly to head and neck
lesions such as uveal melanomas, cerebral arteriovenous
malformations, pituitary adenomas, and chordomas. How-
ever, KEK and the University of Tsukuba proposed the
use of PBT to truncal tumors including HCC, and the first
clinical trial of PBT for HCC was started. A good local con-
trol rate of almost 100% with no severe adverse event was
reported with the early clinical experience of PBT for HCC
[20-22]. Encouraged by this success, PBT for HCC gradu-
ally prevailed throughout the world. To date, >50 facilities
are in operation worldwide and the number of facilities is
still increasing [23]. Many facilities are now treating HCC
patients with proton beams.

So far, the largest prospective study of PBT for HCC was
reported from the Loma Linda University Medical Center [7,
24], which has the first hospital-based PBT system [25, 26].
Seventy-six patients were included in the trial and treated
with a proton dose of 63 Gy (RBE) in 15 fractions between
1998 and 2006. At the last follow-up, 15 patients (20%) had
experienced local treatment failure. The median progression-
free survival was 36 months (95% CI 30—42 months). Alpha-
fetoprotein (AFP) levels decreased significantly after PBT.
Among the first 27 patients with an elevated pretreatment
AFP level, the mean AFP value decreased from 1405 to
35 ng/mL. No acute toxicity that required treatment interrup-
tion of PBT was observed. Five patients experienced grade
2 toxicities of gastrointestinal bleeding or ulcerations near
the irradiated area, but these gastrointestinal toxicities were
observed only in the patients treated in the earlier period.
After the experience of these patients with gastrointestinal
toxicities, greater attention was paid to reduce the field mar-
gins adjacent to the bowel, and no more grade 2 gastrointes-
tinal toxicities were reported. They also evaluated radiation-
induced liver disease via clinical and laboratory evaluation,
but no significant overall change was observed in aspartate
aminotransferase, alanine aminotransferase, alkaline phos-
phatase, bilirubin, or albumin levels or prothrombin time
after PBT. Albumin levels were slightly decreased down to
2.8 g/dL at 1 month after PBT from the baseline average
level of 3.3 g/dL, but recovered to the pretreatment level by
6 months.

Hong et al. [11] reported clinical results of a multi-
institutional phase II study from the United States. They
enrolled 49 HCC and 43 intrahepatic cholangiocarcinoma
(ICC) patients with localized unresectable liver tumors at
the Massachusetts General Hospital, MD Anderson Cancer
Center, and the University of Pennsylvania. The proton dose
was 67.5 Gy (RBE) and 58.05 Gy (RBE) in 15 fractions
for peripheral and central tumors, respectively, in general,
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but dose de-escalation was permitted to keep the dose con-
straints. After a median follow-up period of 19.5 months,
the local control rate was 94.4% (95% CI 87.2-98.2%) at
2 years for all the patients. The rates were similar for HCC
and ICC (94.8 vs 94.1%), and no local recurrence was
reported among the patients who received >60 Gy (RBE).
The median progression- survival free and overall survival
rates were 13.9 months (95% CI 8.6-49.9 months) and
49.9 months (95% CI 17.8 months for lower bound, but not
reached for upper bound), respectively, for HCC patients.
Of the 83 patients analyzed, four patients (4.8%) experi-
enced grade 3 radiation-induced toxicity of hepatic functions
or gastrointestinal ulcers; however, no grade 4 or grade 5
toxicities were reported. In their analyses, the sum of the
longest tumor diameters and the existence of tumor vascular
thrombosis did not affect overall survival for HCC patients
after PBT.

Bush et al. [8] conducted a prospective randomized clini-
cal trial comparing PBT with TACE, and the results of the
interim analysis were reported recently. In this randomized
trial, a total of 70 patients who were candidates for both PBT
and TACE were enrolled, and 33 patients were assigned to
PBT. Local control and progression-free survival rates at
2 years were 88 and 48%, respectively, for the patients in
the proton arm, which were better than those of 45 and 31%
for the TACE patients; however, the differences between the
treatment arms were not statistically significant. In addition,
the 2-year overall survival rate was 59% with no difference
between the treatment arms. Moreover, the total number of
hospitalization days was significantly shorter in the proton
arm (24 vs 166 days, p < 0.001). They concluded that PBT
might have a role in the treatment of newly diagnosed HCC
in some patients.

A retrospective review of the entire clinical experiences
of PBT for HCC at the University of Tsukuba was reported
[19, 27]. From their entire experience of 162 patients, over-
all survival and local control rates at 5 years were 23.5%
and 86.9%, respectively [19]. Good hepatic function of
Child—Pugh class A and solitary tumor were better prog-
nostic factors for survival, and patients with both these two
prognostic factors had an overall survival rate of 53.5% at
5 years.

Major possible adverse events after PBT for HCC are
gastrointestinal toxicities (bleeding or ulceration) and
hepatic insufficiencies. The probability of gastrointestinal
toxicities can be decreased by cautious field arrangement of
proton beams, as already mentioned above [7]. With regard
to hepatic insufficiency after PBT, Kawashima et al. ana-
lyzed the dose-volume histogram (DVH) of 60 patients with
HCC treated by PBT, and reported ICG R15 and V;,% as
useful predictors, as is the case with photon radiotherapy
[13, 28-31]. For 20 patients with ICG R15 <20%, there
was no hepatic insufficiency after PBT, but 6 of 8 patients
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with ICG R15 >50% died of hepatic insufficiency. In these
8 patients, there was no obvious relationship between the
development of hepatic insufficiency and the liver DVH.
Among the 32 patients with ICG R15 values of 20-49.9%,
none of the 21 patients whose liver V;,% was <25% expe-
rienced hepatic insufficiency, but 5 of 11 patients (45%)
whose liver V;,% was >25% developed hepatic insufficiency
(p =0.037).

PBT has been used for several challenging disease sta-
tuses of HCC. One of the major conditions where treatment
options are limited is portal vein tumor thrombosis (PVTT).
However, excellent local tumor control can be expected even
for tumors with invasion to the main trunk of the portal vein.
Sugahara et al. [32] reported a local progression-free rate of
91% at 2 years after PBT for HCC with PVTT. Overall sur-
vival rates have also been reported to range from 33.3-57%
at 2 years, without treatment-related severe late complica-
tions [16, 32, 33]. Another challenging condition is proxim-
ity of the tumor to the alimentary tract. Kim et al. proposed
a risk-adapted simultaneous integrated boost technique to
HCCs to avoid gastrointestinal toxicities [34]. When the
planning target volume (PTV) overlaps the planning organ
at risk volume (PRV) of the gastrointestinal tract, they pre-
scribed 50-60 Gy (RBE) in 10 fractions to the PTVs minus
the overlapping volumes, whereas the dose to the overlap-
ping volumes was restricted to 30 Gy (RBE) in 10 fractions.
They treated HCC with tumor vascular thrombosis using
PBT, with local recurrence in only 12.2% of patients dur-
ing the follow-up period, and no isolated local recurrence
or severe gastrointestinal toxicity was reported [34]. Mizu-
moto et al. also reported a risk-adapted selection scheme
of the dose fractionation schedules to maintain high local
control rates without increasing the risk of late complica-
tions. They adopted a small fraction dose schedule of 77 Gy
(RBE) in 35 fractions with gastrointestinal tract avoidance
as far as possible after 40-50 Gy (RBE) for tumors proximal
to the alimentary tract with a reduced risk of gastrointesti-
nal toxicities [35]. In addition, decent local control rates
can be expected for HCC patients with large tumors (87%
at 2 years for tumors >10 c¢m), or portal tumors (86% at
3 years), and elderly patients (100% at 3 years for patients
aged >80 years) [36-38]. Even for recurrent tumors after
PBT, repeated PBT can be safely delivered with a good local
control rate of 87.8% at 5 years [39]. An overview of these
treatment results indicates that PBT appears to be useful
even in cases with limited treatment options.

Carbon ion therapy

Carbon ion therapy for HCC was first started in Japan in
1995 at the National Institute of Radiological Sciences
(NIRS) in expectation that the biological benefit of high
RBE and high linear energy transfer (LET) of carbon ion

beam can yield better treatment efficacy than photon or pro-
ton therapy [12, 17].

Kato et al. [12] published the first clinical results of
carbon ion therapy for HCC in 2004 from the NIRS. They
enrolled 24 patients and conducted a phase I/II study by dose
escalation with a total dose of 49.5-79.5 Gy (RBE) in 15
fractions. The cumulative local control and overall survival
rates were 81 and 50% at 3 years, respectively. The overall
survival rate of the 6 patients without previous treatment for
HCC was 83 and 50% at 3 years and 5 years, respectively,
which was higher than that of patients with previous treat-
ment (p = 0.04). There was no local recurrence among the 6
patients whose total dose was 72.0 Gy (RBE) or higher. No
severe adverse events were observed at any dose level. They
proved the safety and effectiveness of carbon ion therapy for
HCC, and their recommended total dose was 72.0 Gy (RBE)
in 15 fractions.

To date, NIRS researchers have conducted several other
clinical trials for HCC with short-course irradiation regi-
mens [17]. The superiority of short-course hypofraction-
ated regimens was proved by biological experiments which
demonstrated that the RBE values of the carbon ion beam
for both tumor and normal tissues were lowered when the
fraction dose increased, and the decrease in the RBE value
for normal tissues was steeper than that for tumors [40, 41].
A four-fraction regimen with a total dose of 52.8 Gy (RBE)
also yielded a high local control rate of 94% at 3 years [17].
Local control rates for porta hepatis lesions were slightly
worse than those for non-porta hepatis lesions, but the dif-
ference was not statistically significant (87.8 vs 95.7%,
p = 0.306) [42]. Two-fracion regimens are now being
adopted and have treated >110 patients, with minor adverse
events only [43]. The mature data of their clinical results are
not available yet.

A phase I dose escalation study (the PROMETHEUS-01
trial) was also carried out in Germany [44]. The total dose
was escalated from 40 Gy (RBE) up to 56 Gy (RBE) in
4 fractions. Their early experiences with six patients
treated with a 4 X 10 Gy (RBE) scheme were retrospec-
tively reviewed [45]. With a median follow-up period of
11 months, all 7 irradiated tumors were locally controlled,
and no severe adverse events occurred. The results of longer
follow-up and dose escalation will be reported in the future.

Comparison between proton beam and carbon ion

To date, the Hyogo Ion Beam Medical Center (HIBMC)
is the only facility in the world where treatment results of
HCC by both proton beam and carbon ion therapies are
available. Komatsu et al. [15] evaluated the clinical outcome
of 343 consecutive HCC patients with 386 tumors, includ-
ing 242 patients with 278 tumors treated by PBT and 101
patients with 108 tumors treated by carbon ion therapy at
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the HIBMC. They selected a better suited beam by direct
comparison of the dose distribution of two beam types.
Local control rates for proton beam and carbon ion were
90.2 and 93%, respectively, at 5 years after various dose
fractionation schemes [15]. Tumor size was an independent
risk factor for local control in multivariate analysis, and local
control rates of tumors <50 mm, 50—-100 mm, and >100 mm
were 95.3, 84.4, and 42.2%, respectively, at 5 years. For
tumors <50 mm, local control rates were equivalent for both
beam types (95.5 and 94.5% for proton beam and carbon
ion, respectively, at 5 years), but for larger tumors, local
control rates after PBT appear slightly lower than those for
carbon ion therapy, although the number of patients with
tumors >100 mm is very small (84.1 and 90.9% for tumors
of 50-100 mm, and 43.4 and 80% for tumors >100 mm for
proton beam and carbon ion, respectively, at 5 years).

Future prospects for CPT

Recent progress in particle therapy technology is remark-
able, especially for the spot-scanning technique [46—48].
Spot-scanning irradiation uses a number of pencil beams
of charged particles with a certain single energy for highly
conformal sophisticated dose distribution by changing the
irradiation point and its beam energy adequately according
to the shape of the tumor. With this advanced technique,
uninvolved liver tissues can be spared from higher dose
radiation, and morbidities after CPT will be decreased.
In addition, contamination of secondary neutrons can be
reduced because the spot-scanning system does not use col-
limators, compensators, and scattering foil [49]. It generally
takes longer for irradiation by spot scanning compared to the
conventional passive scattering technique and the dose dis-
tributions are susceptible to target movement, known as the
‘interplay’ effect. However, with the recent systems using
high-speed response and accurate control of the beam posi-
tion, these drawbacks are gradually being resolved, and the
irradiation time by the spot-scanning technique is becoming
equivalent to that by conventional techniques, even for mov-
ing targets like HCCs [50]. More sophisticated future sys-
tems are expected to overcome these problems completely.

The efficacy of CPT is increasingly being recognized
worldwide, as treatment results are being accumulated.
However, it is extremely difficult to conduct randomized
phase III trials of direct comparison with other treatment
modalities by the conventional method of evidence-based
medicine. This is because of the limited number of CPT
facilities and the fact that the therapy is far less invasive
compared to other treatment modalities for HCC. In spite of
these difficulties, some phase III trials are ongoing or have
been planned in order to directly compare CPT with TACE
or radiofrequency ablation [8, 51, 52]. A direct comparison
between CPT and surgery for HCC appears to be the most
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difficult, but the Japanese Clinical Oncology Group is now
planning a non-randomized prospective concurrent control
study between surgery and PBT for HCC. In this study, HCC
patients who are candidates for both surgery and PBT will
undergo either treatment at the patient’s discretion and the
primary endpoint of this study is overall survival. The study
is expected to cover a 10-year period, but the significance
of PBT for HCC will be established when the results are
revealed.

In addition, the American Society for Radiation Oncol-
ogy (ASTRO) issued a Model Policy on PBT in 2014 [53],
and PBT for HCC is now covered by medical insurance in
the United States. In Japan, PBT and carbon ion therapy are
covered only for pediatric tumors and bone and soft tissue
tumors, respectively, and are not yet covered for HCC by
the Japanese national health insurance. The Japanese Clini-
cal Study Group of Particle Therapy (JCPT), the Japanese
Society for Radiation Oncology (JASTRO), the Japanese
Radiation Oncology Study Group (JROSG) and other groups
are now conducting multi-institutional prospective clinical
trials in order to obtain approval for national health insur-
ance for HCC and other cancers. CPT or PBT is regarded
as a possible treatment option in some clinical practice
guidelines from the Japan Society of Hepatology and the
National Comprehensive Cancer Network (NCCN) [3, 4,
54]. The NCCN guidelines recommend that PBT may be
appropriate in specific situations [3]. In the Japanese guide-
lines, CPT can be considered for HCCs that are difficult to
treat with other local therapies, especially for therapeuti-
cally intractable tumors such as those with portal vein or
inferior vena cava tumor thrombus and large lesions [4, 5].
The Korean Liver Cancer Study Group also mentioned the
efficacy of PBT in the commentary text within their guide-
lines [55, 56]. There are many other practice guidelines for
HCC where there is no report of CPT [57-63]. However, the
Japan, Korean, and NCCN guidelines for HCC will have an
influence on the pattern of clinical practice in other countries
or societies, because these guidelines are often referred to
throughout the world.

As a result of the recent circumstances concerning CPT
for HCQC, it is hoped that further excellent clinical results
after CPT will be accumulated worldwide, and that CPT
will be applied much more often for the treatment of HCC
in the coming decade.

Limitations

The results of our systematic review process indicated some
limitations of this study.

There was only one study which compared PBT with
another treatment modality [8], and this was also a report of
an interim analysis. All other reports included in our analysis
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were studies with a single-arm treatment of CPT. There-
fore, our results were difficult to compare with other treat-
ment modalities, although most studies were prospective
except for two. In particular, overall survival rate depends
on patient characteristics such as hepatic functional reserve
and the number and size of the tumor.

There were many retrospective reports from the Univer-
sity of Tsukuba [27, 32, 33, 36-39, 64-67]. These retro-
spective studies were excluded from our systematic review
process because of the potential overlap of patients. Their
experience of PBT for HCC with a total of 318 patients [27],
tumors located adjacent to the alimentary tract [35, 64] or
to the porta hepatis [37], tumors associated with portal vein
tumor thrombosis [32, 33] or with inferior vena cava tumor
thrombus [65], and large tumors [38] were excluded. Their
experience of patients with severe cirrhosis [66], patients for
whom other treatment modalities either were contraindica-
tive or were unfeasible [67], elderly patients [36], or repeated
treatment [39] were not included in this systematic review.
However, these excluded reports were extremely important
and might represent the true efficacy of PBT, because many
of the patients with limited treatment options other than CPT
were successfully treated by PBT. Indeed, a wider range of
HCC patients can be treated by CPT than by other abla-
tive treatment modalities for HCC. Most prospective trials
included patients with tumors invading the portal vein or
tumors >5 cm [7-16]. In addition, retrospective studies
suggested that CPT can be indicated irrespective of tumor
location, and even larger tumors (>10 cm) can be treated
effectively by PBT [35, 38]. Child—Pugh class C patients are
difficult to treat even by CPT, but there is almost no other
contraindication of CPT for HCC. Repeated treatment can
also be considered if the tumor is located in the peripheral
region of the liver with good hepatic function with minimal
side-effects [39, 68].

Conclusions

CPT for HCC was associated with good local control with
limited probability of severe morbidities, because charged
particles have superiority in depth dose distribution com-
pared to photons. Accordingly, CPT might be more benefi-
cial than SBRT for the treatment of HCC which is usually
surrounded by cirrhotic liver with high radiation-sensitive
tissues. This is gradually being recognized worldwide
through reports of high local control rates after CPT. Sur-
vival rates after CPT are also promising, and comparative
data collections are now ongoing. Although it is very dif-
ficult to conduct randomized controlled trials of CPT,
evidence of CPT for HCC is slowly and steadily being
compiled.

The next step is to clarify the cost-effectiveness of CPT.
In addition, the distinctive clinical advantages of PBT and
carbon ion therapy should also be revealed. Through these
efforts, CPT for HCC will become a socially accepted treat-
ment modality for HCC.
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