Shiba et al. Radiation Oncology (2020) 15:195
https://doi.org/10.1186/s13014-020-01634-z

Radiation Oncology

RESEARCH Open Access

Clinical impact of Hypofractionated carbon
ion radiotherapy on locally advanced
hepatocellular carcinoma

Check for
updates

Shintaro Shiba'?", Kei Shibuya', Masahiko Okamoto', Shohei Okazaki', Shuichiro Komatsu', Yoshiki Kubota?,

Takashi Nakano' and Tatsuya Ohno'

Abstract

Background: Hepatocellular carcinoma (HCC) involving a major branch of the portal or hepatic vein is in a locally
advanced stage and remains difficult to cure. This study aimed to evaluate the clinical effects of carbon ion
radiotherapy (C-ion RT) in locally advanced HCC (LAHCC).

Methods: The data of 11 consecutive patients with LAHCC who received C-ion RT were analyzed. The C-ion RT
doses of 52.8 Gy (relative biological effectiveness [RBE]) and 60.0 Gy (RBE) were delivered in 4 fractions for standard
cases, and the 60.0 Gy dose was delivered in 12 fractions for close-to-gastrointestinal-tract cases. Survival and local
control probabilities were calculated using the Kaplan-Meier method.

Results: The median follow-up duration after C-ion RT was 36.4 months. The median age at the time of registration
for C-ion RT was 76 years. The median tumor size was 53 mm. The numbers of treatment-naive and recurrent HCC
patients were 1 and 10, respectively. Direct invasion of the major branch of the portal vein, hepatic vein, or both
portal and hepatic veins was observed in three, five, and three patients, respectively. The 3-year overall survival,
local control, and progression-free survival rates were 64, 78, and 18%, respectively. No patient developed radiation-
induced liver diseases or grade 3 or higher toxicities in the acute and late phases.

Conclusions: C-ion RT showed favorable clinical outcomes with a high rate of local control and minimal toxicities
in LAHCC. Our findings suggest that C-ion RT is a promising multidisciplinary treatment option in LAHCC.
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Background

Hepatocellular carcinoma (HCC) involving a major
branch of the portal or hepatic vein occurs in a locally
advanced stage. Although molecular targeted therapy is
the standard treatment for locally advanced HCC
(LAHCC), according to the European Association for
the Study of the Liver and European Organization for
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Research and Treatment of Cancer practical guidelines
[1], LAHCC treated with molecular targeted therapy
alone has shown dismal prognosis [2—4]. Therefore,
radiotherapy, transarterial chemoembolization (TACE),
hepatic arterial infusion chemotherapy, and/or percutan-
eous radiofrequency ablation (RFA) were performed in
LAHCC patients as an additional treatment. Recently,
the report by Yoon et al. showed that TACE combined
with X-ray RT improved the prognosis compared with
molecular targeted therapy alone in a randomized con-
trolled trial [5].
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Carbon ion radiotherapy (C-ion RT) provides both,
physical and biological advantages over X-ray RT, and
several researchers have shown favorable clinical out-
comes in HCC patients when they were treated with
C-ion RT [6-9]. In the physical aspect, previous stud-
ies have demonstrated a dose distribution advantage,
showing that a reduced dose was delivered to the
liver using C-ion RT compared with those of stereo-
tactic body RT (SBRT) and intensity-modulated RT
(IMRT) [10, 11]. This was achieved owing to the
physical nature of the C-ion RT procedure with distal
tail-off due to the Bragg Peak and a sharp lateral pen-
umbra [12]. Additionally, in the biological aspect, the
C-ion beams have higher linear energy transfer than
X-rays, and thus have superior cell-killing effect in
radioresistant tumor cells such as hypoxic and cancer
stem cells [13, 14]. Although there is lack of data on
the clinical outcomes in patients with LAHCC treated
with C-ion RT, these advantages of C-ion RT may
contribute to the improved prognosis of multidiscip-
linary treatment of LAHCC. Hence, in the current
study, we analyzed the treatment outcomes of C-ion
RT in patients with LAHCC.

Methods

Patients

We reviewed the medical records of 124 patients
treated with C-ion RT for HCC at the Gunma
University Heavy lon Medical Center (GHMC) be-
tween July 2011 and August 2018. Eleven consecutive
patients met the following criteria: 1) HCC involving
a major branch of the portal or hepatic vein con-
firmed by histology or typical hallmarks of HCC using
imaging techniques of four-phase multidetector-row
computed tomography (CT) or dynamic contrast-
enhanced magnetic resonance imaging (MRI) (hyper-
vascular in the arterial phase with washout in the
portal venous or delayed phase); 2) no intrahepatic
metastasis or distant metastasis; 3) no findings sug-
gesting direct infiltration of the gastrointestinal (GI)
tract; 4) performance status (PS)<2 by Eastern Co-
operative Oncology Group classification; and 5)
Child-Pugh classification A or B. The definitions of
the portal or hepatic vein and the Barcelona Clinic
Liver Cancer (BCLC) classifications [15, 16] were de-
termined using CT, MRI, ultrasonography, and other
modalities. The albumin-bilirubin grade, by combining
serum albumin and bilirubin, was calculated to evalu-
ate liver function in all patients [17]. In the current
study, recurrent HCC treated with TACE and/or hep-
atic arterial infusion chemotherapy and/or RFA was
included. The treatment protocol was reviewed and
approved by the Gunma University Institutional
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Review Board, and all patients signed an informed
consent form before the initiation of therapy.

Carbon ion radiotherapy

A heavy-ion accelerator at the GHMC was used to gen-
erate C-ion beams, and beam energies of 290 MeV/u,
380 MeV/u, and 400 MeV/u were selected according to
the depth of the tumor. Doses of C-ion RT were
expressed in Gy (relative biological effectiveness [RBE]),
defined as the physical dose multiplied by the RBE of
the C-ions [18, 19].

Treatment-planning CT and contrast-enhanced CT
images were merged to precisely delineate the gross
tumor volume (GTV). The clinical target volume (CTV)
was defined as GTV plus 5mm in all directions and
modified to include microscopic disease progression and
to exclude the GI tract and portal vein. A fiducial
marker was inserted near the tumor before CT acquisi-
tion. Marker motion was measured from four-
dimensional CT images, and a margin was calculated
from marker motion by the motion management pro-
cedure [20]. The planning target volume (PTV) was gen-
erated by adding the margin to the CTV.

Prescribed doses were 52.8 Gy (RBE) or 60.0 Gy (RBE),
delivered in four fractions for standard cases and the
60.0 Gy (RBE) delivered in 12 fractions for close-to-GI-
tract cases. Close-to-GI-tract was defined as a distance
of <1 cm between the tumor and the GI tract. The plan-
ning aim was to cover the PTV with at least 95% of the
prescribed dose. The dose constraints were as follows:
Dicc <40 Gy (RBE) administered to the GI tract in the
standard cases, Dj.. <45 Gy (RBE) administered to the
GI tract in the close-to-GI-tract cases, V4o < 35% admin-
istered to the liver, D, <52.8 Gy (RBE) administered
outside the PTV at the porta hepatis (including the first
branch of the portal vein and hepatic duct), D, <45
Gy (RBE) administered to skin in the standard cases, and
Dpax <50 Gy (RBE) administered to skin in close-to-GI-
tract cases [8]. Beam fields between 2 and 6 (median 2)
were selected to satisfy the dose constraints for each pa-
tient. Figure 1 shows a representative case of the dose
distribution and diagnostic imaging in LAHCC before
C-ion RT.

For patient positioning, bone structural matching
(BM) was basically performed on the orthogonal X-ray
images [21]. The following positioning strategy was used
according to the measured marker position from the BM
position: BM was used if the absolute marker movement
was less than 3 mm, with marker structural matching if
the absolute movement was between 3 and 10 mm, and
with a re-setup if the absolute movement was greater
than 10mm [22, 23]. After patient positioning,
respiratory-gated irradiation was performed while
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Fig. 1 HCC in an 83-year-old female patient treated with C-ion RT. a MRI (early phase) before treatment. b MRI (late phase) before treatment. ¢
CT (early phase) before treatment. d Dose distribution on axial CT images. Highlighted are: 95% (red), 90% (yellow), 80% (green), 70% (blue), 60%
(pink), 50% (purple), 30% (light purple), and 10% (light blue) isodose curves (100% =60 Gy [RBE]). The area within the red outline is GTV. CT,
computed tomography; GTV, gross tumor volume; RBE, relative biological effectiveness

J

monitoring the respiratory waveform detected from the
respiratory sensor (Anzai Medical Co., Ltd., Tokyo,
Japan).

Evaluation during follow-up

Patients were followed up for 1 month after C-ion RT
completion, and every 3 months thereafter. The follow-
up examinations comprised a routine testing of blood
cell counts and chemistry, and abdominal diagnostic im-
aging such as four-phase multidetector-row CT, dy-
namic contrast-enhanced MRI, or contrast-enhanced
ultrasonography. Acute and late toxicities were graded
according to the Common Terminology Criteria for Ad-
verse Events, version 4.0, of the National Cancer Insti-
tute [24]. Liver toxicity was also assessed according to
the changes in the Child—Pugh class. Acute and late tox-
icities were evaluated as the highest grade of toxicity that
occurred within 3 months and at 3 months’ post initi-
ation of C-ion RT, respectively. Local recurrence was de-
fined as tumor regrowth, with contrast enhancement on
CT, MR, or ultrasonography in the irradiated field after
C-ion RT.

Statistical analyses
All statistical analyses were performed using the Statis-
tical Package for the Social Sciences, version 25.0 (IBM

Inc., Armonk, NY, USA). Survival was measured from
the date of C-ion RT initiation to the date of death or
the most recent follow-up. Local control (LC) was de-
fined as no evidence of local progression. Progression-
free survival (PFS) was measured from the initiation of
C-ion RT to the date of local progression, disease pro-
gression outside of the primary site, or death from any
cause. Probabilities of overall survival (OS), LC, and PFS
rates were calculated using the Kaplan-Meier method.
Additionally, we assessed the percentage of the mini-
mum dose that covered 98% of the target volume (Dgg)
based on the dose—volume histogram (DVH) for the
CTV.

Results

Patient characteristics

The clinical characteristics of 11 eligible patients are
summarized in Table 1. The median follow-up duration
after C-ion RT was 36.4 (range: 4.3—-86.2) months. The
median patient age at the time of registration of C-ion
RT was 76 (range: 57-86) years. The median tumor size
was 53 (range: 27-119) mm. The numbers of treatment-
naive and recurrent HCC patients were 1 and 10, re-
spectively. The number of prior treatments of C-ion RT
was one time in five patients, two times in three patients,
eight times in one patient, and eleven times in one
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Table 1 Patient characteristics (N=11)

Characteristics

Age, years, median (range) 76 (57-86)
Tumor size, mm, median (range) 53 (27-119)
Sex, number
Male:Female 92
Etiology
Hepatitis C virus antibody positive 4
Hepatitis B surface antigen positive 3
NASH/NAFLD 2
Unidentified 2
Prior treatment of C-ion RT
TACE 6
TACE and RFA 2
TACE and hepatic artery infusion 2
chemotherapy
Treatment naive 1
Site of direct invasion
Major branch of the portal vein 3
Major branch of the hepatic vein 5
Both major branches of the portal 3
vein and the hepatic vein
Child-Pugh class
AB 10:1
Barcelona Clinic Liver Classification Stage
AB:C 2:09
Albumin-Bilirubin Grade
1:2a:2b:3 3:2:5:1
Pretreatment AFP, IU/ml
<200 6
200-400 2
> 400 3
Indocyanine green retention
rate at 15 min
< 15% 5
15-30% 4
> 30% 2
Median (range) 15.9 (4.9-108.7)

TAbbreviations: AFP alpha-fetoprotein, C-ion RT carbon ion radiotherapy, NASH/
NAFLD non-alcoholic fatty liver disease/non-alcoholic steatohepatitis, RFA
percutaneous radiofrequency ablation, TACE transarterial chemoembolization

patient. In terms of prior treatment of C-ion RT for the
target lesion, six patients had received TACE, two pa-
tients TACE and RFA, and two patients TACE and hep-
atic arterial infusion chemotherapy. Direct invasion in
the major branch of the portal vein, the hepatic vein, or
both portal and hepatic veins was observed in three (one
with Vp4 and two with Vp3), five (one with Vv3 and
four with Vv2), and three (all with Vp3 + Vv2) patients,
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respectively. Child-Pugh classes A and B were observed
in 10 and 1 patients, respectively. The dose fractionation
schedules were 52.8 Gy (RBE) in four fractions in two
patients, 60 Gy (RBE) in four fractions in four patients,
and 60 Gy (RBE) in 12 fractions in five patients.

Clinical outcomes

We calculated probabilities of OS, LC, and PFS rates
and determined the recurrence pattern. The OS, LC,
and PFS curves of all the patients are shown in Fig. 2.
The 3-year estimated OS, LC, and PES rates were 64, 78,
and 18%, respectively. At the time of analysis, recurrence
after C-ion RT was observed in 10 patients; 1 patient
had local recurrence, 1 had both local recurrence and
intrahepatic recurrence outside of the target region, 1
had local recurrence after distant metastases to the lung,
6 had intrahepatic recurrence outside the target region,
and 1 had intrahepatic recurrence outside the target re-
gion after distant metastases to the lung. The details of
treatment after recurrence are summarized in Table 2. A
total of six patients died of HCC and one patient died of
rectal cancer.

In order to to identify the dosimetric parameters asso-
ciated with local control after C-ion RT, we then per-
formed a dose—volume analysis. The median CTV
volume and CTV Dgg on DVH analysis were 227 cm®
(range: 76-1090) and 57.1 Gy (RBE) (range: 47.5-59.9),
respectively. Scatterplots of the CTV volume, CTV Dgyg,
and presence or absence of local recurrence are shown
in Fig. 3. These plots revealed that patients with higher
Dgg tended to have locally controlled tumor regardless
of CTV volume. One patient with high CTV Dgg (red
circle surrounded by a square) had local recurrence
more than 5 years after the treatment with C-ion RT.
Two patients with locally controlled tumors and low
CTV Dyg (blue circles surrounded by a triangle) were
prescribed C-ion RT at a dose of 52.8 Gy (RBE). In the
other two patients with a locally recurrent tumor and
low CTV Dgg (red circles in lower than 53 Gy [RBE]
area), CTV Dgg was lowered due to the priority given to
the dose constraint over the GI tract. Patients with
higher CTV Dgg tended to have no local recurrence or
long-term local control after C-ion RT.

Toxicities

All details of the observed acute and late toxicities are
listed in Table 3. No patient developed radiation-
induced liver diseases, or grade 2 or higher toxicities in
the acute and late phases. Two of 11 patients with
Child-Pugh class A progressed to class B within
3 months after treatment with C-ion RT. After 3 months
from the initiation of C-ion RT, 3 of 10 patients with
Child-Pugh class A progressed to class B. No severe tox-
icities had developed in our study patients.
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Fig. 2 Kaplan-Meier curves: overall survival (blue line), local recurrence (green line), and progression-free survival (red line) in all patients. Number
at risk is shown below the Fig. OS, overall survival; LC, local control; PFS, progression-free survival; f/u, follow-up

Discussion analyzed had locally advanced disease cases. For various

The current study demonstrated that C-ion RT showed
favorable clinical outcomes in patients with LAHCC. In
our study, the 3-year estimated OS, LC, and PFS rates
were 64, 78, and 18%, respectively, with minimal toxic-
ities. A previous study on C-ion RT outcomes in patients
with HCC in a multi-institutional analysis, which did not
include locally advanced cases, showed that 3-year LC
rate was 81% [9]. The result of LC shown in that study
was similar to that in our study, although all patients

LAHCC treatments, the median OS in molecular tar-
geted therapy ranged between 5.3 and 11.5 months [3-5,
21], while that in hepatic arterial infusion chemotherapy
with radiotherapy was 9.9 months [25], and that in
TACE-based multidisciplinary treatment ranged from
7.0 to 12.7 months [5, 26]; the 3-year OS rates in surgery
based multidisciplinary treatment ranged from 13 to
68% [15, 27, 28]. Additionally, Komatsu et al. reported
on the comparison of clinical outcomes between LAHC

Table 2 Treatment after recurrence

Case PFS First site of recurrence Number of treatments after recurrence

number ?mUS;L%Z) Surgery C-ion RT RFA TACE TAI Molecular targeted therapy
1 1.7 Intrahepatic recurrence None None None 2 None None

2° 509 Distant metastases (lung) None 1 None None None 1 (Lenvatinib)

3 9.5 Intrahepatic recurrence None None None 1 None 1 (Sorafenib)

4 24.7 No recurrence None None None None None None

5 93 Intrahepatic recurrence 1 None 1 3 None 2 (Sorafenib and Lenvatinib)
I 12.2 Distant metastases (lung) 1 1 1 None 1 None

7 36 Intrahepatic recurrence None None 1 None None 1 (Sorafenib)

8 86 Intrahepatic recurrence None None 1 None None 1 (Sorafenib)

9 12 Intrahepatic recurrence None None None 1 None 1 (Lenvatinib)

10 2.1 Intrahepatic recurrence None None None 1€ None None

1 1.8 Local recurrence None None None None None None

Patient in Case 2 had local recurrence after distant metastases to the lung and received C-ion RT for local recurrence as a re-irradiation

PPatient in Case 6 had intrahepatic recurrence outside the target region after distant metastases to the lung, who received surgery for the lung metastases and C-
ion RT for the intrahepatic recurrence

Patient in Case 10 received transarterial embolization

"Abbreviations: C-ion RT carbon ion radiotherapy, PFS progression-free survival, RFA percutaneous radiofrequency ablation, TACE transarterial chemoembolization,
TAI transcatheter arterial infusion chemotherapy



Shiba et al. Radiation Oncology (2020) 15:195

Page 6 of 8

(em?)
1200 1
1
1
1000 1
I
1
g 800 :
= I
S 600 : ®
> 1
.
© 400 ﬁ"
: °e
200 °® |
0 : b
46 48 50 52 53 54 56 58 60 62
Gy (RBE
CTV Dyg ¥ (RBE)
Fig. 3 Scatterplots of the CTV volume, CTV D98, and presence or absence of local recurrence. Blue circles indicate tumor control cases and red
circles indicate tumor recurrence cases. A red circle surrounded by a square indicates a case of local recurrence more than five years after C-ion
RT, and blue circles surrounded by a triangle indicate cases of prescribed dose of 52.8 Gy (RBE) of C-ion RT. CTV, clinical target volume; RBE,
relative biological effectiveness

C treated with particle therapy and liver resection in a
matched-pair analysis [29]. Clinical outcomes of these
other anti-cancer treatments are summarized in Table 4.
They concluded that particle therapy was potentially
preferable over liver resection in LAHCC. Although an-
other anticancer therapy for LAHCC showed a wide
range of outcomes in OS, the 3-year OS of 64% for C-
ion RT-based multidisciplinary treatment shown in our
study, appears to be comparable or favorable. Therefore,

Table 3 Acute and late toxicities graded by CTCAE, version 4.0
(N=11)

Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
Acute toxicities
Dermatitis 2 9 0 0 0
Gl tract 11 0 0 0 0
Pneumonitis 8 3 0 0 0
Encephalopathy 11 0 0 0 0
Ascites 9 2 0 0 0
Late toxicities
Dermatitis 3 8 0 0 0
Gl tract 11 0 0 0 0
Pneumonitis 9 2 0 0 0
Encephalopathy 11 0 0 0 0
Ascites 9 2 0 0 0
Bone fracture 11 0 0 1 0

TAbbreviations: CTCAE Common Terminology Criteria for Adverse Events, G/
gastrointestinal tract

we propose that C-ion RT could be one of the therapy
options for the multidisciplinary treatment of LAHCC.

The results of our study showed that patients with
higher Dog for CTV tended to have locally controlled tu-
mors, including local recurrence of more than 5 years
after C-ion RT (Fig. 3). Indeed, two patients with locally
controlled tumors and low CTV Dgg who were pre-
scribed a dose of 52.8 Gy (RBE), and all patients with
CTV Dyg who received more than 53 Gy (RBE), had no
local recurrence with long-term local control after C-ion
RT. This result suggested that high-dose C-ion beam ad-
ministration can achieve local control, which may result
in long-term local recurrence-free survival. Previous
studies compared DVH for tumorous and normal liver
between C-ion RT and X-ray RT (SBRT and IMRT) [10,
11]. Particularly for LAHCC, which is a large tumor or/
and a tumor with irregular shapes, the dose required for
the normal liver may be higher than that used for HCC,
which has no macroscopic vascular invasion. Higher
doses delivered to the normal liver resulted in a higher
risk of radiation-induced liver disease [30]; the pre-
scribed dose must therefore be decreased to avoid devel-
opment of radiation-induced liver disease. It is therefore
difficult to administer sufficient tumor control doses for
LAHCC with X-ray RT. In contrast, C-ion RT can de-
crease the dose delivered to the healthy liver while ad-
ministering a sufficient dose to the tumor, due to its
higher achievable dose concentration owing to the sharp
lateral penumbra and distal tail-off.

Yoon et al. showed that TACE combined with X-ray
RT resulted in improved prognosis compared with
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Table 4 Comparison between the present study and the previous studies of LAHCC

Reference Year n Treatment Method oS

Kudo M, et al. [3] 2018 250 Lenvatinib Median OS: 11.5 months
Bruix J, et al. [4] 2012 108 Sorafenib Median OS: 8.1 months
Yoon SM, et al. [5]) 2018 45 Sorafenib Median OS: 9.9 months
Kodama K, et al. [21] 2018 36 Sorafenib Median OS: 5.3 months
Kodama K; et al. [21] 2018 36 HAIC with RT Median OS: 9.9 months
Yoon SM, et al. [5] 2018 45 TACE with RT Median OS: 12.7 months
Zhang X, et al.? [22] 2017 21-604 Sorafenib Median OS: 7.0-13.0 months
Kudo M, et al. [15] 2019 1101 Surgery 3y-0S: 40%

Liu PH, et al. [23] 2014 247 Surgery 3y-0S: 68%

Shi J, et al. [24] 2010 406 Surgery 3y-0S: 13%

Komatsu S, et al. [25] 2017 19 Particle RT (proton beam therapy and C-ion RT) Median OS: 24.6 months
Present study 11 C-ion RT Median OS: 36.4 months, 3y-OS: 64%

“Review article

*Abbreviations: C-ion RT carbon ion radiotherapy, HAIC hepatic arterial infusion chemotherapy, OS overall survival, RT radiotherapy, TACE transarterial

chemoembolization, 3y-OS 3-year overall survival

molecular targeted therapy alone [5]. In terms of dose
distribution, C-ion RT showed higher dose concentra-
tions than X-ray RT [10, 11]; therefore, C-ion RT can re-
sult in reduced dose distribution to the healthy liver
region without reducing the dose delivered to the tumor,
thereby preserving liver function. If liver function can be
preserved, the number of treatment options for prevent-
ing HCC recurrence may be increased. Liver function
preservation is crucial for HCC patients who may need
repeat treatment because of frequent recurrences, such
as in cases of LAHCC. In our study, nine patients
needed multiple treatments for recurrent tumors (Table
2), and it may be possible that liver function preserva-
tion after C-ion RT enabled multiple treatment rounds
after recurrence. Therefore, C-ion RT offers the advan-
tage of liver function preservation during HCC treat-
ment compared with X-ray RT, and TACE combined
with C-ion RT may confer better prognosis than TACE
combined with X-ray RT.

Proton beam therapy may be one of the treatment op-
tions for LAHCC in multidisciplinary treatment because
of its higher dose concentration compared to X-ray RT
[29, 31]. In terms of the dose fractionation schedule,
proton beam therapy needs 8—38 fractions depending on
the tumor location. In contrast, C-ion RT needs only 4
or 12 fractions. When combined with other anti-cancer
therapies in multidisciplinary treatment, a shorter dose
fractionation schedule offers an advantage in terms of
the overall treatment time for planned sequential treat-
ment. and may therefore improve the prognosis.

Our study had several limitations. First, this study was
a single-institution retrospective analysis with a small
number of patients. Second, there were a small number
of patients with the most advanced stage of HCC

involving a major branch of the portal or hepatic vein,
such as the Vp4 and Vv3. Therefore, clinical outcomes
observed here may have appeared favorable. Third, only
the patients who were likely to benefit from local treat-
ment were analyzed in the current study. The other re-
ports of anti-cancer treatment for LAHCC included
patients in whom systemic therapy was indicated, with
little scope for local treatment; this patient bias may
have affected survival rates.

Conclusions

Although LAHCC remains difficult to cure, C-ion RT-
based multidisciplinary treatment showed favorable clin-
ical outcomes with a high rate of local control and min-
imal toxicity. This finding suggests that C-ion RT may
be a useful treatment option in the multidisciplinary
therapy of LAHCC in patients who are likely to benefit
from local treatment.

Abbreviations

C-ion RT: Carbon ion radiotherapy; CT: Computed tomography; DVH: Dose-
volume histogram; GTV: Gross tumor volume; HCC: Hepatocellular carcinoma;
IMRT: Intensity-modulated radiotherapy; ITV: Internal target volume; LAHC

C: Locally advanced HCG; LC: Local control; MRI: Magnetic resonance
imaging; OS: Overall survival; PFS: Progression-free survival; PTV: Planning
target volume; RFA: Radiofrequency ablation; RBE: Relative biological
effectiveness; RT: Radiotherapy; SBRT: Stereotactic body radiotherapy;

TACE: Transarterial chemoembolization
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