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Introduction

Hepatocellular carcinoma (HCC) is the most common liver 
cancer in adults and one of the most common causes of 
cancer-related death worldwide [1]. Recently, improvements 
in HCC treatment and overall survival have been made [2,3]. 

However, many HCC patients are still diagnosed at an advanced 
stage of the disease not suitable for curative local modalities 
such as surgery or radiofrequency ablation (RFA). Transarterial 
chemoembolization (TACE) is commonly performed in such 
cases and improves survival, but is unsatisfactory in terms of 
local control rate [4,5]. Advanced radiotherapy (RT) treatment 

Purpose: This study aimed to evaluate the initial outcomes of proton beam therapy (PBT) for hepatocellular carcinoma (HCC) in 
terms of tumor response and safety.
Materials and Methods: HCC patients who were not indicated for standard curative local modalities and who were treated 
with PBT at Samsung Medical Center from January 2016 to February 2017 were enrolled. Toxicity was scored using the Common 
Terminology Criteria for Adverse Events (CTCAE) version 4.0. Tumor response was evaluated using modified Response Evaluation 
Criteria in Solid Tumors (mRECIST).
Results: A total of 101 HCC patients treated with PBT were included. Patients were treated with an equivalent dose of 62–92 GyE10. 
Liver function status was not significantly affected after PBT. Greater than 80% of patients had Child-Pugh class A and albumin-
bilirubin (ALBI) grade 1 up to 3-months after PBT. Of 78 patients followed for three months after PBT, infield complete and partial 
responses were achieved in 54 (69.2%) and 14 (17.9%) patients, respectively.  
Conclusion: PBT treatment of HCC patients showed a favorable infield complete response rate of 69.2% with acceptable acute 
toxicity. An additional follow-up study of these patients will be conducted.
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techniques such as intensity-modulated RT and stereotactic 
body ablative RT (SABR) or stereotactic body RT with image-
guidance and/or respiration gating have also been applied to 
HCC management [6]. Although favorable outcomes have been 
reported, toxicity to the liver and gastroduodenum remains 
a problem [7-9]. Especially, there is still concern about the 
dreadful toxicity of radiation-induced liver disease (RILD) [10]. 
Proton beam RT (PBT) has recently been expanded to treat 
cancer with high conformity and precision by exploiting its 
unique dose-depth profile, which permits a sharp increase 
in dose at a certain depth, known as a “Bragg-peak” [11]. 
PBT could allow effective treatment of HCC while preserving 
surrounding normal liver tissue [12]. 

Samsung Medical Center started applying PBT for cancer 
management in 2016, with highest priority indications given to 
pediatric cancer and adult HCC patients [13]. Here we present 
initial results in terms of tumor response and safety for 101 
HCC patients treated with PBT at Samsung Medical Center for 
14 months. 

Materials and Methods

1. Proton therapy center and patients
The PBT center at Samsung Medical Center has been described 
previously [13]. All patients who received PBT were registered 
and managed as a prospective cohort approved by the 
Samsung Medical Center Institutional Review Board (No. 2015-
10-135). Subjects had unresectable HCC diagnosed according 
to the American Association for the Study of Liver Diseases 
guidelines [14] and were treated with PBT in the study period, 
from January 2016 to February 2017. 

Proton therapy was preferentially considered in the 
following cases that were not eligible for surgery and RFA, and 
was finally determined through multidisciplinary discussion. 
First, patients who consented to participate in our proton 
therapy clinical trials and who registered at clinicaltrials.gov 
(NCT02632864 and NCT02571946) were considered. Second, 
for patients indicated for SABR in our institution, treatment 
was determined considering the margin (range uncertainty and 
setup uncertainty) of proton beam and liver volume exposures 
greater than 24 Gy according to the results of previous studies 
[15,16]. Patients with lesions exceeding 3 cm, in which SABR 
was not indicated, but who had the potential for cure with 
one or two lesions were considered for PBT. Lastly, all patients 
indicated for PBT were reaffirmed for PBT appropriateness 
through respiratory training. If the optimal respiratory control 
was not possible, general anesthesia and usage of a ventilator 

Table 1. Baseline characteristics of 101 patients 

Characteristic Value

Age (yr)
Sex
 Male
 Female
ECOG performance status
 0
 1
 2
Etiology
 HBV
 HCV
 Alcohol
 Other
Liver cirrhosis
 Yes
 No
Child-Pugh class
 A5
 A6
 B7
 B8
 B9
 C10
ALBI grade

63 (35–91)

87 (86.1)
14 (13.9)

52 (51.5)
44 (43.6)
5 (5.0)

81 (80.2)
8 (7.9)
3 (3.0)
9 (8.9)

74 (73.3)
27 (26.7)

73 (72.3)
17 (16.8)
5 (5.0)
3 (3.0)
2 (2.0)
1 (1.0)

 1
 2
 3
AFP (ng/mL)
Maximum tumor diameter (cm)
Tumor multiplicity
 No
 Yes
Portal vein tumor thrombosis
 No
 Yes
Modified UICC T stage
 T1
 T2
 T3
 T4
Previous treatment (repeated measure)
 Surgical resection
 Transplantation
 Radiofrequency ablation
 Trans-arterial chemoembolization
 Radiotherapy
 Sorafenib
 None
Respiratory motion control
 Breath hold
 Respiratory-gated

89 (88.1)
11 (10.9)
1 (1.0)

17.4 (1.3–200,000)
2.5 (1.0–16.0)

74 (73.3)
27 (26.7)

72 (71.3)
29 (28.7)

36 (35.6)
24 (23.8)
31 (30.7)
10 (9.9)

18 (17.8)
1 (1.0)

39 (38.6)
97 (96.0)
16 (15.8)
3 (3.0)
4 (4.0)

74 (73.3)
10 (9.9)

to be next page
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was recommended. 
For patients participating in prospective clinical trials, if the 

tumor was far from the liver dome and did not have proper 
fiducial marker (e.g., densely iodized oil or surgical clip), gold 
marker insertion was considered before PBT simulation.

2. Respiration motion management
If PBT was considered an appropriate modality by a radiation 
oncologist, audiovisual-guided respiration training was 
performed prior to computed tomography (CT) scanning. The 
breathing performance of each patient was monitored, and 
the patient was trained using an in-house biofeedback system 
that correlates breathing with a time-amplitude curve seen 
by the patient using liquid crystal display (LCD) glasses. Two 
breathing techniques, breath-holding and voluntary shallow 
breathing, are currently used for liver treatment, and the 
proper technique for each patient was chosen either by a 
physician for clinical reasons before respiration training or by 
a respiration trainer after checking the patient’s respiration 
performance. In the breath-holding technique, an individually 
achievable breath-holding guideline is set, and a visual prompt 
on the display informs the patient when to hold the breath. 
In the shallow breathing technique, the patient is guided by 
an upper inhalation line and an exhalation baseline set after 

monitoring voluntary shallow breathing for several minutes. 
After choosing a breathing technique, the patient’s respiration 
was monitored using the in-house biofeedback system and an 
Anzai amplitude based respiration monitoring system (AZ-733; 
Anzai Medical Co. Ltd., Tokyo, Japan) in the CT scanning and 
PBT treatment room.

Because PBT has the problem of a large range uncertainty 
depending on the heterogeneity of each tissue, the breath-
hold technique was mandatory and respiratory-gated or 
mechanical ventilator application is considered as the next 
option. PBT using a motion encompassing method is finally 
considered in highly limited cases of poor respiratory control 
with centrally located tumors and a minor range uncertainty.

3. Proton therapy planning and delivery
In patients treated with the breath-holding technique, six CT 
scans were performed: twice before injecting contrast agent, 
twice (arterial and portal) after injecting contrast agent, and 
twice to check for inter-fraction motion variation caused 
by patient breathing. Generally the second CT image before 
injecting the contrast agent was used for PBT treatment 
planning.

In patients treated with respiratory-gated and/or 
mechanical ventilation or the motion encompassing method, 
four-dimensional CT images were acquired using the 
biofeedback system described above to regulate breathing. The 
maximum intensity projection image for planning the motion 
encompassing method, and end-exhale phase image for 
respiratory-gated and/or mechanical ventilation were used as 
the primary images for PBT treatment planning.

Gross tumor volume (GTV) was outlined on non-enhanced 
CT images using reference contrast-enhanced CT and magnetic 
resonance (MR) images. An additional margin of 0.5 cm was 
added to the GTV to define the clinical target volume (CTV), 
and an additional margin of 0.5 cm was applied to the CTV to 
define the planning target volume (PTV). For the planning of 
motion encompassing method, internal target volume defined 
as all phase summation of CTV was used and an additional 
0.5 cm was added for PTV. The treatment plan using multi-
beam PBT was made with the goal of delivering 66 cobalt gray 
equivalents (CGE; multiply proton physical dose by relative 
biological effectiveness of 1.1) in 10 fractions over a period of 
2 weeks. However, a total dose of 50 CGE was administered 
when PBT was performed for consolidation after TACE. Liver 
treatment plans were created using a treatment planning 
system (RaySearch Laboratories, Stockholm, Sweden), taking 
into account the uncertainty of the dose range and choosing 

Table 1. Continued

Characteristic Value

 Motion encompassing 
 Mechanical ventilation
Dose scheme (EQD2)
 5 CGE/10 fx (62 CGE)
 6 CGE/10 fx (80 CGE) 
 6.6 CGE/10 fx (92 CGE)
 48 CGE/6 fx (72 CGE)
 Others a)

Purpose of treatment
 Consolidative
 Salvage
 Definitive
 Palliative

16 (15.8)
1 (1.0)

25 (24.8)
2 (2.0)

61 (60.4)
3 (3.0)
10 (9.9)

31 (30.7)
49 (48.5)
3 (3.0)

18 (17.8)

Values are presented as median (range) or number (%).
ECOG, Eastern Cooperative Oncology Group; ALBI, albumin-biliru-
bin; AFP, alpha-fetoprotein; UICC, Union for International Cancer 
Control; EQD2, equivalent dose in 2 Gy; CGE, cobalt gray equiva-
lent.
a) The detailed dose scheme is as follows: 12 CGE × 4 (1), 12 CGE × 
5 (2), 10 CGE × 5 (1), 5 CGE × 15 (1), 4 CGE × 10 (2), 3.3 CGE × 22 
(1), 3 CGE × 11 (1), and 3 CGE × 10 (1).
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beam directions to avoid normal liver as much as possible 
and to avoid organs-at-risk such as the stomach, bowels, and 
skin. For the wobbling beam method, parameters including 
proton range, compensator, modulation width of spread-out 
Bragg peak (SOBP), and block were modified and evaluated 
considering target coverage and motion. The line scanning 
beam which is performed only in breath-hold technique 
method worked with given constraints for the same planning 
goals. Finally, every plan evaluated the plan robustness on 
range uncertainty (±3.5%) and setup uncertainty (x, y, z shift: 
±3 mm) using the perturbed dose function in treatment 
planning system. 

Before the first treatment, every plan performed the 
pretreatment quality assurance for verification of monitor unit 
(MU) and depth dose distribution on wobbling beam, and point 
dose and two-dimensional (2D) dose distribution on scanning 
beam. For all cases, the measured MU and point dose were 
less than 3% different from the calculated values. Comparing 
with the calculated values of treatment planning system and 
measured values, the range of proton beam was less than 1 
mm and the 2D dose distribution was more than 95% passing 
rate for 2%/2 mm gamma index.

Before each treatment session, daily image guidance was 
conducted using cone beam CT and/or orthogonal digital 
radiography acquired using VeriSuite (MedCom, Darmstadt, 
Germany). Tumor localization was evaluated by comparing the 
positions of fiducial markers including densely iodized oils, 
surgical clip, liver dome, and gold markers.

4. Follow-up
Weekly interviews and a last-week laboratory test were 
conducted during the PBT treatment period. The first follow-up 
evaluation was performed at one month after completion of 
PBT. Subsequent follow-up evaluations were performed every 
2–3 months if disease progression was not detected. At each 
follow-up, PBT response was evaluated using the modified 
Response Evaluation Criteria in Solid Tumor (mRECIST) [17], 
and toxicity was scored using Common Terminology Criteria 
for Adverse Events (CTCAE) version 4.0. The objective response 
rate was calculated based on a combination of complete 
response (CR) and partial response (PR). 

RILD which separated into ‘classic’, defined as alkaline 
phosphatase increases more than two times the normal level 
but level of transaminase, bilirubin and ammonia remain 
normal and ‘non-classic’, as elevated liver transaminases 
more than five times the upper normal limit or decline in liver 
function (measured by a worsening of Child-Pugh score by 2 

or more) were also evaluated.
Esophagogastroduodenoscopy (EGD) was recommended to 

all enrolled patients for baseline evaluation before starting PBT 
except when the distance between the tumor and stomach 
or duodenum was larger than 5 cm. Follow-up EGD was not 
routinely performed for all patients treated with PBT, except 
for patients with epigastric pain and/or bowel exposure to 
radiation. 

Results

1. Patients 
A total of 103 HCC patients were enrolled in the Samsung Cnn 
Proton Center Registry from January 2016 to February 2017. 
Two patients were excluded from the analysis. One patient 
received PBT for re-irradiation to the para-aortic lymph node 
and the other patient showed rapid intra- and extrahepatic 
metastasis before PBT treatment began.

The characteristics of the remaining 101 patients are 

Fig. 1. Changes in liver function status. Liver function was 
assessed by Child-Pugh score (A) and the albumin-bilirubin grade 
(B) before proton beam therapy (PBT), during PBT, and at 1- and 
3-month follow-up visits after completion of PBT. 
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displayed in Table 1. Two patients were treated with PBT twice, 
one because of a synchronous multiple intrahepatic tumor, 
and another because of a metachronous outfield intrahepatic 
recurrence. The breath-holding technique for respiratory 
motion management was used in roughly three-quarters of 
the patients. Respiratory-gated or mechanical ventilation that 
treats the target during a specific respiratory cycle including 
end-exhale phase were used in 10 (9.9%) patients and one 
(1.0%) patient, respectively. The motion encompassing method 
that irradiates the target during all respiratory cycles was 
used in 16 (15.8%) patients. Ten fractions of 6.6 CGE was the 
prescribed dose scheme for >60 patients. As an equivalent 
dose in 2 Gy (EQD2) calculated using an α/β ratio of 10 for 
acute response tissues, a dose of 62–92 CGE was used in 97 
patients (96.0%). 

2. Safety of PBT
During the follow-up, classic RILD was not detected in 
the enrolled patients and non-classic RILD measured by a 
worsening of Child-Pugh score by 2 was developed in three 
patients (3.0%) at one month and additional one patient (1.0%) 
at three months after PBT completion. Among them, one was 
related to multiple intrahepatic progression, and three patients 
showed normalized results at the next follow-up. 

Changes in liver function status were assessed by Child-
Pugh score and albumin-bilirubin (ALBI) grade before and 
during PBT and at 1- and 3-month follow-up visits after 
completion of PBT (Fig. 1). Child-Pugh score generally did 
not significantly change during PBT, was slightly elevated at 
1-month follow-up visits, and tended to return almost to 
baseline at 3-month follow-up visits (Fig. 1A). The percentage 
of Child-Pugh class A was 90.1% before PBT, 87.9% during 

Table 2. Baseline status and acute toxicity profile of PBT at 3-month follow-up after PBT

Grade I Grade II Grade III Grade IV

Baseline status before PBT
 Anemia
 Leukopenia
 Thrombocytopenia
 AST
 ALT
 ALP
 Hypoalbuminemia
 Hyperbilirubinemia
 Anorexia
 Nausea
 Vomiting
 Diarrhea
 Abdominal pain
Acute toxicity after 3-month follow-up 
 Anemia
 Leukopenia
 Thrombocytopenia
 AST
 ALT
 ALP
 Hypoalbuminemia
 Hyperbilirubinemia
 Anorexia
 Nausea
 Vomiting
 Diarrhea
 Abdominal pain
 Dermatitis

 
 50 (49.5)
 14 (13.9)
 45 (44.6)
 28 (27.7)
 17 (16.8)
 28 (27.7)
 8 (7.9)
 5 (5.0)
 2 (2.0)
 2 (2.0)

-
-

 3 (3.0)

 57 (56.4)
 25 (24.8)
 48 (47.5)
 40 (39.6)
 25 (24.8)
 35 (34.7)
 16 (15.8)
 11 (10.9)
 12 (11.9)
 3 (4.3)
 5 (5.0)

-
 10 (9.9)
 19 (18.8)

 
 6 (5.9)
 5 (5.0)
 9 (8.9)
 3 (3.0)
 4 (4.0)

-
 9 (8.9)
 9 (8.9)

-
-
-
-
-

 3 (3.0)
 20 (19.8)
 25 (24.8)
 2 (2.0)
 4 (4.0)
 2 (2.0)
 9 (8.9)
 12 (11.9)
 1 (1.0)
 2 (2.0)

-
-

 3 (3.0)
 5 (5.0)

 
-

 3 (3.0)
 10 (9.9)

-
-
-
-

 2 (2.0)
-
-
-
-
-

 2 (2.0)
 3 (3.0)
 10 (9.9)
 1 (1.0)
 1 (1.0)

-
-

 4 (4.0)
-
-
-
-
-
-

 
-
-
-
-
-
-
-
-
-
-
-
-
-

-
-
-
-
-
-
-

1 (1.0)
-
-
-
-
-
-

Values are presented as number (%).
PBT, proton beam therapy; AST, aspartate aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase.
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PBT, 82.3% at 1-month and 89.2% at 3-month follow-up 
after PBT completion. ALBI grade showed a similar pattern and 
the percentage of ALBI grade 1 was 87.1% before PBT, 82.2% 
during PBT, 81.4% at 1-month and 85.1% at 3-month follow-
up after PBT completion (Fig. 1B).

Other acute toxicities possibly related to PBT treatment are 
listed in Table 2. Generally, there was no noticeable difference 
in treatment-related toxicity profiles compared with baseline. 
Grade III or higher toxicities were not detected except for 
one grade IV hyperbilirubinemia. This patient suffered hepatic 
failure associated with cirrhosis, showed repeated intrahepatic 
tumor recurrence, and underwent PBT as a bridging therapy 
prior to liver transplantation. The patient received a liver 
transplantation from a deceased donor on the 10th day 

after 10 fractions of PBT and has been on follow-up with no 
evidence of tumor recurrence.  

Fig. 2 illustrates the EGD results before and after PBT. During 
the follow-up period after completion of PBT, two cases (2.0%) 
of newly developed gastroduodenal ulcers were detected by 
EGD. In one case that had a more than 6 cm sized HCC in S4 
and was treated with a total dose of 66 CGE in 10 fractions 
under the respiratory-gated technique, the gastric ulcer was 
found at 1 month after PBT completion within the irradiation 
site although the patient had no symptomatic complaints. The 
maximum stomach dose to the patient was 43.2 CGE in the 
PBT plan. In the other case, larger than 10 cm sized HCC in S4 
was treated to a total dose of 60 CGE in 10 fractions using 
the breath-holding technique. Patient developed melena and 
hematochezia after PBT. Emergency EGD at approximately 100 
days after PBT completion confirmed a duodenal ulcer located 
within the PBT site (Fig. 3). The maximum duodenal dose to the 
patient was 27.6 CGE in the PBT plan.

In six other cases, gastroduodenal changes including 
erosion and/or inflammation were found; in three of these 
cases, the changes were located within the PBT irradiation 
field. Therefore, the total number of patients with PBT-induced 
gastroduodenal toxicity was five (5.0%). 

3. Tumor response following PBT
Tumor response rates at 1 and 3 months after completion of 
PBT are displayed in Table 3. At the first follow-up evaluation 
for infield tumor response of 101 patients, CR was achieved in 
45 patients (44.6%), PR in 25 (24.8%), and progressive disease 
(PD) in two (2.0%). Among the two cases assessed as PD, one 
case showed a main lesion larger than 14 cm with multiple 
metastatic nodules and was treated with 10 fractions of 50 
CGE to the dominant lesion. The other case had received 10 
fractions of 66 CGE for 4.6 cm lesions with left main portal 
vein tumor thrombosis (PVTT). In this case, the main lesion was 
assessed as PR but PVTT was assessed as PD.

Table 3. Tumor response at 1- and 3-month follow-up after PBT

CR PR SD PD

Follow-up at 1 month (n = 101)
 Infield
 Overall
Follow-up at 3 months (n = 78)
 Infield
 Overall

 
 45 (44.6)
 38 (37.6)

 54 (69.2)
 42 (53.8)

 
 26 (25.7)
 19 (18.8)

 14 (17.9)
 8 (10.3)

 
 28 (27.7)
 25 (24.8)

 8 (10.3)
 4 (5.1)

 
2 (2.0)

19 (18.8)

2 (2.6)
24 (30.8)

Values are presented as number (%).
PBT, proton beam therapy; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.

Erosive gastritis/duodenitis 27 No change 40

Gatsroduodenal ulcer 2

Gastroduodenitis 2

Gastric/duodenal erosion 4
CAG/CSG/other gastritis 57

PHG 19

EV/GV 30

Gastric/duodenal ulcer 11

EGD befor PBT (n = 76)
(repeated measure)

EGD after PBT (n = 48)

Fig. 2. Esophagogastroduodenoscopy (EGD) findings before 
and after proton beam therapy (PBT). Two newly developed 
gastroduodenal ulcers were detected by EGD during follow-up, 
and one patient showed melena and hematochezia 3 months 
after PBT. CAG, chronic atrophic gastritis; CSG, chronic superficial 
gastritis; PHG, portal hypertensive gastropathy; EV, esophageal 
varices; GV, gastric varices.
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Of the 78 patients followed up for three months after PBT 
for infield tumor response, CR was achieved in 54 patients 
(69.2%). Overall CR and PR were obtained in 42 (53.8%) and 8 
(12.8%) patients, respectively. 

The median follow-up period for all enrolled patients was 
4.9 months (range, 1.3 to 14.6 months). Accumulated CR rate 
as maximum infield response according to follow-up period 
is displayed in Fig. 4. Several cases showing CR after PBT are 
shown in Fig. 5.

During follow-up, local PD was detected in six cases (5.9%), 
with a median time between PBT and local PD of 2.7 months 
(range, 1.3 to 7.3 months). 

Discussion and Conclusion

In the present study, we evaluated the tumor response and 
safety of 101 HCC patients treated with PBT for 14 months and 
observed favorable outcomes of infield CR in 69.2% of patients 
and overall CR in 53.8%, with acceptable toxicity.

Despite a lack of supporting evidence based on randomized 
trials, advanced HCC is often treated using local modalities 
such as RFA, TACE, and surgical resection [18-20]. In HCC, local 
treatment of the primary lesion is important for preservation 
of surrounding normal liver function, which deteriorates with 
tumor progression and often with treatment of the tumor 

Fig. 3. Proton beam therapy (PBT)-related duodenal ulcer. Isodose curves of PBT planning and esophagogastroduodenoscopy detection 
of a duodenal ulcer.
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itself [21]. Indeed, these local treatments have proven useful in 
certain HCC patients [22-24]. 

RT is one of the most useful local modalities in oncology. 
Although the role of RT in HCC management has been limited 
historically, RT usage for HCC has increased recently with 
development of new RT techniques [25]. PBT, which uses a 
beam of charged particles to irradiate tissue, has a unique 
characteristic known as a ‘Bragg peak’, in which the maximum 
energy dose occurs at a specific depth, allowing delivery of 

radiation doses that conform to the depth and shape of the 
target site while minimizing exposure to surrounding normal 
tissue [26]. This makes PBT notable as a local modality that 
can effectively treat HCC while minimizing deterioration of 
surrounding liver function.

In the present study, there were no significant acute 
toxicities related with PBT. A grade III duodenal ulcer developed 
in one patient; overall 5.0% of other gastroduodenal toxicities 
were mild and acceptable compared to other studies reporting 
9.8% in recent publications using simultaneous integrated 
boost–PBT for advanced HCC [27]. However, duodenal ulcers 
were identified at radiation dose of 27.6 CGE in 10 fractions, 
which is generally considered an acceptable dose. Thus, simple 
conversion of the previously known limitation dose of photons 
might be dangerous [8,28,29], and further study of this issue 
should be conducted. 

Almost 70% infield CR with well-maintained liver function 
was observed. Non-classic RILD developed in four (4.0%) 
patients, which is similar to a recent phase II study using PBT 
for primary liver cancer [30]. Although higher local control 
rates of 80%–90% for HCC treated with PBT have been 
reported, data on HCC tumor response after PBT are limited. 
Kim et al. [31] reported CR rates of 62.5%, 57.1%, and 100% 
for escalated PBT doses (EQD2) of 65, 71.5, and 78 CGE, 
respectively, in inoperable HCC using mRECIST. The CR rate 
was 69.2% in our study, which used similar or higher doses 

Fig. 4. Accumulated complete response rate as maximum infield response according to mRECIST criteria. The characteristic arterial 
phase enhancement of hepatocellular carcinoma (white arrows) was disappeared after proton beam therapy (black arrows).

A-1 A-2
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Fig. 5. Several cases showing complete response (CR) according 
to the modified Response Evaluation Criteria in Solid Tumors 
(mRECIST) criteria after proton beam therapy. 
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of irradiation in most cases—EQD2, 75–110 CGE in 72 of 101 
patients (71.3%). However, the evaluation was limited because 
of the relatively short median follow-up period (4.9 months) 
and mixed usage of follow-up imaging, CT or MRI according to 
the physician’s preference. A longer follow-up period is needed 
to evaluate the CR rate and long-term local control more 
accurately. Kim et al. [31] emphasized that short-term tumor 
response does not perfectly coincide with long-term local 
tumor control. A similar phenomenon was also repeated in 
the study of SABR for HCC [32-34]. In one study, CR rate was 
57% at 3 months, but it continuously increased up to 91.4% at 
1-year [32].

Our study is limited in that it is a single institutional analysis 
associated with inevitable selection bias. The follow-up period 
was very short to assess the long-term toxicity or efficacy of 
PBT. In addition, it is difficult to generalize the results because 
heterogeneous patients who underwent liver directed PBT with 
HCC were analyzed. However, it provides useful information 
about tumor response rate and acute toxicity of PBT, a 
promising treatment option for HCC management.

In conclusion, PBT showed a favorable CR rate of 69.2% 
with acceptable acute toxicity at a median follow-up interval 
of 4.9 months in 101 HCC patients who were not candidates 
for or were refractory to standard local modalities. Additional 
follow-up study of these patients will be conducted. PBT 
appears to be an effective and safe local modality for such 
HCC patients.
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