
Introduction 
 
In 2020, 910,000 individuals worldwide were diagnosed 
with primary liver cancer, making it the sixth most 
commonly diagnosed cancer (1). Hepatocellular carcinoma 

(HCC) constitutes approximately 80% of primary liver 
cancers (2). Among the curative treatment options for HCC, 
surgical resection, radiofrequency ablation therapy, and 
liver transplantation are well‑established approaches (3). 
Proton beam therapy (PBT) has also proved effective in 

Abstract 
Background/Aim: Spot scanning proton beam therapy (SS‑PBT) was employed for the treatment of surgery‑
inaccessible hepatocellular carcinoma, primarily influenced by respiratory movement. 
Patients and Methods: Between October 2022 and December 2023, 12 patients were enrolled in this study to evaluate 
the efficacy of SS‑PBT. The median follow‑up time was 13.1 months. 
Results: The one‑year survival, progression‑free survival, and local control rates were 79.5%, 57.1%, and 100%, 
respectively, without grade 2 or higher PBT‑related toxicities. The clinical outcomes of these 12 patients appear 
comparable to data from prospective studies conducted at proton centers across Japan.  
Conclusion: SS‑PBT shows promise as a treatment option for surgery‑inaccessible hepatocellular carcinoma. 
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treating HCC by delivering a highly localized and precise 
radiation dose, offering the potential for complete tumor 
eradication (4, 5). To elucidate the clinical efficacy of PBT 
for HCC, Mizumoto et al. conducted a multi‑institutional 
prospective registry study involving patients with HCC 
treated at Japanese PBT institutions (6). The study 
systematically evaluated the efficacy of PBT, analyzing data 
from patients treated using standardized protocols 
between May 2016 and June 2018. The findings 
demonstrated that PBT was effective in a broad range of 
HCC cases, with the majority of treatments employing 
passive scattered proton beam therapy (PS‑PBT).  

At Shonan Kamakura General Hospital, spot scanning 
proton beam therapy (SS‑PBT) was initiated in January 
2022. The treatment of HCC began in October 2022, 
following the implementation of advanced motion control 
systems such as a real‑time tumor tracking system and a 
respiratory gating system. In alignment with Japanese 
protocols, we treated patients with HCC deemed 
inoperable or challenging to treat surgically to assess the 
efficacy of SS‑PBT for tumors affected by movement. This 
study presents preliminary clinical findings on SS‑PBT for 
HCC, highlighting its potential to enhance outcomes for 
patients with HCC.  

 
Patients and Methods 

 
Ethical considerations. All patients provided written 
informed consent prior to the initiation of PBT. The study 
protocol received approval from the ethics committee at 
Shonan‑Kamakura General Hospital (approval number 
2564).  

 
Study design. This study enrolled patients who met the 
following criteria: 1) HCC confirmed either through 
histology or characteristic imaging findings on four‑phase 
multidetector‑row computed tomography (CT) or 
dynamic contrast‑enhanced magnetic resonance imaging 
(MRI), specifically hypervascularity in the arterial phase 
with washout in the portal venous or delayed phase; 2) no 
lymph node involvement or distant metastasis; 3) no 

evidence of direct infiltration into the alimentary tract; 4) 
no more than three tumors within the liver; and 5) a 
performance status (PS) of 2 or lower based on the 
Eastern Cooperative Oncology Group classification. 
Eligibility for PBT was reviewed and approved by a 
multidisciplinary committee comprising professionals 
from various medical specialties. 

Following the completion of PBT, patients were 
monitored every three months. Routine follow‑ups 
included blood cell counts, serum chemistries, and 
measurements of alpha ‑fetoprotein (AFP) and protein 
induced by vitamin K absence or antagonist‑II (PIVKA‑II). 
Patients also underwent abdominal diagnostic imaging, 
such as contrast‑enhanced CT or MRI. Treatment‑related 
toxicities were assessed using the Common Terminology 
Criteria for Adverse Events, version 5.0. Local recurrence 
was defined as tumor enlargement within the irradiated 
field on contrast‑enhanced CT or MRI following PBT. 

 
Radiotherapy planning and treatment delivery. A SS‑PBT 
system was installed at Shonan Kamakura General 
Hospital, with treatments commencing in January 2022. 
This equipment (PROBEAT M1, Hitachi Co. Ltd., Tokyo, 
Japan) utilizes a spot scanning system capable of storing 
proton beams for up to 8 s within the synchrotron (7). The 
proton beams are released in response to respiratory 
signals from either a real‑time tumor tracking system or 
a respiratory gating system.  

In the tumor tracking system, a fiducial marker, 
previously inserted near the tumor, guides beam delivery. 
When the fiducial marker enters a predefined 3‑mm 
region, the synchrotron releases the stored proton beams 
to target the tumor. If the tracking system fails to detect 
the marker, for example, due to obstruction by bone 
structures or radiopaque substances such as fatty tissue, 
the respiratory gating system serves as a backup. During 
this process, a four‑dimensional computed tomography 
(4D CT) scan identifies the optimal phase for irradiation. 
Patients without decreased renal function or a history of 
allergy to contrast agents underwent contrast‑enhanced 
CT imaging, which was merged to precisely delineate the 
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gross tumor volume (GTV). The exhalation phase, along 
with phases within a 3‑mm range of the exhalation phase, 
was selected for treatment. The clinical target volume 
(CTV) was defined as the GTV plus 5 mm in all directions, 
modified to include microscopic disease progression and 
exclude the gastrointestinal tract. In cases with vascular 
invasion, a 10 mm margin was added in the directions of 
the portal vein and the inferior vena cava.  

A planned target volume (PTV) was created by adding 
a 3 mm margin to the CTV to account for respiratory 
movement. In treatment planning, robust optimization 
planning was performed, incorporating a lateral margin 
of 5 mm and a beam margin of 3.5% uncertainty to 
address setup errors and respiratory movement (8). This 
approach ensured that multiple scenarios were generated 
to provide adequate coverage (9).  

However, actual measurements to validate the setup 
were not conducted, and specific details regarding the 
robustness plan remained unavailable. 

For general cases, a total dose of 66 Gy in 10 fractions 
was delivered to the PTV, ensuring that 95% of the PTV 
received at least 95% of the prescribed dose. For tumors 
involving the liver portal area and close to the alimentary 
tract, a dose of 72.6 Gy in 22 fractions was administered. 

For tumors near the alimentary tract, dose limits were set 
to 50 Gy for the duodenum and 55 Gy for the colon to 
minimize toxicities. Dose constraints are summarized in 
Table I. Doses are described as relative biological 
effectiveness (RBE)‑weighted doses according to the 
International Commission on Radiation Units and 
Measurements (ICRU) report 93. 

Proton beams were delivered starting from the distal 
position, with two to four scans on the same plane, 
depending on the monitor unit value, performed to ensure 
uniform coverage. The beam energy was then adjusted to 
irradiate subsequent distal planes, determined based on 
beam size (10). Irradiation concluded once the entire 
volume was treated. The beam delivery program assumed 
that the tumor remained stationary, activating the proton 
beam only when the tumor was within the predefined 
range. Consequently, treatment duration varied based on 
tumor volume and the stability of the patient’s respiration.  

In this system, two types of interplay control systems 
were utilized. The first is the real‑time image‑gated 
particle therapy system (7), which measures the tumor 
position in real‑time. The second is the respiratory gating 
system (11), which accounts for the relationship between 
respiratory movement and fiducial marker movement. 
The tumor‑tracking system was the primary method, 
while the respiratory gating system was employed only 
when the tumor‑tracking system was unavailable. We 

Table I. Dose constraints.  
 
                                         66 Gy/10 fractions                  72.6Gy/22 fractions 
 
Organ                                                             Dose constraint 
 
Liver‑GTV                                                        V30 Gy<30% 
                                                                             V5 Gy<50% 
                                                                           V2 Gy>700 cc 
Alimentary tract                Dmax<42 Gy                                Dmax<55 Gy 
Kidney                                                              Dmean<15 Gy 
                                                                            V12 Gy<55% 
                                                                            V20 Gy<30% 
                                                                            V28 Gy<20% 
Spinal cord (canal)            Dmax<31 Gy                                Dmax<40 Gy 
Skin                                        Dmax<50 Gy                                Dmax<66 Gy 
Chest wall                             V49 Gy<5 cc                                  V65 Gy<5 cc 
                                               V43 Gy<13 cc                               V56 Gy<13 cc 
                                               V40 Gy<15 cc                               V53 Gy<15 cc 
 
Dx: X dose of the target volume; GTV, Gross tumor volume; VXGy: the 
target volume irradiated with X Gy.

Table II. Patients’ characteristics. 
 
Age                                                    Range (median)                 61‑89 (77.5) 
Sex                                                       Men/Women                             8/4 
Past hepatitis                                 Presence (HCV/                     4(3/1)/8 
 history                                     autoimmune)/Absence 
UICC Clinical stage                             I/II/III/IV                           4/5/3/0 
Child‑Pugh                                               A/B/C                                12/0/0 
 classification 
Maximal tumor                             Range (Median)                 1.1‑13.2 (4.4) 
 size (cm) 
Given dose/Fraction        66 Gy in 10fr/72.6 Gy in 22fr              3/9 
Respiratory gaiting            Real‑time tumor tracking/                8/4 
                                                        respiratory‑gaiting                            
 
Fr: Fractions; HCV: hepatitis C virus; UICC: Union for International 
Cancer Control.



initiated proton beam therapy for HCC after the 
installation and validation of the above systems. 

 
Statistical analyses. Kaplan‑Meier methods were used to 
estimate overall survival (OS), progression‑free survival 
(PFS), and local control (LC) rates. OS was calculated from 
the date of PBT initiation to the date of death or the most 
recent follow‑up. LC was defined as the absence of local 
progression. PFS was measured from the beginning of PBT 
to the date of local progression, disease progression 
outside the primary site, or death from any cause. All 
statistical analyses were performed using SPSS software 
version 29 (SPSS Inc., Chicago, IL, USA).  

 
Results 
 
Between October 2022 and January 2024, a total of 12 
patients with HCC were enrolled. Patient characteristics are 
shown in Table II. These patients were categorized as 
surgery‑inaccessible cases, including large HCC with 
interstitial pneumonia and large HCC with intensive 
invasion of the inferior vena cava (12). Of the 12 patients, 
nine had tumors adjacent to the alimentary tract, and one 
had tumors with vascular invasion. All patients were treated 
under a respiratory control system: eight were treated 
using the real‑time tumor tracking system, while the other 
four were treated using the respiratory gating system.  

The median follow‑up time was 13.1 months 
(range=2.7‑22.3). The one‑year OS, PFS, and LC rates were 
79.5%, 57.1%, and 100%, respectively (Figure 1). No 
patients developed Grade 2 or higher PBT‑related toxicity. 
Three patients died due to cardiac failure, multiple liver 
tumors, and probable late treatment‑related toxicity from 
combined immune therapy. The remaining nine patients 
were alive at the time of analysis. 

 
Discussion 
 
The current study demonstrated that PBT produced 
favorable clinical outcomes in patients with HCC. In this 
study, the one‑year estimated OS, LC, and PFS rates were 
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Figure 1. Clinical results for 12 patients with 16 lesions are presented. 
With a median follow‐up time of 13.1 months, A) the one‐year overall 
survival rate was 79.5%, B) the one‐year progression‐free survival rate 
was 57.1%, and C) the one‐year local control rate was 100%. 



79.5%, 100%, and 57.1%, respectively, with minimal 
toxicities. 

In radiation therapy, controlling tumor motion caused 
primarily by respiration is essential (13). This is 
particularly important in PBT, as it is highly sensitive to 
motion. Treating moving targets requires careful planning 
to ensure accuracy and efficacy (14). The PS‑PBT method 
irradiates the entire tumor throughout the treatment 
period as long as the tumor remains within the determined 
range, making it suitable for moving targets (15). In 
contrast, SS‑PBT dynamically scans pencil beams across 
the tumor. This raises questions about whether a moving 
scanning beam can adequately cover a moving target. 
Therefore, PS‑PBT remains a reliable option for moving 
targets in facilities offering both systems. However, a rapid 
transition is underway in most PBT facilities from PS‑PBT 
to SS‑PBT due to changes in machine supply.  

For moving targets, such as liver cancer influenced by 
respiratory movement, tumor tracking (15) or respiratory 
gaiting systems (16) are utilized. These systems are 
effective in reducing positioning errors caused by 
respiratory uncertainties. Despite their effectiveness, 
uncertainties related to positioning and respiratory 
movement remain challenging. To mitigate the impact of 
uncertainties, robustness planning incorporating worst‑
case scenarios is utilized (14). A 3 mm margin is set to 
account for respiration and positioning uncertainties during 
robustness planning. In real‑time tracking systems, proton 
beams are delivered when the fiducial marker enters a 
predefined 3‑mm rectangular zone. For respiratory gating, 
proton beams are released during the expiratory phase and 
within 3 mm of the reconstructed phase.  

Twelve patients with HCC were treated using SS‑PBT 
equipped with real‑time tumor tracking or respiratory 
gating systems. These patients were successfully treated, 
and tumor control was achieved. The adoption of SS‑PBT is 
increasing due to its mechanical efficiency and the 
elimination of the need for large boluses, which are essential 
in PS‑PBT. SS‑PBT is well‑suited for static and irregularly 
shaped tumors due to its precise targeting capabilities and 
ability to deliver intensity‑modulated proton beam therapy.  

Despite the growing popularity of SS‑PBT, direct 
comparisons between PS‑PBT and SS‑PBT for moving 
targets, in terms of dose distribution, uncertainty, and 
outcomes, remain limited. Tumor motion due to respiration 
is highly complex. However, dose distributions calculated 
using actual beam delivery data from machine logs and 
positioning information closely matched the planned dose 
distributions (17). According to the data, the actual dose 
distributions were nearly equivalent to the planned dose 
distributions when more than five fractions were used. In 
this study, 10 or 22 fractions were utilized, and the actual 
dose distributions were expected to closely correspond to 
the planned dose distributions. Additionally, a prior study at 
our facility using auto‑activation positron emission 
tomography (PET), which detects annihilation gamma rays 
generated after PBT, confirmed no excessive dose to the 
alimentary tract during liver cancer treatment. The results 
indicated that the actual dose distributions matched the 
planned dose distributions (18). However, in that study, most 
positron emitters were metabolized by the liver and 
subsequently washed out, leading to insufficient data during 
PET/CT imaging. To overcome this limitation, an online PET 
approach may provide a solution by capturing annihilation 
of gamma rays beam by beam, offering a more accurate 
depiction of proton beam movement and dose delivery (19).  

A nationwide study in Japan on PBT for HCC 
demonstrated significant benefits, leading to government 
insurance coverage for this treatment (6). The study 
showcased promising results, particularly for tumors larger 
than 4 cm, with excellent outcomes regardless of tumor size, 
vascular invasion, or other factors. Our data, based on 12 
surgery‑inaccessible patients followed for a median of 13.1 
months, aligns closely with the national study results. 
Despite the limited number of patients and follow‑up time, 
our outcomes suggest SS‑PBT is effective for HCC, even in 
challenging cases, with no treatment‑related toxicities. SS‑
PBT performed well even for large tumors when combined 
with a real‑time tracking or respiratory gating system. 

Limitations of this study include the small number of 
patients and the short follow‑up period as well as lack of 
communication about targeted therapy (20). Additionally, 
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robustness planning was not evaluated through actual 
treatment.  

 
Conclusion 
 
This preliminary study evaluated the effectiveness of SS‑
PBT for HCC. Although based on a small cohort, our 
findings align with larger studies, reinforcing the potential 
of SS‑PBT as a valuable treatment option for HCC.  
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