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Abstract: Purpose: External beam radiation therapy (EBRT) for hepatocellular carcinoma (HCC)
is commonly delivered with x-rays, although proton beam therapy (PBT) offers a
unique dosimetric advantage that for some patients may translate into meaningful
clinical benefit. Most published outcomes of PBT for HCC come from Asian
institutions, while there is a scarcity of data from Western countries.

Materials and Methods: We identified patients with non-metastatic HCC patients
treated with definitive PBT at Qinstitutions in the United States and enrolled on the
Proton Collaborative Group REG001-09 prospective registry study

(NCT01255748). The primary study objective was to describe treatment efficacy and
safety outcomes.

Results: 88 patients were treated from 2013-2021. Median age was 68 years (range,
40-91) most with ECOG performance status 0-1 (85.0%). Median tumor size

was 4.7 cm (range, 1.2-19 cm). Baseline Child-Pugh (CP) class was A or B in 43
(71.7%) and 15 (25.0%), respectively. The median prescribed biologically effective
dose (BED10) was 86.4 Gy(RBE) (range, 48.7-144 Gy[RBE]) and median prescribed
total dose was 59.1 Gy(RBE) across a median 15 fractions (range, 5-33 fractions).
Median follow-up from PBT was 25.1 months (range, 17.5-36.8 months). Estimated 2-
year freedom from local failure (FFLF), freedom from intrahepatic failure (FFIF),
freedom from distant failure (FFDF), progression free survival (PFS), and overall
survival (OS) from PBT were 93.4% (95% confidence interval [Cl]: 86.0%-100.0%),
67.3% (95% Cl: 54.2%-80.4%), 91.8% (95% ClI: 83.9%-99.7%), 38.4% (95% CI:
26.5%-50.2%), and 54.9% (95% Cl: 42.4%-67.4%), respectively. On multivariable
analysis, no factors were signficiantly associated with OS after PBT. No grade

23 toxicity was reported.

Conclusions: Dose-escalated PBT, delivered predominantly with moderate
hypofractionation, achieves excellent FFLF with a favorable safety profile. PBT may
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Abstract

Purpose: External beam radiation therapy (EBRT) for hepatocellular carcinoma (HCC) is
commonly delivered with x-rays, although proton beam therapy (PBT) offers a unique
dosimetric advantage that for some patients may translate into meaningful clinical benefit.
Most published outcomes of PBT for HCC come from Asian institutions, while there is a scarcity
of data from Western countries.

Materials and Methods: We identified patients with non-metastatic HCC patients treated with
definitive PBT at 9 institutions in the United States and enrolled on the Proton Collaborative
Group REG001-09 prospective registry study (NCT01255748). The primary study objective was
to describe treatment efficacy and safety outcomes.

Results: 88 patients were treated from 2013-2021. Median age was 68 years (range, 40-91)
most with ECOG performance status 0-1 (85.0%). Median tumor size was 4.7 cm (range, 1.2-19
cm). Baseline Child-Pugh (CP) class was A or B in 43 (71.7%) and 15 (25.0%), respectively. The
median prescribed biologically effective dose (BED10) was 86.4 Gy(RBE) (range, 48.7-144
Gy[RBE]) and median prescribed total dose was 59.1 Gy(RBE) across a median 15 fractions
(range, 5-33 fractions). Median follow-up from PBT was 25.1 months (range, 17.5-36.8 months).
Estimated 2-year freedom from local failure (FFLF), freedom from intrahepatic failure (FFIF),
freedom from distant failure (FFDF), progression free survival (PFS), and overall survival (OS)
from PBT were 93.4% (95% confidence interval [Cl]: 86.0%-100.0%), 67.3% (95% Cl: 54.2%-
80.4%), 91.8% (95% Cl: 83.9%-99.7%), 38.4% (95% Cl: 26.5%-50.2%), and 54.9% (95% Cl: 42.4%-
67.4%), respectively. On multivariable analysis, no factors were signficiantly associated with OS
after PBT. No grade >3 toxicity was reported.

Conclusions: Dose-escalated PBT, delivered predominantly with moderate hypofractionation,
achieves excellent FFLF with a favorable safety profile. PBT may offer a particular clinical
advantage for large HCC and prospective evaluation for this high-risk patient subset is
warranted.



Introduction

Hepatocellular carcinoma (HCC) is a challenging disease as most patients have
background liver cirrhosis and are at risk of worsening liver dysfunction from tumor
progression, worsening cirrhosis, or cancer therapy[1]. While surgical resection and liver
transplantation achieve the most favorable long-term outcomes, patients are frequently not
candidates for either due to extensive disease and/or poor baseline liver function. As such,
most HCC patients will receive systemic therapy and/or liver-directed therapy including
percutaneous ablation, transarterial chemoembolization (TACE), transarterial
radioembolization (TARE), and/or external beam radiation therapy (EBRT)[2].

EBRT for HCC is most often delivered with x-rays although there is a growing body of
literature demonstrating that proton beam therapy (PBT) provides significant clinical benefit to
select patients, especially those with larger tumor burden and/or worse baseline liver
function.[3-6] There is increasing recognition that EBRT should be a standard of care in patients
who are not surgical candidates, as evidenced by recent changes to European Association for
Study of the Liver (EASL) and Barcelona Clinical Liver Cancer (BCLC) guidelines that now
incorporate EBRT.[7, 8]

Proton beam therapy (PBT) offers unique dosimetric and clinical benefits compared to x-
ray therapy.[5] PBT may be especially beneficial compared to x-ray therapy in patients with
more extensive tumor burden, smaller uninvolved liver volume, and less favorable baseline liver
function. Most of the published evidence supporting PBT for HCC comes from centers in Asia,
and there is a need to better understand PBT outcomes from Western countries considering

differences in HCC etiology and treatment approaches.[9-11]



Materials and Methods

The Proton Collaborative Group (PCG) REG001-09 study (NCT01255748) is a prospective
multi-institutional registry of patients treated with PBT in the United States. This study was
performed according to the Declaration of Helsinki and approved by the institutional review
board at each participating institution. Informed consent was obtained from all patients.

We evaluated patients enrolled between 2013 and 2021 who received PBT that was
prescribed in Gray relative biological effectiveness [Gy(RBE)]. The following inclusion criteria
were used: 1) diagnosis of non-metastatic HCC, 2) patients who were either treatment naive or
who had prior treatment for HCC, 3) delivery of curative intent PBT defined as prescribed
biologically effective dose (BED1o) of >45 Gy(RBE). The study registry did not capture the
rationale for PBT over other liver-directed therapies such as TARE or TACE.

Baseline patient, tumor, and treatment characteristics were summarized using means with
standard deviations for normally distributed continuous variables, medians with ranges for skewed

continuous variables, and frequencies with percentages for categorical variables.

The primary time-to-event analyses were conducted using time from initial diagnosis as the
time origin. Survival study endpoints included freedom from local failure (FFLF), freedom from
intrahepatic failure (FFIF), freedom from distant failure (FFDF), progression free survival (PFS), and
overall survival (OS). FFLF was defined as the time from PBT completion until progression of the
treated lesion(s). FFIF was defined as the time from PBT completion until radiographic progression of
disease in the liver outside of the treated lesion(s). FFDF was defined as the time from PBT completion

until radiographic progression of disease outside of the liver. PFS was defined as the time from PBT



completion to disease progression, death, or last follow-up, whichever occurred first. OS was defined
as the time from PBT completion to death or otherwise last follow-up. The Kaplan—Meier method was
used to estimate survival probabilities over time for time-to-event outcomes. Tumor response was
evaluated using Response Evaluation Criteria in Solid Tumors (RECIST), version 1.1. Patients who were

alive and without disease progression were censored at the date of last follow-up.

Cox proportional hazards regression models were used to evaluate prognostic factors for OS in
univariable (UVA) and multivariable (MVA) analyses. The primary analyses were conducted using
complete-case data. Variables with a P-value <0.10 in univariable analyses and without substantial
missing data were considered for inclusion in the multivariable model to minimize loss of sample size
and preserve model stability. Child-Pugh class and ECOG performance status, despite meeting this
threshold, were not included in the multivariable model due to substantial missing data. As a
sensitivity analysis, multiple imputations (20 datasets) was performed to address missing data. Cox
models were fit within each imputed dataset, and parameter estimates were combined using Rubin’s
rules. Results were consistent with the primary analysis. Statistical significance was defined as P<0.05.

All statistical analyses were performed using SAS software (version 9.4; SAS Institute, Cary, NC).

Adverse events (AEs) were usually assessed per the Common Terminology for Clinical Adverse
Events (CTCAE) version 4.0 prior to PBT, weekly during PBT, and at least every 3 months following PBT.
Acute AEs were defined as occurring during or within 90 days after the completion of PBT while late

AEs occurred beyond that time period.

Results



We evaluated 88 patients who were enrolled across 9 institutions. Patient and
treatment characteristics are summarized in Table 1. Most patients had Eastern Cooperative
Oncology Group (ECOG) performance status 0-1 (n=64; 85.0%). Forty-three (71.7%) had
baseline Child Pugh (CP) class A liver function while CP class was not reported for 28 (28.0%)
patients. Post-treatment CP information was not available. Median tumor size was 4.7 cm
(range, 1.2-19.0 cm) with 17 (19.4%) patients having >7 cm tumor. Prior systemic therapy was
uncommon (n=32; 36.4%) and nearly two-thirds did not have prior surgery or liver-directed
therapy (n=56; 63.6%). No patient underwent liver transplantation.

The median prescribed biologically effective dose (BED10) was 86.4 Gy(RBE) (range, 48.7-
144 Gy[RBE]) and median prescribed total dose was 59.1 Gy(RBE) across a median 15 fractions
(range, 5-33 fractions). Pencil beam scanning (n=52; 59.0%) was more common than uniform
scanning (n=28; 31.8%).

The median follow-up interval from PBT was 51.0 months (range, 37.0-91.3 months) and
25.1 months (range, 17.5-36.8 months), respectively. The estimated 2-year FFLF, FFIF, FFDF,
PFS, and OS after PBT were 93.4% (95% confidence interval [Cl]: 86.0%-100.0%), 67.3% (95% Cl:
54.2%-80.4%), 91.8% (95% Cl: 83.9%-99.7%), 38.4% (95% Cl: 26.5%-50.2%), and 54.9% (95% Cl:
42.4%-67.4%), respectively (Figures la-e).

Tumor size was the only statistically significant factor (hazard ratio [HR] 1.86, 95% ClI:
1.03-3.37; P=0.041) on UVA for OS after PBT, and trended towards significance on MVA (HR
1.71; 95% Cl: 0.93-3.17); P=0.087). No factors were significant on MVA for OS (Table 2). UVA

for FFLF after PBT was not possible due to a small number of local failure events.



Acute or late grade 2 toxicity was reported for 17 (20.7%) and 1 (1.2%) of patients,
respectively. Acute grade 2 toxicities included fatigue (58.8%), abdominal discomfort (23.5%),
nausea (11.8%), and cough (5.9%). One patient experienced late grade 2 abdominal pain. No

acute or late grade 3 or higher toxicity was reported.

Discussion

To our knowledge, this study represents the largest evaluation of prospectively
recorded outcomes after PBT for HCC in the United States. We report excellent 2-year FFLF of
93.4% after dose-escalated PBT delivered over a median 15 fractions with no grade 3 or higher
toxicity. This is notable considering that nearly half tumors were >5 cm and about 20% were >7
cm. Our results are comparable to previously published PBT studies, as summarized in Table 3
[10, 12-18]. For example, a multi-center phase 2 trial from the United States utilizing 15-
fraction PBT reported 2-year FFLF of 95% and 2-year OS of 63%[13]. These data are comparable
to published studies from Asia. For example, Kawashima et al. reported 2-year FFLF of 96% and
2-year OS of 66% in 30 patients with median 4.5 cm tumor prescribed 76 Gy(RBE) in 20
fractions[14] while Mizumoto et al. reported 2-year FFLF of 91.2% and 2-year OS of 68.5% in
576 patients with median 3.5 cm tumor treated with various ablative dose regimens over 10-22
fractions[10].

The median prescribed BED1p of 86.4 Gy(RBE) in our study is in alignment with a recently
published expert consensus statement recommending a prescribed BED1o of >80 Gy(RBE) to
optimize tumor control[19]. Others have suggested that dose escalation to a BED1o of at least

100 Gy is important for optimizing long-term control of larger tumors, although we recognize



that favorable responses can be achieved with lower prescribed doses.[20-22] Radiation dose
de-escalation is a common strategy when treating larger liver tumors in order to meet organ-at-
risk constraints, and this may be less common with PBT compared to x-ray therapy because of
the lack of exit dose resulting in a lower integral dose to the unvinvolved liver[3, 4]. For
example, the preferred dose in the RTOG 1112 trial was 50 Gy in 5 fractions although the
median prescribed dose was 35 Gy in 5 fractions due to dose reductions to meet normal liver
constraints; all patients were treated with x-ray therapy.[23] While the RTOG 1112 trial
demonstrated a significant benefit of radiation therapy over sorafenib alone, it is unclear
whether outcomes could have been further improved with PBT that may have allowed safe
delivery of higher dose.

Dose-escalated PBT has been reported in several small retrospective studies to achieve
favorable long-term local control (LC) and OS compared to photon therapy for HCC larger than
at least 5 cm although we are not aware of any published prospective clinical trials that only
include large HCC. A study from Tawain with median >10 cm HCC showed that a higher
prescribed BED1o was achievable with PBT vs. x-ray therapy (96.2 vs. 67.3 Gy(RBE); P<.001) and
2-year LC also favored PBT (88.5% vs. 33.8%; P<.001).[4] Investigators from the University of
Tsukuba reported 2-year LC of 87% after a median 72.6 Gy(RBE) in 22 fractions (BED1o = 96.6
Gy[RBE]) in patients with median 11 cm (range, 10-14 cm) tumors.[17] Kimura and colleagues
also achieved 2-year LC of 87% in patients with median 9 cm HCC prescribed to a median 72.6
Gy(RBE) in 22 fractions (BED1o = 96.6 Gy[RBE]).[18] Lastly, a recently published meta-analysis of
836 HCC patients treated with proton or carbon-ion therapy reported similarly favorable

outcomes including 2-year LC 91% for >4 cm lesions.[6]



Despite the favorable clinical outcomes of PBT for HCC, it remains controversial as to
which patients most significantly benefit versus x-ray therapy[24]. Retrospective studies
indicate that PBT induces less hepatic toxicity as a result low and moderate dose sparing of
uninvolved normal liver, and it has been suggested that this might improve OS even for patients
with small solitary HCC[25, 26]. While PBT provides better lower dose sparing of the
uninvolved liver[27], there are no randomized proton vs. x-ray clinical outcomes data to guide
decision making. The phase 3 randomized NRG GI003 trial (NCT03186898) of proton vs. x-ray
therapy for HCC closed early to accrual in January 2026, and we hope that data generated from
this study will provide valuable insights. In the absence of randomized data how should
clinicians decide on when to treat with PBT, or otherwise refer HCC patients to a proton center?
A consensus report from the Miami Liver Proton Therapy Conference, which included input
from international HCC experts with and without PBT experience, suggested that PBT should be
more strongly considered for patients with at least Child-Pugh B cirrhosis, higher tumor-to-liver
ratio, larger tumor size, smaller uninvolved liver volume, higher number of liver lesions, and
those who have had prior radiation therapy (EBRT or TARE) to the liver[3]. Subsequent studies
further support PBT in these less favorable settings, although additional research is needed to
refine criteria for triaging patients to PBT versus x-ray therapy.[4, 28]

We acknowledge several study limitations including relatively short follow-up after PBT,
significant heterogeneity in baseline patient and tumor characteristics as well as treatment
approaches, and a lack of information about treatment planning details including beam angles,
dose constraints, and use of robustness optimization. Selection bias may have impacted the

decision to recommend proton therapy at each of the participating institutions and the patients



included in our study generally represented a high risk cohort. There was incomplete baseline
information (e.g., Child Pugh class) for some patients that we were not able to obtain even after
requesting that each institution attempt to collect missing data. The presence of vascular
tumor thrombus was also not known despite attempts to obtain this information, and our
outcomes especially related to OS should be evaluated this in mind. Underreporting of adverse
events is also possible although the limited grade 2 or higher toxicy in our study is consistent
with prior studies. Lastly, dosimetric information was not available. Despite these limitations,
we believe that this analysis has several strengths that result in the manuscript being clinically
impactful including the relatively large cohort size and favorable real-world outcomes despite
relatively larger tumor burden being common.

In conclusion, we report what we believe to be the largest analysis of prospectively
assessed PBT outcomes for HCC conducted in the United States. This analysis addresses a gap
in the published literature of PBT outcomes for HCC published from Western countries. Our
findings support the development of a multi-center phase 2 trial of dose-escalated PBT for large

HCC, which is expected to open to accrual at several U.S. centers later this year.
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Figure legend:

Figure 1. Freedom from local failure (Figure 1a), freedom from intrahepatic failure (Figure 1b),
freedom from distant failure (Figure 1c), progression free survival (Figure 1d), and overall
survival (Figure 1e) after definitive proton beam therapy for hepatocellular carcinoma.



Tables

Table 1. Baseline patient, tumor, and treatment characteristics.

N (range/%)

Number of patients
Age (year), median

Gender
Male
Female
ECOG performance status
0
1
2
3
Not reported
Child-Pugh class, baseline
A
B
C
Not reported
Number of lesions
Single
Multiple
Tumor size (cm)
Median
<3
>3-5
>5-7
>7-9
>9
Not reported
Prior liver-directed therapy
Partial hepatectomy
Percutaneous ablation
Transarterial chemoembolizaion
Transarterial radioembolization
External beam radiation therapy
None
Prior systemic therapy
Yes
No
PBT prescribed fractions
Median
5-9
10-14
15-19
20-36
PBT prescribed BED1o (Gy)
Median
52.1-72
72.8-84
86.4-97.9
100-144
Unknown

88
68.0 (40-91)

63 (71.6%)
25 (26.4%)

36 (45.0%)

32 (40.0%)

10 (12.5%)
2 (2.5%)
8 (8.0%)

43 (71.7%)
15 (25.0%)
2 (3.3%)
28 (28.0%)

39 (47.0%)
44 (53.0%)

4.7 (1.2-19.0)
21 (23.9%)
22 (25.0%)
18 (20.5%)

7 (8.0%)
10 (11.4%)
10 (11.4%)

6 (6.8%)
8 (9.1%)
15 (17.0%)
4 (4.5%)
2 (2.3%)
53 (60.2%)

32 (36.4%)
56 (63.6%)

15 (5-33)
14 (15.9%)
7 (8.0%)
61 (69.3%)
6 (6.8%)

86.4 Gy (48.7-144)

17 (19.3%)
25 (28.4%)
34 (38.6%)
11 (12.5%)
1(1.1%)



PBT delivery schedule

Once daily 85 (96.6%)

Every other day 3 (3.4%)
Proton therapy technique

Pencil beam scanning 52 (59.0%)

Uniform scanning 28 (31.8%)

Not reported 9 (10.2%)
Motion management

Breath hold 11 (18.3%)

None 50 (56.8%)

Not reported 27 (30.7%)

Table 2. Univariate and multivariate analysis for overall survival after proton beam therapy for
hepatocellular carcinoma.

Variable UVA MVA

HR (95% ClI) P value HR (95% ClI) P value

Age (yr)

>Median | Reference

<Median | 1.46 (0.79-2.70) 0.226

Sex
Male | Reference
Female | 0.85 (0.43-1.70) 0.651
Tumor size
>Median | Reference Reference
<Median | 1.86 (1.03-3.37) 0.041 1.71 (0.93-3.17) 0.087

ECOG performance status

=1 | Reference
0 | 1.55(0.84-2.85) 0.159

Child Pugh class

B/C | Reference

A | 1.74 (0.80-3.79) 0.166

Prior liver-directed therapy

No | Reference

Yes | 0.56 (0.30-1.05) 0.071 0.66 (0.24-1.78) 0.409

Prior systemic therapy

Yes | Reference

No | 0.54 (0.27-1.08) 0.081 0.85 (0.34-2.13) 0.725

Number of fractions

>Median | Reference

<Median | 0.89 (0.40-1.96) 0.771

Prescribed BED1o

>Median | Reference

<Median | 0.68 (0.37-1.25) 0.213

Proton delivery technique

PBS | Reference

Uniform scanning | 0.61 (0.33-1.14) 0.121

Motion management

Breath hold | Reference

Free breathing | 0.89 (0.46-1.74) 0.735




Table 3. Summary of clinical outcomes from select proton beam therapy studies for hepatocellular

carcinoma.

Child-Pugh (CP) Tumor size Prescribed Freedom Overall
N ; from local )
class (cm) dose/fraction fai survival
ailure
CP-A71.7%
CP-B 25.0% Median 4.7 . i o i o
Current study 88 CP-C 3.3% (1.2-19.0) Various 2-yr93.4% | 2-yr 54.9%
Unknown 28.0%
- 0 i
Hong etal[13] | 44 gg_g‘ ;?0//:’) '\("fg'ﬂnzf’ 67.5 Gy/15 fx 2.yr95% | 2-yr 63%
Mizumoto et al. CP-A80% Median 3.5 66 Gy/10 fx ) o ) o
[10] 6 | cp-B19% (520) | 72.6-76 Gy/20-221x | 2Y"91:2% | 2yr68.5%
Kawashima et CP-A67% Median 4.5 o o
al[14] 30 CP-B 33% (2.8-8.2) 76 Gy/20 fx 2-yr 96% 2-yr 66%
. - o - -
Mazﬂﬁzl](l et o4 gg_g\ ‘2120//(:, Mear};).z (1 Mean 72.5f§y/2.5 4 2-yr 91% 2-yr 71%
- 0, i
SugaTj‘;‘i‘ etal. | 5 A eyt 72.6 Gy/22 fx 2-yr87% | 2-yr 38%
Median not 77 Gy/25 x
Kimura et al. [18] 24 CP-A100% reached (5- 72.6 Gy/22 fx 2-yr 87% 2.yr 52.4%
18) 66 Gy/10 fx
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