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Proton therapy in the treatment
of hepatocellular carcinoma
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Liver cancer represents one of the most common causes of death from cancer
worldwide. Hepatocellular carcinoma (HCC) accounts for 90% of all primary
liver cancers. Among local therapies, evidence regarding the use of radiation
therapy is growing. Proton therapy currently represents the most advanced
radiation therapy technique with unique physical properties which fit well with
liver irradiation. Here, in this review, we aim to 1) illustrate the rationale for the
use of proton therapy (PT) in the treatment of HCC, 2) discuss the technical
challenges of advanced PT in this disease, 3) review the major clinical studies
regarding the use of PT for HCC, and 4) analyze the potential developments
and future directions of PT in this setting.
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Introduction

Liver cancer represents the sixth most commonly diagnosed cancer and the third
leading cause of cancer death worldwide in 2020 (1). Hepatocellular carcinoma (HCC)
accounts for 90% of all liver cancers (2). Survival is poor with an average 5-year overall
survival (OS) of around 20% (2). A certain level of cirrhosis is associated with the
majority of HCCs. Locoregional recurrent disease is the main cause of death in HCC (3),
while metastatic spread is limited even in advanced stages (4). Potential treatment
strategies are extensive, ranging from curative approaches such as surgery or liver
transplantation, which only selected patients (less than 20%) are eligible due to patients’
or tumors’ condition and ablation, whose efficacy is limited by tumor size or location (5),
to non-curative strategies with an impact on survival for intermediate stages such as
chemoembolization (6) or radioembolization (7). Advanced stages with retained liver
function could benefit from systemic therapy: the recent IMbravel50 phase III trial
showed the superiority of the combination of atezolizumab and bevacizumab over the
standard of care treatment with sorafenib (8, 9).

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2022.959552/full
https://www.frontiersin.org/articles/10.3389/fonc.2022.959552/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2022.959552&domain=pdf&date_stamp=2022-08-08
mailto:francesco.dionisi@ifo.it
https://doi.org/10.3389/fonc.2022.959552
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2022.959552
https://www.frontiersin.org/journals/oncology

Dionisi et al.

In the context of localized diseases, radiotherapy (RT)
represents a valid, curative, and alternative approach to
surgery in various cancers (10). The case of HCC is more
complex, due to several factors that historically limited the
safety and efficacy of RT, such as the low radiotolerance of the
liver, the need for high doses and treatment volumes of radiation
for tumor control, the often impaired liver function at baseline,
the impact of previous oncological treatments on liver status,
and the lack of standard indications regarding the proper
integration of RT with the abovementioned therapies.

However, nowadays, modern RT technologies allow safe
HCC treatments with positive results in terms of local control
(LC) and survival (11-13); thus, the role of RT in the treatment
of HCC is slowly but steadily emerging as an effective
locoregional treatment option for this disease according to
several (but not all) international guidelines (14).

Proton therapy (PT) represents the most advanced
radiotherapy technique currently available. In the past decade,
PT registered an exponential rise in both the number of patients
treated and the centers currently utilizing it worldwide, which
exceeded 100 as of April 2022 (15). The unique physical
properties of protons of having a finite range in tissue and a
zero dose beyond the end of their path allow a dose-distribution
profile which results in better sparing of healthy tissues
compared with X-ray therapy at medium-low doses. These
dosimetric characteristics fit well with liver irradiation and
could enlarge the therapeutic window of RT in HCC treatment.

In this paper, we aim to review the rationale, the major
clinical studies, the technical and economic challenges, and the
potential future directions regarding the use of PT for HCC.

Protons vs. X-rays (from dosimetry
to initial clinical data)

The pioneering work of the University of Michigan
established the strong correlation between the mean liver
dose and the risk of radiation liver toxicity (i.e., radiation-
induced liver disease, RILD) (16). Baseline liver function is
also a predictor of the risk of RILD (17). Several dosimetric
studies established the superiority of PT dose distribution
compared with photon RT in liver irradiation: in 2008, the
work of Wang compared proton and photon plans for nine
patients affected by primary liver tumors, showing a
significant gain with PT plans in the majority of parameters
with a 30% reduction in the mean liver dose resulting in a
significant reduction in the risk of RILD (18). More recently,
the University of Pennsylvania published a planning
comparison analysis between proton and photon plans for
different tumor sizes (ranging from 1 to 6 cm) and locations
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in the liver (four different locations: dome, caudal, left medial,
and central liver), and a total of 48 plans were analyzed. Based
on their analysis, the authors suggested the use of protons to
preserve liver function for tumors larger than 3 c¢cm in the
dome and central locations; according to the results of their
work, protons should also be considered for tumors larger
than 5 cm in any location. Interestingly, 3 cm is usually the
cutoff size used to consider a high risk of failure in case of
ablation treatment.

Moving from in-silico data to initial clinical data, in recent
years, an interesting research field focused on the analysis of the
clinical outcomes of HCC patients treated with PT in
comparison with conventional photon RT. In 2015, Qi et al.
reported the results of a meta-analysis of 70 clinical studies using
particle therapy (including protons and carbon ion therapy) or
X-rays for HCC (stereotactic RT, SBRT, or conformal 3D RT): a
comparable efficacy in terms of OS and local control (LC) was
found between particle therapy and SBRT, with a significant
reduction in toxicity in favor of charged particles (19). More
recently, in 2019, Sanford et al. analyzed the clinical outcomes of
HCC patients treated with ablative PT (n = 49) or RT (n = 84)
treated at the Massachusetts General Hospital between 2008 and
2017 (20). Treatment with PT was associated with significantly
improved OS in comparison with RT (median OS 31 vs.
14 months), although there was no difference in LC (93% vs.
90% at 2 years). The authors hypothesized that this survival
advantage was due to a lower incidence of liver decompensation
with the use of protons. However, given the retrospective nature
of the study, the authors warned regarding the risk of selection
bias and invited to interpret the findings only as hypothesis
generating. Similarly, a very recent work by Cheng et al. analyzed
the outcome of HCC patients treated at their institution with PT
(n = 64) or photon (n = 349) between 2007 and 2018 (21). In
order to deal with the issue of selection bias for retrospective
studies, the authors used the propensity score matching (PSM)
method applied to predefined patient- and tumor-related
variables, thus producing more reliable and robust clinical data
regarding treatment comparison. A significant advantage in OS
was reported in patients treated with PT in comparison with X-
rays. Moreover, although the biologically effective dose (BED)
was significantly higher in the PT population, the risk of RILD
was significantly lower using protons.

The evidence provided thus far confirmed that the
dosimetric gain achievable with PT in comparison with X-rays
translates into an effective clinical benefit for HCC patients. The
next step would be to demonstrate these clinical advantages in a
randomized, controlled trial, which, albeit suffering from
intrinsic weaknesses such as generality, duration, and costs
(22), still represents the gold standard methodology to
establish evidence of new medical therapies. This is the goal of
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the trial NCT03186898, a phase III randomized trial currently
recruiting patients affected by unresectable HCC to determine
whether OS is different between HCC patients treated with PT or
X-rays.

Proton vs. other treatment options

Among the several treatment options currently available for
HCC treatment, the touchstone strategies for different disease
stages are surgery, radiofrequency ablation, and
chemoembolization (23). In light of this, it is necessary to
analyze the studies which compared PT with such strategies.

Bush et al. from the Loma Linda proton center conducted a
randomized trial comparing transarterial chemoembolization
(TACE) and PT for HCC patients; so far, an interim analysis
has been published showing similar OS between the two
treatments and a trend with better LC (88% vs. 45%, p = .06)
and progression-free survival (48% vs. 31%, p = .06) favoring PT
(24). Tamura et al. recently reported the results of a retrospective
comparison between surgery and PT for single HCC <100 mm
without vessel invasion (25). The authors found that the median
survival time in the surgery group was significantly better than in
the PT group. The performance status (PS) of the patients was
confirmed to be an independent prognostic factor for survival; as a
matter of fact, the difference in OS between surgery and PT
disappeared after PSM. In the context of PT treatment in
comparison with other key strategies in HCC, the most
important data come from the very recent phase III study by
Kim etal. (26). The authors from Korea conducted a single-center,
non-inferiority, randomized trial to compare PT vs. standard of
care radiofrequency ablation (RFA) for HCC lesions <3 cm. The
primary endpoint was 2-year local progression-free survival
(LPFS). To our knowledge, for the first time, PT demonstrated a
similar outcome in terms of efficacy in comparison with the gold
standard treatment in a phase III randomized clinical trial. As a
matter of fact, the 2-year LPFS with PT vs. RFA was 92.8% vs.
83.2% in the intention-to-treat population. As expected, the
tolerability profile of PT was excellent, with no change in
Child-Pugh score >2 points after PT treatment.

Clinical studies

Table 1 illustrates the major clinical studies regarding PT for
HCC patients. In general, it is important to underline that the
quantity of clinical data is high: PT indeed has been used to treat
HCC since the 1980s, the first experience being reported in 1983
by the University of Tsukuba, Japan. Since that time, the data
from thousands of HCC patients treated with PT have been
published. In terms of the quality of the studies’ methodology,
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the majority of the reports represent institutional retrospective
case series with a few prospective trials: of note, two randomized
trials were published. The geographical distribution of the
studies is also of note: the majority of the studies come from
Eastern countries, where the incidence of HCC is the highest and
where there is a high concentration of proton centers (15). The
rest of the studies come from the USA, with only one
retrospective series coming from the European countries (27).
It is interesting to highlight that, in contrast to the European
guidelines, the HCC guidelines from the USA and Asia suggest
the use of PT as an effective alternative in the treatment of
unresectable HCC in light of the clinical results reported in
Table 1. As a matter of fact, all the studies reported positive
results in terms of efficacy and safety for PT in HCC treatment.
Going into detail, the comprehensive clinical experience of the
University of Tsukuba assessed the effectiveness of PT for
various clinical conditions of the tumor and patient. Three
different treatment schedules were developed according to
tumor location: lesions located adjacent to the porta hepatis
(PH) and gastrointestinal (GI) tract were treated with prolonged
schedules (72-77 Gy in 22-35 fractions), while lesions located
>2 cm away from the GI tract received a more hypofractionated
regimen of 66 Gy in 10 fractions. The reported 3- and 5-year OS
rates were 64.7% and 44.6%, with a 5-year LC rate of 83.3%,
respectively, without relevant toxicity (28). The same institution
published other reports retrospectively analyzing the clinical
data of a specific HCC population of patients such as patients
with tumors larger than 10 cm, patients with portal vein
invasion, elderly patients, and patients with poor liver function
(Child-Pugh C) (29-32). Albeit retrospective, these case series
illustrated the feasibility of PT in these challenging settings.

In the USA, the pivotal prospective study from the
University of Loma Linda by Bush et al. established the
effectiveness of PT treatment for HCC in Western countries
(33). The adopted 15-fraction treatment up to 63 Gy schedule
gave positive results in terms of efficacy and safety and became
the backbone of the multicenter, prospective phase II study by
Hong et al. (34), published in 2016, whose positive findings led
to the insertion of PT as an alternative treatment option in the
NCCN guideline for unresectable HCC. The study evaluated 81
patients (44 HCC and 37 intrahepatic cholangiocarcinomas); the
dose regimen was 67.5 Gy in 15 fractions for peripheral tumors
and 58.05 Gy in 15 fractions for lesions within 2 cm of the porta
hepatis. The 2-year LC, PFS, and OS rates in the HCC
population were 94.8%, 39.9%, and 63.2%, respectively, with
only one patient in the HCC cohort developing G3 toxicity
(thrombocytopenia). More recently, several other reports from
different institutions in the USA and Eastern countries
confirmed the safety and effectiveness of PT in the treatment
of HCC (Table 1). Parzen et al. in 2020 evaluated the multi-
institutional prospective proton registry database and identified
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30 HCC patients treated at nine institutions in the USA between
2013 and 2019 (35); the LC at 1 year was 91.2%, comparable with
the historical series. A trend toward a statistically significant
association between the BED and local control was observed.

Based on the recent reports from the Eastern countries, in
addition to the already mentioned randomized trial of PT vs.
ablation, the work of Kim et al. in 2019 retrospectively analyzed
a large cohort (n = 243) of HCC patients treated at their
institution with a risk-adapted treatment strategy according to
the proximity of target to the gastrointestinal tract. Patients were
treated with three different dose schedules in 10 fractions using
the simultaneous boost technique to reduce the dose within 2 cm
of the gastrointestinal tract; a significant association with the
dose fractionation scheme, total PT dose, and OS was
found (36).

Technical challenges

Protons and, more in general, charged hadrons have the
unique physical property of a finite range in tissues. The range is
determined by the initial energy of the proton beam and by the
stopping power of the material in the beam path.

This characteristic gives the possibility to obtain very high
conformal dose distributions and the possibility to lower the
mean and low dose bath around the target. The majority of
clinical data depended on the passive scattering (PS) delivery
method. New PT installations are mainly equipped with the
pencil beam scanning (PBS) delivery technique. With PBS, given
the possibility to modulate the intensity of the beam, higher dose
conformity can be achieved with respect to PS at the cost of
being more sensitive to uncertainties.

As a matter of fact, the quality of the nominal dose
distribution can be perturbed by different sources of
uncertainties like setup uncertainties, daily anatomical
variations, uncertainty in machine delivery parameters, tissue
inhomogeneity, inaccuracies in dose calculation algorithm,
inaccuracies in CT calibration curve, and perturbations
induced by internal organ motion (37). Every time a moving
target is treated, the combination of its motion with an active
delivery technique (such as proton pencil beam scanning,
intensity-modulated radiation therapy, and volumetric arc
therapy) can lead to an undesired deterioration of the dose
distribution. This is the interplay effect. The management of this
kind of uncertainty in particle therapy was widely discussed in
an AAPM report recently published (38), and a comprehensive
review on the clinical necessity of adequate imaging taking into
account this effect has been published (39). The evaluation of
interplay effects is the main technical challenge for the
commissioning of liver treatments in free breathing and/or in
breath-hold (40, 41). Different methods have been proposed to
mitigate the effect of the motion on the dose distribution such as
repainting (42), 4D optimization taking into account the organ
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TABLE 2 Clinical Trials currently open evaluating PT for HCC.

Study Title

Feasibility of High Dose Proton Therapy On
Unresectable Primary Carcinoma Of Liver:
Prospective Phase II trial

Proton Beam Therapy in Hepatocellular
Carcinoma With Portal Vein Tumor
Thrombosis (PTHP)

Radiation Therapy With Protons or Photons in
Treating Patients With Liver Cancer

Stereotactic Body Proton Radiotherapy for the
Treatment of Liver Cancer

A National Phase II Study of Proton Therapy
in Hepatocellular Carcinoma

Principal
Institution

Samsung Medical
Center, Seoul, Korea

Samsung Medical
Center, Seoul, Korea

NRG Oncology
Massachusetts
General Hospital
Cancer Center, USA

Mayo Clinic, USA

Aarhus University
Hospital, Denmark

10.3389/fonc.2022.959552

Type of trial ClinicalTrials.gov Estimated  Actual Estimated
Identifier Enrollment  Study Study

Start  Completion
Date Date

Monoinstitutional, NCT02632864 66 participants 2015 2022

Phase II

Monoinstitutional, NCT02571946 53 participants 2015 2022

Phase II

Multicentric, NCT03186898 186 2017 2029

Phase III participants

Multicentric, NCT04805788 60 participants 2021 2025

Phase II

Multicentric, NCT05203120 50 participants 2022 2030

Phase II

motion during the planning (43), both 4D optimization and
repainting (44), motion reduction with the use of compressor
(45), or forced deep expiration breath-hold (46, 47).

The setup uncertainty has another crucial role in the
treatment of liver tumors (48). In particular, a comparison
between vertebral body matching, diaphragm matching, and
marker matching has been analyzed concluding that the last one
has the best results in terms of positioning accuracy.
Consideration has to be made from a radiobiological point of
view if radio-opaque markers larger than 1.5 mm are used in the
context of particle therapy since they can reduce the tumor control
probability (TCP) and increase the dose to the surrounding
critical organs (49). The diaphragm matching can be a reliable
surrogate for liver tumor alignment (50). A detailed technical
report of the first 17 liver patients treated with forced deep
expiration breath has been reported by Fracchiolla et al. (51).
The use of the Active Breathing Coordinator (ABC—ELEKTA®)
reduced the residual motion of the internal organs during the
delivery and increased the reproducibility of the patient anatomy.
The authors also proposed a method to optimize the use of the
range shifter in order to obtain a sharper lateral dose penumbra
and, for facilities with more than a single treatment room, to
optimize the beam time allocation.

Future directions

There is growing scientific evidence regarding the
effectiveness and safety of the use of PT for HCC. In recent
years, the strength of evidence increased, with several data
coming from prospective studies and also from two

Frontiers in Oncology

randomized studies. Table 2 illustrates the clinical trials
currently evaluating the use of protons for HCC. The
superiority of PT in comparison with X-rays in terms of OS
for HCC patients, which has been highlighted so far only in
retrospective studies, will be evaluated in the already
mentioned multicenter trial NCT03186898. The Mayo Clinic
phase II trial has the goal to evaluate the safety of the use of 5-
fraction stereotactic PT for the treatment of HCC. Another
interesting trial is the NCT05203120 that is currently ongoing
at the Danish Particle Center in Denmark, the first European
prospective study for PT and HCC, whose results, if positive,
could help in bridging the gap between Europe and the USA
and Eastern countries in acknowledging the effectiveness of
radiotherapy in the treatment of HCC. Other strategies to
evaluate in the next future studies should include the
combination of PT with other locoregional therapies. The
positive results of the already mentioned IMbravel50 phase
III trial demonstrated the effectiveness of combination therapy
for advanced stage HCC. In the context of locoregional disease,
the combination of local and locoregional therapy such as
TACE and radiotherapy could have an impact on the
oncological outcome, probably at a cost of higher toxicity, as
reported by the meta-analysis by Meng et al. (52). The
favorable toxicity profile of protons due to their intrinsic
physical properties makes PT the option of choice in case of
combined treatments, especially for complex settings such as
large tumors and poor liver function. Furthermore, the
combination of PT with immune checkpoint inhibitors,
which has been recently retrospectively reported (53)
(Table 1), should be evaluated in prospective trials for safety
and effectiveness.
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