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Abstract

Purpose: Our purpose was to assess the safety and efficacy of intensity modulated proton therapy (IMPT) for the treatment of hepa-
tocellular carcinoma (HCC).

Methods and Materials: A retrospective review was conducted on all patients who were treated with IMPT for HCC with curative intent
from June 2015 to December 2018. All patients had fiducials placed before treatment. Inverse treatment planning used robust opti-
mization with 2 to 3 beams. The majority of patients were treated in 15 fractions (n = 30, 81%, 52.5-67.5 Gy, relative biological
effectiveness), whereas the remainder were treated in 5 fractions (n = 7, 19%, 37.5-50 Gy, relative biological effectiveness). Daily
image guidance consisted of orthogonal kilovoltage x-rays and use of a 6° of freedom robotic couch. Outcomes (local control,
progression free survival, and overall survival) were determined using Kaplan-Meier methods.

Results: Thirty-seven patients were included. The median follow-up for living patients was 21 months (Q1-Q3, 17-30 months).
Pretreatment Child-Pugh score was A5-6 in 70% of patients and B7-9 in 30% of patients. Nineteen patients had prior liver directed
therapy for HCC before IMPT. Eight patients (22%) required a replan during treatment, most commonly due to inadequate clinical target
volume coverage. One patient (3%) experienced a grade 3 acute toxicity (pain) with no recorded grade 4 or 5 toxicities. An increase in
Child-Pugh score by > 2 within 3 months of treatment was observed in 6 patients (16%). At 1 year, local control was 94%, intrahepatic
control was 54%, progression free survival was 35%, and overall survival was 78%.
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Conclusions: IMPT is safe and feasible for treatment of HCC.

© 2021 The Authors. Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

In the United States, the incidence of hepatocellular
carcinoma (HCC) and HCC-related annual deaths have
approximately doubled over the past 2 decades.’ World-
wide, HCC remains a leading cause of cancer-related
mortality. Aside from liver transplantation, surgical resec-
tion and local ablation are considered curative treatments
for patients with adequate liver function and limited tumor
burden.” Yet, many patients are not candidates for surgical
therapies and require alternative treatment strategies. For
these patients, transarterial therapies (chemo-embolization,
radio-embolization) and external beam radiation therapy
(EBRT) have shown efﬁcacy.3

Historically, the utility of EBRT for treating HCC was
constrained by technical limitations in controlling dose to
the uninvolved liver. With recent advances in radiation
therapy techniques, EBRT is now considered a reasonable
treatment option for patients with localized HCC, along-
side transarterial therapies. One of those advances that has
helped improve EBRT treatment of HCC is proton beam
therapy. Compared with photon radiation therapy, proton
therapy has markedly less exit dose because the dose
deposited by the protons is at a maximum near the end of
their range. Thus, proton therapy may improve the ther-
apeutic ratio by decreasing dose to the liver uninvolved
by tumor.

Prior studies examining proton therapy for HCC used
passive-scatter proton therapy technology. Compared
with passive-scatter proton therapy, spot-scanning proton
therapy allows for intensity modulation of the proton
beam (IMPT), providing a more conformal dose distri-
bution and sparing more uninvolved liver and adjacent
organs. However, IMPT may be more vulnerable to un-
certainties in dose delivery due primarily to target motion
and the interplay effect.”

We report our initial clinical experience of IMPT for
the treatment of HCC with the hypothesis that IMPT can
be delivered safely for this aggressive malignancy. Better
treatment strategies are needed to decrease the risk of liver
injury while maintaining disease control in these patients
who are at risk for liver decompensation.

Methods and Materials

Patient selection

After institutional review board approval, we retro-
spectively reviewed electronic medical records of

consecutive patients with HCC who were treated with
IMPT from June 2015 through December 2018. These
patients were treated at 2 tertiary sites within the same
institution. Inclusion criteria were age >18 years, clinical
or pathologic diagnosis of HCC without metastatic dis-
ease, and IMPT treatment with curative intent. Prior
HCC-directed therapy was allowed.

Radiation planning and treatment

The decision to treat with IMPT (vs photon stereotactic
body radiation therapy [SBRT]) was at the discretion of
the treating physician (subject to insurance approval),
although IMPT was generally used for patients with tu-
mors >4 cm, multifocal disease, or portal vein throm-
bosis. The majority of patients were treated with 67.5 or
58.5 Gy (relative biological effectiveness [RBE]) in 15
fractions or 50 Gy (RBE) in 5 fractions (stereotactic body
proton therapy [SBPT]).

All patients had fiducials placed in the liver adjacent to
the tumor before simulation. Two patients had a surgical
spacer placed between the liver and nearby bowel before
simulation. Patients were simulated and treated with a full
body vacuum cushion (BlueBag, Elekta Instrument AB)
or a vacuum cushion under the arms and a knee cushion.
A less common treatment position used an Orfit set-up
(Orfit Industries NV) with a thorax thermoplastic mask
and leg vacuum cushion (n = 4). A free-breathing 4
dimensional computed tomography was performed and
the motion of the fiducials was assessed. The median
fiducial motion was 10 mm (first through third quartile
[Q1-Q3], 8-15 mm). For fiducial motion <10 mm and no
overlap of the internal target volume (ITV) with a critical
organ at risk (OAR), patients were primarily treated free
breathing with isolayer repainting (n = 6, 16%) with only
1 (3%) patient who was treated with free breathing alone
as fiducial motion was only 6 mm. For fiducial motion
>10 mm and/or overlap of the ITV with a critical OAR,
patients were treated with inspiratory breath hold (n =
15, 41%), phase-based respiratory gating (n = 8, 22%),
or free breathing with isolayer repainting (n = 7, 19%).
Both noncontrast and intravenous contrast scans were
performed at simulation, but treatment planning was
performed using noncontrast images. All patients had
pretreatment magnetic resonance imaging used for plan-
ning purposes with the majority (n = 31, 84%) being in
treatment position.

The gross target volume included the parenchymal
disease and associated vascular involvement. An ITV was
determined based on an appropriate margin to account for
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tumor motion. A clinical target volume was generally
equal to the ITV but a 5 to 10 mm margin could be added
to the ITV based on physician preference. The majority of
patients (n = 24, 65%) were treated with 3 fields, with
the remaining patients (n = 13, 35%) treated with 2
fields. Twenty patients (54%) were planned using single-
field optimization and 17 patients (46%) were planned
with multifield optimization. Robust treatment planning
was used, with a goal to have 95% of the target covered
by 95% of the dose with translational shifts of &5 mm in
X, y, and z directions and range uncertainty of +5%. An
RBE of 1.1 was assumed.

Dose constraints for OARs were followed according to
institution guidelines. Relevant dose constraints for the 15
fraction regimen were the following: cord volume
receiving 37.5 Gy (RBE) (V37.5) < 0.50 cc, small bowel
V45 < 0.5 cc, large bowel V48 < 0.5 cc, liver minus
target mean dose < 27 Gy (RBE). For the 5 fraction
regimen, constraints included: cord D0.03 cc < 30 Gy
(RBE), small bowel D0.03 cc < 32 Gy (RBE), large
bowel D0.03 < 38 Gy (RBE), liver minus target mean
< 17 Gy (RBE).

All patients were treated with daily image guidance
using orthogonal kilovoltage x-rays and a 6° of freedom
robotic couch. An initial alignment was performed to the
spine to adjust for variation in general patient positioning,
and then the final alignment was performed to the fiducials.
Imaging was generally performed before each treatment
field with a tolerance of 5 mm to the fiducials. Verification
computed tomography scans were obtained once per week
for patients receiving 15 fractions and once during the
initial 3 days of treatment for patients receiving 5 fractions.

Follow-up and disease outcomes

Follow-up data were collected through April 2020.
Patients underwent standard clinical and imaging evalu-
ations, generally every 3 months after treatment. Out-
comes (local control [LC], intrahepatic control,
progression free survival [PFS], and overall survival
[OS]) were determined using Kaplan-Meier methods. LC
was defined as no evidence of growth on follow-up im-
aging of the treated tumor. Intrahepatic failure was
defined as appearance of new liver tumors or growth of
liver tumors outside the treated volume on follow-up
imaging. PFS was defined as no evidence of local or
intrahepatic failure or appearance of metastatic disease
outside the liver.

Liver disease indices

Child-Pugh (CP), albumin-bilirubin (ALBI), and model
for end-stage liver disease were used to estimate the
severity of end-stage liver disease and survival prediction.
CP was calculated using an assigned point system for the

following patient variables: total bilirubin, albumin, inter-
national normalized ratio, presence of ascites, and presence
of encephalopathy.” ALBI was calculated with a weighted
equation that takes into account the patient’s bilirubin and
albumin levels.® Finally, the model for end-stage liver
disease score was calculated using an assigned point system
for the following laboratory values: creatinine, total bili-
rubin, international normalized ratio, and sodium.’

Results

Patient and tumor characteristics

Thirty-seven patients met inclusion criteria for this
study. Patients were followed until death or with a median
follow-up of 21 months in survivors (Q1-Q3 17-30
months). Patient and treatment characteristics are detailed
in Tables 1 and 2, respectively.

Table 1  Patient characteristics
Number (%) or median (Q1-Q3)
Age, years 69 (64-76)
Sex
Male 25 (68%)
Female 12 (32%)
Race
White 32 (87%)
Non-white 5 (13%)
ECOG
0 14 (38%)
1 17 (46%)
2 4 (11%)
3 2 (5%)
Cirrhosis
Present 27 (73%)
Absent 10 (27%)
Etiology of cirrhosis
Alcoholic 6 (22%)
HCA 1 (4%)
HBV 1 (4%)
HCV 8 30%)
NAFLD 8 (30%)
Other 3 (11%)
Child-Pugh
A (5-6) 26 (70%)
B (7-9) 11 (30%)
ALBI score -2.42 (-2.76 to -2.08)
MELD score 9 (7-11)
Alpha-fetoprotein (ng/mL) 20 (5-516)
Disease status
Newly diagnosed 18 (49%)
Locally recurrent 19 (51%)

Abbreviations: ALBI = albumin bilirubin, ECOG = Eastern
Cooperative Oncology Group; HBV = hepatitis B virus; HCA =
hemochromatosis; HCV = hepatitis C virus; MELD = model for
end-stage liver disease; NAFLD = nonalcoholic fatty liver disease.
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Table 2 Tumor and radiation therapy characteristics

Number (%)
or median (Q1-Q3)

Median tumor size, cm 5 (3-8)
<5 cm 19 (51%)
5-10 cm 14 (38%)
>10 cm 4 (11%)
Vascular thrombosis
Present 14 (38%)
Absent 23 (62%)
Previous therapy to target
Yes 18 (49%)
No 19 (51%)
Most recent previous target therapy

(n = 18)
Ablation 3 (17%)
External beam (photon) radiation therapy 1 (6%)
TACE 6 (33%)
TAE bland 3 (17%)
TARE 1 (6%)
Surgery 1 (6%)
Systemic therapy 3 (17%)
Any prior therapy
Yes 24 (65%)
No 13 (35%)
Dose fractionation
67.5 Gy (RBE) in 15 fx 15 (41%)
58.5 Gy (RBE) in 15 fx 13 (35%)
52.5 Gy (RBE) in 15 fx 2 (5%)
50 Gy (RBE) in 5 fx 6 (16%)
37.5 Gy (RBE) in 5 fx 1 3%)
Abbreviations: RBE = relative biological effectiveness;
TACE = transarterial chemoembolization, TAE = transarterial

embolization; TARE = transarterial radioembolization.

Recorded dose volume histogram indices are presented
in Table 3. The median of the uninvolved liver mean dose
was 12 Gy (RBE) (Q1-Q3 8-16 Gy). During the IMPT
course, 8 patients (22%) required replans, with 1 patient
requiring 3 replans. Reasons to replan included the
following: 6 replans to improve clinical target volume
coverage (2 for ascites and 4 for changes in respiratory

Table 3  Dose-volume histogram indices

Median (Q1-Q3)

158 (70-434)
100 (99-100)
100 (100-100)
170 (77-533)

99 (98-100)
100 (99-100)
1799 (1300-2316)
12.3 (7.6-15.8)

Abbreviations: CTV = clinical target volume; GTV = gross tumor
volume; RBE = relative biological effectiveness.

GTV (co)

GTV V100% (%)

GTV V95% (%)

CTV volume (cc)

CTV V100% (%)

CTV V95% (%)

Liver volume (cc)

Liver - CTV mean (Gy [RBE])

motion), 3 to decrease the dose to the duodenum, and 1
because the patient did not tolerate the initial treatment
position.

Outcomes

Three patients (8%) experienced a local failure of the
target lesion for a 1-year LC of 94% (Fig 1A). Nineteen
patients (51%) experienced a nontarget intrahepatic fail-
ure, and 7 patients (19%) developed distant metastases.
Median PFS was 10 months (95% confidence interval,
4-13 months). At 1 year, intrahepatic control was 54%
and PFS was 35%. Nineteen patients (51%) died during
the study period for a median and 1-year OS of 19 months
(95% confidence interval, 13-24 months) and 78%,
respectively (Fig 1B). One patient underwent liver
transplant 9 months after completion of IMPT treatment.

Toxicities
Four patients (8%) experienced a Common Terminol-

ogy Criteria for Adverse Events version 5.0 grade 2
toxicity (anorexia, fatigue, nausea, pain), which was not

Local Control
o _‘_‘_L_“—L&—O—“]
75%
g
3
Z
8 50%
S
25%
Number at risk
0% 37 29 26 18 6
0 [ 12 18 24
Time to Event (Mooths)
Overall Survival
100%
75%
7
]
s
3 50%
]
25%
Number at risk
o%{ 37 30 28 19 8
0 6 12 18 24

Time to Event (Months)

Figure 1 (A) Local control; (B) Overall survival.
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present at baseline. One patient (3%) experienced grade 3
toxicity (pain) at the end of treatment. No grade 4 or 5
toxicities were recorded.

With regard to delayed effects on liver function, 13
patients (35%) experienced an increase in CP score within
the first 3 months, but only 6 patients (16%) experienced
an increase in CP score by 2 points (Table 4). An increase
in ALBI grade was observed in 10 patients (27%); 9 of
those were an increase in only 1 grade (from ALBI grade
1-2 to 2-3).

Discussion

HCC is an aggressive malignancy with local therapy
playing a central role in its treatment, particularly in pa-
tients who are not transplant candidates. IMPT is both
feasible and well-tolerated in the treatment of localized
HCC.

In the current series, 1-year LC was 94%, PFS was
35%, and OS was 78%. These results are similar to what
has been published in the literature, both for photon
SBRT and hypofractionated proton radiation therapy
(Table 5).*'* MD Anderson Cancer Center (MDACC)
published their hypofractionated proton therapy for HCC
series (46 patients) with a 2-year LC of 81% and OS of

Table 4 Pre- and posttreatment liver indices

Pre Post
Child-Pugh
A (5-6) 26 (70%) 19 (54%)
B (7-9) 11 (30%) 14 (40%)
C (10-15) 0 (0%) 2 (6%)
Child-Pugh increase (any)
Present 13 (35%)
Absent 24 (65%)
Child-Pugh increase

by 2 with 3 months
Present 6 (16%)
Absent 31 (84%)
ALBI score
Median (Q1-Q3) -2.42 -2.02
(-2.76 to -2.08) (-2.59 to -1.72)

ALBI grade
1 14 (38%) 9 (26%)
2 23 (62%) 22 (63%)
3 0 (0%) 4 (11%)
Not reported 0 (0%) 2 (NA)
MELD score
Median (Q1-Q3) 9 (7-11) 10 (8-15)
MELD
<10 22 (60%) 19 (51%)
10-20 14 (38%) 13 (35%)
>20 1 3%) 5 (14%)

Abbreviations: ALBI = albumin bilirubin; MELD = model for end-
stage liver disease.

62%."" More recently, a South Korean phase II study of
hypofractionated passive scatter proton beam therapy for
HCC in 45 patients demonstrated a 3-year LC of 95%,
although the median tumor size treated was small (1.6 cm
compared with 5 cm in our study).'* In the United States,
the Proton Collaborative Group published their experi-
ence treating unresectable liver tumors in 63 patients,
reporting a 1-year LC of 91% for patients with HCC."”
However, 25 of these patients had intrahepatic chol-
angiocarcinoma, and they did not differentiate between
those patients who received passive scatter proton therapy
versus IMPT. Given the excellent LC in the current
report, the uncertainties associated with IMPT can be
mitigated with appropriate motion management and
treatment techniques outlined earlier.

IMPT was well-tolerated in the current series, with
only 1 patient (3%) experiencing a grade 3 toxicity. In
terms of liver prognostic indices, an increase in CP score
by 2 points was found in 6 patients (16%), which is
similar to the 10% to 15% range reported in recent studies
using proton therapy.”'' An increase in CP score by 2
points has been used as a measure of radiation-induced
hepatic toxicity and was found to be associated with OS
of patients treated with radiotherapy.'® Compared with
baseline CP score, baseline ALBI score has been sug-
gested to be a more important prognostic factor for
radiation-induced hepatic toxicity and OS in patients with
a CP score of 5 to 6.7 The current series found 4 patients
(11%) were ALBI grade 3 within 3 months of treatment
completion, whereas no patients were grade 3 before
treatment.

Hepatic toxicity has been associated with increased
liver dose and level of underlying cirrhosis.'”'® In our
study, the median value for mean liver-target dose was
12.3 Gy (RBE) —well below our institutional constraint
of 27 Gy (RBE) for the 15 fraction regimen. Dosimetric
factors predicting radiation-induced hepatic toxicity have
included increased mean liver dose and increased dose to
800 cc of the liver.'” In a dosimetric comparison study for
liver tumors, proton therapy resulted in a significantly
decreased mean liver dose as well as liver volume
receiving at least 30 Gy (RBE).”’ More recently, a multi-
institutional dosimetric analysis of patients undergoing
proton therapy identified unirradiated liver volume (liver
receiving <1Gy [RBE]) as an independent predictor of
CP increase by 2 points.”!

The importance of minimizing radiation-related liver
injury is supported by 2 separate clinical comparisons of
proton and photon therapy for HCC. In a multicenter
study, patients who received proton therapy had signifi-
cantly improved OS compared with those who received
photon therapy and also had a significantly decreased risk
of developing a CP increase by 2 points.”> However,
when stratified by those patients who developed a CP
increase by 2 points, the survival benefit for proton
therapy only remained significant when comparing the 2



Table 5 Selected proton studies for hepatocellular carcinoma
Author year Institution(s) Study type Number Proton Most Median Local PES oS Grade > Patients
of technique ~ common dose/ follow-up control 3 with CP
patients fractionation (months) CTCAE increase
(acute by 2
or late)
Bush 2011'°  Loma Linda Prospective 76 Passive 63 GyE/ 15 fx NR NR 2 year: 30%* 2 year: 25%™ 0% NR
University scatter
Medical Center
Komatsu Hyogo ion beam Prospective 242 Passive 53-84 GyE / 4-38 31 5 year: 90.2% NR 5 year: 38% 3% NR
20112 medical Center scatter fx
Mizumoto University of Prospective 266 Passive 66 GyE/ 10 fx NR 1 year: 98% 3 1 year: 56% 3 1 year: 87% 3 3% NR
2011" Tsukuba scatter year: 87% year: 21% year: 61%
Hong 2016°  MGH, MDACC, Prospective 44! Passive 67.5 GyE / 15 fx 20" 2 year: 94.8%" 1 year: 56.1%" 1 year: 76.5%" 2%" 4%!
Upenn scatter 2 year: 2 year:
39.9%" 63.2%"
Chadha MDACC Retrospective 46 Passive 67.5 GyE/ 15 fx 15 1 year: 95% 2 1 year: 74% 2 1 year: 73% 2 13% 9%
2019" scatter year: 81% year: 57% year: 62%
Kim 2020 National Cancer  Prospective 45 Passive 70 GyE / 10 fx 35 1 year: 98% 1 year: 78% 1 year: 98% 0% 0%
Center (South scatter 2 year: 95% 2 year: 2 year: 92%
Korea) 48%
Parzen 2020 Proton Retrospective 30 NR 58.05 GyE / 15fx & 1 year: 1 year: 1 year: 3% NR
Collaborative 91%' 60%" 72%*
Group (United
States)
Current Mayo Clinic Retrospective 37 IMPT 67.5GyE/ 15 fx 19 1 year: 94% 1 year: 35% 1 year: 78% 3% 16%
Series

Abbreviations: CP = Child-Pugh; CTCAE = Common Terminology Criteria for Adverse Events; HCC = hepatocellular carcinoma; IMPT = intensity modulated proton therapy; OS = overall survival;

PFS = progression free survival; NR = not reported.
* Estimated from provided survival curves (Milan criteria patients for PFS, nontransplant patients for OS)
T Includes both patients with HCC and intrahepatic cholangiocarcinoma.
¥ Includes only patients with HCC reported in the manuscript.
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modalities in patients who experienced this radiation-
related liver toxicity. A propensity-matched analysis
from Taiwan also found a significantly improved median
survival for patients who received proton therapy
compared with those who received photon therapy (not
reached vs 17.4 months, P < .01).” Similarly, they re-
ported a significantly decreased risk of radiation-related
liver injury in the proton group compared with the
photon group (12 vs 36%, P < .01). The current report
includes 11 patients (30%) with CP 7 to 9 disease, and
notably, 3 of these patients (8%) had CP 9 disease (the
latter were not included in the previously mentioned
MDACC retrospective series).'' Thus, the ability to
minimize dose to uninvolved liver with IMPT may be a
considerable advantage over the use of photon SBRT. A
more challenging question to answer is whether IMPT
would provide significant benefit in treating HCC over
passive scatter proton therapy. Given the importance of
minimizing hepatic toxicity in these patients, IMPT may
demonstrate benefit over passive scatter technology by
providing a dosimetric advantage with regard to
decreasing dose to the uninvolved liver, particularly for
larger tumors. A recent propensity-matched analysis from
South Korea, however, did not find any significant dif-
ference in disease outcomes or toxicity when comparing
patients treated with passive scatter proton therapy to
those treated with IMPT.”*

Our series includes 7 patients (19%) treated with an
SBRT regimen (5 fractions or fewer) using protons
(SBPT). Published proton series have primarily studied
hypofractionated regimens (typically 15 fractions) as
noted previously, and the fewest number of fractions
included in the MDACC series was 6. To date, SBPT has
primarily been studied in the setting of hepatic metastases
and seems to be a safe treatment technique.””*® The use
of SBPT for HCC is intriguing, as proton therapy was an
independent predictor of better OS in an National Cancer
Database (NCDB) analysis comparing proton therapy to
photon SBRT.”’

The current study is limited by its retrospective nature.
Patient selection, both in terms of tumor burden and liver
function, is particularly important when reporting toxicity
and outcomes of HCC treatment. Although the majority
of patients were CP A5-6 (70%), this cohort may have
represented patients with more aggressive disease, as
approximately half had experienced a local recurrence
before IMPT treatment. The small size of this series and
limited follow-up may also be considered limitations.
However, given that selection of HCC treatment is related
to technique availability and institutional preference, the
number of patients included in the current study is
reasonable. Additionally, patients in our series were
treated over a smaller time period (3 years) compared with
other larger proton series. "'

We demonstrate that IMPT is a clinically feasible and
well-tolerated treatment for HCC. Further studies with

prospective and preferably randomized evidence for
IMPT are warranted to demonstrate effectiveness in
comparison to other treatment modalities. NRG Oncology
is currently conducting a phase III randomized trial
comparing photon to proton therapy for unresectable or
locally recurrent HCC (NRG-GI003, NCT03186898), and
we look forward to the publication of their results.
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