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Abstract

Hepatocellular carcinoma is the fourth leading cause of cancer-related death worldwide. Depending on the extent of disease and
competing comorbidities for mortality, multiple liver-directed therapy options exist for the treatment of hepatocellular carci-
noma. Advancements in radiation oncology have led to the emergence of stereotactic body radiation therapy as a promising liver-
directed therapy, which delivers high doses of radiation with a steep dose gradient to maximize local tumor control and minimize
radiation-induced treatment toxicity. In this study, we review the current clinical data as well as the unresolved issues and
controversies regarding stereotactic body radiation therapy for hepatocellular carcinoma: (1) Is there a radiation dose—response
relationship with hepatocellular carcinoma? (2) What are the optimal dosimetric predictors of radiation-induced liver disease, and
do they differ for patients with varying liver function? (3) How do we assess treatment response on imaging! (4) How does
stereotactic body radiation therapy compare to other liver-directed therapy modalities, including proton beam therapy? Based on
the current literature discussed, this review highlights future possible research and clinical directions.
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Introduction

Hepatocellular carcinoma (HCC) is the third most common
gastrointestinal malignancy and the sixth deadliest solid malig-
nancy with increasing incidence in the United States.! World-
wide, HCC is the fourth leading cause of cancer-related death.?
The majority of patients with HCC have underlying chronic
liver disease caused by viral hepatitis and/or nonalcoholic/alco-
holic fatty liver disease. For many patients, their chronic liver
disease presents a competing comorbidity risk for mortality.

Surgery remains the gold standard for curative treatment
and includes either a partial hepatectomy or liver transplanta-
tion. Transplantation is associated with an 84% 2-year overall
survival (OS) *; however, only 15% to 30% are candidates due
to tumor extent and underlying liver dysfunction.* For these
patients, other liver-directed therapies (LDTs) are evaluated
in a multidisciplinary setting with various treatment intents,
such as bridge-to-transplant, definitive/curative treatment,
and/or palliation. Most patients with nonmetastatic HCC
receive one or more of the following LDT over the course
of their treatment: radiofrequency ablation (RFA), transarter-
ial chemoembolization (TACE), transarterial radioemboliza-
tion (TARE), and external beam radiotherapy (RT). Until
recently, RT was used cautiously due to the narrow therapeu-
tic window when balancing tumor control against radiation-
induced liver disease (RILD).?

However, technological advancements in radiation oncol-
ogy over the past 10 to 15 years have enabled the development
of stereotactic body RT (SBRT), which delivers highly con-
formal dose distributions with a rapid dose drop off that offers
the ability to spare large portions of the liver while simulta-
neously allowing for dose escalation with ablative potential
within the tumor. Stereotactic body RT presents an alternative
and/or combined modality to use with other LDTs. In 2000,
the Barcelona Conference (BCLC) outlined the optimal treat-
ment algorithms for primary liver cancer without inclusion of
RT, because it was only until afterward that RT emerged as a
promising treatment for HCC.* However, SBRT is now
included in the most recent version of the National Compre-
hensive Cancer Center Network guidelines for primary liver
cancer under the indication for unresectable disease or medi-
cally inoperable patients.®

Despite the mounting worldwide evidence of SBRT as an
acceptable LDT option for patients with HCC, several impor-
tant issues remain unresolved. In addition to reviewing the
current clinical SBRT data, we review unresolved issues and

controversies regarding the use of SBRT for HCC, specifically:
(1) Is there a radiation dose-response relationship with HCC?
(2) Dosimetric predictors of hepatotoxicity: do Child-Pugh B
patients have differing constraints? (3) How do we assess treat-
ment response on imaging? (4) How does SBRT compare to
other LDT modalities, including proton beam therapy (PBT)?

Overview of Clinical SBRT Data

Prospective clinical trials of liver SBRT have demonstrated
high rates of local control (LC), typically defined as no pro-
gression of disease per RECIST criteria, ranging from 87% to
100% at 1 to 3 years (Table 1).””° Local control may decrease
slightly to 82% to 100% for patients with worse baseline liver
function such as Child-Turcotte-Pugh (CP)-B patients, which
may be related to lower tumor dose delivered in order to
decrease the risk of RILD.”""* Evidence for the safety and
efficacy of SBRT for HCC is the strongest in patients with
well-compensated baseline cirrhosis (eg, CP-A). In 2006,
Mendez-Romero et al reported the first prospective evidence
for liver SBRT demonstrating promising LC and safety in 8
patients with HCC with 11 total lesions and 34 patients with
liver metastases; however, 1 CP-B patient experienced RILD-
related death.'? Kang et al followed with a prospective phase II
trial in 47 patients with HCC (87% CP-A, 13% CP-B7) with 56
lesions showing excellent 2-year LC of 95% after SBRT with a
median total dose of 57 Gy (range: 42-60) in 3 fractions."'
Grade >3 toxicity was notable for 4.3% grade 4 GI ulcer per-
foration, 6.4% grade 3 GI toxicity, 8.5% ascites formation,
10.6% grade 3 thrombocytopenia, and 4.3% grade 4 hyperbi-
lirubinemia. Princess Margaret Cancer Centre in Toronto
reported the largest analysis in 2013 with 102 patients with
HCC (CP-A 100%) treated in a consecutive phase I to IT study
of 6-fraction SBRT to a median total dose of 36 Gy (range: 24-
54 Gy) showing excellent 1-year LC of 87% when treating
lesions with a median diameter of 7.2 cm (range: 1.4-23.1
cm).” This trial reported hepatotoxicity in 30% of patients.
Seven patient deaths (7%) were possibly related to RILD. This
increased rate of RILD-related death could be related to the
large tumor volumes treated and the high number of patients
(55%) with portal vein tumor thrombosis (PVTT), which is a
known independent poor prognostic factor.

Culleton et al at Princess Margaret later published a pro-
spective study on 29 patients with HCC having CP-B7 + base-
line cirrhosis (69% B7) and 76% PVTT which found LC of
65% at 1 year (somewhat lower than historical studies) and a
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median OS of 8 months.'® Patients had locally advanced HCC
that was estimated to be the primary life-threatening health
problem (eg, PVTT). This trial showed that CP > B8 and alpha
fetoprotein (AFP) > 4491 ng/mL were poor prognostic factors.
The significance of advanced CP-score was further demon-
strated by CP-B7 patients having a significantly higher median
OS of 9.9 months versus 2.8 months in CP-B8+ patients (P =
.011), suggesting that patients with CP-B8+ should not be
treated with SBRT off of trials designed to reduce risk and
improve outcomes. Elevated rates of hepatotoxicity were
observed in this trial, as measured by CP-score increase of 2
or greater (CP + 2) of 63% at 3 months.

Cardenes and colleagues at Indiana University analyzed the
results of a phase I/ trial of SBRT for HCC restricted to CP-A
(n = 38) and CP-B7 patients (n = 21) with lesions treated to a
median total dose of 48 Gy in 3 fractions (range: 36-48) and 40
Gy in 5 fractions, respectively.’ One-year LC remained excel-
lent at 91% in CP-A patients with a modest decrease to 82% in
CP-B7 patients. Consistent with the results from Princess Mar-
garet demonstrating increased toxicity in CP-B patients, Indi-
ana University reported rates of grade 3+ liver toxicity of 11%
versus 38% in CP-A and -B patients, respectively. Similarly,
Scorsetti et al in Milan reported a prospective observational
trial of 43 patients with HCC (47% CP-B) with 63 lesions
showing LC of 86% and 64% at 1 and 2 years, respectively,
with no incidence of grade 3+ hepatotoxicity using a tumor
size-based dose/fraction scheme.'® One-year OS ranged
between 32% and 94% in the prospective trials described ear-
lier. The lowest survival rates were reported in the study on CP-
B patients (especially CP-B8+),'" whereas the best results
were reported in CP-A patients.’

Besides demonstrating the prognostic significance of the CP
score, these studies showed that PVTT, multinodular disease,
and high serum AFP portend poor prognosis. Since these are
often considered relative or absolute contraindications for other
non-SBRT LDT, this makes direct comparisons between SBRT
and other LDT challenging. Additionally, many patients under-
going SBRT were previously treated with other LDTs (range:
44-100%), which may confound local control, intrahepatic con-
trol, and hepatotoxicity reporting.”'*!3

The presence of PVTT, which often prohibits the feasibility
of other LDTs, has been analyzed specifically in the context of
SBRT.!*16 Kang et al performed a comparison of 101 patients
with HCC (CP-A 87%) treated with either SBRT followed by
TACE, TACE followed by SBRT, or SBRT alone and demon-
strated no significant differences in LC with intrahepatic
response rates ranging from 83% to 88%. Local control for
patients with PVTT (range: 67-74%) also did not differ
between the 3 groups.'> Combined modality therapy of SBRT
and TACE over SBRT alone trended toward improved control.
Moreover, Xi et al showed in 41 patients with HCC having
PVTT or inferior vena cava tumor thrombosis that portal vein
branch thrombosis was associated with significantly longer
survival compared to portal vein trunk thrombosis or inferior
vena cava thrombosis.'* In this study, the only independent
predictive factor associated with improved survival was

response to RT. Furthermore, a propensity score analysis in
patients with PVTT showed significant survival benefit of
10.9 months versus 4.1 months (P <.001) with combined ther-
apy of TACE and SBRT (n = 112) compared to TACE alone (n
= 735).1°

Recently, Yoon et al published the results of the START
trial, which randomized 90 CP-A patients with liver-confined
HCC and macrovascular invasion to either sorafenib or TACE
followed by moderately hypofractionated RT (TACE-RT,
median 40 Gy [range: 30-45 Gy] in either 2.5 or 3 Gy frac-
tions).'” They found significant improvements with the com-
bination of TACE-RT versus sorafenib in 12-week
progression-free survival (87% vs 34%), 24-week radiographic
response rate (33% vs 2%), median time to progression (31 vs
12 weeks), and OS (55 vs 43 months). These findings suggest
SBRT and hypofractionated RT may pair well with other LDTs
in managing patients with PVTT and other forms of macrovas-
cular invasion.

A limitation of SBRT for HCC is the lack of long-term
prospective data beyond 2 years. At a median follow-up of
28.7 months, Kwon et al retrospectively demonstrated 3-year
local control of 67.5% and OS of 58.6% in 42 small patients
with HCC (9.5% CP-B), deemed ineligible for other LDTs,
treated to a median dose of 33 Gy (range: 30-39) in 3 consec-
utive days.'® In a similar patient cohort of 132 small HCC (14%
CP-B) treated with SBRT to 42 to 46 Gy in 3 to 5 consecutive
days, Su et al showed a 5-year progression-free survival and
OS of 36.4% and 64.3%, respectively; however, long-term LC
data beyond 1-year was not reported.'’

Radiation Dose Response and the Role of
Dose Escalation

In the era of rapid technological advancement, the technical
ability to escalate dose may be outstripping our knowledge of
whether dose escalation is beneficial in SBRT for HCC. Our
understanding of the nature of the dose response for HCC is
based on tumor control probability (TCP) models, expert opin-
ion, and heterogeneous clinical case series reports. Understand-
ing the dose response curve, if one exists, provides clinicians
the ability to appropriately escalate dose to provide a defined
amount of incremental tumor control. This escalation often
comes at the price of increased risk of toxicity, which in the
case of hepatic irradiation can be fatal.?* For example, if the
dose response is sigmoidal, small changes in dose in the middle
dose range of the curve may result in large increases in TCP.
However, if the dose increase is entertained at the upper or
lower flatter portions of the curve, large dose escalations may
provide minimal improvement in TCP at the price of an
increasing risk of hepatotoxicity.

Dose response models and literature review. As the optimal dose is
unknown and varied dose data are relatively limited in this
heterogeneous patient group, models were developed to clarify
whether a dose—response relationship exists for HCC. Lausch
et al at the London Regional Cancer Program (LRCP) in
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Ontario, Canada, used data from a single institution case series
to develop the first logistic TCP model to fit observed HCC
data.®! They retrospectively reviewed 36 patients with HCC
treated with median 4 Gy per fraction (range: 2-10 Gy) to a
median cumulative dose of 52 Gy (range: 29-83 Gy) on a radio-
biologically guided dose escalation protocol. The protocol
called for prescribing the highest possible dose that met the
constraint of keeping the estimated risk of RILD to < 5%. They
demonstrated that the D50 (dose that would result in a 50% LC)
at 6 months was 53 Gy equivalent dose if given in 2 Gy frac-
tions (EQD2). In contrast, the D50 for metastatic disease to the
liver was 70 Gy EQD2 demonstrating that HCC is relatively
radiosensitive compared to other tumor types, including color-
ectal carcinoma metastatic to the liver. The D90 was found to
be 84 Gy EQD2 suggesting that increasing dose results in
increased LC. Jang et al developed a logistic TCP model based
on tumor size.*> This Korean group was able to demonstrate
that higher doses (cumulative and per fraction) are required to
achieve the same TCP for larger lesions. For example, for
lesions <5 c¢m vs lesions >5 cm, doses had to be escalated from
51 to 61 Gy in 3 fractions to achieve a 2-year LC of 90%. Of
note, only 17% of patients had lesions >5 ¢cm and the median
size of the lesion was 3 cm. The Korean TCP model also
indicated that the D50 was 62.9 Gy EQD2 (range: 58-69 Gy
EQD2) which was higher than that shown by LRCP of D50 =
53 Gy EQD2 (SD 48-59 Gy EQD2), which may be likely due to
the longer time period selected (2 years vs 6 months).

In contrast to these models, recently published TCP model
developed with multi-institutional data for 394 patients with
HCC by Ohri ef al concluded that there does not appear to be a
significant dose response for early stage HCC tumors.”® Of
note, this group did find a dose response for patients with liver
metastases, where a biologically equivalent dose (BED) over
100 Gy, had an LC of 93% at 2 years compared to 70% for
those treated with <100 Gy, Data was extracted from 5 HCC
eligible trials that reported outcomes by dose representing one
of the largest data sets used for modeling. Actuarial LC curves
were generated from this consolidated data set, and outcomes
were compared to the BED calculated by the linear quadratic
equation. Within the reported range of 33 to 60 Gy in 3 to 5
fractions (BED 60-180 Gy,), the LC rate at 2 years was 89%
for patients treated with <100 Gy;o and >100 Gy, (P = .972).
The authors highlight that half the data set was treated within a
relatively conservative 60 to 72 Gy;o BED range and achieved
a 90% LC rate at 2 years. Based on this model, Ohri et al
recommended that conservative schedules, such as 8 to 10
Gy per fraction in 5 fractions, be used and that doses > 50
Gy in 5 fractions should not be used due to the increased risk
of toxicity. >

Most current models that guide our dose selection are
derived from single institutions and small data sets. Does the
broader literature confirm the conclusions? The earliest data
suggesting a dose response comes from hepatic irradiation case
series trials, where a wide range of doses were used within a
dose escalation maximally tolerated dose (MTD) protocol or in
radiobiologically guided studies.

We performed a systematic literature review of trials with
LC data at 2 years, with limited dose ranges to allow for an
appropriate link with outcome and of sufficient size to avoid
individual patients from skewing the data (defined as >50
patients). The trials in this review included terms
“hepatocellular and radiation” and “liver and SBRT” in a
PubMed search performed on January 19, 2018. Equivalent
dose if given in 2 Gy fractions and BED, assuming an o—f
ratio of 10, were calculated for all trials to qualitatively identify
any dose response. Based on this review, these models fit well
with a review of the literature, where an ordering of published
data by local control relative to dose suggests that 2-year LC
rates of 90% can be achieved with common dose regimens such
as 40 to 48 Gy in 3 fractions and 35 to 40 Gy in 5 fractions
(Table 2). Given the importance of CP score, many institutions
recommend higher fractionation schemes for CP-B7+ patients.
The EQD2 range for these regimens is between 50 Gy and 78
Gy. One important caveat to this comparison and the Ohri TCP
model®® is that this method of trial selection results in a col-
lection of trials with an arguably narrow range of doses and
apply only to relatively small lesions. Trials with a wider range
of doses and tumor sizes, such as the trial by the Princess
Margaret,” have more varied outcomes that differ from the
majority of included trials.

Dose escalation and LC in the context of survival and toxicity. Even
if a significant dose—response relationship existed for LC,
another critical issue to consider is whether LC with SBRT is
associated with improved OS. In a 2013 prospective report on
102 patients with HCC (CP-A 100%) series by Princess Mar-
garet, Bujold et al demonstrated that patients receiving <30 Gy
in 6 fractions (BED = 45 Gy;o, EQD2 = 38 Gy) versus >30 Gy
had a 2-year LC rate of 66% vs 85%.” This difference did not
translate into an improvement in OS, with the authors stating
that out-of-field liver recurrences were a prominent cause of
progression in their case series. However, there are data that
there is a critical dose threshold for local control and that
escalating beyond this threshold does translate into an OS
advantage. In one of the largest reports in the literature, a
Korean group treated 108 patients with HCC (CP-A 90%) with
a formal dose escalation protocol starting from 33 Gy in 3
fractions to 60 Gy in 3 fractions.”* The median dose was 51
Gy in 3 fractions (BED 138 Gy,g, EQD2 = 115 Gy). This
group demonstrated that the 2-year LC rate was 100% at doses
greater than 54 Gy in 3 fractions (BED = 152 Gy, EQD2 =
126 Gy). In addition, patients achieving this dose had a 71% OS
at 2 years. Conversely, if patients received <45 Gy in 3 frac-
tions (BED = 113 Gy,o, EQD2 = 94 Gy), the 2-year LC and
OS rate dropped to 64% and 30%, respectively. Another large
trial from South Korea studied 398 patients (CP-A 73.9%) from
10 different centers.’®> Based on multivariable analysis, this
multicenter trial demonstrated an OS benefit for patients
receiving BED > 53 Gy,.

In a similar trial in North American patients, the Indiana
University group also used 3 fractions in a formal dose escala-
tion protocol.® Starting at 36 Gy in 3 fractions, this group
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Table 2. Summary of HCC Radiotherapy Studies in Order of Local Control at 2 Years.?

Median Tumor Dose 1-Year
Study, Year n CP-B% Diameter, cm (Range) /fx BED Gy, EQD2 Dose-Prescription Point oS 2-Year LC
Yamas};iélta, 79 11% 2.7 48 Gy/4-10  71-106  59-88 D95% PTV 78% 64%
2015
Bujold, 20137 102 0% 9.9 24-54 Gy/6  34-103  28-86  D95% PTV modified basedon  75% 74%
effective liver volume irradiated
Bibault, 2013%° 75 11% 3.7 40-45 Gy/3  72-85  60-71 80% IDL 79% 90%
D95% PTV
Andoligc;, 60  40% 3.1 30-48 Gy/3  60-125  50-104 80% IDL 82%° 90%
2011
Jung, 2013%7 92 26% 25 45 Gy/3-4  96-113  80-94 85-90% IDL 87% 92% (3 years)
Sanuki, 2013%® 185  15% 2.7 40 Gy/5 72 60 70-80% IDL 95% 93%
Yoon, 2013%° 93 26% 2.0 45 Gy/3-4  96-113  80-94 D100% PTV 86% 95%°
Takeda, 2014°° 63  16% 2.6 35-40 Gy/5  60-72  50-60 70-80% IDL 100% 95%
Huertas, 2015°' 77 14% 2.4 45 Gy/3 113 94 80% IDL 82% 99%
Kimura, 2015°2 65  14% 1.6 48 Gy/4 106 88 Isocenter NR 100%
Jang, 201322 108  10% 3.0 51 Gy/3 138 115 70-80% IDL 83%° 100%
D97% PTV

Abbreviations: BED, biologically equivalent dose; CP, Child-Pugh; EQD2, equivalent dose is 2 Gy fractions; fx, fractions; HCC, hepatocellular carcinoma; IDL,
isodose line; LC, local control; n, patient number; NR, not reported; OS, overall survival; PTV, planning target volume.
Studies included were published between 2002 and 2017 with more than 50 patients with HCC and reporting 2-year local control.

b . .
Estimated from survival curve.

increased dose in 2 Gy per fraction steps and found that 48 Gy
in 3 fractions (BED = 125 Gyy, EQD2 = 104 Gy) resulted in
excellent results (2-year LC rate of 90%) and minimal toxicity
in CP-A patients. Compared to the Korean data by Jang et al, an
interesting conclusion is that increasing the EQD2 even from
104 Gy to 126 Gy results in an increase in LC from 90% to
100%.>* The clinical importance of this possible ablative
improvement would have to be weighed against the possible
increased toxicity risk in individual patients, especially in
patients with higher CP scores given that an EQD2 of 104
Gy already achieves a very high durable LC rate.

Patients with HCC often have underlying cirrhosis or have
tumors located near important organs at risk such as gastro-
duodenal or hepatobiliary structures. This may limit the ability
to dose escalate in a large portion of patients. The CP-B
patients and/or those with low platelets have less dose—volume
dependency and may be harmed by increasing radiation dose.
Data from Indiana University, among others, have demon-
strated an increased risk of toxicity for patients with hepatic
insufficiency as measured by the CP score.® The Indiana Uni-
versity group went further and was able to determine an MTD
of 40 Gy in 5 fractions (BED = 72 Gy,y, EQD2 = 60 Gy) for
CP-B patients, and a CP score greater than B7 was associated
with an increased risk of RILD. Therefore, the question of dose
response beyond 60 Gy EQD?2 in this situation may be moot, as
no further dose escalations are possible in this higher risk pop-
ulation. Given that patients in CP-A group were able to tolerate
up to 48 Gy in 3 fractions (BED = 124 Gy, EQD2 = 104 Gy)
and achieve good results, should techniques such as PBT be
considered to provide more normal liver sparing and a higher
chance of dose escalation in patients with hepatic insuffi-
ciency? Perhaps, this may not be a useful strategy, as regression

data from LRCP suggested that CP-B patients do not benefit
from dose escalation.®* In contrast, in that same study of 195
patients, dose escalation was found to provide a significant
improvement in OS for CP-A patients.

Limitations and caveats. There are limitations to this investiga-
tion of whether a dose response or at least a threshold dose
exists for HCC. As noted in Table 2 and in other reviews,>> the
published literature may have a range of doses that might
reflect a narrow portion of the dose—response curve. Despite
the ability to achieve higher doses of significantly over 100 Gy
EQD?2 in certain patients, clinicians are rightly reluctant to give
these doses routinely. Therefore, there are fewer high dose data
points, which limit the ability to model the dose-response
curve.>'?? Furthermore, outcomes may be driven by factors
other than dose alone. Nomograms and multivariable models>*
demonstrate that liver function and tumor size are much more
significant in determining survival compared to an increase in
radiation dose. This is consistent with the Japanese data from
Yamashita who retrospectively studied 79 patients with HCC
from 7 Japanese institutions.** They found no difference in LC
with doses above or below 100 Gy¢. Their 2-year LC rate was
75% with a median BED of 106 Gy,o. However, there was a
statistically important difference in outcome when comparing
lesions above and below 3 cm in maximum diameter (LC 64%
vs 85%). Size is a predominant factor in outcome. The dose
response noted above may simply reflect the size variation in
trials and the ability to give a higher dose to smaller lesions
(Table 2).

The clinical benefit of radiation, particularly OS, may be
driven less by the tumor—dose control interaction and more by
the underlying fitness of the patient and hepatic insufficiency,
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especially in CP-B/C patients. Therefore, these patients treated
with a lower BED may not display a typical dose-response
relationship seen in other tumors and patient groups due to the
fragile nature of their underlying cirrhosis and competing risk
factors for mortality, which could lead to erroneous dose—
response relationship in some studies.>® Despite the knowledge
that dose is correlated with LC, and LC is correlated with
08,7227 only a minority of patients derive this survival benefit.
This highlights the need for better patient selection methods,
such as nomograms>*** and/or biomarkers.>”

Conclusion: Is there a dose response for HCC? Hepatocellular
carcinoma is a relatively radiosensitive tumor in contrast to the
relatively poor clinical prognosis of the patient group. In terms
of LC and OS, the collective data suggest a threshold of 30 Gy
EQD?2 below which the impact of radiation is muted. Between
approximately 53 and 84 Gy EQD2, the LC rates increase from
50% to 90%. Beyond 84 Gy, the degree of incremental LC
improvement decreases while, depending on the anatomy,
there is a continued incremental risk of toxicity. However,
there is evidence that escalating the dose further may lead to
a survival benefit in some patients based on correlation data
from nonrandomized studies. Current dose recommendations
such as 40 to 45 Gy in 3 fractions or 40 to 50 Gy in 5 fractions,
which are within the 53 to 84 Gy EQD2 range, have been
demonstrated to be safe and provide consistently high LC rates.
Additional work is required to determine an optimal dose regi-
men for different subgroups.

Dosimetric Predictors of Hepatotoxicity: All for One
and One for All?

Historically, conventional definitive fractionated radiation
therapy to the liver resulted in a high incidence of “classical*
RILD (cRILD), defined as hepatomegaly, anicteric ascites, and
alkaline phosphatase elevated disproportionately compared to
other hepatic enzymes.*® Despite the technological advance-
ments in radiation therapy with SBRT and proton RT,*® 3% to
44% of patients remain at risk of developing “nonclassical”
RILD (ncRILD), which can be fatal in up to 5% to
13%.7:9:10:20.41-45 yarious empiric end points have been
used to describe ncRILD, including changes in CP score***¢47
and Radiation Therapy Oncology Group (RTOG)/Common
Terminology Criteria for Adverse Events (CTCAE) grade 2
to 4 laboratory abnormalities.”***® The large variation in the
reported rates of ncRILD suggests the need for a standardized
consensus on reporting of ncRILD end points.** One such end
point may be CP score increase of 2 or greater (CP + 2). Chap-
man et al found this to be the strongest predictor of OS and
RILD-specific survival on multivariate analysis (MVA).**
Treatment for RILD is essentially limited to supportive care,
highlighting the importance of proper patient selection to pre-
vent RILD. Further work is needed to develop more reliable
and reproducible liver dosimetry constraints.*’

At present, most of the data for dosimetric predictors of
ncRILD are derived from patients with well-compensated liver

function. In 2010, Quantitative Analysis of Normal Tissue
Effects in the Clinic reported recommendations regarding the
importance of mean normal liver dose of <18 Gy and <6 Gy for
a 6-fraction SBRT regimen in patients with primary liver can-
cer with baseline CP-A and CP-B function, respectively.’**’
These early recommendations were largely based on a collec-
tion of studies using conventional or hyperfractionation studies
for the treatment of primary liver cancer and/or metastatic
disease to the liver’® as well as the early SBRT experience
from Princess Margaret’'->* and University of Colorado.”” The
University of Colorado phase 1 clinical trial of SBRT for liver
metastases was the first to describe the importance of the liver
volume spared, that is, the “critical volume model,” (eg, critical
minimum volume of 700 cc of liver should be uninjured by
SBRT by receiving <15 Gy) a concept akin to surgical sparing
of the future liver remnant.>® This critical volume of liver
spared concept has also been applied to patients with HCC.

Recent studies have reported significant heterogeneity in the
types and cutoffs of dosimetric parameters correlated with
RILD (Table 3). Several possible reasons why such heteroge-
neity exists include (1) limited sample size and RILD events in
cohorts limiting statistical power, (2) variations in reporting of
RILD outcomes, (3) the subjective nature of baseline liver
assessments with traditional metrics (eg, CP-score),>* and (4)
dosimetric models are based on anatomic computerized tomo-
graphy (CT) imaging and do not incorporate regional func-
tional heterogeneity within the liver. The last point is
particularly relevant as many patients with HCC referred for
SBRT have significant regional heterogeneity, partially due to
prior LDT.*"7 Future studies would benefit from consensus
reporting of toxicity outcomes and validation of objective para-
meters to evaluate liver function in the setting of RT. There is a
need for validated global and spatial functional liver para-
meters that can be used for guiding precision RT treatment
planning.

Velec et al performed a retrospective pooled analysis of 114
patients with HCC (CP-A 89%) treated on 2 prospective clin-
ical trials with 6-fraction SBRT”'° to identify risk factors asso-
ciated with ncRILD as measured by CP + 2.2° Several factors,
including dosimetric parameters of mean liver dose (odds ratio
[OR]: 1.32, P = .004) and D800 cc (OR 1.12, P <.001), were
significantly associated with CP + 2 on univariate analysis
(UVA). The lowest CP + 2 risk was observed in CP-AS5
patients who received mean liver doses and D800 cc < 15
Gy. Of note, on MVA only baseline CP-score (OR 4.85, P <
.01) remained significant, highlighting the critical importance
of baseline liver reserve. Dyk et al retrospectively analyzed 46
patients (CP-A 91%) treated with liver SBRT for either meta-
static or primary liver malignancies and found the liver volume
at 25 Gy (V25) > 32% was associated with CP-class progres-
sion on UVA.*® Son et al’s retrospective review of 47 patients
with HCC (CP-A 68%) showed the volume of normal liver
receiving <18 Gy should be >800 cc to avoid CP class progres-
sion on MVA.*® The results of a phase 2 study from Su et al
identified dosimetric constraints predictive of incidence of CP
+ 1 or CP + 2 in 85 patients with HCC (CP-A 90.6%) treated to
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Table 3. Summary of the Dosimetric Constraints of the Uninvolved Liver for Minimizing Risk of Radiation-Induced Liver Disease (RILD).

Uninvolved Liver Constraints Supporting Data

Baseline CP-A (%)

Dose/fx Crude % RILD

Child-Pugh A
Mean liver dose
<20 Gy Velec®
Absolute/relative volume of liver spared
V25 Gy < 32% Dyk*®
D800 cc < 15 Gy Velec?®
D800 cc < 18 Gy Son*®
V15 Gy < 21.5% Su’®
V<10 Gy > 621.8 cc Su’®
Child-Pugh B
Mean liver dose
< 8.82 Gy Lasley’
Relative/absolute volume irradiated
V<2.5 Gy = 810.8 cc Lasley’

V<5 Gy = 1024.1 cc
V<7.5 Gy = 1149.7 cc
V<10 Gy = 1293.0 cc
V<12.5 Gy = 1432.0 cc
V<15 Gy = 15159 cc
Absolute/relative volume of liver spared
D33% < 7.37 Gy Lasley’

88.5% Median 24-54 Gy/6 26% CP + 2
91% 36-60 Gy/3-6 22% CP + class
88.5% Median 24-54 Gy/6 26% CP + 2
88.9% Median 36 Gy/3 11% CP + class
90.6% 30-50 Gy/3-5 23.5% CP + 1
14.2% CP + 2
90.6% 30-50 Gy/3-5 23.5% CP + 1
14.2% CP + 2
100% 40 Gy /5 38.8% G3-4 HE
100% 40 Gy /5 38.8% G3-4 HE
100% 40 Gy/5 38.8% G3-4 HE

Abbreviations: CP, Child-Pugh; CP + 2, CP score increase of 2 or greater; CP + class, CP class progression; fx, fractionation; G3-4 HE, grade 3-4 hepatic enzyme
elevation; V<X Gy, absolute normal liver volume (cc) spared from at least X Gy.

a total dose of 39 to 50 Gy in 3 to 5 fractions.”® This Chinese
study demonstrated the significance of V15 < 21.5%, absolute
normal liver volume of 621.1 cc spared from at least 10 Gy (V
<10 Gy), and pretreatment CP score as predictors of RILD as
measured by CP + 1 or CP + 2 on UVA, with external valida-
tion of a normal tissue complication probability model in Velec
et al’s*® cohort of CP-A patients (n = 101; AUC = 0.781).
Together these results are broadly consistent highlighting the
clinical relevance of V15 to V25 Gy and dose spared to a
critical volume of 600 to 900 cc for a 5-fraction SBRT regimen
as well as baseline CP score.

These studies were predominantly composed of well-
compensated CP-A patients. Whether applying these dosi-
metric parameters to patients with more severe baseline liver
disease (CP-B/C) results in the same risk of RILD is uncertain.
Indiana University reported toxicity data from their phase I to II
trial of SBRT for HCC in CP-A (n = 38) and -B (n = 21)
patients.” Due to increased toxicity observed in patients with
CP > B7 in the phase I trial (3 events of classical RILD),® the
phase II study included only patients with CP < B7 and tailored
dosimetric constraints to baseline CP score. For a treatment
regimen of 48 Gy in 3 fractions, CP-A patients were required
to either limit the dose to 33% of the uninvolved liver (D33%)
< 10 Gy and/or maintain the liver volume receiving < 7 Gy to
>500 cc. For a more conservative treatment regimen of 40 Gy
in 5 fractions, CP-B7 patients had to meet constraints of D33%
< 18 Gy and/or > 500 cc receiving < 12 Gy. Dosimetric corre-
lates were identified for grade 3 to 4 hepatic enzyme toxicity
observed in 10.5% and 38.8% of CP-A and CP-B patients,

respectively. For CP-A patients, there was a trend toward
importance of the dose to 500 cc (P = .054) as did volume
of uninvolved liver (P = .082). However, in CP-B patients,
significant predictors for RILD included mean dose >13.24
Gy (P = .026) and dose to D33% > 12.50 Gy (P = .029);
conversely, constraints without toxicity included mean dose
<8.82 Gy (P = .026) and D33% <7.37 Gy (P = .029). Further-
more, the absolute volume of liver receiving doses as low as 2.5
to 15 Gy was significant with the highest statistical significance
seen at the lowest doses. These collective findings are suppor-
tive of the liver being regarded as a parallel organ and suggest
that even low dose received to the liver is important, especially
in patients with less compensated liver function.

Caution when treating CP-B/C patients (CP-B7 69%) with
SBRT was further supported by Princess Margaret’s prospec-
tive trial of 29 CP-B/C patients treated with a mean dose of
30 Gy in 6 fractions.'® Sixty-three percent of these patients
experienced ncRILD as determined by CP + 2 within 3 months.
For this study, the planning liver dosimetric parameters were
based on the biological NTCP model with the goal of <5% and
preferably less than <1% in fragile patients®’; however, there
were no significant predictive dosimetric factors found
on UVA.

Conclusion: Dosimetric predictors of hepatotoxicity—all for one and
one for all? The limited data available regarding CP-B patients
consistently suggest they are at heightened risk of RILD, and
dosimetric parameters ought to be more conservative than for
CP-A patients. The optimal liver dose constraints for CP-B+
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patients, however, remain unclear at this time and highlight the
need for additional research in this patient subgroup.

Image Response Assessment

The Liver Imaging Reporting and Data System (LI-RADS),
initially launched in 2011 and recently updated in 2017, stan-
dardized the terminology and classification of liver lesions.**¢"!
The following characteristic imaging features of HCC are con-
sidered sensitive and specific enough to diagnose HCC inde-
pendently (LI-RADS category 5) without requiring pathologic
confirmation: mass-like, arterial-phase hyperenhancement,
with either portal venous phase hypoenhancement and/or
increase in size by >5 mm by 6 months, or definite tumor
within the lumen of the hepatic veins.

The LI-RADS v2017 introduced 4 additional criteria spe-
cific for treatment response (LR-TR): (1) LR-TR nonevaluable
due to poor image quality; (2) LR-TR viable for treated lesions
with residual enhancing nodular, mass-like, or thick irregular
tissue in or along the margin of the treated lesion with any of
the following: arterial phase hyperenhancement, washout, or
enhancement similar to pretreatment enhancement; (3) LR-
TR nonviable for lesions without enhancement or a
treatment-specific expected enhancement pattern; and (4)
LR-TR equivocal for lesions with atypical enhancement pat-
tern not meeting the other criteria.®’ The LR-TR is based on the
modified Response Evaluation Criteria in Solid Tumors (mRE-
CIST), and European Association for the Study of Liver Dis-
eases (EASL) which define response assessment based on the
volume of residual arterial hyperenhancement as a surrogate
for tumor necrosis.***"%*

Historically, RECIST vl1.1 criteria relied on changes in
tumor size for posttreatment assessment which failed to detect
nearly all complete responders (CRs) and underestimated the
number of partial responders (PRs).%>> Response Evaluation
Criteria in Solid Tumors v1.1 demonstrated poor concordance
to newer response criteria, such as mRECIST and EASL, which
define response based on the volume of residual arterial
hyperenhancement as a surrogate for tumor necrosis.***%* In
mRECIST criteria, 100% disappearance of arterial phase
hyperenhancement is considered a complete response (CR),
while 30% decrease is considered a partial response (PR), and
progressive disease is defined as 20% increase.** If none of
these changes are present, then the tumor is considered to be
stable. The mRECIST, EASL, LR-TR criteria may be accurate
for ablative, embolic, or systemic therapies, but application of
these criteria to lesions treated with SBRT is unclear.®® Figure
1 demonstrates a characteristic CP-A5 patient with HCC
treated with SBRT and the associated treatment response
assessment over time.

Although the majority of HCC SBRT clinical trials continue
to employ the mRECIST criteria for response assessment, there
is an unmet need for a standardized response assessment sys-
tem designed to address the unique imaging changes observed
in HCC after SBRT.?® Mendiratta-Lala ef al recently high-
lighted this issue by performing a radiology—pathology

correlation study.®” They evaluated 10 patients with HCC
treated with SBRT who had pretreatment and serial multiphasic
magnetic resonance imaging (MRI) or CT imaging for 12
months post-SBRT and either explant pathology or declining
AFP values. Patients with pathologic explants with > 90%
tumor necrosis or pretreatment AFP > 75 ng/mL that normal-
ized to < 10 ng/mL within 1 year from SBRT without addi-
tional therapy were considered CRs. This study demonstrated
that 40% of patients with CR had persistent tumor arterial
hyperenhancement, 90% had persistent washout, but no patient
had tumor size increases. Mannina ez al®® retrospectively eval-
uated 38 patients with HCC (CP-A 45%) treated with SBRT
prior to orthotopic liver transplantation (OLT) and demon-
strated poor concordance of pathologic gold standard, defined
as CR + PR, to radiologic scoring criteria of mRECIST (sen-
sitivity 90%, specificity 17%), RECIST (sensitivity 54%, spe-
cificity 50%), and EASL (sensitivity 83%, specificity 18%);
however, no patient was incorrectly categorized as having dis-
ease progression. An older report with an imaging—pathology
correlation by Facciuto ef al showed response assessment by
RECIST vl.1 criteria significantly correlated with pathologic
CR seen in 14% of patients and that radiologic response peaked
at 3 months.*’

Other reports have described similar findings suggesting the
importance of timing with regard to imaging response assess-
ment using multiphase CT or MRI scans (Table 4). Sanuki et al
demonstrated the median time to CR defined by arterial hyper-
enhancement was 5.9 months with a range of 1.2 to 34.2
months.?® Rates of CR increased from 24% at 3 months to
67% at 6 months and 71% at 12 months.?® Another Japanese
cohort described by Kimura et al showed that 25.3%
had residual arterial hyperenhancement at 3 months, which
significantly declined to 2% at 6 months.”® No lesions
increased in size.

Price et al demonstrated discordance between response eva-
luation by EASL and traditional RECIST assessment.®* Eval-
uating the mean tumor dimension decrease over time
(RECIST), they found 35%, 37%, 48%, and 55% reduction
by 3, 6, 9, and 12 months, respectively. However, >50% arter-
ial hyperenhancement decline (partial response per EASL) was
a more useful predictor in the first 6 to 12 months with patients
demonstrating 59%, 69%, 81%, and 92% decreased hyperen-
hancement at 3, 6, 9, and 12 months, respectively. Oldrini et a/
focused specifically on imaging changes seen in multiphasic
MRIs and demonstrated that mRECIST resulted in a higher rate
of CRs compared to RECIST v1.1.%% Specifically, imaging CR
response as defined by mRECIST versus RECIST was 57%
versus 20% at 3 months, and 91.4% versus 41.6% at 12 months
(P < .001). Perilesional arterial enhancement was present in
97% and 82% of patients at 3 and 12 months, respectively. The
abovementioned studies are limited by the absence of patholo-
gic confirmation of local tumor control respective to the corre-
sponding imaging changes.

The imaging characteristics of HCC tumor response after
SBRT is distinct compared to the changes seen in the surround-
ing uninvolved liver parenchyma. Regarding normal hepatic
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Pre-SBRT

Masslike
Arterial phase enhancement
Portal venous hypoenhancement

3

LI-RADS Category 5

6-Weeks Post SBRT

Largest enhancing area

LI-TR Viable
mRECIST Stable Disease

4-Months Post SBRT

No residual enhancement

LI-TR Nonviable
mRECIST Complete Response

Figure 1. Characteristic arterial phase T1 MR imaging for a Child-Pugh A5 patient with HCC (arrow) treated with SBRT to 50 Gy in 5 fractions
are shown: pre-SBRT (A), 6-weeks post-SBRT (B), and 4-months post-SBRT (C). Below each MR image is a correlative schematic to
demonstrate either the corresponding LI-RADS diagnostic category (D), or treatment response assessment criteria of LI-RADS treatment
response (LI-TR) and the modified RECIST criteria (mRECIST) (E-F). HCC denotes hepatocellular carcinoma; LI-RADS, Liver Imaging
Reporting and Data System; LI-TR, Liver Imaging Treatment Response; RECIST, Response Evaluation Criteria in Solid Tumors; SBRT,

stereotactic body radiation therapy.

parenchyma changes, Park et al characterized the temporal
change in arterial hyperenhancement corresponding to the
high-dose area on multiphase CT scans during the post-
SBRT follow-up period in 61 patients with HCC and found
hyperenhancement increased from 12% at 1 month to 54% at
6 months.”" Delayed phase images showed isoattenuation or
hyperattenuation in the majority of patients. Conversely,
hypoattenuation (“washout”) was rarely observed on the
delayed phase, which may help distinguish tumor from post-
treatment response. Moreover, the degree of underlying
cirrhosis has been correlated with the amount of arterial hyper-
enhancement of liver parenchyma seen after SBRT for
HCC.*®7* Kimura et al found the majority of CP-A patients
(n = 64) converted from hypo- or isoattenuation in all
enhanced phases to hyperattenuation within 6 months, whereas
nearly all CP-B (n = 13) patients remained unchanged.

Conclusion: Imaging response assessment. Collectively, these
studies highlight the potential pitfalls of radiographic response
assessment after SBRT. Common observations across studies
include (1) optimal time for response assessment is at least 6 to
12 months after SBRT; (2) stability or decrease in lesion size is
associated with successful local control; (3) arterial phase
hyperenhancement may persist despite pathologic CR®’; and
(4) washout on delayed phases may persist after SBRT. If the

RECIST, mRECIST, EASL, or LI-RADS TR v2017 criteria
had been applied, many of these lesions would have been
improperly categorized as treatment failures potentially lead-
ing to unnecessary additional therapies.

Comparison With Other Local Treatments

With so many LDT options, the question is often which LDT is
optimal for patients ineligible for liver transplantation or surgical
resection. Unfortunately, there currently is a paucity of head-to-
head prospective randomized data, so answering this question
often relies on synthesizing the results of various retrospective
nonrandomized studies each with their particular weaknesses.
Table 5 contains a brief summary of studies comparing SBRT
alone or in combination with other modalities versus other LDT.
The heterogeneity in patients, LDT techniques, and end points
reported further challenges drawing definitive conclusions.
Surgical resection for medically operable patients with
small early-stage HCC remains first-line treatment. There are
no prospective data comparing the efficacy of resection to
SBRT. Su et al performed a propensity-matched retrospective
analysis of 117 patients (100% CP-A) with 1 to 2 small <5 cm
HCC without prior LDTs.”” This Chinese study reported no
differences in 5-year OS (74.3% vs 69.2%) and intrahepatic
PFS (43.9% vs 35.9%) between those treated with SBRT versus
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Table 4. Summary of Key Studies Evaluating Imaging Treatment Response After SBRT with Multiphasic CT and/or MRI.

Study n CP-A, %  Imaging Modality =~ Key Findings
Mendiratta-Lala®®° 10 80% CT or MRI In complete responders
12-months:
e  40% with residual APHE
e 90% with residual delayed wash-out
e No size increase
Mannina®®' 38 45% CT or MRI In Pathologic Responders (CR + PR; 68%)
Radiographic response (CR + PR) prior to OLT
e RECIST sensitivity 54%/specificity 50% (x = 0.09)
e mRECIST sensitivity 90%/specificity 18% (k = 0.09)
e EASL sensitivity 83%/specificity 18% (kx = 0.09)
e No evidence of progressive disease
e Mean 41% size reduction
e Mean time to OLT: 8.8 months
Oldrini® 35 85% MRI In observed patients
3 months:
e 54.3% decreased APHE
e 97.1% with perilesional ring enhancement
e 20% CR (RECIST) versus 57% CR (mRECIST)
6 months:
e 74.3% decreased APHE
e No size increase
12-months:
e 41.6% CR (RECIST) versus 91.4% CR (mRECIST)
Sanuki®® 38 90% CT In observed patients
3 months:
e 24% without APHE (designated CR by mRECIST)
6 months:
e 67% without APHE (designated CR by mRECIST)
12 months:
e 71% without APHE (designated CR by mRECIST)
Maximum overall CR rate: 93% (mRECIST)
Median time for complete APHE resolution: 5.9 months (1.2-34.2)
Kimura’® 56 78% CT In observed patients
3 months:
e 25.3% residual APHE
6 months:
e 2% residual APHE (> 50% reduction of APHE suggestive of PR)
e No size increase
Price®? 26 54% CT or MRI 3 months:
e 59% mean percentage necrosis (non-APHE)
e 35% mean tumor dimension decrease
6 months:
e 69% mean percentage necrosis (non-APHE)
e 37% mean tumor dimension decrease
9 months:
e 81% mean percentage necrosis (non-APHE)
e 45% mean tumor dimension decrease
12 months:
e 92% mean percentage necrosis (non-APHE)
o 19% had > 50% decreased APHE = PR; 50% no APHE = CR
e 55% mean tumor dimension decrease
Facciuto®®? 27 NR CT or MRI Radiology—pathology correlation

(RECIST vl.1/pathologic response)

Complete response: 30%/14%

Partial response: 7%/23%

Stable disease: 56%/no response 63%
Progressive disease 7%

Peak time to response on imaging: 3 months

Abbreviations: APHE, arterial phase hyperenhancement; CP, Child-Pugh; CR, complete response; n, patient number; CT, computerized tomography; EASL,
European Association for the Study of Liver Diseases; MRI, magnetic resonance imaging; NR, not reported; OLT, orthotopic liver transplantation; PR, partial
response; k, weighted « statistic to analyze concordance; RECIST, Response Evaluation Criteria in Solid Tumors; mRECIST; modified Response Evaluation

Criteria in Solid Tumors; SBRT, stereotactic body radiation therapy.
“Imaging—pathology correlation.
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resection; however, lack of reported local control is a limita-
tion. Moreover, SBRT was administered to patients in this
study when patients were deemed medically inoperable due
to their comorbidities and/or tumor location. These results are
consistent with retrospective data from Yuan et al showing no
differences in 1- to 3-year LC and OS in patients with stage I
HCC, despite statistically significant differences between
the SBRT and surgical resection cohort with a higher propor-
tion of CP-B/C patients (55% vs 12%) and systemic disease
(41% vs 12%).78

Although no randomized evidence exists comparing RFA to
SBRT in the treatment of early-stage HCC, there are several
nonrandomized comparative cohort studies. In Japan, a single-
center pilot trial of SBRT versus RFA was performed in 73
patients with solitary HCC with CP-A to B8 cirrhosis (<3 cm
for RFA and <5 cm for SBRT) treated to 60 Gy in 3 to 5
fractions (dose reduction based on tumor size).®* Despite the
SBRT cohort representing patients deemed unfit medically due
to comorbidities, tumor location, and/or size >3 cm for RFA,
there were no significant differences in 1-year local control
(97% vs 97%) and OS (95% vs 100%) between SBRT and
RFA, respectively. Wahl et al retrospectively compared 224
patients with inoperable nonmetastatic HCC treated with RFA
or SBRT and used propensity scoring to adjust for imbalances
in treatment assignment and found improved LC with SBRT.®
Increasing tumor size predicted worse LC with RFA, whereas
LC was independent of size with SBRT. Tumors > 2 cm had a
3-fold increase in local progression rate with RFA versus
SBRT. Overall survival and morbidity rates were not statisti-
cally different. Contrary to these findings, Rajyaguru et al’s
propensity score-matched analysis of the National Cancer
Database (NCDB) patients with HCC receiving RFA or SBRT
as primary therapy showed superior 5-year OS with RFA (30%
vs 19%).”* Although the number of patients analyzed was large
(n = 3980), this study had several limitations including (1) no
matching based on CP score or viral hepatitis status (not
recorded in NCDB), (2) fibrosis score unknown in 72% of
patients weakening the ability to control this confounder,
(3) no distinction between single tumors with vascular inva-
sion versus multifocal tumors < 5 cm, (4) significantly older
patients treated with SBRT versus RFA (42% vs 26%, age >
71 years), and (5) tumors treated with SBRT were larger (51%
vs 34%, tumors > 3 cm). The limitations of these studies
complicate unbiased comparison of SBRT and RFA for
BCLC stage A HCC.

For BCLC class B and C patients without PVTT, TACE is
considered by many to be the standard of care treatment. A
propensity score analysis compared TACE versus SBRT in
patients with 1 to 2 tumors found superior 2-year LC with
SBRT (91% vs 23%).”® However, this large difference in LC
did not translate into an OS benefit. Several studies have exam-
ined the potential role of combining SBRT with other LDTs. In
a retrospective cohort study, Su ef al examined TACE followed
by SBRT versus SBRT alone for large (>5 cm) HCC and found
superior survival in the combined group.”® Similarly, Jacob et
al saw superior OS with TACE plus SBRT versus TACE alone

for >3 cm tumors.” In a study of incomplete TACE respon-
ders, Paik et al found no significant differences in 2- and 5-year
OS between SBRT and curative treatment with surgery, RFA
or PEL®® Additionally, they found OS was superior with SBRT
versus other noncurative treatment of additional TACE, sora-
fenib, or chemotherapy. Some of the best evidence to date is the
recent publication of the START trial by Yoon et al as dis-
cussed earlier, demonstrating significantly improved PFS,
OS, radiologic response rate, and median time to progression
in CP-A patients with macrovascular invasion treated with
TACE followed by hypofractionated RT over sorafenib
alone.” The combined findings of these articles support that
select patients may benefit from combinations of LDTs with
hypofractionated RT or SBRT and that these combinations
appear to be well tolerated.

Transarterial chemoembolization, RFA, and SBRT have all
been used as a bridge to transplantation. A retrospective cohort
analysis testing TACE, RFA, and SBRT showed no survival
difference between them in patients treated as bridge to trans-
plantation at Princess Margaret.*' Of note, most patients treated
by RFA (88%) met the Milan criteria for transplant, indicating
they had limited stage disease. However, only 24% and 36% of
TACE and SBRT patients met these criteria, respectively. A
retrospective study by Mannina et al showed in 39 patients with
HCC (CP-A 45%) treated with SBRT (dosing per institutional
phase 1 and 2 trials) prior to OLT a pathological response rate
(CR + PR) of 68% with no evidence of progression of the
treated lesion at the time of OLT; albeit, there was viable tumor
remaining in 74% of evaluable patients.®® Notably, 76% of these
patients were initially ineligible for OLT listing due to medical
comorbidities (63%) or substance abuse (13%).

Besides TACE, RFA, and SBRT, TARE is another LDT
option for BCLC stage B/C tumors. Transarterial radioemboli-
zation involves administering yttrium-90 (Y-90)-containing
microspheres through arterial catheters to the hepatic arteries
feeding the tumor, enabling high radiation dose in the tumor
and minimal exposure to normal tissues. Two large phase III
trials tested selective internal radiation therapy versus sorafe-
nib.®* Selective internal radiation therapy resulted in lower risk
of progression in the liver and higher local response rates but no
difference in OS.

Conclusion: Comparison with other local treatments. Most studies
comparing 2 or 3 LDTs are retrospective and thus have low
control of confounding variables. Even with matched analyses
of large databases, the risk of imbalances between treatment
groups is high. Despite many retrospective studies, the need for
randomized trials to clarify the roles of SBRT, TACE, and RFA
in HCC remains. A randomized phase III trial of sorafenib
alone versus SBRT followed by sorafenib is currently ongoing
(RTOG 1112, NCT01730937).

Comparison With PBT

The low radiation tolerance of cirrhotic liver tissue can limit
the utilization of photon-based radiation therapy in treatment of
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HCC.>! Due to the risk of RILD or deterioration in CP score,
which in some cases may be fatal,” only a small number of
patients with relatively few small tumors may be eligible for
SBRT. Data exploring the critical volume model discussed
earlier in this review demonstrate reduced risk of toxicity by
limiting low-dose radiation to uninvolved liver as much as
possible. However, due to the intrinsic physical properties of
photon or X-ray-based SBRT, there are limits to how much the
low-dose volume can be reduced. Alternatively, the physical
properties of PBT allows substantial decrease in low to mod-
erate dose to surrounding tissue without compromising high-
dose coverage of tumor and may make some patients with HCC
ideal candidates for PBT.

Delivering protons to hepatic targets is technically challen-
ging due to liver motion with breathing. The proton treatment
technique of pencil beam scanning (PBS) allows better high-
dose conformity to the target compared to the older more ubi-
quitous passive scattering proton therapy (PSPT) technique,
but PBS is potentially more susceptible to interplay effects of
liver movement. Successfully accounting and/or controlling
motion is mandatory to use PBS for liver tumors. Breath-
hold, gating, and repainting technologies may be solutions, but
they are dependent on real-time monitoring of target motion
with equipment that is fully integrated with the treatment
machine (“real-time target monitoring*). However, real-time
target monitoring is not available at most proton facilities, as
image-guided RT is relatively immature in PBT compared to
SBRT. Thus, most published work with PBT for HCC uses
PSPT and only few proton centers treat liver tumors.

In silico comparative treatment plan studies demonstrated
favorable dose distribution and sparing of liver tissue with
protons versus photons. In a Danish study comparing proton
and photon-based SBRT for liver tumors, protons halved the
mean liver dose and spared 50% more normal liver volume at
dose levels <15 Gy.** A study by Kim ef al showed similar
dose reduction to the liver with a considerable reduction in liver
volume receiving 5 to 45 Gy.*> A University of Pennsylvania
study by Gandhi ef al showed that both tumor location and size
were correlated with the dosimetric superiority of PBT-SBRT
over photon-based SBRT.*® Proton beam therapy generally
provided dosimetric advantages in liver sparing for tumors
>3 c¢m and located in the dome or central liver as well as for
most tumors >5 cm.

In a phase I dose escalation study of unresectable HCC using
moderately hypofractionated regimens of 60 to 72 Gy in 20 to
24 fractions, only 1 of the 27 patients had a 1-point increase in
CP score, and no major hepatotoxicity was present.®” There
were no statistical differences in LC or OS between the dose
schedule arms. Loma Linda and Massachusetts General Hos-
pital published their phase II results showing favorable LC,
PFS, and OS rates with 63 Gy or 58 to 67.5 Gy, both in 15
fractions.®®® Local control rates were as high as 95% at 2
years. Overall survival rates was also high; in a selected group
of patients treated with PBT and subsequent liver transplant,
70% survived at 3 years. An interim analysis of a randomized
trial testing PBT versus TACE in 69 patients with inoperable

HCC from Loma Linda revealed excellent control rates of 88%
and PFS and OS of 48 and 58%, respectively, among PBT-
treated patients at 2 years.”® There was a nonsignificant trend
for improved LC and PFS in patients treated with PBT.

A meta-analysis of 73 cohorts from 70 observational studies
showed heavy-ion therapy and SBRT resulted in similar sur-
vival which was superior to that of conventional photon RT for
HCC.’! Heavy-ion therapy resulted in the lowest risk of com-
plications (6% vs 10% overall acute toxicity and 3% vs 6% late
toxicity, heavy ion therapy vs SBRT, respectively). However,
these results are based on a comparison of very heterogeneous
patient populations and treatment techniques, including sub-
stantially different total dose (median dose: 69.3 GyE charged
particle therapy vs 37 Gy SBRT vs 50.9 Gy conventional
photon RT).

Conclusion: Comparison with PBT. Where photon therapy of HCC
is clearly limited in terms of volume and target numbers, PBT
may allow for treatment of more advanced cases of HCC. Kim
et al assessed 41 patients with HCC having PVTT treated with
PBT using a technique that delivered increased dose to the
tumor thrombus relative to the primary tumor while treating
both the primary and the thrombus simultaneously in the same
RT field (simultaneous integrated boost).”* Sixty-one percent
of the tumors were >5 cm. Of patients responding to treatment,
66% were alive at 2 years. The first randomized phase III trial
of protons versus photon therapy for HCC is currently enrolling
(NRG-GI003, NCT03186898).

Summary

Hepatocellular carcinoma is a common cause of cancer-related
death worldwide. Treating HCC is challenging and complex
because of the natural history of the disease itself and the pre-
valence of advanced comorbidities seen in patients with HCC.
Patients who are ineligible for liver transplant or partial hepa-
tectomy have many different LDT options. Choosing an option
that maximizes clinical benefits and limits risk of toxicity is
essential. Stereotactic body radiation therapy has emerged as
an effective LDT for properly selected patients with HCC hav-
ing excellent rates of LC and minimal treatment associated
morbidity, especially in those with well-compensated liver
function (eg, CP-A). Technological advancements in SBRT
and PBT have facilitated dose escalation, despite the inherent
radiosensitivity of normal hepatic parenchyma. However,
whether further dose escalation is beneficial (eg, beyond 84
Gy EQD2) remains controversial. Further study is necessary
to fully characterize and understand the HCC dose-response
curve. One key limitation for dose escalation is the need for
validated dosimetric parameters predictive of RILD. To
achieve this, objective global and spatial metrics of baseline
liver function that have been validated in SBRT-treated
patients are warranted, in addition to a standardized consensus
regarding reporting hepatotoxicity endpoints. Current available
data suggest patients with CP-B7+ cirrhosis ought to have
more conservative dosimetric constraints because they are at
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elevated risk of RILD. A need remains for validated consensus
criteria to improve accuracy of post-SBRT imaging-based
response assessment to minimize the risk of over-treatment.
Lastly, despite the challenges with comparing SBRT to other
treatment modalities in the absence of randomized data, SBRT
appears to be an effective LDT for local control with a safe
toxicity profile in well-selected patients, and further work is
ongoing regarding the role of SBRT in the setting of combined
modality treatments. Ongoing phase III clinical trials will
address the questions of SBRT versus PBT (NRG-GI003,
NCTO03186898) and sorafenib with/or without SBRT (RTOG
1112, NCT01730937).
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