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Abstract: This systematic review and meta-analysis reports on outcomes and hepatic toxicity rates after stereotactic body radi-
ation therapy (SBRT) for liver-confined hepatocellular carcinoma (HCC) and presents consensus guidelines regarding appro-
priate patient management. Using the Preferred Reporting Items for Systemic Review and Meta-Analyses guidelines, a
systematic review was performed from articles reporting outcomes at >5 years published before October 2022 from the
Embase, MEDLINE, Cochrane, and Scopus databases with the following search terms: (“stereotactic body radiotherapy” OR
“SBRT” OR “SABR” OR “stereotactic ablative radiotherapy”) AND (“hepatocellular carcinoma” OR “HCC”). An aggregated
data meta-analysis was conducted to assess overall survival (OS) and local control (LC) using weighted random effects models.
In addition, individual patient data analyses incorporating data from 6 institutions were conducted as their own subgroup anal-
yses. Seventeen observational studies, comprising 1889 patients with HCC treated with <9 SBRT fractions, between 2003 and
2019, were included in the aggregated data meta-analysis. The 3- and 5-year OS rates after SBRT were 57% (95% confidence
interval [CI], 47%-66%) and 40% (95% CI, 29%-51%), respectively. The 3- and 5-year LC rates after SBRT were 84% (95% CI,
77%-90%) and 82% (95% CI, 74%-88%), respectively. Tumor size was the only prognostic factor for LC. Tumor size and region
were significantly associated with OS. Five-year LC and OS rates of 79% (95% CI, 0.74-0.84) and 25% (95% CI, 0.20-0.30),
respectively, were observed in the individual patient data analyses. Factors prognostic for improved OS were tumor size
<3 cm, Eastern region, Child-Pugh score <B7, and the Barcelona Clinic Liver Cancer stage of 0 and A. The incidence of severe
hepatic toxicity varied according to the criteria applied. SBRT is an effective treatment modality for patients with HCC with
mature follow-up. Clinical practice guidelines were developed on behalf of the International Stereotactic Radiosurgery Society
(ISRS). © 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/)

Introduction in Stockholm in 1995. Since then, numerous prospective
and retrospective studies have reported a promising local
control (LC) rates at 2 years ranging from 68% to 95% and
low risks of hepatic toxicity.” Based on these observational
studies, several meta-analyses showed SBRT efficacy for
HCC with treatment outcomes <3 years.” '* However, there
is lack of evidence demonstrating durable long-term LC and
overall survival (OS) 3 to 5 years after SBRT.

The purpose of this systematic review of the literature is

Hepatocellular carcinoma (HCC), the most common
primary liver cancer, is the sixth most common cancer and
the third leading cause of cancer death worldwide." Cirrho-
sis is the primary underlying etiology for HCC and is attrib-
uted to chronic viral hepatitis, alcohol, and other causes.”
The optimal management of HCC is determined by both

the status of tumor burden and patient factors (eg, age, describe the d hi . h .
underlying liver disease, and liver function), and a multidis- to describe the demographics, patient characteristics, treat-

ciplinary assessment is critical to determine the best treat- pl'ent details, long-t(?rm surYlval outcomes, and hfepatlc tox-
ment strategy.>* icity rates for patients .w1th HCC treated with SBRT.
Historically, the role of external beam radiation therapy Consensus recom.mend?tl_ons fo.r treatment were ma.de mn
(RT) for the treatment of HCC has been restricted to a low an effort to provide clinical guidance ar.ld more unlforrp
dose of palliative-intent conventional external beam RT to man.agement on behalf of the International Stereotactic
respect both the tolerance of the otherwise considered Radiosurgery Society (ISRS).
radio-sensitive normal liver tissue, and the technical uncer-
tainties in tumor delineation and RT delivery.” Advances in
imaging-guidance, RT delivery and treatment planning soft-
ware and a mature understanding of the liver tolerance with
dose-volume-histogram based constraints, now allow for Study protocol
curative intent doses delivered with stereotactic body RT

Methods and Materials

(SBRT). ) o This systematic review was conducted according to criteria
Blomgren et al” reported the first clinical use of SBRT to of the Preferred Reporting Items for Systematic Review and
liver lesions in patients with HCC at the Karolinska Institute Meta-Analyses (PRISMA) 2020 statement.”’ A literature
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search was performed using the Embase, MEDLINE,
Cochrane, and Scopus databases. The following search
terms were used: (“stereotactic body radiotherapy” OR
“SBRT” OR “SABR” OR “stereotactic ablative radiother-
apy”) AND (“hepatocellular carcinoma” OR “HCC”). Full
text articles published in the English language up until Octo-
ber 2022 were identified. The initial query identified 3085
articles, which were subsequently screened for relevance to
the objectives of the present study by thorough review of the
article titles, abstracts, and full texts as necessary. Two
reviewers (S§] Chun and JH Chung) independently per-
formed the search and screened studies to identify eligible
studies, with significant discrepancies settled by an indepen-
dent third reviewer (SH Bae).

Selection criteria

The following inclusion criteria were used: (1) clinical stud-
ies including retrospective or prospective studies specific to
liver-confined HCC; (2) inclusion of >10 patients with
HCC treated with SBRT; (3) SBRT performed in <10 frac-
tions; and (4) reporting of at least >5 years LC and/or OS
rates. When numerical data were absent, LC and/or survival
rates were indirectly estimated from the descriptive plots. In
cases of multiple studies from one institution with overlap-
ping patients, the following criteria were applied, to deter-
mine inclusion and are prioritized by numerical order: (1)
study that reports exclusively on treatment outcomes of
patients with HCC after SBRT; (2) study with the largest
number of patients; and (3) most recently published study.
Studies from the same institution were independently cate-
gorized if they were conducted in different periods. The fol-
lowing exclusion criteria were used: (1) SBRT intentionally
planned as a bridge to liver transplantation; (2) SBRT com-
bined with other treatment modalities simultaneously, but if
the treatment interval between each modality was >1 month
then it was allowed.

Six of 17 eligible studies agreed to provide deidentified
individual patient data (IPD) for more detailed analyses.
Data transfer agreements or ethical approvals were obtained
according to each institutional policy.

Data extraction and quality assessment

Data extraction was performed using a standardized form
with the following data obtained: (1) study, patient, and
tumor characteristics; (2) treatment; and (3) survival and
(4) hepatic toxicity rates. Survival included 1- to 5-year sur-
vival rates, which were either reported in the studies or
derived from the survival curves. Hepatic toxicity was
defined according to Common Terminology Criteria for
Adverse Events, version 4 or 5, and/or radiation-induced
liver disease (RILD), of which there are 2 types: classic RILD
and nonclassic RILD.

Because most (16/17) of the included studies were retro-
spective, the Newcastle-Ottawa Scale (NOS) was used to

assess the quality of the included studies.'* Studies with a
score of 7 to 9 are considered high quality and studies with
a score of 4 to 6 are considered medium quality.

Statistical analysis

For the aggregated data (AD) meta-analyses, the heterogeneity
among the studies was assessed by Higgins I” statistic."” An I*
value of >50% was considered to represent substantial hetero-
geneity. Given the varjation in treatment decision making,
periods for which the study was applicable to, and geographic
location, which influences etiology, the random effects model
was considered superior to the fixed effects model when calcu-
lating pooled estimates. The DerSimonian and Laird method
was used for random-effect analysis, and we report both esti-
mates in the tables.'® Publication bias was assessed by funnel
plots and the Egger’s regression tests. If the funnel plot was
symmetrical or the P value was >.05 in Egger’s test, then the
null hypothesis of no publication bias was accepted. For com-
parison between subgroups, a Q test based on analysis of the
variance and random effects model was used. Values of P <
.05 were considered statistically significant. All statistical analy-
ses were performed using Rex Excel-based statistical analysis
software, version 3.6.0 (RexSoft, Korea, http://rexsoft.org/).

For the IPD analysis, survival was estimated using the
Kaplan-Meier method and compared between groups using
the log-rank test. All statistical analyses were performed
using Statistical Package for the Social Sciences software
(version 27.0; SPSS Inc, Chicago, IL), and a value of P < .05
was considered statistically significant.

Results

An initial search of the 4 databases provided a total of 3085
studies. After removing 746 duplicate articles and 1239 irrel-
evant articles, 1100 studies were selected for title and
abstract screening, of which 238 studies were selected for a
full-text review. Finally, 17 studies comprising 1889 patients
were found to fit the inclusion criteria for the AD meta-
analysis. Among these, 6 studies comprising 665 patients
were included for the IPD analysis. The selection process is
summarized in Fig. 1.

All 17 studies were either retrospective or prospective
observational studies. Therefore, the quality of the studies
according to the NOS criteria was rated medium. Most were
conducted in Eastern countries (China, Japan, Korea, Saudi
Arabia, Taiwan, and Thailand), and 2 were conducted in
Western countries (Canada, United States, and France). The
median proportion of viral etiology was 81% (range, 12%-
100%). The median proportion of Child-Pugh (CP) class A
was 86% (range, 52%-100%). The median tumor size was
2.8 cm (range, 1.3-5.3 cm). Four studies were for specific to
patients with early-stage HCC with a 0 or A according to
the Barcelona Clinic Liver Cancer (BCLC) classification.
Thirteen studies included patients with various BCLC



stages, and the proportion of patients with portal vein tumor
thrombosis ranged from 0% to 59%.

As the total SBRT dose and number of fractions was vari-
able among studies, the biologically effective dose (BED)
was calculated using an o/ ratio of 10. The median value of
all available BED;, was 85.8 Gy, (range, 71.4-137.7 Gyyy).
Study details and treatment outcomes are summarized in
Tables 1 and 2.

AD meta-analysis: Treatment outcomes

In total, 1889 patients from 17 studies were included in
the AD meta-analysis, with a median follow-up of 24
months (range, 12-70 months). The median 3- and 5-year
LC rates were 81% (range, 31%-100%) and 81% (range,
37%-97%), respectively. The median 3- and 5-year OS
rates were 64% (range, 29%-87%) and 39% (range, 11%-
80%), respectively. Twelve studies reported a median pro-
gression-free survival (PES) at 3 years of 39% (range,
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% Cochrane Library (n = 114) tools (n=1239)
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1
@
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Finally included studies for Short term follow-up <5 years (n = 69)
aggregated meta-analysis
= (n=17)
S
=
9
= Finally included studies for
individual patient data meta-
analysis
(n=96)
Fig. 1. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flowchart of study selection.

15%-61%), and 9 studies reported a median PES at 5 years
of 32% (range, 13%-54%). Using random effects analysis,
the pooled 5-year LC and OS estimates were 82% (95%
confidence interval [CI], 74%-88%) and 40% (95% CI,
29%-51%), respectively (Fig. 2). The pooled estimate for
5-year PFS was 33% (95% CI, 24%-43%) (Fig. E1). Signifi-
cant heterogeneity among included studies was present
for survival estimates (Tables 3 and E1), but there was no
detection of publication bias except for 5-year PFS
(Fig. E2). In subgroup comparison, tumor size <3 cm was
the only significantly favorable factor for 1- to 5-year LC
rates, and tumor size <3 cm and Eastern region were sig-
nificantly favorable factors for 1- to 5-year OS rates (P <
.05), as summarized in Table 3.

IPD analysis: Treatment outcomes

Six hundred sixty-five patients from 6 studies were included
in the IPD analysis.'®******** Roquette et al'® provided



Table 1 Hepatocellular carcinoma stereotactic body radiation therapy study details and patient characteristics

Study Male Mean or median Initially Tx Viral CP class ALBI grade

First author Year Location Time of study type No. patients (%) age (range) Dx (%) naive (%) etiology (%) A/B/C (%) 1/2/3 (%)
Shin'” 2022 Korea 2011-2017 R 72 64 Mean, 62.75 + 10.84 100 47 69 82/18/0 NR
Roquette'® 2022 France 2007-2018 R 318 85 69 (43-93) NR 65 12 86/13/1 NR
Rordlamool'® 2022 Thailand 2013-2019 R 27 89 64 (57-69) NR 44 70 85/15/0 NR
Ueno®’ 2021 Japan 2014-2019 R 44 73 78 (70-82) 75 0 68 84/16/0 21/77/2
Kibe?’ 2020 Japan 2005-2017 R 144 67 73 (40-89) NR 0 84 90/10/0 NR
Mathew™ 2020 Canadaand USA  2003-2016 R 297 74 69.3 (22-94) NR 40 52 76/20/2 31/59/9
Fu®™ 2020 China 2011-2018 R 32 97 59.5 (29-80) NR 0 75 100/0/0 NR
Park®* 2020 Korea 2007-2013 R 290 79 61 (36-90) NR 3 87 86/14/0 NR
Yoon™ 2020 Korea 2013-2016 P2 50 80 64 (41-74) NR 4 90 100/0/0 NR
Su”* 2020 China 2009-2017 R 167 84 56 (47-65) NR 100 87 82/18/0 44/53/3
Sun”’ 2020 China 2011-2015 R 122 74 Mean, 54.31 + 9.35 100 100 100 91/9/0 26/67/7
Shen®® 2019 Taiwan 2008-2017 R 46 76 64 (37-86) 35 35 85 87/13/0 52/44/4
Lee” 2019 Taiwan 2008-2016 R 32 75 67 (42-91) NR 59 100 94/6/0 NR
Kimura®” 2018 Japan 2008-2017 R 28 61 77 (58-90) 46 NR 79 82/18/0 NR
Hijazi’' 2016 Saudi Arabia 2009-2015 R 23 NR 71 (27-89) NR NR NR 52/39/9 NR
Que™ 2016 Taiwan 2008-2012 R 115 77 66 (31-91) NR 55 90 90/10/0 NR
Jang™’ 2013 Korea 2003-2011 R 82 73 60 (39-79) 34 0 76 90/10/0 NR

€20¢C o 00 12QWINN e Q0 2WN|OA

Abbreviations: ALBI = albumin-bilirubin; CP = Child-Pugh; Dx = diagnosis; NR = not reported; P2 = prospective phase 2 study; Tx = treatment; R = retrospective study.
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Table2 Hepatocellular carcinoma SBRT treatment outcomes
Median SBRT
Mean or median ~ BCLC stage 0/ dose (range) Median Median LC at 1/3/5 PES at OS at

First author size (range) (cm) A/B/C/D (%) PVI (%) (Gy) No. of fx BED,, Gy follow-up (mo) y (%) 1/3/5y (%) 1/3/5y (%)

Shin'” Mean, 1.71 4 0.64 100%*/0/0/0 0 55 (40-60) 3-5 NR NR 9 73 68 8 61 40 97 80 80
Roquette18 3 (0.5-10.5) 12/48/12/20/8 17 45 (21-54) 3-6 112.5 70 97 94 94 62 21 13 7229 11
Rordlamool "’ 3 (2-6) 0/4/4/92/0 NR 40 (30-50) 5-7 72 (48-100) 12 80 80 80 52 36 NR 59 28 21
Ueno™ 1.4 (1-2.3) 69/39/0/0/0 0 40 5 72 23 98 98 98 NR NR NR 86 67 41
Kibe?! 2.3 (1.0-6.2) 23/48/1/28/0 NR 40 (35-40) 5 72 (59.5-72) 37 97 89 8 NR NR NR 96 66 40
Mathew?? 2.7 (0.5-18.1) 27/18/53" 0 40 (27-60) 3-6 79.2 (45-180) 20 94 8 8 47 15 NR 77 39 24
Fu” 2.8 (1.4-6.9) NR NR 42 (30-54) 6 71.4 (45-91.8) 24 87 73 73 70 54 54 8 67 67
Park® 1.7 (0.7-6) NR NR 45 (30-60) 3-4 112.5 (60-180) 38 98 94 91 NR NR NR 93 64 45
Yoon* 1.3 (0.7-3.1) NR 0 45 3 112.5 48 100 100 97 60 31 27 96 87 78
Su’* 3.4 (1-19.5) 0/100/0/0/0 0 42 (28-50) 1-5 100.8 35 8 63 59 66 38 27 8 65 57
Sun”’ NR NR 0 (48-54) 5-8 NR 60 95 92 92 8 56 46 92 77 63
Shen®® 5.3 (3.0-7.9) 0/20/28/48/4 NR 45 (28-60) 4-5 85.5 (43.7-132) 17 91 73 73 NR NR NR 73 47 22
Lee™ Mean, 4.7 + 2.3 0/0/0/100/0 59 48 (30-60) 3-6 86 (45-120) 18 82 63 43 42 28 NR 79 42 14
Kimura®® 1.85 (0.8-5.5) 61/39/0/0/0 0 (40-48) 4-5 (72-105.6) 16 95 95 95 74 42 42 100 69 34
Hijazi31 5(2-9) NR NR 45 (16-50) 2-6 85.5 12 85 32 32 56 NR NR 47 37 18
Que™ NR (1.8-18) 0/10/20/70/0 30 (26-40) 3-5 (48.36-89.7) 16 85 81 81 43 40 31 64 37 27
Jang™’ 3 (1-7) 0/53/29/18/0 10 51 (33-60) 3 137.7 (69.3-180) 30 91 80 80 52 40 32 83 55 39

Abbreviations: BCLC = Barcelona Clinic Liver Cancer; BED = biologically effective dose, which was calculated using an o/ ratio of 10; fx = fractions; LC = local control; NR = not reported; OS = overall sur-
vival; PFS = progression-free survival; PVI = portal vein invasion; SBRT = stereotactic body radiation therapy.
" Patients with BCLC stage 0 and A.
" Divided into 3 groups: BCLC stage 0 and A versus B versus C and D.
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(A)

Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
Shin, 2022 49 72 — 0.68 [0.56; 0.79] 3.8% 6.0%
Roquette, 2022 299 318 i = 0.94 [0.91; 0.96] 16.8% 6.6%
Rordlamool, 2022 21 27 —_—= 0.78 [0.58; 0.91] 1.4% 51%
Ueno, 2021 43 44 i—*— 0.98 [0.88; 1.00] 2.3% 5.6%
Kibe, 2020 128 144 —=- 0.89 [0.83; 0.94] 7.6% 6.4%
Mathew, 2020 256 297 L 0.86 [0.82; 0.90] 15.7% 6.6%
Fu, 2020 23 32 — 0.72 [0.53; 0.86] 1.7% 5.3%
Park, 2020 265 290 i—'— 0.91 [0.88; 0.94] 15.3% 6.6%
Yoon, 2020 49 50 | —= 0.98 [0.89; 1.00] 2.7% 57%
Su, 2020 99 167 —==— i 0.59 [0.51; 0.67] 8.8% 6.4%
Sun, 2020 113 122 = 0.93 [0.86; 0.97] 6.5% 6.3%
Shen, 2019 34 46 —'——i 0.74 [0.59; 0.86] 2.5% 57%
Lee, 2019 14 32 — & i 0.44 [0.26; 0.62] 1.7% 5.3%
Kimura, 2018 27 28 ﬁ:—*_ 0.96 [0.82; 1.00] 1.5% 52%
Hijazi, 2016 7 23 ——— i 0.30 [0.13; 0.53] 1.2% 4.9%
Que, 2016 94 115 #—:f 0.82 [0.73; 0.88] 6.1% 6.3%
Jang, 2013 66 82 %—f 0.80 [0.70; 0.88] 4.3% 6.1%
Fixed effect model 1889 < 0.86 [0.84; 0.88] 100.0% -
Random effects model = 0.82 [0.74; 0.88] --  100.0%
Heterogeneity: /2 = 92%, 12 = 0.0284, p < 0.01 ' ' '

0.2 04 06 0.8
(B)

Weight Weight
Study Events Total Proportion 95%-Cl (fixed) (random)
Shin, 2022 58 72 | —— 0.81 [0.70; 0.89] 3.8% 6.0%
Roquette, 2022 35 318 = E 0.11 [0.08; 0.15] 16.8% 6.3%
Rordlamool, 2022 6 27 ——=——— 0.22 [0.09; 0.42] 1.4% 5.4%
Ueno, 2021 18 44 ﬁ:—*’— 0.41 [0.26; 0.57] 2.3% 5.7%
Kibe, 2020 58 144 —— 0.40 [0.32; 0.49] 7.6% 6.2%
Mathew, 2020 72 297 .- i 0.24 [0.19; 0.30] 15.7% 6.3%
Fu, 2020 21 32 | —_— 0.66 [0.47; 0.81] 1.7% 5.5%
Park, 2020 130 290 i i 0.45 [0.39; 0.51] 15.3% 6.3%
Yoon, 2020 39 50 | — 0.78 [0.64; 0.88] 2.7% 5.8%
Su, 2020 96 167 i —=— 0.57 [0.50; 0.65] 8.8% 6.2%
Sun, 2020 77 122 | —= 0.63 [0.54; 0.72] 6.5% 6.1%
Shen, 2019 10 46 —*—; 0.22 [0.11; 0.36] 2.5% 5.8%
Lee, 2019 4 32 —=— | 0.12 [0.04; 0.29] 1.7% 5.5%
Kimura, 2018 10 28 —':—— 0.36 [0.19; 0.56] 1.5% 5.4%
Hijazi, 2016 4 23 —=—— 0.17 [0.05; 0.39] 1.2% 5.3%
Que, 2016 31 115 —'—i 0.27 [0.19; 0.36] 6.1% 6.1%
Jang, 2013 32 82 —E—— 0.39 [0.28; 0.50] 4.3% 6.0%
Fixed effect model 1889 < 0.36 [0.34; 0.38] 100.0% -
Random effects model —cei——— 0.40 [0.29; 0.51] - 100.0%
Heterogeneity: 1Z = 95%, t° = 0.0494, p < 0.01 ! k ' '

0.2 0.4 0.6 0.8

Fig. 2.

data for 317 of the 318 patients initially included in their
report, as 1 patient withdrew consent after the date of
publication. The 3-year and 5-year LC rates were 80%
(95% CI, 0.75-0.85) and 79% (95% CI, 0.74-0.84), respec-
tively. The 3-year and 5-year PFS rates were 30% (95%
CI, 0.26-0.35) and 22% (95% CI, 0.17-0.28), respectively.
The median OS was 31 months, and the 3-year and 5-
year OS rates were 45% (95% CI, 0.41-0.49) and 25%
(95% CI, 0.20-0.30), respectively. The survival curves are
presented in Fig. E3. On univariate analysis, Eastern
region and BCLC stage of 0 and A were affected signifi-
cantly better LC. BED >100 Gy;o and Eastern region
were affected significantly better PFS (Table E2). Tumor
size <3 cm, Eastern region, CP score <B7, and BCLC
stage of 0 and A were statistically significant prognostic
factors for improved OS (Fig. 3, Table E2).

Forest plot of 5-year local control (A) and overall survival (B).

AD meta-analysis: Hepatic toxicities

Pooled rates using random effects analysis of classic RILD
and nonclassic RILD were 0% (95% CI, 0%-2%) and 8%
(95% CI, 5%-12%), respectively (Fig. E4). Subgroup analysis
was not performed due to the limited number of included
studies. Late hepatic toxicity >grade 3 was reported in 3
studies and ranged from 0% to 9%. Toxicity data are sum-
marized in Table 4.

Discussion

To our knowledge, this is the first meta-analysis describing
long-term treatment outcomes specific to SBRT for liver-



Table3 Pooled rates of LC and OS

Egger’s Fixed event Random event P (between
Group Cohorts Patients (no.) P, heterogeneity I test, P rate (95% CI) rate (95% CI) groups)
1-y LC
All 17 1889 <.0001 77.87% 1124 0.95 (0.94-0.96) 0.93 (0.90-0.96)
Size <3 cm 8 957 .0349 53.61% .8826 0.97 (0.95-0.98) 0.97 (0.94-0.99) .0088
Size >3 cm 7 695 <.0001 81.67% .0846 0.93 (0.91-0.95) 0.89 (0.82-0.95)
mBED <100 Gy, 8 645 .0047 65.76% .0819 0.94 (0.92-0.96) 0.92 (0.87-0.96) .1748
mBED >100 Gy, 6 935 <.0001 86.17% .7902 0.96 (0.94-0.97) 0.96 (0.91-0.99)
Eastern 15 1274 <.0001 78.72% .1903 0.94 (0.93-0.95) 0.93 (0.89-0.96) .1944
Western 2 615 .0585 72.06% - 0.95 (0.94-0.97) 0.95 (0.92-0.98)
3-yLC
All 17 1889 <.0001 91.76% 1361 0.87 (0.86-0.89) 0.84 (0.77-0.90)
Size <3 cm 8 957 <.0001 86.09% 9657 0.91 (0.89-0.92) 0.91 (0.84-0.96) .0162
Size >3 cm 7 695 <.0001 94.71% 1077 0.82 (0.79-0.85) 0.71 (0.54-0.86)
mBED <100 Gy, 8 645 <.0001 88.01% .1148 0.84 (0.81-0.87) 0.77 (0.66-0.87) .0803
mBED >100 Gy, 6 935 <.0001 95.36% 9423 0.90 (0.88-0.92) 0.90 (0.79-0.98)
Eastern 15 1274 <.0001 91.79% .2800 0.85 (0.83-0.87) 0.82 (0.74-0.90) .1347
Western 2 615 .0010 90.76% - 0.91 (0.88-0.93) 0.90 (0.82-0.97)
5-y LC
All 17 1889 <.0001 92.34% .1108 0.86 (0.84-0.88) 0.82 (0.74-0.88)
Size <3 cm 8 957 <.0001 83.40% 9971 0.89 (0.87-0.91) 0.89 (0.83-0.94) .0216
Size >3 cm 7 695 <.0001 95.67% .1078 0.81 (0.78-0.84) 0.68 (0.49-0.85)
mBED <100 Gy, 8 645 <.0001 90.54% .1035 0.83 (0.80-0.86) 0.75 (0.62-0.86) .1067
mBED >100 Gy 6 935 <.0001 95.30% 9039 0.88 (0.86-0.90) 0.88 (0.76-0.97)
Eastern 15 1274 <.0001 92.02% .2987 0.83 (0.81-0.85) 0.80 (0.71-0.88) .0671
Western 2 615 .0010 90.76% - 0.91 (0.88-0.93) 0.90 (0.82-0.97)
1-y OS
All 17 1889 <.0001 91.09% 9814 0.85 (0.83-0.86) 0.84 (0.78-0.90)
Size <3 cm 8 957 <.0001 88.80% .3794 0.90 (0.88-0.92) 0.93 (0.86-0.97) .0005
Size >3 cm 7 695 <.0001 78.58% 4922 0.77 (0.73-0.80) 0.74 (0.66-0.82)
mBED <100 Gy, 8 645 <.0001 87.51% 4173 0.82 (0.79-0.85) 0.78 (0.67-0.88) .0835
(Continued),
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Table 3 (Continued)

Egger’s Fixed event Random event P (between
Group Cohorts Patients (no.) P, heterogeneity r test, P rate (95% CI) rate (95% CI) groups)
mBED >100 Gy, 6 935 <.0001 93.00% 3641 0.86 (0.84-0.88) 0.90 (0.80-0.96)
Eastern 15 1274 <.0001 89.03% 1611 0.89 (0.87-0.90) 0.86 (0.79-0.91) .0168
Western 2 615 1228 58.00% 0.75 (0.71-0.78) 0.75 (0.69-0.80)
3-y OS
All 17 1889 <.0001 93.74% .2657 0.53 (0.51-0.56) 0.57 (0.47-0.66)
Size <3 cm 8 957 <.0001 92.64% 1109 0.60 (0.57-0.63) 0.68 (0.55-0.79) .0114
Size >3 cm 7 695 <.0001 91.13% .7209 0.42 (0.39-0.46) 0.44 (0.30-0.58)
mBED <100 Gy, 8 645 <.0001 84.95% 7376 0.49 (0.45-0.52) 0.50 (0.38-0.61) 2521
mBED >100 Gy 6 935 <.0001 96.34% 2700 0.53 (0.50-0.56) 0.62 (0.44-0.79)
Eastern 15 1274 <.0001 86.71% 4643 0.63 (0.60-0.66) 0.61 (0.53-0.69) <.0001
Western 2 615 .0081 85.75% - 0.34 (0.30-0.38) 0.34 (0.24-0.44)
5-y OS
All 17 1889 <.0001 95.45% .3078 0.36 (0.34-0.38) 0.40 (0.29-0.51)
Size <3 cm 8 957 <.0001 94.46% .1394 0.42 (0.39-0.45) 0.51 (0.37-0.66) .0309
Size >3 cm 7 695 <.0001 95.38% .8090 0.25 (0.21-0.28) 0.25 (0.10-0.44)
mBED <100 Gy, 8 645 <.0001 82.45% .7866 0.29 (0.26-0.33) 0.30 (0.21-0.40) 2697
mBED >100 Gy, 6 935 <.0001 97.45% 3571 0.35 (0.32-0.38) 0.43 (0.23-0.65)
Eastern 15 1274 <.0001 91.02% 4692 0.46 (0.44-0.49) 0.43 (0.34-0.53) .0035
Western 2 615 <.0001 94.74% - 0.17 (0.14-0.20) 0.17 (0.06-0.32)

Abbreviations: LC = local control; mBED = median biologically effective dose, which was calculated using an «/p ratio of 10; OS = overall survival.
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Cancer (BCLC) stage (D).

confined HCC. Our meta-analysis included 17 studies com-
prising 1889 patients and reports favorable pooled 5-year
LC and OS rates of 82% (95% CI, 74%-88%) and 40% (95%
CIL, 29%-51%), respectively. Pooled rates of classic RILD and
nonclassic RILD were 0% (95% CI, 0%-2%) and 8% (95%
CI, 5%-12%), respectively. Although acknowledging the
inherent heterogeneity among observational studies, the
current meta-analysis confirms durable long-term LC, pro-
longed OS, and low hepatic toxicity rates after SBRT to
HCC.

On subgroup analysis, tumor size was the only significant
prognostic factor for both LC and OS. Five-year LC and OS
rates for tumors <3 cm were 89% (95% CI, 83%-94%) and
51% (95% CI, 37%-66%), respectively, which compares
favorably with other local modalities including radiofre-
quency ablation (RFA). The literature suggests for tumors
<2 cm, surgical resection and RFA offer the same survival
benefit with a 70% to 90% probability of LC.”* However,
RFA for tumors larger than 2 cm is less effective with a
lower rate of complete response and a higher rate of local
recurrence.

Tumors >3 cm, location (dome or proximity to gallblad-
der), and the existence of large abutting vessels leads to a
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reduction by 50% in the rate of complete necrosis with
RFA.”>”” SBRT is not limited by tumor size or location and
more widely applicable. Wahl et al’® compared RFA
(n = 161) with SBRT (n = 63) for patients with inoperable,
nonmetastatic HCC. Two-year LC and OS rates were 80%
and 53% with RFA, and 84% and 46% in SBRT, respectively.
When stratified according to tumor size, there was no signif-
icant difference in LC between RFA and SBRT for tumors
<2 cm. However, for tumors >2 cm, RFA was associated
with significantly worse LC (hazard ratio [HR], 3.35;
P =.025). A recent multinational study from Asian patients
compared RFA (n = 1568) to SBRT (n = 496) for unresect-
able HCC <6 cm.” SBRT resulted in a significantly lower
risk of local relapse (LR) compared with RFA when the
entire cohort was analyzed (HR, 0.45; P < .001), and per-
sisted when the cohort was matched using propensity score
methods (HR, 0.36; P < .001). The 2-year cumulative mor-
tality rates after SBRT and RFA were 26% and 19%, respec-
tively (P < .001), and 22% and 29% when matched
(P = .308). In subgroup analysis, SBRT for tumors <3 cm
were associated with superior LC regardless of location. For
tumors >3 cm located in the subphrenic region, SBRT was
associated with significantly lower local relapse rates versus.
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Table 4 Hepatic toxicity

Acute hepatic toxicity

Late toxicity

First author =~ Hepatic toxicity* grade >3 (%)

Classic RILD (%)

Nonclassic RILD (%) Type of hepatic toxicity grade >3 %

Shin'’

Roquette'® 2

Rordlamool’ 30 4
Ueno®

Kibe”! 0
Mathew” 25! 0
Fu™ 0 0
Park®* 3 0
Yoon™’ 0 0
Su”® 1

Sun”’ 0 3
Shen™® 4
Lee™ 0 16
Kimura™ 7

Hijazi’' 0 0
Que’? 16' 0
Jang™ 4 0

13
18 0 0
7
LC progression 1
16 Biliary toxicity 1
0
6 Biliary toxicity 9
2 0 0
10
5 0 0
20"
25 0 0
0 0
4 0 0
3
5 0 0

" Defined according to Common Terminology Criteria for Adverse Events.
T Some patients had more than 1 kind of hepatic toxicity.

* This study reported only hepatic toxicity of grade 5.

§ Two patients had both classic RILD and nonclassic RILD.

Abbreviations: LC = liver cirrhosis; RILD = radiation-induced liver disease.

RFA (19% vs 32%, P = .019, respectively). In terms of gall-
bladder toxicity, one study showed no relationship between
gallbladder dose and toxicity after SBRT to liver tumors and
recommended no specific constraints limiting dose to the
gallbladder.”’ In the present meta-analysis, the 5-year LC
rate for HCC >3 cm was 68% (95% CI, 49%-85%) after
SBRT. Therefore, we conclude that optimal results following
SBRT can be expected for tumors <3 cm, and durable long-
term LC is still to be expected for those tumors >3 cm.
More than 90% of HCC cases occur in patients with
chronic liver disease, and cirrhosis is an important and inde-
pendent prognostic factor for survival in patients with
HCC."' Therefore, the assessment of liver function is a cru-
cial step in the management of HCC because some standard
therapies could cause collateral damage to the normal liver
tissue inducing hepatic decompensation.”” The CP score has
been the most widely adopted system to grade liver function
in patients with HCC, and categorized patients into 3
grades: A (5-6 points), B (7-9 points), and C (10-15 points).
Patients with CP-A have well-compensated liver function
and are potentially eligible for all treatment modalities.
Patients with CP-C have decompensated cirrhosis and are
eligible only for liver transplantation or best supportive
care. CP-B category patients have borderline liver function
with varying degrees of hepatic impairment, and treatment

of HCC should be individualized to balance liver function
tolerability with potential benefit."> Accordingly, some sub-
divide CP-B into B7 (well-compensated cirrhosis) and B8-9
(decompensated cirrhosis with notable ascites, encephalopa-
thy, or jaundice).

Most SBRT studies for HCC include highly selected
patients with CP-A or B7. However, few studies evaluated
SBRT results for patients with HCC with CP-B7. Culleton et
al** reported outcomes in 29 patients with HCC with CP-B
or C treated with SBRT (median dose, 30 Gy in 6 fractions).
The median survival was 10 months for CP-B7 and 3
months for CP score >8 (P = .011). An increase in CP score
of >2 points occurred in 63% of patients after SBRT, and
the authors suggested SBRT dose reduction strategies in
those CP-B to minimize hepatic toxicity. Andolino et al*’
evaluated SBRT for 60 patients with HCC with CP-A
(median dose, 44 Gy in 3 fractions) and B (median dose, 40
Gy in 5 fractions). The median survival was 44 months for
CP-A and 20 months for CP-B (P = .018). There was a sig-
nificant association between pretreatment CP score and
worsening hepatic dysfunction >1 grade (P = .008). All 4
patients with CP score >8 experienced progressive liver dys-
function: 2 underwent liver transplantation and the other 2
died as a result of progressive liver failure. Therefore, the
authors suggest that patients with CP-A or B7 are eligible
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criteria for SBRT. Additional analysis including phase 1 and
2 trials demonstrated the need for strict dose constraints to
the residual normal liver.** Interestingly, despite the gener-
ally lower prescription doses for patients with CP-B, SBRT
has shown to offer comparable local control compared with
CP-A (range, 65%-100%).” Currently, the KLCA-NCC
Korea practice guideline and American Society for Radia-
tion Oncology Clinical Practice Guideline recommend
SBRT for patients with HCC with <CP-B7.**** Although
we cannot conduct an AD meta-analysis due to limited
number of included studies, IPD analysis showed long-term
survival after SBRT for patients with <CP-B7 (P < .001).
Therefore, SBRT can be performed when the pretreatment
liver function is CP-A or B7. SBRT in patients with >CP-B8
should be considered with caution given the paucity of
safety evidence.

Despite the increasing application of SBRT for HCC treat-
ment, the optimal SBRT dose has yet to be determined. Scorsetti
et al”’ reported that patients treated with a BED >100 Gy, had
statistically improved 1-year LC and median OS rates than those
treated with a BED <100 Gy (100% vs 52% and 27 months vs
8 months, P < .05, respectively). Jang et al’* reported a positive
linear relationship between SBRT dose and LC (P = .006) and
OS (P = .002). Based on the tumor-control probability model,
the authors suggested that a dose of 54.8 Gy in 3 fractions pro-
vides a 2-year LC rate with a 90% probability. Su et al’* showed
higher SBRT dose was associated with improved OS and PSF on
both univariate and multivariate analyses (P < .05) from a mul-
ticenter study including 602 patients with a median follow-up of
50 months. They recommend BED >100 Gy as a first-line
ablative dose. However, no dose-response relationship with
respect to LC was reported by the University of Michigan with a
median BED of 100 Gy,,.”* From the Princess Margaret Hospi-
tal (Toronto, Canada), a dose-response relationship was
observed for LC, but there was no significant association on
multivariate analysis.”” The 1-year LC in that series was 87%,
despite relatively large tumors (median size, 7.2 cm) and lower
SBRT doses (median dose, 36 Gy in 6 fractions).

Two recently published studies also report contradictory
results. From the Asian Liver Radiation Therapy Group
Study, a dose-response relationship from 510 patients with
HCC treated with a BED >100 Gy, was observed with sig-
nificantly favorable 2-year LC and OS rates.”” However,
Ohri et al’* suggests that there is no evidence that LC for
HCC is influenced by BED within the range of reported
schedules (33-60 Gy in 3-5 fractions, BED of 60-180 Gyo)
from 7 published studies. Among previously published
meta-analysis, only 1 study reported a significant association
between SBRT dose and OS.'” The current meta-analysis
also does not show a relationship between BED and LC or
OS both on either AD meta-analysis and IPD analysis.
There was also no correlation between tumor size and BED
from our IPD data (Fig. E5).

The variation of prescription dose reflects the multiple
factors that are considered including tumor size, location,
radiation tolerance of nearby organs, pretreatment liver
function, liver constraints, and organ motion

55

management.” Current clinical evidence shows durable
long-term LC of 82% at 5 years (95% CI, 74%-88%) within a
wide range of prescription practices. Further studies would
be needed to define the optimal dose without increasing the
risk of toxicity. The ongoing phase 3 NRG Oncology RTOG
1112 trial (NCT01730937) using effective liver volume to
aid SBRT dose allocation could be an answer.

To our knowledge, this is the first report demonstrating
differences in survival rates after SBRT for HCC according
to geographic location. On AD meta-analysis, 5-year OS
rates were better for patients from Eastern regions than for
those from Western regions (43% [95% CI, 34%-53%] vs
17% [95% CI, 6%-32%], P = .0035). However, LC rates
tended to increase in Western regions compared with East-
ern regions (90% [95% CI, 82%-97%] vs 80% [95% CI, 71%-
88%], P = .0671). We hypothesize that this potential differ-
ence may be related to different etiologies of HCC based on
region. Hepatitis B virus (HBV)— and hepatitis C virus
(HCV)—induced HCC occurred in 68% to 100% of patients
from Eastern regions, as opposed to 12% to 52% from West-
ern regions (Table 1). China, South East Asia, and Sub-
Saharan Africa are the most high-risk HCC areas, and the
key determinant is chronic HBV infection.' Alcohol is the
most common cause of HCC in Europe, and HCV is the
most common cause in the high-income Pacific regions
(Japan, Australia, and New Zealand).” The major risk fac-
tors appear to be in transition, with the prevalence of HBV
and HCV declining, but nonalcoholic fatty liver disease
caused by excess body weight and diabetes is steadily
increasing in Western regions, and alcohol consumption is
increasing throughout the world."

The underlying etiology of HCC is thought to be associated
with tumor biology and can influence response to treatment.
For example, Lenvatinib has been shown to result in signifi-
cantly better OS rates in nonalcoholic fatty liver disease HCC™
or in nonviral HCC.” A recent meta-analysis of 3 large ran-
domized controlled trials of immunotherapies (CheckMate-
459, IMbrave 150, and KEYNOTE-240) also showed that the
survival benefit of immunotherapy significantly decreased for
nonviral HCC (HR, 0.92; 95% CI, 0.77-1.11) compared with
viral HCC (HR, 0.64; 95% CI, 0.48-0.84).”° Subgroup analysis
from the HIMALAYA trial also has demonstrated improved
OS in HBV-HCC (HR, 0.64; 95% CI, 0.48-0.86) and nonviral
HCC (HR, 0.74; 95% CI, 0.57-0.95) but not in HCV-HCC (HR,
1.06; 95% CI, 0.76-1.49).” Further research is required to deter-
mine whether SBRT dose prescriptions should be adjusted
based on the etiology of the HCC.

We acknowledge that the current meta-analysis has
several limitations. First, the studies included were either
observational or retrospective, and this composition is
controversial for meta-analysis."’ The heterogeneity of
the study and selection bias might affect pooled analysis.
Second, although the studies included were conducted
spanning long-term time intervals, the median follow-up
was only 24 months (range, 12-70 months). We indi-
rectly estimated LC or survival from the descriptive
graphs when numerical data were absent in 5 studies,
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Table5 Key opinions for SBRT to HCC

Recommendations

Patient selection

1. Patients with HCC <3 cm can be considered for SBRT
with favorable local control and survival outcomes. SBRT
to HCC >3 c¢m can be performed with the expectation of
durable long-term local control.

2. SBRT can be performed when the pretreatment liver
function is CP class A or B7. SBRT to patients with CP
class >B8 should be delivered with caution, particularly
for CP class C patients.

Treatment

1. SBRT with 1-9 fractions is recommended for patients
with liver-confined HCC. No specific recommendation for
the optimal dose fractionation can be made.

Treatment outcome

1. Considering worse overall survival rates in patients from
Western regions compared with those from Eastern
regions, despite similar local control rates, different
follow-up strategies according to the etiology of HCC may
be needed.

2. Classic RILD is a rare event after SBRT to HCC with
proper patient selection.

3. The incidence of classic RILD and nonclassic RILD
should be separately recorded to facilitate comparisons
with historical SBRT studies. The use of Common
Terminology Criteria for Adverse Events is reccommended
to facilitate comparisons with other treatment modalities.

Abbreviations: CP = Child-Pugh; HCC = hepatocellular carcinoma;
RILD = radiation-induced liver disease; SBRT = stereotactic body radi-
ation therapy.

and this may overestimate treatment outcomes. Third,
we conducted an IPD analysis because each study
reported different research endpoints. We tried to con-
tact all corresponding authors of this meta-analysis;
however, only 6 authors (35%) replied and agreed to
data sharing for IPD analysis. Our IPD analysis of 665
patients from diverse regions, including Asia and
Europe, is the largest among those published studies spe-
cific to HCC SBRT and showed similar results on sub-
group analysis. Lastly, subgroup analysis on hepatic
toxicity was challenging because there were limited data,
and the definition of hepatic toxicity was variable among
studies. Classic RILD and nonclassic RILD is a useful
categorization to compare historical SBRT studies, and
the use of hepatic toxicity according to Common Termi-
nology Criteria for Adverse Events is recommended to
standardize reporting.”’

Conclusion

From this systemic review and meta-analysis, we proposed
key recommendations for SBRT to HCC in Table 5 on

behalf of the International Stereotactic Radiosurgery Society
(ISRS). Pooled analyses showed durable long-term LC and
OS rates, with a low risk of serious hepatic toxicity, after
SBRT to HCC.
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