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Simple Summary: The role of stereotactic body radiotherapy (SBRT), which can deliver high radia-
tion doses to focal tumors, has greatly increased in not only early-stage hepatocellular carcinoma
(HCC), but also in portal vein or inferior vena cava thrombi, thus expanding this therapy to bridging
transplantation and treating oligometastases from HCC in combination with immune checkpoint
inhibitors. Major guidelines suggest that SBRT be regarded as a substitute therapy to conventional
therapies, such as surgery, ablative therapies, transarterial chemoembolization, and systemic therapy.
Further investigations are expected to establish the rationale for using SBRT in each situation.

Abstract: The role of stereotactic body radiotherapy (SBRT), which can deliver high radiation doses
to focal tumors, has greatly increased in not only early-stage hepatocellular carcinoma (HCC), but
also in portal vein or inferior vena cava thrombi, thus expanding this therapy to pre-transplantation
and the treatment of oligometastases from HCC in combination with immune checkpoint inhibitors
(ICI). In early-stage HCC, many promising prospective results of SBRT have been reported, although
SBRT is not usually indicated as a first treatment potion in localized HCC according to several
guidelines. In the treatment of portal vein or inferior vena cava tumor thrombi, several reports
using various dose-fraction schedules have shown relatively good response rates with low toxicities
and improved survival due to the rapid advancements in systemic therapy. Although SBRT is
regarded as a substitute therapy when conventional bridging therapies to transplantation, such as
transarterial chemoembolization (TACE) and radiofrequency ablation (RFA), are not applicable or
fail in controlling tumors, SBRT may offer advantages in patients with borderline liver function who
may not tolerate TACE or RFA, according to several reports. For oligometastases, the combination of
SBRT with ICI could potentially induce an abscopal effect in patients with HCC, which is expected to
provide the rationale for SBRT in the treatment of oligometastatic disease in the near future.

Keywords: stereotactic body radiotherapy (SBRT); hepatocellular carcinoma (HCC); portal vein
tumor thrombus (PVTT); inferior vena cava tumor thrombus (IVCTT); bridging therapy;
oligometastasis

1. Introduction

According to a recent report by the International Agency for Research on Cancer,
among different types of cancer, liver cancer has the sixth highest incidence in the world,
but its mortality is ranked the third highest [1]. Recently, both the incidence and mortality
of liver cancer have decreased in many high-risk countries, including those in East- and
Southeast Asia, because of vaccination against the hepatitis B virus (HBV) and the devel-
opment of treatment against the hepatitis C virus (HCV) [1]. However, infections with
viruses, such as HBV or HCV, are still major causes of cirrhosis and multifocal hepatocel-
lular carcinoma (HCC); therefore, resection was selected as the initial treatment in only
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38.3% of patients in Japan [2]. Recent technical advances in radiation therapy have made it
possible to deliver high radiation doses to focal tumors; thus stereotactic body radiotherapy
(SBRT) has been widely used in various tumors, such as lung, liver and bone tumors.
Promising retrospective results of SBRT in early-stage HCC have reported that local control
(LC) rates and overall survival (OS) rates have generally ranged from 66–100% and from
60–70% at 2–3 years, respectively [3–6]. However, due to a lack of specific evidence, SBRT
should not be considered as a first-line treatment of localized HCC according to several
guidelines [7–9]. The 2022 updated Barcelona Clinic Liver Cancer (BCLC) strategy showed
that surgery, liver transplantation (LT), and ablative therapies, that is, radiofrequency
ablation (RFA), are considered the first treatment options in early-stage HCC [7]. Although
a randomized phase III study comparing SBRT with other modalities has not been reported
until now, several prospective phase II studies have shown promising data [10–17].

The role of SBRT has become increasingly important not only in early-stage HCC, but
also in HCC with portal vein or inferior vena cava thrombi, thus extending this therapy to
bridging transplantation and treating oligometastases from HCC, such as bone and lung, in
combination with immune checkpoint inhibitors (ICI). This article reviews the increasingly
important roles of SBRT in HCC treatment.

2. SBRT in Early-Stage HCC
2.1. Treatment Outcomes

At this moment, SBRT could be regarded as a substitute therapy to surgery, LT,
RFA, transarterial infusion chemotherapy or chemoembolization (TACE) [7–9]. Recent
prospective studies showed comparable OS to the other modalities, almost 70% in 3 years,
with an excellent LC, almost 90% in 2 or 3 years for small HCC [10–17]. Table 1 summarizes
the prospective studies on SBRT in early-stage HCC. The toxicities of SBRT are relatively
low, and the incidence of grade III or more toxicities ranged from 2% to 38% in Table 1.
The most frequent adverse effects were associated with liver injury, such as the elevation of
total bilirubin and transaminase and the decrease of platelets and ascites. Rim et al. reported
a meta-analysis of 32 published studies involving 1950 HCC patients; OS and LC in 3 years
were 48.3% and 83.9%, respectively, and grade III or more hepatic and gastrointestinal
(GI) toxicities were 4.7% and 3.9%, respectively [18]. In these series, the Child–Pugh
classification (CPC) was a significant prognostic factor for OS and toxicities [5,6,13,18].
Lasley et al. reported the results of SBRT in 38 patients with CPC-A and 21 patients
with CPC-B; the 3-year OS was significant lower in patients with CPC-B (61% for CPC-A,
26% for CPC-B, p = 0.03). In addition, the incidence of grade III or more toxicities was
higher in patients with CPC-B (11% for CPC-A, 38% for CPC-B); patients with CPC-B
experiencing grade II or more liver toxicity had significantly higher dosimetric parameters
of the normal liver [13]. GI toxicities have been reported [11]. Kang et al. reported that
5 (10.5%) of 47 patients experienced more than G3 GI toxicity, including grade IV gastric
ulcer perforation in two patients (4.3%). They concluded that preexisting gastro-duodenal
disease with cirrhosis was a significant risk factor, because in patients with liver cirrhosis,
portal hypertension probably affects the gastrointestinal mucosal defensive and healing
mechanisms, whereas liver cirrhosis increases GI toxicity. In general, it is recommended
that the target proximity to the luminal GI tract should be more than 2 cm from the tumor.
The incidence of central liver toxicities, such as central biliary tract (CBT) stenosis and
portal vein (PV) thrombosis, are not so high [19–21]. Eriguchi et al. reported that only two
patients (3.6% in 55 patients) experienced asymptomatic bile and concluded that SBRT for
liver tumors adjacent to the CBT was feasible with minimal biliary toxicity [19]. However,
Toesca et al. reported that grade III ≥ CBT stenoses were observed in seven patients (17.5%
of 40 patients) [20] They recommended the limiting dose of CBT to be VBED1040 < 37 cc
and VBED1030 < 45 cc. Takahashi et al. reported that grade III ≥ PV thrombi were observed
in three patients (4.8% in 63 patients) [21]. They concluded that PV thrombosis may be
needed to be considered in patients with a higher Child–Pugh class, with higher doses
received to 2% of the PV volume.
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SBRT is considered an alternative to other modalities, and most patients who undergo
SBRT are non-naïve, therefore, previous treatments could affect the treatment results of
SBRT, especially the OS in previous reports. Only a few reports have been published
on SBRT in naïve patients [16,17,22]. Durand-Labrunie et al. reported on a prospective
phase II study of SBRT using 45 Gy in 3 fractions in 43 naïve patients. The 2-year LC
and OS were 98% and 69%, respectively, with 31% toxicities being greater than grade
III [16]. Kimura et al. also reported on a prospective phase II study of SBRT using 40 Gy
in 5 fractions in 36 naïve patients and showed that the OS and LC in 3 years were 78%,
90%, respectively, with 11% of toxicities being greater than grade III [17]. Considering
that the eligible patients of these prospective studies were not suitable for resection, liver
transplantation and RFA, the results of SBRT were comparable to those of the first treatment
options in naïve patients [23,24].

There are several unresolved issues in SBRT in early-stage HCC. The first issue is
the timing of response evaluation. The evaluation method for SBRT is usually judged
by whether there is early arterial enhancement of the tumor using dynamic enhanced
CT or MRI [25,26]. According to the Modified Response Evaluation Criteria in Solid
Tumors (mRECIST), a complete response (CR) was defined as the “Disappearance of any
intratumoral arterial enhancement in all target lesions” [25]. However, this intratumoral
arterial enhancement may be prolonged over 6 or more months in several cases, and this fact
confuses the timing of response evaluation. In a previous report, Kimura et al. evaluated
the patterns of dynamic enhanced CT appearance of tumor responses after the completions
of SBRT. They observed residual early arterial enhancement in 19 lesions (28.4%) more than
3 months after SBRT in 59 patients with 67 tumors [27]. Based on this result, we propose
that the response evaluation at 6 months, not at 3 months, after the completion of SBRT is
the appropriate time point, because in most cases there was ab observed disappearance
of residual early arterial enhancement within 6 months. Figure 1 shows a typical case
of CR at 3.5 months after the completion of SBRT. The second issue is the optimal dose-
fraction schedule. The several dose-fraction schedules are shown in Table 1. Kim et al.
analyzed the dose–response relationship in a multi-institutional retrospective cohort that
included 510 patients treated with SBRT [28]. Patients treated with a biological effective
dose (BED) ≥ 100 Gy showed a better 2-year freedom from local progression (FFLP) and
OS than did patients treated with a BED < 100 Gy (FFLP, 89% vs. 69%; OS, 80% vs. 67%;
p < 0.001). In addition, a multivariate analysis before and after propensity score-matching
(PSM) in 198 selected patients between BED ≥ 100 Gy and BED < 100 Gy, identified
BED ≥ 100 Gy as the main prognostic factor for both FFLP and OS (p < 0.01). Higher
dose-fraction schedules may improve LC and OS. The third issue is the combination with
TACE. Kimura et al. compared SBRT alone (28 patients) with SBRT+TACE (122 patients) in
small HCC, the median tumor size was < 20 mm, retrospectively [29]. The 2 year OS and
local progression-free survivals (LPFS) for SBRT alone and SBRT+TACE groups were 78.6%
and 80.3% (p = 0.6583) and 71.4% and 80.8% (p = 0.9661), respectively. On the other hand, Su
et al. also compared SBRT alone (50 patients) with SBRT+TACE (77 patients) in large HCC,
with median tumor size being 85 mm, retrospectively [30]. The 5 year OS was significantly
higher in the SBRT + TAE/TACE group (46.9%) than that in the SBRT alone group (32.9%;
p = 0.049). The LPFS did not differ significantly between the two groups. These opposite
results suggested that the combination of SBRT and TACE has the potential to improve
treatment results, compared with SBRT alone, especially in patients with larger HCC, such
as those of >5 cm, but SBRT alone could be a significant treatment option for patients with
small HCC, such as those of <2 cm. To resolve these issues, further prospective studies
are warranted.
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Table 1. Prospective studies of SBRT in early-stage HCC.

Author/Year Study Design N Median
Tumor Size

BCLC *
Stage C

Previous
Treatment

Dose/Fraction
(Gy/fr) Prescription Local Control Overall

Survival
Toxicity

Grade 3≥

Andoliano, 2011, USA [10] Phase I/II 60 (CPC-A/B #: 36/24) 31 mm 17% 100% 42–60 Gy/3 fr 70–80% isodose 94.6% (2y) 68.7% (2y) 10.7%
Kang, 2012, Korea [11] Phase II 47 (CPC-A/B: 41/6) 29 mm N.A. ** N.A. ** 24–48 Gy/3 fr 80% isodose 90% (2y) 67% (2y) 25%

Bujold, 2013, Canada [12] Phase I/II 102 (CPC-A/B: 102/0) 72 mm 65.7% 52% 24- 54 Gy/6 fr N.A. ** 87.0% (1y) 34.0% (2y) 30%

Lasley, 2015, USA [13] Phase II
CPC-A: 38 N.A. N.A. N.A. 48 Gy/3 fr 80–90% isodose 91% (3y) 61% (3y) 11%
CPC-B: 21 N.A. N.A. N.A. 40 Gy/5 fr 80–90% isodose 82% (3y) 26% (3y) 38%

Takeda, 2016, Japan [14] Phase II 90 (CPC-A/B: 82/8) 23 mm 16% 64% 40 or 35 Gy/5 fr 60–80% isodose 96.3% (3y) 66.7% (3y) 15%
Jang, 2020, Korea [15] Phase II 65 (CPC-A/B: 64/1) 24 mm 6.2% 100% 42–60 Gy/3 fr 90% isodose 95% (3y) 76% (3y) 2%

Durand-Labrunie, 2020, France [16] Phase II 43 (CPC-A/B: 37/6) 28 mm 0% 0% 45 Gy/3 fr 80% isodose 94% (2y) 69% (2y) 31%
Kimura, 2021, Japan [17] Phase II 36 (CPC-A/B: 33/3) 23 mm 0% 0% 40 Gy/5 fr 70% isodose 90% (3y) 78% (3y) 11%

Abbreviations: * BCLC: Barcelona Clinic Liver Cancer, ** N.A.: not available, # CPC-A/B: Child-Pugh class A/B.
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et al. reported the comparison between TACE in 84 patients with 114 HCCs and SBRT in 
125 patients with 173 HCCs using PSM [31]. SBRT produced significantly better LC (2 
year: 91% for SBRT and 23% for TACE, p < 0.001) with lower grade III (and lower) toxicity 
(8% for SBRT and 13% for TACE, p = 0.05) despite no difference in OS. A meta-analysis, 
which compared TACE alone with radiation therapy (RT) including SBRT with TACE, 
showed that the median survival for TACE with RT (22.7 months) was significantly better 
than that for TACE alone (13.5 months) (p < 0.001) [32]. 

Figure 1. A typical case of complete response at 3.5 months after the completion of SBRT. (A) Dynamic
MRI appearance (arterial phase) before SBRT; the early arterial enhancement is obvious (red arrow).
(B) Dynamic MRI appearance (arterial phase) after 3.5 months; the early arterial enhancement has
disappeared (red arrow). (C) Dose distribution of SBRT: the prescribed dose of 40 Gy covered 95% of
PTV with 125% maximum dose of 40 Gy (80% isodose) in 4 fractions.

2.2. Comparison to the Other Treatments

Recently, several PSM studies, which compared SBRT with the different modalities of local
therapy, have been published. Table 2 summarizes these PSM studies in early-stage HCC.

TACE is considered an alternative to resection or RFA, and its eligibility is regardless
of tumor conditions, such as its size, number and location in several guidelines [7–9].
Spair et al. reported the comparison between TACE in 84 patients with 114 HCCs and SBRT
in 125 patients with 173 HCCs using PSM [31]. SBRT produced significantly better LC
(2 year: 91% for SBRT and 23% for TACE, p < 0.001) with lower grade III (and lower) toxicity
(8% for SBRT and 13% for TACE, p = 0.05) despite no difference in OS. A meta-analysis,
which compared TACE alone with radiation therapy (RT) including SBRT with TACE,
showed that the median survival for TACE with RT (22.7 months) was significantly better
than that for TACE alone (13.5 months) (p < 0.001) [32].

Several comparative PSM studies with RFA, which is a first-line treatment, have
been reported [33–36]. Recent large-size studies showed significantly better LC for SBRT
compared to RFA and comparable OS and toxicities [35,36]. On the other hand, Rajyaguru
et al. showed opposite outcomes with RFA producing significantly better OS; the 5 year
OS of RFA was 29.8% and that of SBRT was 19.3% (p = 0.001) using the National Cancer
Database [34]. However, several limitations, such as selection bias, have been pointed out
by several investigators. Several meta-analyses, which compared SBRT with RFA, showed
that the LC of SBRT was better or comparable to that of RFA, especially for a tumor size
of ≥ 2 cm, but the opinions were divided regarding OS [37–39]. Pan et al. concluded that
OS of SBRT was inferior to that of RFA because of the tumor burden or liver profiles of the
enrolled study participants [37]; in contrast, Wang et al. concluded that SBRT was well-
tolerated with an OS equivalent to that with RFA [39]. These findings could suggest the
limitations of these retrospective studies, therefore further investigations are still needed.

In comparisons with resection, which is also a first-line treatment, PSM studies from
China showed that SBRT produced a similar OS to that in resection [40,42]; in addition, Su
et al. showed that an advantage of SBRT over resection was its lesser degree of invasive-
ness [40]. In contrast, Nakano et al. from Japan reported that the 5 year OS and PFS rates
for the resection and SBRT groups were 75.2% vs. 47.8% (p = 0.0149) and 33.8% vs. 16.4% (p
= 0.0512), respectively, and a multivariate analysis showed that resection was a significant
favorable factor for OS and PFS [41]. They concluded that resection should be considered a
first treatment option for potentially resectable patients.
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Table 2. Comparison with the other modalities.

Author/Year Study
Design Modality N (Matched) Median

Tumor Size
Local

Control p-Value PFS p-Value Overall
Survival p-Value Toxicity

Grade 3≥ p-Value

Spair, 2018, USA [31] IPTW *
SBRT 125 23 mm 91% (2y)

0.008
26.9% (2y) #

<0.001
54.9% (2y)

0.21
8%

0.05TACE 84 29 mm 23% (2y) 10.7% (2y) # 34.9% (2y) 13%

Wahl, 2016, USA [33] IPTW
SBRT 63 22 mm N.A. - 83.8 % (2y) #

N.S. † 52.9% (2y)
N.S.

5%
0.31RFA 161 18 mm N.A. 80.2 (2y) # 46.3% (2y) 11%

Rajyaguru, 2018, USA [34] PSM **
SBRT 296 (275) N.A. ¶ N.A. - N.A. - 19.3% (5y)

<0.001
N.A. -

RFA 3684 (521) N.A. N.A. N.A. 29.8% (5y) N.A.

Hara, 2019, Japan [35] PSM
SBRT 143 (106) 18 mm 93.6% (3y)

<0.001
N.A. - 69.1% (3y)

0.86
0 %

N.A.RFA 231 (106) 17 mm 79.8% (3y) N.A. 70.4% (3y) 2%

Kim, 2020, Korea [36] PSM
SBRT 496 (313) 21 mm 80.6% (2y)

<0.001
N.A. - 77.6% (2y)

0.308
1.6%

0.268RFA 1568 (313) 22 mm 76.3% (2y) N.A. 71.1 (2y) 2.6%

Su, 2017, China [40] PSM
SBRT 82 (33) 33 mm N.A. - 43.9% (5y)

0.945
74.3% (5y)

0.45
N.A. -

Surgery 35 (33) 35 mm N.A. 35.9% (5y) 69.2% (5y) N.A.

Nakano, 2018, Japan [41] PSM
SBRT 27 (27) 18.4 mm N.A. - 16.4% (5y)

0.0512
47.8% (5y)

0.0149
3.7%

N.A.Surgery 254 (54) 17.6 mm N.A. 33.8% (5y) 75.2% (5y) 9.1%

Sun, 2020, China [42] PSM
SBRT 122 (104) 26 mm N.A. - 49% (5y)

0.350
71% (5y)

0.673
0

N.A.Surgery 195 (104) 27 mm N.A. 47.3% (5y) 70.7% (5y) 21.5%

Abbreviations: * IPTW: inverse probability of treatment weighting to the Kaplan–Meier method and Cox models, ** PSM: propensity score-matching. # FFLP: Freedom from in-liver
(local) progression. ¶ N.A.: not available, † N.S.: not significant.
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Charged particle therapy (CPT), including carbon ion therapy and proton beam ther-
apy (PBT), provides physical and biological advantages compared with SBRT, which uses
a photon beam. In a physical aspect, the “Bragg peak”, which is a rapid energy fall-off at
a specific depth, allows for the delivery of a very localized dose distribution that poten-
tially reduces the incidence of hepatic toxicity. In a biological aspect, the greater relative
biological effectiveness of CPT, especially carbon ion therapy, compared with SBRT, could
be expected to improve LC and OS. Based on this background, CPT is promising for large
tumors with relatively less toxicity. Qi et al. reported a meta-analysis of the CPT and SBRT
in patients with HCC [43]. The OS for CPT was similar to that for SBRT, and the toxicity
tended to be lower for CPT compared to that for SBRT. From 2022, CPT for HCC (≤4 cm) is
covered by the national health insurance in Japan. Now, a prospective non-randomized
trial on PBT vs. surgery for operable untreated HCC is ongoing (Japanese Clinical Oncology
Group, JCOG1305).

Further studies, including randomized phase III studies to define which patients are
more suitable for each curative local treatment, are needed.

2.3. Repeated SBRT

According to the latest Japanese survey, recurrence was reported within two years of
diagnosis in 50.5% patients with HCC [2]. Because of the multifocal nature, intrahepatic
recurrence is the one most frequently observed in 80–95% of cases [44], and Imamura et al.
reported that two types of recurrence may be distinguished: early and late recurrences [45].
Early recurrence is considered a metastatic occurrence and late recurrence a multicentric
occurrence of HCC, therefore, the late recurrence shares the same risk factors as primary
HCC [45]. Considering these recurrent patterns and their frequencies, repeated locoregional
therapies play an important role. The treatment strategy for patients with intra-hepatic
recurrent HCC after initial treatments, such as surgery or RFA, should principally follow the
same eligibility which was used for naïve HCC patients [46]. SBRT could also be considered
a substitute therapy to surgery or RFA in this situation. Kimura et al. reported the results
of repeated SBRT in 81 patients with 189 tumors of two courses or more (median two times;
ranged from two to four times) [47]. The 5 year local recurrence rate, OS and liver-related
death rates from the first SBRT were 6.3%, 60.4% and 32.9%, respectively. The 3 year OS
and liver-related death rates from the second SBRT were 61.0% and 34.5%, respectively,
with almost the same frequency of grade III toxicity between the first and second SBRT
(first: 11%; second: 15%, p = 0.48). Repeated SBRT for patients with intra-hepatic recurrent
HCC achieved satisfactory LC and OS without severe toxicities; therefore, SBRT could be a
good treatment option in these recurrent cases.

3. SBRT for Portal Vein or Inferior Vena Cava Tumor Thrombi

Macroscopic vascular invasions (MVIs), such as those in the portal vein, hepatic vein
and inferior vena cava, are observed frequently at the first diagnosis of HCC. In the latest
Japanese nationwide survey, vascular invasion was observed in the portal vein in 13.2%,
hepatic veins in 6.2%, and bile duct in 3.4% of patients [2]. BCLC staging defines patients
with portal vein invasion as advanced stage (C) and recommended systemic therapy [7].
Sorafenib has been selected as the first-line systemic therapy, but a recent phase III study on
patients with unresectable HCC showed that the combination of atezolizumab and beva-
cizumab resulted in better OS and PFS than did sorafenib (1-year OS 67.2% vs. 54.6%) [48].
As rapid advances in systemic therapy take place, what is the role of radiation therapy
for patients with MVI? First, radiation therapy is considered to prevent symptoms such
as bleeding from esophageal varices, secondary Budd–Chiari syndrome and pulmonary
tumor thrombi [49]. Second, radiation therapy is considered to improve survival because
portal vein tumor thrombi (PVTT) or inferior vena cava tumor thrombi (IVCTT) are associ-
ated with widespread intrahepatic and extrahepatic dissemination by the spread of tumor
cells through the portal tract [50–52].
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Although three-dimensional radiation therapy (3D-CRT) has been used recently with
TACE, and hepatic arterial infusion chemotherapy (HAIC) and molecular targeted drugs
for HCC with MVI, SBRT has often been applied instead of 3D-CRT due to achievement
of higher BED doses within a shorter duration of treatment. Table 3 summarizes several
studies on SBRT in advanced HCC with PVTT or IVCTT [53–62]. Shuqun et al. classified
the extent of PVTT into four types: Type I: tumor thrombus involving segmental or sectoral
branches of the portal vein or above; Type II: tumor thrombus involving the right/left portal
vein; Type III: tumor thrombus involving the main portal vein; Type IV: tumor thrombus
involving the superior mesenteric vein (Cheng’s classification) [63]. They also reported
the median survival periods for patients of groups I (n = 17), II (n = 26), III (n = 35) and IV
(n = 6) as 10.1, 7.2, 5.7 and 3.0 months, respectively (p = 0.0001) and concluded that these
types of tumor thrombi could be prognostic factors for HCC patients with PVTT. Shui et al.
suggested the basic criteria for applying SBRT as follows: (1) tumor thrombus involving the
main trunk and/or first branches of the portal vein (most of patients were classified as Type
II-III in Cheng’s classification), unsuitable for surgery or TACE; (2) PS(ECOG) 0–2; (3) No
refractory ascites; (4) CPC A and B, or class C with good PS; (5) No previous radiotherapy
to the liver; (6) More than 700 cc of uninvolved liver [58]. In Table 3, various dose-fractions
were used, such as 36–50 Gy in 3–15 fractions; however, the optimal dose-fraction schedule
is still unknown. Li et al. compared the OS, PFS and LC of SBRT using a BED assumed
at an α/β ratio of 10 (BED10) ≥ 100 Gy with those of SBRT using a BED10 < 100 Gy in
HCCs with PVTT, and reported that those of the BED10 ≥ 100 Gy group were significantly
improved [61]. They concluded that SBRT using a BED10 ≥ 100 Gy is recommended, if
dose constraints are kept. Rim et al. reported on a meta-analysis that compared 3D-CRT
and SBRT for HCC with PVTT [64]. Although OS did not differ among the two modalities,
response rate and grade III and above complications were better in SBRT.

Most of the studies were retrospective; further prospective studies on SBRT with
or without systemic therapies are needed in order to establish the role of SBRT. Now, a
prospective randomized trial of sorafenib versus SBRT followed by sorafenib in HCC is
ongoing (Radiation Therapy Oncology Group, RTOG1112).
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Table 3. SBRT for portal vein/inferior vena cava tumor thrombus.

Author/Year Study Design N Techniques Total Dose (Range) Fractions Response Rate 1-Year OS (Median) Toxicity

Tse, 2008, USA [53] Phase I 16 (total 41) Static IMRT 36 Gy (24–54 Gy) 6 fr 25% (CR 6%, PR 19%) 48% (11.6 m) 23% (CP class *, all)
Choi, 2008, Korea [54] retrospective 9 (total 31) CyberKnife 36 Gy (30–36 Gy) 3 fr 44.4% (CR 11.1%, PR 33.3%) 43.2% (8 m) 16.1% (CP class, all)

Xi, 2013, China [55] retrospective 41 VMAT 36 Gy (30–48 Gy) 6 fr 75.6% (CR 36.6%, PR 39%) 50.3% (13 m) 2.4% (grade 3≥) **
Kang, 2014, China [56] retrospective 101 Static IMRT 40.2 Gy (21–60 Gy) 6 fr 70.3% (CR 18%, PR 53%) 50–58.8% (12–15 m) 34.7% (CP class)

Matsuo, 2016, Japan [57] retrospective 43 CyberKnife/TrueBeam 50 Gy (36–55 Gy) 10–15 fr 67% (CR 1%, PR 65%) 49.3% (11 m) 8.3% (CP class)
Shui, 2018, China [58] retrospective 70 VMAT 40 Gy (25–50 Gy) 5 fr 77.4% (CR 0%, PR 77.4%) 40% (10 m) 4.3% (CP class)
Choi, 2020, Korea [59] prospective 24 CyberKnife 45 Gy (39–45 Gy) 3–4 fr 54.2% (CR 8.3%, PR 45.8%) 67.5% (20.8 m) 25% (grade 3≥) #

Que, 2020, Taiwan [60] retrospective 36 CyberKnife alone 40 Gy (36–40 Gy) 3–5 fr
75% (CR 25%, PR 50%) 33.3% (7 m) 8.3% (grade 3≥) †

18 CyberKnife + sorafenib 77.7% (CR 33.3%, PR 44.4%) 55.6% (12.5 m) 27.8% (grade 3≥) ††

Li, 2021, China [61] retrospective 102 CyberKnife 42 Gy (30–50 Gy) 3–5 fr 62.1% (2-year local control) 46.5% (10 m) 11.8% (CP class)
Munoz-Schuffeneger [62],

2021, Canada retrospective 128 Linac 33.3 y (27–54 Gy) 5 fr 87.4% (1-year local control) N.A. (18.3 m) 27.6% (CP class)

Abbreviations: * CP class: progression of Child–Pugh class from A to B or C, ** Evaluated by CTCAE ver3.0, # Evaluated by CTCAE ver4.0. † Liver enzyme adverse effects evaluated by
CTCAE ver4.0, †† leukopenia or thrombocytopenia evaluated by CTCAE ver4.0.
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4. SBRT for a Bridging Therapy to Liver Transplantation (LT)

According to the BCLC strategy, LT is the standard therapy for patients who meet the
Milan criteria, which comprise single tumors of less than 5 cm or three or fewer nodules of
3 cm or less [7]. SBRT could be considered bridging therapies of LT as locoregional therapies.
Table 4 summarizes several studies on SBRT as bridging therapy [65–72]. Because it would be
difficult to undertake prospective studies, all studies were retrospective, and the numbers of
patients were limited. OS ranged from 75 to 100%, disease-free survival was almost 75% and
the drop-off rate ranged from 0% to 33% with various dose-fraction schedules.

In these studies, Sapisochin et al. compared the robust intention-to-treat analysis with
several modalities; 379 patients were divided into three bridging treatment groups, such
as SBRT (36 patients), TACE (99 patients) and RFA (244 patients) [71]. The 5 year OS after
LT was very similar (p = 0.7) among the SBRT groups (75%), the TACE group (69%) and
the RFA group (73%). In addition, the rates of drop-out were also similar (p = 0.7) among
the SBRT groups (16.7%), the TACE group (20.2%) and the RFA group (16.8%). The rate
of impaired liver function was significantly higher (p = 0.001) in the SBRT group (38.9%)
than in the TACE (19.4%) and RFA groups (13%) because of selection bias, such as poor
liver function and outside Milan criteria in the SBRT group. SBRT may be safely utilized
as a bridge to LT in patients with HCC or as an alternative when conventional bridging
therapies, such as TACE, and RFA, are not applicable, or fail, in controlling tumors. SBRT
may offer advantages in patients with borderline liver function who may not tolerate TACE
or RFA.
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Table 4. Results of stereotactic body radiotherapy as a bridging therapy.

Author/Year Study Design N Tumor Size Child-Pugh A Total
Dose/Fractions

Median Months to
Transplantation

Disease-Free
Survival

Overall
Survival

Pathological
CR Rate Drop-Off Rate

Sandroussi, 2010, Canada [65] retrospective 10 79 cc 40% 33 Gy/6 fr 5 N.A. * N.A. N.A. 20% (8/10)
O’Connar, 2012, USA [66] retrospective 10 34 mm 80% 51 Gy/3 fr 3.5 N.A. 100% (5y) 27% 0%

Katz, 2012, USA [67] retrospective 18 40 mm 16.7% 50 Gy/10 fr 6 N.A. N.A. 18.2% 33% (12/18)
Barry, 2016, Canada [68] retrospective 38 60.5 cc 42% 36 Gy/6 fr N.A. 79% (5y) 76% (5y) N.A. 13% (5/38)
Mannina, 2017, USA [69] retrospective 38 24 mm 45% 40 Gy/5 fr 8.1 74% (3y) 77% (3y) 23.5% N.A.
Moore, 2017, Israel [70] retrospective 16 25 mm 45.5% 54 Gy/3 fr 4.8 N.A. N.A. 27.3% 31.3% (11/16)

Sapisochin, 2017, Canada [71] retrospective 36 45 mm 61% 36 Gy/6 fr 13.7 74% (5y) 75% (5y) 13.3% 16.7% (30/36)

Wang, 2021, Taiwan [72] retrospective 14 44.5 mm 78.6% 45 Gy/5 fr 8.4 18.3 months
(median)

37.8 months
(median) 23.1% 0%

Toxicity ≥ Grade 3 after SBRT was 0% in all studies. Abbreviation: * N.A.: not available.
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5. SBRT for Extrahepatic Metastasis

The most common sites of extrahepatic metastasis were the lungs, bone, lymph nodes,
adrenal glands, and brain, with an incidence of 34.7% in the lungs, 29.3% in the lymph
nodes and 17.2% in the bone, according to the latest Japanese survey [2]. The BCLC staging
system defines patients with extrahepatic metastasis (often painful bone metastases) as
advanced stage (C) and recommends systemic therapy [7]. The role of radiation therapy in
this stage is usually palliative care. However, recently the concept of oligometastasis, which
is an intermediate state between localized and systemically metastasized disease, has been
expanded [73]. Several studies have reported that the use of aggressive local therapies in
oligometastatic disease has increased survival in patients with various cancers, such as
lung, colorectal and prostate cancers [73–76]. SBRT is frequently used in oligometastatic
disease as a local therapy due to its lesser invasiveness. Kim et al. showed that the level
of soluble programmed cell death ligand-1 was significantly increased in patients with
HCC who were treated with SBRT [77]. This finding suggests that the combination of SBRT
with ICI could potentially induce an abscopal effect also in patients with HCC. Further
investigations are expected to establish the evidence for SBRT in oligometastatic disease in
the near future.

6. Discussion—Future Perspectives

As described above, the current role of SBRT in HCC has been greatly expanded, and
SBRT has become an essential modality in several aspects of HCC treatment. Considering
the future perspectives for SBRT, there are several issues that should be resolved, such
as an establishment of the evidence for early-stage HCC, especially in naïve patients, the
combination of SBRT and ICI in advanced HCC, and the segregation of SBRT and CPT.
First, SBRT in early-stage HCC; as shown in Table 1, the results of many prospective studies
on SBRT in early-stage HCC are promising. However, the levels of evidence in external
beam radiation therapy, including SBRT, have been low because of a lack of phase III
studies [78]. In addition, the comparison to the other treatments, shown in Table 2, does
not also include Phase III studies. It would be very difficult to compare different modalities
in a randomized trial. For example, the SURF trial, which is a randomized controlled
trial of surgery versus RFA for small HCC, showed that the target number of patients
(600 patients) was not reached because the speed of patient accrual was low [79]. On the
other hand, Kim et al. reported the results of a randomized phase III trial, comparing PBT
and RFA for patients with recurrent or residual HCC [80]. There were several limitations
in this study. The eligibility criteria of this study were patients with recurrent HCC, not
naïve HCC. In addition, the primary endpoint was a 2 year local progression-free survival
(LPFS), which was defined as the time from the commencement date of each intervention
to the date of local progression, rather than progression-free survival or OS. However,
PBT showed LPFS values that were non-inferior to those for RFA. The number of patients
enrolled was 144, which is not so large, but the possibility of a Phase III study with different
modalities would be expected. In fact, Phase III trials of the SBRT vs. RFA for patients
with untreated HCC are currently being conducted in Asian countries, as follows, and the
results are awaited.

NCT03898921 (ClinicalTrials.gov): Radiofrequency Ablation (RFA) Versus Stereotactic
Body Radiotherapy (SBRT) for Small hepatocellular Carcinoma: A Phase III, Prospective,
Randomized, Open, Parallel Controlled Clinical Trial. Primary endpoint: OS, The number
pf register: 270 patients, China.

NCT05433701 (ClinicalTrials.gov): A Phase III Randomized Controlled Non-inferiority
Trial to Compare SBRT vs. RFA for Unresectable, Small (≤3 cm) HCC. Primary endpoint:
LPFS, The number pf register: 162 patients, Korea.

Second, the combination of SBRT and ICI for extrahepatic metastasis, which has been
supported by basic theories: Sharabi et al. described that SBRT could produce immune-
mediated systemic responses and induce an “abscopal effect”; therefore, the combination of
SBRT and ICI increases tumor cell’s susceptibility to immune-mediated cell death [81]. In a

ClinicalTrials.gov
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clinical setting, Tang et al. reported a Phase I trial testing SBRT with cytotoxic T lymphocyte
antigen 4 (CTLA-4) and ipilimumab for patients with metastatic solid tumors of the liver or
lung that were refractory to standard therapies. They concluded that combining SBRT and
ipilimumab was safe with a 10% partial response in non-irradiated lesions, and irradiation
to the liver produced greater T-cell activation than did irradiation to the lung [82]. From
these results, the combination of SBRT and ICI could improve survival more than SBRT
alone for patients with oligometastatic disease. Table 5 shows the summary of ongoing
prospective trials of immunotherapy combined with SBRT for HCC.

Table 5. Summary of ongoing prospective trials of immunotherapy combined with SBRT for advanced
HCC. (ClinicalTrials.gov, accessed on 14 July 2022).

Trials (Country) Type of Disease Design Number of Pts Interventions Primary Endpoint

NCT04547452
(China)

Stage IV HCC (Liver
or lung or any

metastatic lesion)
Randomized Phase II 42: SBRT+PD-1 # 42:

PD-1 alone
RT: SBRT Drug:

Sintilimab (PD-1)

24-week
progression-free

survival rate

NCT 05396937
(China)

Metastatic HCC
(extrahepatic

dissemination)
Phase II 42

RT: SBRT Drug:
Atezolizumab,
Bevacizumab

Objective response
rate

NCT04988945
(China)

Tumor size 5–25 cm
and number of

lesions ≤3
Phase II 33

Procedure: TACE RT:
SBRT Drug:

Durvalumab,
Tremelimumab

Downstaging for
hepatectomy

NCT03817736
(China)

Tumor size 5–15 cm
or number of lesions
≤3 or segmental

portal vein
involvement

Phase II 33 Procedure: TACE RT:
SBRT Drug: ICI †

Number of Patients
Amendable to

Curative Surgical
Interventions

NCT04857684 (USA) Resectable HCC Phase I 20
RT: SBRT Drug:
Atezolizumab,
Bevacizumab

Proportion of
patients with grade

3–4 treatment-related
adverse events as

assessed by CTCAE
v5.0

NCT04913480
(China)

Stage C or earlier
HCC based on
BCLC * staging

Phase II 37 RT: SBRT Drug:
Durvalumab

Progression-free
survival at 1 year

NCT05185531
(China)

Medically fit to
undergo surgery as
determined by the

treating medical and
surgical

oncology team

Phase I 20 RT: SBRT Drug:
Tislelizumab (PD-1)

Delay to surgery
overall response rate

after neoadjuvant
SBRT + Tislelizumab

NCT03316872
(Canada)

maximum 10 lesions
to be treated, and

total tumor diameter
to be treated <20 cm

Phase II 30 RT: SBRT Drug:
Pembrolizumab Overall response rate

Abbreviations: * BCLC: Barcelona Clinic Liver Cancer, # PD-1: Programmed death receptor-1, † ICI: immune
checkpoint inhibitors.

Third, the segregation of SBRT and CPT has been an important issue. As described in
the previous part, there is no doubt that CPT is advantageous due to its physical aspects,
especially for large size HCC. On the other hand, for early-stage HCC, although CPT is
advantageous from the viewpoint of adverse events from the meta-analysis, LC has no
large difference when compared to SBRT at present. Considering accessibility and cost, it
seems realistic at present to segregate large HCCs (>4–5 cm) that are difficult to control
with SBRT. The NCCN guidelines state that “proton beam therapy may be appropriate in
specific situations” [8]. To establish evidence, several studies comparing it with other local
modalities, such as RFA, are ongoing; there is a possibility that CPT has a higher priority
than other modalities in the selection of local treatment for HCC in the near future.

ClinicalTrials.gov
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7. Conclusions

The current role of SBRT in HCC has been expanded to include patients with not
only early-stage HCC, but also in PVTT/IVCTT, bridging transplantations and oligometas-
tases. Further investigations are expected to establish the rationale for using SBRT in
each situation.

Author Contributions: Conceptualization; T.K. (Tomoki Kimura), Writing—Original Draft Prepa-
ration; T.K. (Tomoki Kimura), Writing—Review & Editing; T.F., T.K. (Tsubasa Kameoka) and Y.A.,
Visualization, T.F., Supervision, S.K., Project Administration; T.K. (Tomoki Kimura), Funding Ac-
quisition; T.K. (Tomoki Kimura) All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported in part by a Grant-in-Aid for Scientific Research from the Ministry
of Education, Culture, Sports, Science and Technology of Japan (Grant no. 20H03624).

Conflicts of Interest: Lecture fee from AstraZeneca Co., Ltd., Educational donation from Hitachi,
Ltd. (Tomoki Kimura).

References
1. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global cancer statistics 2020: GLOBOCAN

estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

2. Kudo, M.; Izumi, N.; Kokudo, N.; Sakamoto, M.; Shiina, S.; Takayama, T.; Tateishi, R.; Nakashima, O.; Murakami, T.; Matsuyama,
Y.; et al. Report of the 21st follow-up survey of primary liver cancer in Japan (2010–2011). Hepatol. Res. 2021, 51, 355–405.
[CrossRef] [PubMed]

3. Seo, Y.S.; Kim, M.S.; Yoo, S.Y.; Cho, C.K.; Choi, C.W.; Kim, J.H.; Han, C.J.; Park, S.C.; Lee, B.H.; Kim, Y.H.; et al. Preliminary result
of stereotactic body radiotherapy as a local salvage treatment for inoperable hepatocellular carcinoma. J. Surg. Oncol. 2010, 102,
209–214. [CrossRef] [PubMed]

4. Kwon, J.H.; Bae, S.H.; Kim, J.Y.; Choi, B.O.; Jang, H.S.; Jang, J.W.; Choi, J.Y.; Yoon, S.K.; Chung, K.W. Long-term effect of
stereotactic body radiation therapy for primary hepatocellular carcinoma ineligible for local ablation therapy or surgical resection.
Stereotactic radiotherapy for liver cancer. BMC Cancer 2010, 10, 475. [CrossRef]

5. Sanuki, N.; Takeda, A.; Oku, Y.; Mizuno, T.; Aoki, Y.; Eriguchi, T.; Iwabuchi, S.; Kunieda, E. Stereotactic body radiotherapy for
small hepatocellular carcinoma: A retrospective outcome analysis in 185 patients. Acta Oncol. 2014, 53, 399–404. [CrossRef]

6. Kubo, K.; Kimura, T.; Aikata, H.; Takahashi, S.; Takeuchi, Y.; Takahashi, I.; Nishibuchi, I.; Murakami, Y.; Chayama, K.; Nagata, Y.
Long-term outcome of stereotactic body radiotherapy for patients with small hepatocellular carcinoma. Hepatol. Res. 2018, 48,
701–707. [CrossRef]

7. Reig, M.; Forner, A.; Rimola, J.; Ferrer-Fabrega, J.; Burrel, M.; Garcia-Criado, A.; Kelley, R.K.; Gale, P.R.; Mazzaferro, V.; Salem,
R.; et al. BCLC strategy for prognosis predictin and treatment recommendation: The 2022 update. J. Hepatol. 2022, 76, 681–693.
[CrossRef]

8. NCCN Clinical Practice Guidelines in Oncology (NCCN Guidelines®) Hepatobiliary Cancers ver. 1. 2022. Fort Washington,
PA: National Comprehensive Cancer Network®. Available online: https://www.nccn.org/professionals/physician_gls/pdf/
hepatobiliary.pdf (accessed on 15 May 2022).

9. Heimbach, J.K.; Kulik, L.M.; Finn, R.S.; Sirlin, C.B.; Abecassis, M.M.; Roberts, L.R.; Zhu, A.X.; Murad, M.H.; Marrero, J.A. AASLD
Guidelines for the treatment of hepatocellular carcinoma. Hepatology 2018, 67, 358–380. [CrossRef]

10. Andolino, D.L.; Johnson, C.S.; Maluccio, M.; Kwo, P.; Tector, A.J.; Zook, J.; Johnstone, P.A.; Cardenes, H.R. Stereotactic Body
Radiotherapy for Primary Hepatocellular Carcinoma. Int. J. Radiat. Oncol. 2011, 81, e447–e453. [CrossRef]

11. Kang, J.K.; Kim, M.S.; Cho, C.K.; Yang, K.M.; Yoo, H.J.; Kim, J.H.; Bae, S.H.; Jung, D.H.; Kim, K.B.; Lee, D.H.; et al. Stereotactic
body radiation therapy for inoperable hepatocellular carcinoma as a local salvage treatment after incomplete transarterial
chemoembolization. Cancer 2012, 118, 5424–5431. [CrossRef]

12. Bujold, A.; Massey, C.A.; Kim, J.J.; Brierley, J.; Cho, C.; Wong, R.K.; Dinniwell, R.E.; Kassam, Z.; Ringash, J.; Cummings, B.; et al.
Sequential Phase I and II Trials of Stereotactic Body Radiotherapy for Locally Advanced Hepatocellular Carcinoma. J. Clin. Oncol.
2013, 31, 1631–1639. [CrossRef] [PubMed]

13. Lasley, F.D.; Mannina, E.M.; Johnson, C.S.; Perkins, S.M.; Althouse, S.; Maluccio, M.; Kwo, P.; Cardenes, H. Treatment variables
related to liver toxicity in patients with hepatocellular carcinoma, Child-Pugh class A and B enrolled in a phase 1–2 trial of
stereotactic body radiation therapy. Pract. Radiat. Oncol. 2015, 5, e443–e449. [CrossRef] [PubMed]

14. Takeda, A.; Sanuki, N.; Tsurugai, Y.; Iwabuch, S.; Matsunaga, K.; Ebinuma, H.; Imajo, K.; Aoki, Y.; Saito, H.; Kunieda, E. Phase 2
study of stereotactic body radiotherapy and optional transarterial chemoembolization for solitary hepatocellular carcinoma not
amenable to resection and radiofrequency ablation. Cancer 2016, 122, 2041–2049. [CrossRef]

http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1111/hepr.13612
http://www.ncbi.nlm.nih.gov/pubmed/33382910
http://doi.org/10.1002/jso.21593
http://www.ncbi.nlm.nih.gov/pubmed/20740576
http://doi.org/10.1186/1471-2407-10-475
http://doi.org/10.3109/0284186X.2013.820342
http://doi.org/10.1111/hepr.13063
http://doi.org/10.1016/j.jhep.2021.11.018
https://www.nccn.org/professionals/physician_gls/pdf/hepatobiliary.pdf
https://www.nccn.org/professionals/physician_gls/pdf/hepatobiliary.pdf
http://doi.org/10.1002/hep.29086
http://doi.org/10.1016/j.ijrobp.2011.04.011
http://doi.org/10.1002/cncr.27533
http://doi.org/10.1200/JCO.2012.44.1659
http://www.ncbi.nlm.nih.gov/pubmed/23547075
http://doi.org/10.1016/j.prro.2015.02.007
http://www.ncbi.nlm.nih.gov/pubmed/25899219
http://doi.org/10.1002/cncr.30008


Cancers 2022, 14, 4383 15 of 18

15. Jang, W.I.I.; Bae, S.H.; Kim, M.S.; Han, C.J.; Park, S.C.; Kim, S.B.; Cho, E.H.; Choi, C.W.; Kim, K.S.; Hwang, S.; et al. A Phase
2 Multicenter Study of Stereotactic Body Radiotherapy for Hepatocellular Carcinoma: Safety and Efficacy. Cancer 2020, 126,
363–372. [CrossRef] [PubMed]

16. Durand-Labrunie, J.; Baumann, A.S.; Ayav, A.; Laurent, V.; Boleslawski, E.; Cattan, S.; Bogart, E.; Le Deley, M.C.; Steen, V.;
Lacornerie, T.; et al. Curative Irradiation Treatment of Hepatocellular Carcinoma: A Multicenter Phase 2 Trial. Int. J. Radiat. Oncol.
Biol. Phys. 2020, 107, 116–125. [CrossRef]

17. Kimura, T.; Takeda, A.; Sanuki, N.; Ariyoshi, K.; Yamaguchi, T.; Imagumbai, T.; Katoh, N.; Eriguchi, T.; Oku, Y.; Ozawa, S.;
et al. Multicenter prospective study of stereotactic body radiotherapy for previously untreated solitary primary hepatocellular
carcinoma: The STRSPH study. Hepatol. Res. 2020, 51, 461–471. [CrossRef]

18. Rim, C.H.; Kim, H.J.; Seong, J. Clinical feasibility and efficacy of stereotactic body radiotherapy for hepatocellular carcinoma:
A systematic review and meta-analysis of observational studies. Radiother. Oncol. 2019, 131, 135–144. [CrossRef]

19. Eriguchi, T.; Takeda, A.; Sanuki, N.; Oku, Y.; Aoki, Y.; Shigematsu, N.; Kunieda, E. Acceptable toxicity after stereotactic body
radiation therapy for liver tumors adjacent to the central biliary system. Int. J. Radiat. Oncol. Biol. Phys. 2013, 85, 1006–1011.
[CrossRef]

20. Toesca, D.A.S.; Osmundson, E.C.; Eyben, R.V.; Shaffer, J.L.; Lu, P.; Koong, A.C.; Chang, D.T. Central liver toxicity after SBRT:
An expanded analysis and predictive nomogram. Radiother. Oncol. 2010, 76, 130–136. [CrossRef]

21. Takahashi, S.; Kimura, T.; Kenjo, M.; Nishibuchi, I.; Takahashi, I.; Takeuchi, Y.; Doi, Y.; Kaneyasu, Y.; Murakami, Y.; Honda, Y.;
et al. Case reports of portal vein thrombosis and bile duct stenosis after stereotactic body radiation therapy for hepatocellular
carcinoma. Hepatol. Res. 2014, 44, E273–E278. [CrossRef]

22. Takeda, A.; Sanuki, N.; Eriguchi, T.; Kobayashi, T.; Iwabutchi, S.; Matsunaga, K.; Mizuno, T.; Yashiro, K.; Nishimura, S.; Kunieda,
E. Stereotactic ablative body radiotherapy for previously untreated solitary hepatocellular carcinoma. J. Gastroenterol. Hepatol.
2014, 29, 372–379. [CrossRef]

23. Huang, J.; Yan, L.; Cheng, Z.; Wu, H.; Du, L.; Wang, J.; Xu, Y.; Zeng, Y. Randomized trial comparing radiofrequency ablation and
surgical resection for HCC conforming to the Milan criteria. Ann. Surg. 2010, 252, 903–912. [CrossRef] [PubMed]

24. Feng, K.; Yan, J.; Li, X.; Xia, F.; Ma, K.; Wang, S.; Bie, P.; Dong, J. A randomized controlled trial of radiofrequency ablation and
surgical resection in the treatment of small hepatocellular carcinoma. J. Hepatol. 2012, 57, 794–802. [CrossRef]

25. Lencioni, R.; Llovet, J.M. Modified RECIST (mRECIST) assessment for hepatocellular carcinoma. Semin. Liver Dis. 1995, 31, 52–60.
[CrossRef] [PubMed]

26. Kudo, M.; Kubo, S.; Takayasu, K.; Takayasu, K.; Sakamoto, M.; Tanaka, M.; Ikai, I.; Furuse, J.; Nakamura, K.; Makuuchi, M.; et al.
Response evaluation criteria in cancer of the liver (RECICL) proposed by the liver cancer study group of Japan (2009 revised
version). Hepatol. Res. 2010, 40, 686–692. [CrossRef] [PubMed]

27. Kimura, T.; Takahashi, S.; Kenjo, M.; Nishibuchi, I.; Takahashi, I.; Takeuchi, Y.; Doi, Y.; Kaneyasu, Y.; Murakami, Y.; Honda, Y.;
et al. Dynamic computed tomography appearance of tumor response after stereotactic body radiation therapy for hepatocellular
carcinoma: How should we evaluate treatment effects? Hepatol. Res. 2013, 43, 717–727. [CrossRef] [PubMed]

28. Kim, N.; Cheng, J.; Huang, W.Y.; Kimura, T.; Zeng, Z.C.; Lee, V.H.F.; Kay, C.S.; Seong, J. Dose-response relationship in stereotactic
body radiation therapy for hepatocellular carcinoma: A pooled-analysis of an Asian Liver Radiation Therapy Group study. Int. J.
Radiat. Oncol. Boiol. Phys. 2020, 73, 121–129. [CrossRef]

29. Kimura, T.; Aikata, H.; Doi, Y.; Imano, N.; Takeuchi, Y.; Takahashi, I.; Nishibuchi, I.; Katsuta, T.; Kenjo, M.; Murakami, Y.; et al.
Comparison of stereotactic body radiation therapy combined with or without transcatheter arterial chemoembolization for
patients with small hepatocellular carcinoma ineligible for resection or ablation therapies. Technol. Cancer Res. Treat. 2018, 17,
1533033818783450. [CrossRef]

30. Su, T.S.; Lu, H.Z.; Cheng, T.; Zhou, Y.; Huang, Y.; Gao, Y.C.; Tang, M.Y.; Jiang, H.Y.; Lian, Z.P.; Hou, E.C.; et al. Long-term survival
analysis in combined transarterial embolization and stereotactic body radiation therapy versus stereotactic body radiation
monotherapy for unresectable hepatocellular carcinoma >5 cm. BMC Cancer 2016, 16, 834. [CrossRef]

31. Sapir, E.; Tao, Y.; Schipper, M.J.; Bazzi, L.; Novelli, P.M.; Devlin, P.; Owen, D.; Cuneo, K.C.; Lawrence, T.S.; Parikh, N.D.; et al.
Stereotactic body radiation therapy as an alternative to transarterial chemoembolization for hepatocellular carcinoma. Int. J.
Radiat. Oncol. Biol. Phys. 2018, 100, 122–130. [CrossRef]

32. Huo RY and Eslick, G.D. Transcatheter arterial chemoembolization plus radiotherapy compared with chemoembolization alone
for hepatocellular carcinoma. A systematic review and meta-analysis. JAMA Oncol. 2015, 6, 756–765.

33. Wahl, D.R.; Stenmark, M.H.; Tao, Y.; Pollom, E.L.; Caoili, E.M.; Lawrence, T.S.; Schipper, M.J.; Feng, M. Outcomes after stereotactic
body radiotherapy or radiofrequency ablation for hepatocellular carcinoma. J. Clin. Oncol. 2016, 34, 452–459. [CrossRef] [PubMed]

34. Rajyaguru, D.J.; Borgert, A.J.; Smith, A.L.; Thomes, R.A.; Conway, P.D.; Halfdanarson, T.R.; Truty, M.J.; Kurup, A.N.; Go, R.S.
Radiofrequency ablation versus stereotactic body radiotherapy for localized hepatocellular carcinoma in nonsurgically man aged
patients: Analysis of the National Cancer Database. J. Clin. Oncol. 2018, 36, 600–608. [CrossRef]

35. Hara, K.; Takeda, A.; Tsurugai, Y.; Saigusa, Y.; Sanuki, N.; Eriguchi, T.; Maeda, S.; Tanaka, K.; Numata, K. Radiotherapy for
Hepatocellular carcinoma results in comparable survival to radiofrequency ablation: A propensity score analysis. Hepatology
2019, 69, 2533–2545. [CrossRef] [PubMed]

http://doi.org/10.1002/cncr.32502
http://www.ncbi.nlm.nih.gov/pubmed/31747476
http://doi.org/10.1016/j.ijrobp.2019.12.004
http://doi.org/10.1111/hepr.13595
http://doi.org/10.1016/j.radonc.2018.12.005
http://doi.org/10.1016/j.ijrobp.2012.09.012
http://doi.org/10.1016/j.radonc.2016.10.024
http://doi.org/10.1111/hepr.12241
http://doi.org/10.1111/jgh.12350
http://doi.org/10.1097/SLA.0b013e3181efc656
http://www.ncbi.nlm.nih.gov/pubmed/21107100
http://doi.org/10.1016/j.jhep.2012.05.007
http://doi.org/10.1055/s-0030-1247132
http://www.ncbi.nlm.nih.gov/pubmed/20175033
http://doi.org/10.1111/j.1872-034X.2010.00674.x
http://www.ncbi.nlm.nih.gov/pubmed/20633194
http://doi.org/10.1111/hepr.12007
http://www.ncbi.nlm.nih.gov/pubmed/23356835
http://doi.org/10.1016/j.ijrobp.2020.09.038
http://doi.org/10.1177/1533033818783450
http://doi.org/10.1186/s12885-016-2894-9
http://doi.org/10.1016/j.ijrobp.2017.09.001
http://doi.org/10.1200/JCO.2015.61.4925
http://www.ncbi.nlm.nih.gov/pubmed/26628466
http://doi.org/10.1200/JCO.2017.75.3228
http://doi.org/10.1002/hep.30591
http://www.ncbi.nlm.nih.gov/pubmed/30805950


Cancers 2022, 14, 4383 16 of 18

36. Kim, N.; Cheng, J.; Jung, I.; Liang, J.D.; Shih, Y.L.; Huang, W.Y.; Kimura, T.; Lee, V.H.F.; Zeng, Z.C.; Zhenggan, R.; et al. Stereotactic
body radiotherapy vs. radiofrequency ablation in Asian patients with hepatocellular carcinoma. J. Hepatol. 2020, 73, 121–129.
[CrossRef]

37. Pan, Y.X.; Fu, Y.Z.; Hu, D.D.; Long, Q.; Wang, J.C.; Xi, M.; Liu, S.L.; Liu, M.Z.; Chen, M.S.; Zhang, Y.J. Stereotactic body
radiotherapy vs. radiofrequency ablation in the treatment of hepatocellular carcinoma: A meta-analysis. Front. Oncol. 2020, 10,
1639. [CrossRef]

38. Lee, J.; Shin, I.S.; Yoon, W.S.; Koom, W.S.; Rim, C.H. Comparisons between radiofrequency ablation and stereotactic body
radiotherapy for liver malignancies: Meta-analyses and a systematic review. Radiother. Oncol. 2020, 145, 63–70. [CrossRef]

39. Wang, L.; Ke, Q.; Huang, Q.; Shao, L.; Chen, J.; Wu, J. Stereotactic body radiotherapy versus radiofrequency ablation for
hepatocellular carcinoma: A systematic review and meta-analysis. Int. J. Hyperth. 2020, 37, 1313–1321. [CrossRef]

40. Su, T.S.; Liang, P.; Liang, J.; Lu, H.Z.; Jiang, H.Y.; Cheng, T.; Huang, Y.; Tang, Y.; Deng, X. Long-term survival analysis of
stereotactic ablative radiotherapy versus liver resection for small hepatocellular carcinoma. Int. J. Radiat. Oncol. Biol. Phys. 2017,
98, 639–646. [CrossRef]

41. Nakano, R.; Ohira, M.; Kobayashi, T.; Ide, K.; Tahara, H.; Kuroda, S.; Shimizu, S.; Kimura, T.; Nagata, Y.; Aikata, H.; et al.
Hepatectomy versus stereotactic body radiotherapy for primary early hepatocellular carcinoma: A propensity-matched analysis
in a single institution. Ann. Surg. 2018, 164, 219–226. [CrossRef]

42. Sun, J.; Wang, Q.; Hong, Z.X.; Li, W.G.; He, W.P.; Zhang, T.; Zhang, A.M.; Fan, Y.Z.; Sun, Y.Z.; Zheng, L.; et al. Stereotactic body
radiotherapy versus hepatic resection for hepatocellular carcinoma (≤5 cm): A propensity score analysis. Hepatol. Int. 2020, 14,
788–797. [CrossRef] [PubMed]

43. Qi, W.; Shen, F.; Qing, Z.; Xiao-Mao, G. Charged particle therapy versus photon therapy for patients with hepatocellular carcinoma:
A systematic review and meta-analysis. Radiat. Oncol. 2015, 114, 289–295. [CrossRef] [PubMed]

44. Lacaze, L.; Scotte, M. Surgical treatment of intra hepatic recurrence of hepatocellular carcinoma. World J. Hepatol. 2015, 7,
1755–1760. [CrossRef] [PubMed]

45. Imamura, H.; Matsuyama, Y.; Tanaka, E.; Ohkubo, T.; Hasegawa, K.; Miyagawa, S.; Sugawara, Y.; Minagawa, M.; Takayama, T.;
Kawasaki, S.; et al. Risk factors contributing to early and late phase intrahepatic recurrence of hepatocellular carcinoma after
hepatectomy. J. Hepatol. 2003, 38, 200–207. [CrossRef]

46. The Japan Society of Hepatology (Ed.) Chapter 9 Post-Treatment Surveillance and Prevention and Treatment of Recurrence.
In Clinical Practice Guidelines for Hepatocellular Carcinoma; The Japan Society of Hepatology: Tokyo, Japan, 2021; pp. 268–274.

47. Kimura, T.; Takeda, A.; Tsurugai, Y.; Kawano, R.; Doi, Y.; Oku, Y.; Hioki, K.; Miura, H.; Nagata, Y. A multi-institutional
retrospective study of repeated stereotactic body radiation therapy for intrahepatic recurrent hepatocellular carcinoma. Int. J.
Radiat. Oncol. Biol. Phys. 2020, 108, 1265–1275. [CrossRef]

48. Finn, R.S.; Qin, S.; Ikeda, M.; Galle, P.R.; Ducreux, M.; Kim, T.Y.; Kudo, M.; Breder, V.; Merle, P.; Kaseb, A.O.; et al. Atezolizumab
plus Bevacizumab in Unresectable Hepatocellular Carcinoma. N. Engl. J. Med. 2020, 382, 1894–1905. [CrossRef]

49. Kodama, H.; Aikata, H.; Muralami, E.; Miyaki, D.; Nagaoki, Y.; Hashimoto, Y.; Azakami, T.; Katamura, Y.; Kawaoka, T.; Takaki, S.;
et al. Clinical outcome of esophageal varices after hepatic arterial infusion chemotherapy for advanced hepatocellular carcinoma
with major portal vein tumor thrombus. Hepatol. Res. 2011, 41, 1046–1056. [CrossRef]

50. Fujino, H.; Kimura, T.; Aikata, H.; Miyaki, D.; Kawaoka, T.; Kan, H.; Fukuhara, T.; Kobayashi, T.; Naeshiro, N.; Honda, Y.;
et al. Role of 3-D conformal radiotherapy for major portal vein tumor thrombosis combined with hepatic arterial infusion
chemotherapy for advanced hepatocellular carcinoma. Hepatol. Res. 2015, 45, 607–617. [CrossRef]

51. Yoon, S.M.; Ryoo, B.Y.; Lee, S.J.; Kim, J.H.; Shin, J.H.; An, J.H.; Lee, H.C.; Lim, Y.S. Efficacy and safety of transarterial chemoem-
bolization plus external beam radiotherapy vs sorafenib in hepatocellular carcinoma with macroscopic vascular invasion.
A randomized clinical trial. JAMA Oncol. 2018, 4, 661–669. [CrossRef]

52. Koo, J.E.; Kim, J.H.; Lim, Y.S.; Park, S.J.; Won, H.J.; Sung, K.B.; Suh, D.J. Combination of transarterial chemoembolization and
three-dimensional conformal radiotherapy for hepatocellular carcinoma with inferior vena cava tumor thrombus. Int. Radiat.
Oncol. Biol. Phys. 2010, 78, 180–187. [CrossRef]

53. Tse, R.V.; Hawkins, M.; Lockwood, G.; Kim, J.J.; Cummings, B.; Knox, J.; Sherman, M.; Dawson, L.A. Phase I study of
individualized stereotactic body radiotherapy for hepatocellular carcinoma and intrahepatic cholangiocarcinoma. J. Clin. Oncol.
2008, 26, 657–664. [CrossRef] [PubMed]

54. Choi, B.O.; Choi, I.B.; Jang, H.S.; Kang, Y.N.; Jang, J.S.; Bae, S.H.; Yoon, S.K.; Chai, G.Y.; Kang, K.M. Stereotactic body radiation
therapy with or without transarterial chemoembolization for patients with primary hepatocellular carcinoma: Preliminary
analysis. BMC Cancer 2008, 8, 351. [CrossRef] [PubMed]

55. Xi, M.; Zhang, L.; Zhao, L.; Ki, Q.Q.; Guo, S.P.; Feng, Z.Z.; Deng, X.W.; Huang, X.Y.; Liu, M.Z. Effectiveness of Stereotactic Body
Radiotherapy for hepatocellular carcinoma with portal vein and/or inferior vena cava tumor thrombosis. PLoS ONE 2013, 8,
e63864. [CrossRef] [PubMed]

56. Kang, J.; Nie, Q.; Du, R.; Zhang, L.; Zhang, J.; Li, Q.; Li, J.; Qi, W. Stereotactic body radiotherapy combined with transarterial
chemoembolization for hepatocellular carcinoma with portal vein tumor thrombosis. Mol. Clin. Oncol. 2014, 2, 43–50. [CrossRef]

http://doi.org/10.1016/j.jhep.2020.03.005
http://doi.org/10.3389/fonc.2020.01639
http://doi.org/10.1016/j.radonc.2019.12.004
http://doi.org/10.1080/02656736.2020.1843719
http://doi.org/10.1016/j.ijrobp.2017.02.095
http://doi.org/10.1016/j.surg.2018.03.006
http://doi.org/10.1007/s12072-020-10088-0
http://www.ncbi.nlm.nih.gov/pubmed/32886334
http://doi.org/10.1016/j.radonc.2014.11.033
http://www.ncbi.nlm.nih.gov/pubmed/25497556
http://doi.org/10.4254/wjh.v7.i13.1755
http://www.ncbi.nlm.nih.gov/pubmed/26167248
http://doi.org/10.1016/S0168-8278(02)00360-4
http://doi.org/10.1016/j.ijrobp.2020.07.034
http://doi.org/10.1056/NEJMoa1915745
http://doi.org/10.1111/j.1872-034X.2011.00857.x
http://doi.org/10.1111/hepr.12392
http://doi.org/10.1001/jamaoncol.2017.5847
http://doi.org/10.1016/j.ijrobp.2009.07.1730
http://doi.org/10.1200/JCO.2007.14.3529
http://www.ncbi.nlm.nih.gov/pubmed/18172187
http://doi.org/10.1186/1471-2407-8-351
http://www.ncbi.nlm.nih.gov/pubmed/19038025
http://doi.org/10.1371/journal.pone.0063864
http://www.ncbi.nlm.nih.gov/pubmed/23737955
http://doi.org/10.3892/mco.2013.196


Cancers 2022, 14, 4383 17 of 18

57. Matsuo, Y.; Yoshida, K.; Nishimura, H.; Ejima, Y.; Miyawaki, D.; Uezono, H.; Ishihara, T.; Mayahara, H.; Fukumoto, T.; Ku, Y.;
et al. Efficacy of stereotactic body radiotherapy for hepatocellular carcinoma with portal vein tumor thrombosis/inferior vena
cava tumor thrombosis: Evaluation by comparison with conventional three-dimensional conformal radiotherapy. J. Radiat. Res.
2016, 57, 512–523. [CrossRef]

58. Shui, Y.; Yu, W.; Ren, X.; Guo, Y.; Xu, J.; Ma, T.; Zhang, B.; Wu, J.; Li, Q.; Hu, Q.; et al. Stereotactic body radiotherapy based
treatment for hepatocellular carcinoma with extensive portal vein tumor thrombosis. Radiat Oncol. 2018, 13, 188. [CrossRef]

59. Choi, H.S.; Kang, K.M.; Jeong, B.K.; Jeong, H.; Lee, Y.H.; Ha, I.B.; Song, J.H. Effectiveness of stereotactic body radiotherapy for
portal vein tumor thrombosis in patients with hepatocellular carcinoma and underlying chronic liver disease. Asia-Pac. J. Clin.
Oncol. 2020, 17, 209–215. [CrossRef]

60. Que, J.; Wu, H.C.; Lin, C.H.; Huang, C.I.; Li, L.C.; Ho, C.H. Comparison of stereotactic body radiation therapy with and without
sorafenib as treatment for hepatocellular carcinoma with portal vein tumor thrombosis. Medicine 2020, 99, e19660. [CrossRef]

61. Li, L.Q.; Zhou, Y.; Huang, Y.; Liang, P.; Liang, S.X.; Su, T.S. Stereotactic body radiotherapy versus intensity-modulated radiotherapy
for hepatocellular carcinoma with portal vein tumor thrombosis. Hepatol. Int. 2021, 15, 630–641. [CrossRef]

62. Munoz-Schuffeneger, P.; Barry, A.; Atenafu, E.G.; Kim, J.; Brierly, J.; Ringash, J.; Brade, A.; Dinniwell, R.; Wong, R.K.S.; Cho, C.;
et al. Stereotactic body radiation therapy for hepatocellular carcinoma with macrovascular invasion. Radiother. Oncol. 2021, 156,
120–126. [CrossRef]

63. Cheng, S.; Wu, M.; Chen, H.; Shen, F.; Yang, J.; Ding, G.; Cong, W.; Wang, P.; Zhao, Y. Tumor thrombus types influence the
prognosis of hepatocellular carcinoma with the tumor thrombi in the portal vein. Hepato-Gastroenterol. 2007, 54, 499–502.

64. Rim, C.H.; Kim, C.Y.; Yang, D.S.; Yoon, W.S. Comparison of radiation therapy modalities for hepatocellular carcinoma with portal
vein thrombosis: A meta-analysis and systematic review. Radiother. Oncol. 2018, 129, 112–122. [CrossRef] [PubMed]

65. Sandroussi, C.; Dawson, L.A.; Lee, M.; Guindi, M.; Fischer, S.; Ghanekar, A.; Cattral, M.S.; McGilvray, I.D.; Levy, G.A.; Renner, E.;
et al. Radiotherapy as a bridge to liver transplantation for hepatocellular carcinoma. Transpl. Int. 2010, 23, 299–306. [CrossRef]
[PubMed]

66. O’Connor, J.K.; Trotter, J.; Davis, G.L.; Dempster, J.; Klintmalm, G.B.; Goldstein, R.M. Long-term outcomes of stereotactic body
radiation therapy in the treatment of hepatocellular cancer as a bridge to transplantation. Liver Transplant. 2012, 18, 949–954.
[CrossRef] [PubMed]

67. Kats, A.W.; Chawla, S.; Qu, Z.; Kashyap, R.; Milano, T.; Hezel, A.F. Stereotactic hypofractionated radiation therapy as a bridge
to transplantation for hepatocellular carcinoma: Clinical outcome and pathologic correction. Int. J. Radiat. Biol. Phys. 2012, 83,
895–900. [CrossRef] [PubMed]

68. Barry, A.S.; Sapisochin, G.; Russo, M.; Brade, A.M.; Brierley, J.D.; Kim, J.H.J.; Greig, P.D.; Grant, D.; Dauson, L.A. The use
of stereotactic body radiation therapy as a bridge to liver transplantation for hepatocellular carcinoma. J. Clin. Oncol. 2016,
34 (Suppl. S4), 418. [CrossRef]

69. Mannima, E.M.; Cardenes, H.R.; Lasley, F.D.; Goodman, B.; Zook, J.; Althouse, S.; Cox, J.A.; Saxena, R.; Tector, J.; Maluccio, M.
Role of stereotactic body radiation therapy orthotopic liver transplantation: Retrospective evaluation of pathologic response and
outcomes. Int. J. Radiat. Biol. Phys. 2017, 97, 931–938. [CrossRef]

70. Moore, A.; Cohen-Naftaly, M.; Tobar, A.; Kundel, Y.; Benjaminov, O.; Braun, M.; Issachar, A.; Mor, E.; Sarfaty, M.; Bragilovski, D.; et al.
Stereotactic body radiation therapy (SBRT) for definitive treatment and as a bridge to liver transplantation in early stage inoperable
Hepatocellular carcinoma. Radiat. Oncol. 2017, 12, 163. [CrossRef]

71. Sapisochin, G.; Barry, A.; Doherty, M.; Fischer, S.; Goldaracena, N.; Rosale, R.; Russo, M.; Beecroft, R.; Ghanekar, A.; Bhat, M.; et al.
Stereotactic body radiation therapy vs TACE or RFA as a bridge to transplant in patients with hepatocellular carcinoma. An intention-to-
treat analysis. J. Hepatol. 2017, 67, 92–99. [CrossRef]

72. Wang, Y.F.; Dai, Y.H.; Lin, C.S.; Chang, H.C.; Shen, P.C.; Yang, J.F.; Hsiang, C.W.; Lo, C.H.; Huang, W.Y. Clinical outcome and
pathologic correlation of stereotactic body radiation therapy as a bridge to transplantation for advanced hepatocellular carcinoma:
A case series. Radiat. Oncol. 2021, 16, 15. [CrossRef]

73. Guckenberger, M.; Lievens, Y.; Bouma, A.B.; Collette, L.; Dekker, A.; Dingemans, A.M.C.; Fournier, B.; Hurkmans, C.; Lecouvet,
F.E.; Meattini, I.; et al. Characterisation and classification of oligometastatic disease: A European Society for Radiotherapy and
Oncology and European Organisation for research and treatment of cancer consensus recommendation. Lancet Oncol. 2020, 21,
e18–e28. [CrossRef]

74. Palma, D.A.; Olson, R.; Harrow, S.; Gaede, S.; Louie, A.V.; Haasbeek, C.; Mulroy, L.; Lock, M.; Rodrigues, G.B.; Yaremko, B.P.;
et al. Stereotactic ablative radiotherapy versus standard of care palliative treatment in patients with oligometastatic cancers
(SABR-COMET): A randomised, phase 2, open-label trial. Lancet 2019, 393, 2051–2058. [CrossRef]

75. Gomez, D.A.; Blumenschein Jr, G.R.; Lee, J.J.; Hernandez, M.; Ye, R.; Camidge, D.R.; Doebele, R.C.; Skoulidis, F.; Gaspar, L.E.;
Gibbons, D.L.; et al. Local consolidative therapy versus maintenance therapy or observation for patients with oligometastatic
non-small-cell lung cancer without progression after fi rst-line systemic therapy: A multicentre, randomised, controlled, phase 2
study. Lancet Oncol. 2016, 17, 1672–1682. [CrossRef]

76. Iyengar, P.; Wardak, Z.; Gerber, D.E.; Tumati, V.; Ahn, C.; Hughes, R.S.; Dowell, J.E.; Cheedella, N.; Nedzi, L.; Westover, K.D.;
et al. Consolidative Radiotherapy for Limited Metastatic Non–Small-Cell Lung Cancer. A Phase 2 Randomized Clinical Trial.
JAMA Oncol. 2018, 4, e173501. [CrossRef] [PubMed]

http://doi.org/10.1093/jrr/rrw028
http://doi.org/10.1186/s13014-018-1136-5
http://doi.org/10.1111/ajco.13361
http://doi.org/10.1097/MD.0000000000019660
http://doi.org/10.1007/s12072-021-10173-y
http://doi.org/10.1016/j.radonc.2020.11.033
http://doi.org/10.1016/j.radonc.2017.11.013
http://www.ncbi.nlm.nih.gov/pubmed/29233562
http://doi.org/10.1111/j.1432-2277.2009.00980.x
http://www.ncbi.nlm.nih.gov/pubmed/19843294
http://doi.org/10.1002/lt.23439
http://www.ncbi.nlm.nih.gov/pubmed/22467602
http://doi.org/10.1016/j.ijrobp.2011.08.032
http://www.ncbi.nlm.nih.gov/pubmed/22172906
http://doi.org/10.1200/jco.2016.34.4_suppl.418
http://doi.org/10.1016/j.ijrobp.2016.12.036
http://doi.org/10.1186/s13014-017-0899-4
http://doi.org/10.1016/j.jhep.2017.02.022
http://doi.org/10.1186/s13014-020-01739-5
http://doi.org/10.1016/S1470-2045(19)30718-1
http://doi.org/10.1016/S0140-6736(18)32487-5
http://doi.org/10.1016/S1470-2045(16)30532-0
http://doi.org/10.1001/jamaoncol.2017.3501
http://www.ncbi.nlm.nih.gov/pubmed/28973074


Cancers 2022, 14, 4383 18 of 18

77. Kim, H.J.; Park, S.; Kim, K.J.; Seong, J. Clinical significance of soluble programmed cell death ligand-1 (sPD-L1) in hepatocellular
carcinoma patients treated with radiotherapy. Radiother. Oncol. 2018, 129, 130–135. [CrossRef] [PubMed]

78. European Association for the Study of the Liver, European Organisation for Research and Treatment of Cancer. EASL–EORTC
clinical practice guidelines: Management of hepatocellular carcinoma. J. Hepatol. 2012, 56, 908–943. [CrossRef] [PubMed]

79. Takayama, T.; Hasegawa, K.; Izumi, N.; Kudo, M.; Shimada, M.; Yamanaka, N.; Inomata, M.; Kaneko, S.; Nakayama, H.;
Kawaguchi, Y.; et al. Surgery versus radiofrequency ablation for small hepatocellular carcinoma: A randomized controlled trial
(SURF Trial). Liver Cancer 2022, 11, 209–218. [CrossRef]

80. Kim, T.H.; Koh, Y.H.; Kim, B.H.; Kim, M.J.; Lee, J.H.; Park, B.; Park, J.W. Proton beam radiotherapy vs. radiofrequency ablation
for recurrent hepatocellular carcinoma: A randomized phase III trial. J. Hepatol. 2021, 74, 603–612. [CrossRef]

81. Sharabi, A.B.; Lim, M.; DeWeese, T.L.; Drake, C.G. Radiation and checkpoint blockade immunotherapy: Radiosensitization and
potential mechanisms of synergy. Lancet Oncol. 2015, 16, e489–e509. [CrossRef]

82. Tang, C.; Welsh, J.W.; Groot, P.; Massarelli, E.; Chang, J.Y.; Hess, K.R.; Basu, S.; Curran, M.A.; Cabanillas, M.E.; Subbiah, V.; et al.
Ipilimumab with Stereotactic Ablative RadiationTherapy: Phase I Results and Immunologic correlates from Peripheral T Cells.
Clin. Can. Res. 2016, 23, 1388–1396. [CrossRef]

http://doi.org/10.1016/j.radonc.2017.11.027
http://www.ncbi.nlm.nih.gov/pubmed/29366520
http://doi.org/10.1016/j.jhep.2011.12.001
http://www.ncbi.nlm.nih.gov/pubmed/22424438
http://doi.org/10.1159/000521665
http://doi.org/10.1016/j.jhep.2020.09.026
http://doi.org/10.1016/S1470-2045(15)00007-8
http://doi.org/10.1158/1078-0432.CCR-16-1432

	Introduction 
	SBRT in Early-Stage HCC 
	Treatment Outcomes 
	Comparison to the Other Treatments 
	Repeated SBRT 

	SBRT for Portal Vein or Inferior Vena Cava Tumor Thrombi 
	SBRT for a Bridging Therapy to Liver Transplantation (LT) 
	SBRT for Extrahepatic Metastasis 
	Discussion—Future Perspectives 
	Conclusions 
	References

