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Summary
Hepatocellular carcinoma (HCC) accounts for 90% of liver tumours and is one of the leading causes
of mortality. Cirrhosis due to viral hepatitis, alcohol or steatohepatitis is the major risk factor, while
liver dysfunction due to cirrhosis is a deciding factor in its treatment. The treatment modalities for
HCC include liver transplant, hepatectomy, radiofrequency ablation, transarterial chemo-
embolisation, transarterial radioembolisation, targeted therapy, immunotherapy, and radiation
therapy. The role of radiation therapy has been refined with the increasing use of stereotactic body
radiation therapy (SBRT). Trials over the past two decades have shown the efficacy and safety of
SBRT in recurrent and definitive HCC, leading to its acceptance and adoption in some more recent
guidelines. However, high quality level I evidence supporting its use is currently lacking. Smaller
randomised trials of external beam radiation therapy suggest high efficacy of radiation therapy
compared to other treatments for patients with unresectable HCC, and phase III trials comparing
SBRT with other modalities are ongoing. In this review, we discuss the rationale for SBRT in HCC and
present evidence on its efficacy, associated toxicity, and technological advances.
© 2022 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the
Liver (EASL). This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).
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Introduction
Hepatocellular carcinoma (HCC) is the most com-
mon malignant liver tumour.1 As per GLOBOCAN
2020, HCC is the 6th most common cancer world-
wide and the third leading cause of cancer-related
mortality.2 Cirrhosis is the primary underlying
aetiology and is commonly caused by viral hepa-
titis (hepatitis B and C), alcohol and non-alcoholic
fatty liver disease secondary to obesity or dia-
betes mellitus.3 The global burden of HCC
increased by 75% from 1990 to 2015, and it is ex-
pected that the annual increase by 2030 will be
35% greater than that in 2005.3,4 There is a wide
variation in incidence and risk factors among
countries, with the highest growth expected in
North America.4 Age at presentation varies, with
younger patients affected in endemic areas, and
there is a male preponderance. The Barcelona
Clinic Liver Cancer (BCLC) staging system is the
most commonly adopted staging tool for HCC; it
incorporates liver function with performance sta-
tus and guides treatment strategy, and it is
endorsed by the American Association for the
Study of Liver Diseases (AASLD) and the European
Association for the Study of the Liver (EASL).1,5,6

The treatment of HCC is challenging and re-
quires a multidisciplinary approach to decision
making.7 Despite adopting screening strategies
for at-risk populations, over 50% of new cases
present at an advanced stage.8 Various treatment
modalities are available, such as liver transplant,
hepatectomy, radiofrequency ablation (RFA), mi-
crowave ablation, percutaneous ethanol injection,
transarterial chemoembolisation (TACE), trans-
arterial radioembolisation, radiation therapy, tar-
geted therapy and immunotherapy.6 Surgery and
liver transplant are considered primary curative
options; however, only about 20% of cases are
eligible for such therapies due to a shortage of
liver donors, long wait times to transplant, un-
derlying liver dysfunction and/or advanced stage
at the time of presentation.9 Unlike liver trans-
plantation, resection does not treat the underlying
cirrhosis present in the liver. Tumour recurrence
is also more frequent after resection, with devel-
opment of new lesions requiring further salvage
treatments in the limited stage. About 20-25% of
patients are not fit for any active treatment due to
end-stage liver disease, comorbidities, age and
advanced stage cancer.10 The 5-year survival for
HCC overall is 10-12%, while rates of 70-75% are
reported in those who undergo liver transplant,
with some even surviving to 10 years.11,12

Screening in high-risk populations is the key to
improving survival.13,14 SBRT is an emerging
treatment modality offering a potentially curative
local therapy for HCC. This review article will
address its role in HCC, presenting evidence on its
efficacy and toxicity, and looking at technological
advances.
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Key points

� SBRT is an emerging treatment modality offering potentially curative
local therapy for HCC.

� SBRT is applicable across BCLC stages (bridge to transplant, BCLC A,
BCLC B, portal vein thrombosis) as an alternative treatment strategy to
TACE/RFA, or in recurrent tumours as salvage therapy.

� The recent prospective and retrospective studies have shown the safety
and efficacy of SBRT with 2-year local control ranging from 68-95%.

� Smaller randomised trials of external beam radiation therapy suggest
high efficacy of radiation therapy compared to other treatments for
patients with unresectable HCC, and phase III trials comparing SBRT
with other modalities are ongoing.

Review
Radiation for HCC: historical background and
mechanism of action
Historically, external beam radiotherapy was used to treat HCC,
although it was mainly applied as whole liver treatment in the
context of palliative care.15 It has not been a well-accepted local
liver-directed therapy compared to RFA or TACE, due to concerns
around radiation-induced liver disease (RILD).16 While RILD was
a risk with whole liver treatment, new techniques that target
radiation within the liver have allowed for a reduction in mean
doses to less than 28 Gy (in conventional fractionation, i.e. 2 Gy
per fraction), which were associated with just a 5% risk of RILD.17

Techniques like 3D conformal radiotherapy and intensity-
modulated radiation therapy are better at sparing the non-
tumorous liver parenchyma than conventional 2D techniques.
The most used doses for 3D conformal radiotherapy and
intensity-modulated radiation therapy techniques ranged from
45 Gy to 66 Gy in 10-33 fractions at 1.8-2.5 Gy per fraction, with
studies reporting 2-year survival rates of 40% to 70% and that a
higher dose to the tumour was associated with superior response
and survival.18–22

Further refinement in radiation technology, availability of
motion management strategies and improvement in imaging for
localisation and delivery have resulted in the transition to SBRT.
Since its inception and first application in liver tumours by
Blomgren et al., the use of SBRT has increased over the years.23

SBRT refers to the delivery of high doses of highly conformal
radiation to the tumour in 1-5 fractions. The advantage is the
ability to target the tumour precisely with a steep dose gradient
limiting the dose to the non-involved liver and surrounding
normal structures. This enables the delivery of higher biologi-
cally effective doses than conventional fractionation.

Radiation acts through direct and indirect mechanisms
resulting in double-stranded breaks in the DNA. The radiation
dose of 10 Gy in a single fraction or 20-60 Gy in multiple frac-
tions causes vascular injury with resultant tumour hypo-
perfusion, hypoxia and indirect cell death.24 A higher dose per
fraction causes damage to the vascular endothelium, with
consequent apoptosis and vascular leakage.25 There is also po-
tential to injure the radioresistant stem cell in the perivascular
niche. Radiation also causes immunostimulatory effects resulting
in immunogenic cell death. Furthermore, radiation releases a
pool of tumour-associated antigens which activate dendritic
cells, which in turn, activate and prime CD8 T cells that mount an
antitumour response and enhance immune infiltration into the
tumour microenvironment.26
Evidence and indications for SBRT in HCC
SBRT has been used successfully as an alternative to TACE/RFA, or
as salvage therapy in recurrent tumours.27–29 The patients
included in the studies were often heavily pre-treated and had
large lesions, comorbidities, and poor liver function that made
RFA/TACE unsuitable. This inherent bias has led to a lack of
observed survival benefit compared to other modalities. The
recent prospective and retrospective studies have shown com-
parable outcomes with local control at 2 years ranging from 68-
95%, as shown in Table 1, which summarises the salient trials of
SBRT in HCC.27,30–44 Recent phase III trials with proton beam
therapy and external beam radiotherapy have demonstrated
safety and efficacy.30,45,46 Due to the lack of completed rando-
mised trials (and hence level 1 evidence) demonstrating the ef-
ficacy of SBRT, it currently fails to find a place in liver treatment
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guidelines.16,47,48 However, SBRT is applicable in HCC with
recently published American Society of Radiation Oncology
(ASTRO) guidelines formalising potential treatment options.49

SBRT in neoadjuvant setting – bridge to transplant
The standard curative option in early-stage HCC is liver trans-
plantation. While only a few patients are eligible for transplant,
many will have a long wait for a donor liver and run the risk of
dropping off the list because of disease progression. AASLD rec-
ommends bridging therapy whenwaiting time is >−6 months, and
patients are often considered for the same when listed.50 The
aim of local therapy in this setting is to prevent progression and
downsize the tumour to maintain the eligibility for transplant.
RFA, microwave ablation, percutaneous ethanol injection, or
TACE are commonlyly used. A meta-analysis by Kulik et al.
showed that bridging therapy before liver transplant led to
reduced dropout rates and improved survival outcomes.51 The
application of SBRT as bridging therapy is relatively new, with
only a few institutional series reporting on its safety and effi-
cacy.52,53 One of the earliest reports, from the University of
Toronto, demonstrated the safety of conformal radiation therapy
(8.5-33 Gy in 1-6 fractions) as bridging therapy, with 5 of 10
patients undergoing transplant after radiation without compli-
cations.54 Connor et al. treated 10 patients with SBRT (median
51 Gy in 3 fractions) before transplant, and 27% had a complete
response, while the remaining 73% had a partial response or
stable disease.55 The median time to transplant was 113 days
with no increase in postoperative morbidity. The overall survival
(OS) and disease-free survival were 100% at 5 years.

Few studies compared radiation with TACE or RFA as a
bridging therapy. Mohammed et al. compared the pathological
complete response rates (pCR) among the bridging treatments
(SBRT, RFA, TACE and transarterial radioembolisation) and
showed lower pathological complete response rates with SBRT
than other modalities (28.5% vs. 40-75%).56 Survival rates were
similar. A phase II randomised trial by Nugent et al. showed
lesser rates of toxicity and retreatment at 1 year with SBRT
compared to TACE (0 vs. 38.9%).57,58 The randomised trial by Bush
et al. compared TACE with proton beam therapy (PBT) in 69
patients with HCC that met the Milan or San Francisco criteria for
transplant. The interim analysis showed similar OS and complete
response rates with a trend to improved local control and
progression-free survival with PBT.59 Sapisochin et al. evaluated
the outcomes of 379 patients following transplant and examined
the efficacy of SBRT vs. TACE or RFA.60 The patients with SBRT
received relatively lower prescription doses (36 Gy/6 fractions)
and a higher proportion had poor liver function. The dropout
rates and complications were similar among the groups. Though
2vol. 4 j 100498



recurrence rates were higher with TACE and SBRT than with RFA,
the 1-, 3- and 5-year OS rates were identical among the groups
(83%, 75% and 75% with SBRT vs. 96%, 75% and 69% with TACE,
and 95%, 81% and 73% with RFA group, p = 0.7). SBRT appears to
be a good alternative to other bridging therapies, particularly for
those with poor liver function. The results of 2 phase II trials
comparing SBRT with TACE are awaited (NCT02470533,
NCT02182687), and a phase III trial is ongoing (NCT03960008).

SBRT in the definitive setting
Early-stage HCC (BCLC 0/A)
RFA is the recommended first-line treatment for HCC less than
3 cm, if unresectable or not suitable for transplant, with 3-year
local control rates of over 90%.61 The application of RFA is chal-
lenging in situations where the tumour is near vessels (heat sink
effect) or the hilum or dome of the diaphragm (risk of compli-
cations), or if the tumour is large (resulting in incomplete abla-
tion [2-60%] and poor outcomes).62 SBRT provides reasonable
local control and survival rates (3-year local control: 68-97% and
3-year survival: 39-84%) when RFA is contraindicated or in a
recurrent setting post-RFA or TACE.63 A large retrospective North
American study by Matthew et al. reported outcomes of 297
high-risk patients with HCC treated with SBRT from 2003 to
2016; patients were either not candidates for RFA/TACE or had
recurrent/residual disease without vascular invasion after RFA/
TACE(35). The 3-year OS rate was 39% with a 13% recurrence rate
despite large tumours. The toxicity was acceptable with Child-
Pugh progression by 2 points at 3 months noted in 16% with
no RILD. Even in treatment-naïve small HCC (1-3 cm), SBRT has
shown promising outcomes in recent studies from Korea. Park
et al. retrospectively analysed the long-term outcomes associated
with SBRT for small HCC and reported 5-year local control and
OS rates of 91% and 45%, respectively, at a median follow-up of
38.2 months.34 Higher local control (93%) was seen in tumours
<3 cm and grade 3 liver toxicity was observed in only 2.2% of
patients.

Of the studies that compared SBRT with RFA, some showed
equivalent results, and others showed superiority of one modality
over another.37,64–66 Bias in patient selection and lack of liver
function characteristics are limitations of these observational
studies. A phase III randomised non-inferiority trial by Kim et al.
compared PBT with RFA in recurrent HCC (n = 144) and found the
2-year local progression-free survival with PBT was non-inferior
to RFA (92.8% for PBT vs. 83.2% for RFA).30 The 4-year survival
was similar between the 2 arms. Su et al. showed superior local
control and progression-free survival with SBRT (n = 167)
compared to TACE (n = 159) in 326 patients with inoperable BCLC-
A stage HCC.67 No phase III randomised trials compared SBRT with
RFA, TACE or surgery for early-stage primary HCC. Three recent
meta-analyses have aimed to provide objectivity to inform deci-
sion making.68–70 The meta-analysis by Pan et al. included 10
studies comparing SBRT with RFA in patients with treatment-
naïve HCC and showed superior 1- and 3-year local control with
SBRT.68 The 2-year OS was possibly lower with SBRT due to
variation in baseline liver function and tumour size. After elimi-
nating reporting bias, the secondary analysis showed equivalent
2-, 3- and 5-year OS rates between the 2 modalities. These con-
clusions of higher local control and comparable survival with
SBRT were supported by Wang et al., while Lee et al. reported
similar control but a survival benefit with RFA.69,70 Two ongoing
randomised trials are comparing SBRT with RFA in small HCC in a
definitive and recurrent setting (NCT03898921, NCT04047173).
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Intermediate and advanced stage HCC (BCLC B/C)
In an unresectable (large tumour size, multifocal, portal vein
thrombosis and oligometastatic) patient cohort, SBRT is feasible.
Several retrospective and prospective series showed acceptable
local control (2-year: 65-95%) and OS (2-year: 40-80%) rates with
SBRT (Table 1). The studies vary widely with respect to SBRT
doses used, baseline liver function, and portal vein thrombosis
(30-65%). The dose used depends on the location and size of the
tumour, baseline liver function and the dose constraints achieved
while planning. Patient selection is crucial as those with baseline
Child-Pugh class B8 and above are at greater risk of toxicity, as
such SBRT is generally unsuitable in these patients.71 While most
use 5-6 fraction schedules, recent trials have used 3 fraction
schedules with reasonable local control rates.32,33 It is unclear
whether a higher dose affects outcomes.72,73

TACE is a preferred treatment modality for patients with
BCLC B HCC, and prospective trials have demonstrated its effi-
cacy, leading to its incorporation into the BCLC treatment
paradigm.74 Few studies have compared TACE with SBRT. Sapir
et al. reported outcomes of a propensity score analysis of 209
patients with 1-2 tumours who underwent TACE (n = 84) or
SBRT (n = 125).75 The 2-year local control rate was superior with
SBRT compared to TACE (91% vs. 23%, p <0.001), with similar
survival rates (2-year OS 34.9% vs. 54.9 %, p = 0.21). Similarly, a
propensity score analysis by Bettinger et al., comparing TACE
with SBRT in HCC BCLC B/C, showed comparable 1-year local
control (82.9% vs. 84.8%, p = 0.8) and 1 year OS (52.9% vs. 53.1%)
rates.76 These studies suggest SBRT is an alternative approach to
TACE in patients with BCLC B HCC. Ongoing studies are
comparing TACE with SBRT (NCT02470533, NCT03338647). The
addition of SBRT to TACE has also been explored in various
studies.77 A meta-analysis by Zhao et al. suggests higher
response, local control, and survival rates with TACE and SBRT
vs. SBRT alone.78 Randomised studies comparing TACE with
TACE and SBRT in unresectable HCC are ongoing (NCT03895359
and NCT02794337).

While systemic therapy is standard of care for portal vein
thrombosis (PVT), radiation therapy appears to provide sustained
local control in a substantial proportion of patients. A rando-
mised trial by Yoon et al. compared the combination of TACE and
radiation with sorafenib in 90 patients with Child-Pugh A HCC
with PVT and showed improved progression-free survival (86.7%
vs. 34.3%; p <0.001), time to progression (31.0 vs. 11.7 weeks; p
<0.001) and OS (55.0 vs. 43.0 weeks; p = 0.04) with TACE-RT.45

Munoz-Schuffenegger reported the long-term outcomes of 128
patients with HCC and PVT treated with SBRT in a single insti-
tution from 2003 to 2016.79 With a dose of 27-54 Gy in 5 frac-
tions, 1-year local control was 87.4% and median OS was 18.3
months. The RTOG 1112 is a phase III trial comparing SBRT with
sequential sorafenib vs. sorafenib alone, and the results are
awaited (NCT01730937). A retrospective study by Bettinger et al.
compared SBRT with sorafenib in advanced HCC (recurrent,
metastatic, and advanced) in a propensity score analysis.80 SBRT
showed improved median overall survival compared to sorafenib
(17 vs. 9.6 months).

SBRT/RT in the palliative setting
Patients with diffuse HCC or those who are ineligible for focal
treatment due to poor function or diffuse distant metastases are
usually symptomatic and present with pain. The studies of whole
liver radiation therapy indicate palliation with 20-30 Gy in 45-
80% of cases.81,82 In a phase II trial by Soliman et al., 21 patients
3vol. 4 j 100498
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Table 1. Select prospective and retrospective series showing outcome with stereotactic body radiotherapy.

Study Patient
number

Quality/type
of study

Indication/
stage (BCLC)

Dose and
fractionation

Follow
up

Outcomes
(LC/OS)

Toxicity
(Grade
3 liver/GI)

Study conclusion Level of
Evidence*

Kim et al.,
202130

72 Phase III
randomised
trial- Proton
vs RFA

0-C 66Gy/10Fr
(Protons)

51.6m 2y LC: 92.8%
2y OS: 91.7%

none Proton beam therapy
was non-inferior to
RFA and was tolerable.

II

Yoon et al.,
202031

50 Prospective
Phase II trial

0 and A
(small HCC)

45 Gy/3# 47.8 m 5y LC: 97.1%
5y OS: 77.6%

4% SBRT showed good
results for ablation of
small HCC with mini-
mal toxicity.

IV

Labrunie
et al., 202032

43 Prospective
Phase II trial

A-C 45 Gy/3# 4 y 2y LC: 94%
2y OS: 69%

5% LC and OS was prom-
ising in HCC treated
with SBRT.

IV

Jang et al.,
202033

65 Prospective
Phase II trial

0-C 60 Gy/3# 41m 2y LC:97%
2y OS: 84%

2% SBRT for HCC was well
tolerated.

IV

Park et al.,
202034

290 Prospective
Phase II trial

0-A 30-60Gy/3# 38.2m 5y LC: 91.3%
5y OS: 44.9%

8.8% SBRT is an ablative
option for small HCC.

IV

Mathew
et al., 202035

297 Retrospective 0-D 27-60Gy/3-6# 19.9m 3y LC: 87%
3y OS: 39%

16% SBRT provides good LC
and OS in HCC when it
is unsuitable or refrac-
tory to other locore-
gional treatment.

VI

Kim et al.,
201936

32 Prospective
Phase I/II trial

A-B 36-60 Gy/4# 27m 2y LC: 87%
2y OS: 81.3%

None SBRT is a safe treat-
ment for HCC.

IV

Hara et al.,
201937

143 Retrospective 0-C 35-40Gy/5# 30.2m 3y LC: 95.6%
3y OS: 63.6%

8.2% SBRT for HCC provides
results comparable to
RFA and acceptable
alternative to RFA.

VI

Feng et al.,
2018 38

90 Prospective
Phase II trial

A-C 23-60Gy/5# 37m 2y LC:95% 7% Individualized adap-
tive RT was safe and
provided good LC.

IV

Takeda et al.,
201639

90 Prospective
Phase II trial

0-C 35-40 Gy/5# 41.7m 3y LC: 96.3%
3y OS: 66.7%

6% SBRT achieved high LC
with accepatable
toxicity in solitary
HCC.

IV

Lasley et al.,
201540

59 Prospective
Phase I/II trial

A-C 48 Gy/3#
in CPA
40 Gy/5#
in CPB

33.3m 3y LC: 82-91%
3y OS: 26.1- 61.3%

20% SBRT is a safe treat-
ment for HCC.

IV

Scorsetti
et al., 201541

43 Prospective
observational

A-C 48-75
Gy/3# to
36 Gy/6#

8m 2y LC: 64%
2y OS: 45%

16% SBRT is safe with
acceptable LC and
toxicity.

IV

Bujold et al.,
201342

102 Prospective
Phase I and
II trials

A-C 24-56 Gy/6# 31.4m 1y LC: 87%
Med OS: 17m

30% Results provide strong
rationale for studying
SBRT as local treat-
ment option in rand-
omised phase III trials.

IV

Kang et al.,
201227

47 Prospective
Phase II trial

A-C 42-60 Gy/3# 17m 2y LC: 94.6%
2y OS: 68.7%

6.4% SBRT after incomplete
TACE provides prom-
ising response and LC.

IV

Andolino
et al., 201143

60 Prospective
observational

A-C 40-44
Gy/3-5#

27m 2y LC: 90%
2y OS: 67%

20% SBRT is safe non-
invasive option for
HCC <6cm.

IV

GI, gastrointestinal; LC, local control; OS, overall survival.
* 44
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with HCC were treated with 8 Gy in a single fraction to the whole
liver or tumour.83 At 1 month, 48% had symptom improvement
with quality-of-life improvements in 21-29%. A phase III rando-
mised study comparing palliative radiotherapy with best sup-
portive care is ongoing (NCT02511522).

Toxicity following SBRT
Liver SBRT is challenging due to the risk of damage to the sur-
rounding uninvolved liver and neighbouring organs like bile
ducts and gastrointestinal organs (i.e., oesophagus, stomach,
duodenum, and bowel). Maintaining the balance between the
risk of toxicity and tumour control is the key. Table 2 shows
commonly used constraints for SBRT planning. In cases of close
JHEP Reports 2022
abutment with these organs, the dose to the tumour is often
compromised to satisfy the dose constraints and limit toxicity.49

Liver toxicity
RILD is the most dreaded toxicity of SBRT. It includes classic and
non-classic RILD.84 The classic RILD is a triad of anicteric hepa-
tomegaly, ascites, and elevated liver enzymes and alkaline
phosphatase (2 times the normal) occurring 2 weeks to 3 months
after radiation. The pathological hallmark is venoocclusive dis-
ease. The non-classic RILD occurs in existing liver disease and
manifests as jaundice and raised transaminases (5x the upper
limit of normal). In the modern HCC series, the incidence of
classic RILD is less than 5%. The most common reported form of
4vol. 4 j 100498



Table 2. Dose constraints for stereotactic body radiation therapy planning.

Organ at risk Constraint for 3 fractions Constraint for 5 fractions

Uninvolved liver (non-cirrhotic)137

Mean dose <12-15 Gy <15-18 Gy
Dose to >−700 cm3 <19 Gy <21 Gy

Uninvolved liver (Child-Pugh class A)40,85,138

Mean dose <10-12 Gy <13-15 Gy
Dose to >−700 cm3 — <15 Gy

Uninvolved liver (Child-Pugh class B)40,85,138

Mean dose None <8-10 Gy
Dose to >−500 cm3 <10 Gy

Stomach137

D 0.03 cm3 <22 Gy <32 Gy
D 10 cm3 <16.5 Gy <18 Gy

Duodenum137,139

D 0.03 cm3 <22 Gy <32 Gy
D 5 cm3 <16.5 Gy <18 Gy

Small bowel137,139

D 0.03 cm3 <22 Gy <32 Gy
D 5 cm3 <18 Gy <19.5 Gy

Large bowel137,139

D 0.03 cm3 <28 Gy <34 Gy
D 20 cm3 <24 Gy <25 Gy

Common bile duct88

D 0.5 cm3 40 Gy 40 Gy
liver toxicity is non-classic RILD with change in Child-Pugh score
by >−2 points, which occurs in 10-30% of patients 1-3 months
after SBRT. Velec et al. report toxicity outcomes in 101 patients
treated with 6-fraction SBRT in clinical trials at the Princess
Margaret Cancer Centre, with liver toxicity (increase in Child-
Pugh by 2 points) occurring in 26% of cases.85 No patients
developed classic RILD. Baseline liver function and higher liver
dose (mean dose >16.9 Gy and dose to 800 cm3 of liver >14.3 Gy)
were predictive of worsening of Child-Pugh score 3 months post
SBRT. In patients with Child-Pugh B or C treated with SBRT,
Child-Pugh score declined by >−2 points at 3 months in over
60%.71

Luminal gastrointestinal structure toxicity
The luminal gastrointestinal structures are vulnerable to injury
because of their proximity to liver tumours and changes linked
to portal hypertension-related gastroduodenopathy. This com-
mon toxicity manifests as ulcers, fistulas or bleeding, and the
rate of grade 3 toxicity was reported to be 5-10%.27,32,86 Selection
of tumours >1 cm away from the gastrointestinal structures is
recommended. Often the dose to the tumour may have to be
compromised to meet the organs-at-risk constraints (Fig. 1).
Fig. 1. Planning CT in arterial phase (axial, coronal, and sagittal cuts) showing
60-year-old gentleman diagnosed with multifocal HCC, BCLC B with Child-Pugh B
volume, Cyan- Planning target volume, Blue: 100% isodose line, Pink: 95% isodos

JHEP Reports 2022
Biliary tract toxicity
The common forms of central hepatobiliary toxicity (HBT) are
biliary stricture, biliary obstruction, hepatobiliary infection, or
sepsis. The structures in the central hilum of the liver, such as
the hepatobiliary tract and portal vein, behave as serial struc-
tures. Toesca et al. reported grade 3 HBT in 17.5% of patients
with HCC, while none had strictures.87 HBT was highly corre-
lated with the dose to the central structures. The volumes
receiving 40 Gy (>37 cm3) and 30 Gy (>45 cm3) were predictors
of grade 3 HBT.87 Eriguchi et al. suggest that 40 Gy in 5 fractions
is safe for the biliary tract, with only 2 of the 50 treated patients
having asymptomatic biliary stenosis (both treated at a dose
>40 Gy).88
Chest wall toxicity
Chest wall toxicity manifests as rib pain and rib fractures asso-
ciated with peripherally located HCC. Chest wall pain has been
reported in up to 21% and rib fracture in about 7-8% of patients.89

Chest wall toxicity is commonly self-limiting with analgesics.
The high dose (Dmax <50 Gy and 40 Gy <5 cm3) should be
limited when treating close to the chest wall.89
SBRT plan for HCC – 3 lesions treated with a dose of 27.5 Gy in 5 fractions.
8 with 3 lesions treated with SBRT as a bridge to transplant. Red- Gross tumour
e line and Orange:70% isodose line.
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Technical advances in SBRT for HCC
Dose escalation to the tumour while minimising dose to the
organs at risk is the primary aim of radiation therapy. Over the
last 2 decades, the leading technological advances in radiation
oncology aim to maximise the therapeutic ratio by driving this
fundamental aim, namely magnetic resonance-guided radio-
therapy and PBT.

MRI-guided radiotherapy
MRI-guided radiotherapy is a novel technology that aims to
conform and adapt treatment to the tumour by taking into ac-
count the intra- and inter-fraction variations in the spatial and
functional characteristics of the target and organs at risk and
enabling dose escalation.90 With improved localisation and
management of organ motion, there is potential for planning
target volume margin reduction resulting in smaller irradiated
volumes. The advantages of MRI-guided radiotherapy are supe-
rior soft-tissue visualisation, daily online adaptive replanning
and real-time monitoring of tumour motion with no additional
imaging dose. Few studies have reported on the application of
MRI-guided liver SBRT.91–94 Rosenberg et al. presented the re-
sults of multi-institutional experience with MRI-guided liver
SBRT in 26 patients, including 6 patients with HCC.91 At a median
follow-up of 21.2 months, freedom from local progression was
100% in patients with HCC with a median dose of 50 Gy in 5
fractions. One patient, with a large tumour (>900 cm3) and high
mean liver dose (18.9 Gy), developed portal hypertension with
Child-Pugh worsening from A to C. Feldman et al. showed the
feasibility of respiratory-gated delivery of MRI-guided liver SBRT
in 26 patients with HCC.92 Treatment was well tolerated with
stable to partial response in all except 1 patient. A phase I trial by
Henke et al. showed the safety of stereotactic MRI-guided online-
adaptive radiotherapy (SMART) in abdominal malignancies (HCC,
n = 4).95 It allowed for improved planning of target volume
coverage with organ sparing based on the anatomy of the day,
and dose escalation was feasible in 10 patients. While this
technology is promising, long-term follow-up showing
improvement in late toxicity is needed. Future trials should
explore dose escalation in HCC and compare it with conventional
techniques.

Proton beam therapy
PBT is attractive for use in HCC due to the dosimetric advantage
of the absence of an exit dose, resulting in better organ sparing
and the potential for dose escalation.96 This is likely beneficial,
particularly for HCC close to gastrointestinal organs and in pa-
tients with borderline liver function. The most significant evi-
dence on PBT is reported from the University of Tsukuba, Japan.97

They used 3 different PBT dose fractionation protocols based on
proximity to gastrointestinal organs and porta hepatis. They re-
ported a 5-year local control rate of 80% and a 5-year OS rate of
48% in 266 patients treated from 2001 to 2007. Several pro-
spective phase II trials the efficacy of protons in HCC, with recent
series showing 2-year local control in around 95% of pa-
tients.98–101 In a retrospective comparison of photons with pro-
tons, protons were associated with improved survival (median
OS 31 vs. 14 months) and a lower risk of post-treatment liver
decompensation.102 A phase III randomised trial comparing
photons with protons is ongoing (NCT03186898). Protons have
shown impressive results in comparison with other modalities as
well. A randomised trial comparing PBT with TACE showed a
trend to improved local control with PBT, with similar survival
JHEP Reports 2022
rates.59 A recent phase III randomised trial by Kim et al. showed
2-year local progression-free rates for PBT were non-inferior to
RFA (92.8% vs. 83.2%).30 Most of these trials used the passive
beam scattering method and hypofractionated protocols (10-20
fractions). Recent studies explore the pencil beam scanning
method with intensity-modulated proton therapy and shorter
stereotactic fractionation (5 fractions).103

Future directions
SBRT dose and fractionation for HCC varies based on tumour size,
liver function and institutional guidelines. Dose escalation is an
area of active investigation and higher local control is suggested
with biologically effective doses >100 Gy in HCC.73 It is unclear
whether there exists a clear dose response for local control, with
differing opinions in the literature.72,86,104 Single fraction SBRT
(26-40 Gy) led to good local control in phase I/II trials for liver
metastases, while reports on its application in HCC are
limited.105–107 The critical luminal structures and healthy non-
tumorous liver often limit the dose delivered. MRI-guided SBRT
is well suited for dose escalation as it offers high accuracy with
superior soft tissue contrast for tumour delineation, adaptive
online replanning with improved organ sparing and potential for
reduction of treatment margins. MRI-based SBRT with respira-
tory gating or breath hold technique, with visualisation of the
target during delivery, maximises sparing of healthy liver and
reduces inter and intrafraction uncertainties.93 Future trials
should explore high biologically effective doses (>100 Gy) of
SBRT in 1-5 fractions, utilising MRI-guided SBRT, and assess their
impact on OS.

Current planning in radiotherapy including MRI-based
radiotherapy involves a mixed CT-MRI workflow, where CT
provides the electron density information required for dose
calculations. An MRI-only planning approach has been described
where a synthetic CT was generated from MRI data to facilitate
radiation therapy planning and obviate the need for an addi-
tional CT scanning session. The main advantages of this approach
are efficiency, cost effectiveness, avoidance of radiation exposure
and geometric uncertainties associated with CT-MR co-registra-
tion.108 Reports in prostate cancer suggest that MRI-only work-
flows are safe and feasible and result in a reduction of systematic
error by 2-3 mm.109,110 Research on MRI-only workflows in SBRT
for HCC or abdominal targets is in its infancy.111,112 The reduction
in margins provided by MRI-based workflows coupled with on-
line adaptive replanning of MRI-based SBRT makes dose escala-
tion feasible with maximal organ sparing and high accuracy –

hence, this approach should be investigated in future prospective
trials.

HCC is associated with high intratumoural and interpatient
heterogeneity, which contributes to metastases, recurrence and
resistance.113 TP53, CTNNB1, and TERT mutations are key driver
mutations seen in HCC and key molecular subclasses have been
proposed based on transcriptome analysis.114 In vitro studies
suggest high p53 expression to be a marker for response to ra-
diation.115 Liu et al. showed superior survival in patients with
HCC treated with TACE+RT compared to TACE alone and this was
correlated with higher p53 downregulation with TACE+RT than
TACE alone (p <0.05).116 Enhanced wnt/b-catenin pathway acti-
vation and cancer stem cells are associated with radio resistance
in HCC.117 Huang et al. demonstrated the radiosensitising effect
of the wnt/b-catenin inhibitor ICG-001 in nude mouse tumour
models.118 Biomarkers for liver injury/toxicity have been studied.
Ng et al. found that proinflammatory soluble cytokine receptors
6vol. 4 j 100498



(higher levels of soluble TNFRII and lower levels of soluble
CD40L) early during SBRT were correlated with liver toxicity and
predicted increased risk of death following SBRT.119 Clinical
studies exploring molecular markers of response and toxicity
will enable personalisation of SBRT.

MRI functional imaging sequences like diffusion weighted
imaging (DWI) and more recently, intravoxel incoherent motion
(IVIM) provide additional information on cellular density and
perfusion in the tumour microenvironment.120 IVIM is an
emerging field and potentially superior to traditional DWI as it
can be used to obtain information related to microcirculatory
perfusion in tumour tissue. Dynamic contrast enhanced (DCE)
MRI is used to measure changes in tumour vascular perme-
ability.121 IVIM and DWI parameters have been used to predict
the histological differentiation of HCC and evaluate the expres-
sion of enzymes or factors in the tumour microenviron-
ment.122,123 IVIM along with DCE MRI biomarkers (before and
early after treatment) are predictive of response to treatment
and survival in HCC.124–126 Future research should investigate the
incorporation of IVIM and DCE into SBRT planning for HCC and
use the parameters to identify and tailor the high dose to at-risk
regions, leading to personalised dose escalation and improve-
ment in the therapeutic ratio.

Radiomics involves deeper analysis of imaging data and uses
quantitative data features and texture analysis to provide in-
sights into tumour heterogeneity.127 It is a promising field that
could be integrated into radiation planning, monitoring of
tumour response and prediction of toxicity. Radiomic features
have been explored as potential biomarkers to predict prog-
nosis in HCC and are an emerging field that could enable
treatment personalisation.128,129 Trials are underway on the
use of radiomics to assess prognosis and to guide surgical de-
cisions (NCT02757846, NCT03917017). Incorporation of radio-
mic features in target delineation may improve accuracy by
identifying high-risk areas of microscopic spread beyond the
gross tumour, predicting microinvasion and even enabling auto
JHEP Reports 2022
segmentation.130 With MRI-based radiotherapy, application of
radiomics to imaging data for planning may help to improve
our understanding of tumour heterogeneity and allow for the
early assessment of response.131 In the era of precision medi-
cine and technological advances, future trials should try to
personalise SBRT based on individual genomic or radiomic
signatures.

Immunotherapy is the recommended first-line treatment for
locally advanced unresectable HCC.132 SBRT can induce an anti-
tumor immune response and immunogenic cell death as reported
with TACE, strengthening the rationale for its use in combination
with immunotherapy.133 The high dose of radiation is associated
with necroptosis, i.e. caspase-independent apoptosis, which re-
leases constitutive damage-associated molecular patterns result-
ing in immunogenic cell death.134 The initial immune activation is
usually followed by local immunosuppressive action through
recruitment of immune-suppressive subsets and enhanced
expression of PD-L1 molecules.26 PD-1 and PD-L1 blockade by
immunotherapy can overcome this immunosuppressive action
and could be a potent synergistic treatment. The combination of
radiation with immunotherapy in preclinical studies showed
immune activation of the microenvironment and positive effects
with the combination.135,136 Phase I/II trials testing the efficacy of
SBRT with immunotherapy are underway (NCT03482102,
NCT03203304, NCT03316872, NCT03817736).

Conclusion
SBRT in HCC is safe and effective across the various BCLC stages
whenever appropriately selected. Despite the lack of rando-
mised phase III trials proving its efficacy, it appears to be an
effective treatment alternative to RFA/TACE and is associated
with long-term local control in most treated patients. Future
trials are expected to bring it to the forefront but have been
slow to accrue. Technical advances with proton and MRI-guided
radiotherapy and combinations with immunotherapy are
promising.
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