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BACKGROUND AND AIMS: There are no prospective
data on stereotactic body radiation therapy (SBRT) as a
bridge to liver transplantation for HCC. This study aimed to
evaluate the efficacy and safety of SBRT as bridging therapy,
with comparison with transarterial chemoembolization (TACE)
and high-intensity focused ultrasound (HIFU).

APPROACH AND RESULTS: Patients were prospectively
enrolled for SBRT under a standardized protocol from July
2015 and compared with a retrospective cohort of patients
who underwent TACE or HIFU from 2010. The primary
endpoint was tumor control rate at 1 year after bridging
therapy. Secondary endpoints included cumulative incidence of
dropout, toxicity, and posttransplant survival.

During the study period, 150 patients were evaluated (SBRT,
n = 40; TACE, n = 59; HIFU, n = 51). The tumor control
rate at 1 year was significantly higher after SBRT compared
with TACE and HIFU (92.3%, 43.5%, and 33.3%, respectively;
P = 0.02). With competing risk analysis, the cumulative inci-
dence of dropout at 1 and 3 years after listing was lower after
SBRT (15.1% and 23.3%) compared with TACE (28.9% and
45.8%; P = 0.034) and HIFU (33.3% and 45.1%; P = 0.032).
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Time-to-progression at 1 and 3 years was also superior after
SBRT (10.8%, 18.5% in SBRT, 45%, 54.9% in TACE, and
47.6%, 62.8% in HIFU; P < 0.001). The periprocedural toxic-
ity was similar, without any difference in perioperative com-
plications and patient and recurrence-free survival rates after
transplant. Pathological complete response was more frequent
after SBRT compared with TACE and HIFU (48.1% vs. 25%
vs. 17.9%, respectively; P = 0.037). In multivariable analysis,
tumor size <3 cm, listing alpha-fetoprotein <200 ng/mL, Child
A, and SBRT significantly reduced the risk of dropout.

CONCLUSIONS: SBRT was safe, with a significantly higher
tumor control rate, reduced the risk of waitlist dropout, and
should be used as an alternative to conventional bridging

therapies. (HepaToLoGgYy 2021;74:2580-2594).

iver transplantation (LT) is the best treat-
ment option for selected patients with early
HCC.®? The implementation of the Model
for End-Stage Liver Disease (MELD) exception
points for patients with HCC aimed to alleviate the

Abbreviations: AFP, alpha-fetoprotein; CR, complete response; DDLT, deceased donor liver transplantation; ECOG, Eastern Cooperative Oncology
Group; HIFU, high-intensity focused ultrasound; LT, liver transplantation; MELD, Model for End-Stage Liver Disease; mRECIST, Modified
Response Evaluation Criteria in Solid Tumors; OS, overall survival; pCR, pathological complete response; PR, partial response; REA, radio frequency
ablation; SBRT, stereotactic body radiation therapy; SD, stable disease; TACE, transarterial chemoembolization; TTE time-to-progression.
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disparity of access to LT between patients with and
without HCC.®) Given the shortage of donor organs
with increasing time on the waitlist, it is recom-
mended that locoregional treatment be applied if the
anticipated waiting time is longer than 6 months.*”
The aims of bridging therapy include the prevention
of tumor progression and the reduction in the rate of
dropout. Furthermore, the response to bridging therapy
might predict posttransplant recurrence.®”) Transarterial
chemoembolization (TACE) is one of the most widely
used bridging therapies, and studies on explant pathology
have shown tumor necrosis rates of 27%-57% in patients
with HCC within the Milan criteria.®® However, the
use of TACE carries the risk of contrast nephropathy
and endothelial injury that could lead to increased risk
of hepatic artery complication.*'? Although other
locoregional therapies, such as high-intensity focused
ultrasound (HIFU), increase the eligibility for bridging

therapy in candidates with HCC by up to 80%,"" it has

not been shown to reduce dropout rates.!"'?

Recently, the use of stereotactic body radiation ther-
apy (SBRT) has been shown to be more effective for
local control and prolonged the survival of patients
with nonresectable HCC when compared with TACE
(13 SBRT employs a few fractions of potent doses
of highly conformal radiation therapy with high geo-
metric precision and accuracy in tumor tracking and
motion management, thus being able to deliver a high
tumoricidal dose to tumors while limiting radiation to
surrounding critical normal tissues. Four prospective
series have shown a 1-year local control rate of 87%-
100% in patients with nonresectable HCC.1”) Several

alone.
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retrospective studies on the use of SBRT as a bridge to
LT have shown it to be safe, with similar tumor control
and dropout rates compared with conventional bridg-
ing therapies."®2” To the best of our knowledge, there
are currently no prospective data on the use of SBRT
as bridging therapy for LI' candidates. In this study, we
investigated the efficacy and safety of SBRT as bridging
therapy for candidates with HCC on the LT waitlist.

Patients and Methods

This is a prospective study with patients recruited
from Queen Mary Hospital, The University of Hong
Kong, from 1 July 2015 to 1 March 2020. The study
was approved by the Institutional Review Board of the
University of Hong Kong (UW15-191) and registered
at clinicaltrials.gov (NCT03950102). In this prospec-
tive study, SBRT was adopted as the primary bridging
therapy, and all patients were initially assessed for feasi-
bility of SBRT. Data analysis was carried out in March
2021 to ensure that the time between recruitment to
data analysis for all patients was more than 1 year. This
study was conducted according to the Declaration of
Helsinki and informed consents were obtained from
all patients. No donor organs were obtained from exe-
cuted prisoners or other institutionalized persons.

The outcomes of SBRT was compared with a con-
trol group of patients who received TACE or HIFU
as bridging therapy, which were the standard bridging
therapies at our center before the commencement of
this trial. !
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STUDY OBJECTIVES

The primary outcome of this study was the tumor
control rate at 1 year. Tumor control was defined as
complete response (CR), partial response (PR), or sta-
ble disease (SD), whereas objective response was defined
as CR or PR according to the Modified Response
Evaluation Criteria in Solid Tumors (mRECIST).(Zl)
The mRECIST was adopted given that the tumor
necrosis achieved by locoregional therapy might not cor-
respond to an immediate reduction in tumor size.?"*?

The secondary outcomes included the cumula-
tive incidence of dropout after bridging therapy while
accounting for competing risks. Dropout was defined
as death before transplant, delisting due to tumor pro-
gression, or being too sick for transplant. Other second-
ary outcomes included the extent of pathological tumor
necrosis, in particular, the percentage of pathological
CR (pCR) in the liver explant, and the safety of SBRT
including treatment toxicities, perioperative complica-
tions, and long-term outcomes after transplant.

The inclusion and exclusion criteria were defined
as follows:

INCLUSION CRITERIA

1. Patients with HCC who were accepted on trans-
plant waitlist;

2. Child score <8;

3. Adequate hematological function defined as abso-
lute neutrophil count > 1.0 x 10°/L, platelet 220 x
10°/L and hemoglobin >8 g/dL;

4. Eastern Cooperative Oncology Group (ECOG)
performance status <2.

EXCLUSION CRITERIA
Age <18 years old,;

Extrahepatic metastasis;

Radiological vascular invasion;

Previous radiotherapy to liver;

Positive pregnancy test;

Unwilling or unable to adhere to study require-
ments and procedure.

Stk LW

PRIORITIZATION OF DECEASED
DONOR LT WAITLIST AND MELD
EXCEPTION

All patients were evaluated by a multidisciplinary
team that consisted of surgeons, clinical oncologists,
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hepatologists, and radiologists before placement on
the deceased donor LT (DDLT') waitlist. Besides eli-
gibility to transplant candidacy, the choice of bridging
therapy was also discussed in this meeting. The diag-
nosis of HCC was made based on typical dynamic
imaging according to the American Association
for the Study of Liver Disease.”) The University of
California San Francisco (UCSF) criteria were used
for DDLT selection.”) A MELD exception point of
18 was granted to patients with T2 HCC (solitary
tumor 2-5 c¢m, or 2-3 tumors and each <3 cm) who
remained within stage T2 for 26 months after diagno-
sis. An additional 2 MELD scores was granted every
3 months if the tumors remained within T2 stage.m)
The HCC selection criteria and MELD exception
allocation system has not changed since 2010 in our
center.

Before the commencement of this trial, the stan-
dard bridging therapies used were TACE and HIFU.
All patients were discussed at the multidisciplinary
meeting, and the decision and choice of bridging
therapy was made based on patient’s liver function
and whether ascites and portal vein thrombosis was
present. In this study, patients who underwent SBRT
under the prospective study protocol were analyzed in
the SBRT group. Patients in the retrospective cohort
were analyzed according to the bridging therapy that
was decided on in the multidisciplinary meeting at
the time of transplant evaluation. All bridging ther-
apies were done after transplant evaluation. The time
of enrollment of the study was defined as the time of
listing. Radio frequency ablation (RFA) was not used
as bridging therapy, as it is primarily used as a curative
treatment for patients with HCC not requiring LT.%¥

PROSPECTIVE COHORT—SBRT AS
BRIDGING THERAPY

Patients were potentially eligible for SBRT if they
tulfilled the study inclusion and exclusion criteria.
Our center primarily adopted the Radiation Therapy
Oncology Group 1112 trial protocol that aimed to
deliver to the highest possible tumoricidal radiation
dosage to HCC.**?? The final eligibility for SBRT
was confirmed after planning CT, tumor contouring
by radiation oncologists, and dosimetrists’ assessment
for tumor and organ-at-risk (OAR). The procedure
and dose constraints of SBRT was presented in the
Supporting Information. No patient received pallia-
tive RT (i.c., 8 Gy in single fraction).?”
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RETROSPECTIVE CONTROL—
TACE

Patients were selected for TACE if they fulfilled
the following criteria: absence of main portal vein
thrombosis, no significant ascites or recurrent hepatic
encephalopathy, Child A, adequate coagulation pro-
file as defined by international normalized ratio <1.5
and platelet >80 x 10°/L, estimated glomerular filtra-
tion rate 245 mL/min, and ECOG < 2. Procedure of
TACE was standardized as reported.’® Reassessment
imaging was performed after 2 rounds of TACE at

8-10 weeks interval.

RETROSPECTIVE CONTROL—
HIFU

Patients who had ascites, pleural effusion, border-
line liver function, and thrombocytopenia <80 x 10°/L
would be offered HIFU. The selection criteria for
HIFU included absence of recurrent hepatic enceph-
alopathy, bilirubin <100 pmol/L, subcutaneous tissue
thickness <3.5 cm, clearly visualized tumor at screen-
ing, and ECOG <2. Because fluid medium can facili-
tate the visualization of tumor and the propagation of
ultrasound waves, ascites was not a contraindication
for HIFU. For tumor located at the dome of liver,
artificial right pleural effusion was usually required.
The procedure of HIFU is described in detail in the

Supporting Information.

EVALUATION OF RADIOLOGICAL
DISEASE CONTROL

Contrast imaging was performed every 3 months
while on the waiting list for transplant. All radiolog-
ical reporting was performed according to the mRE-
CIST by at least two radiologists who specialized in
HCC and transplant radiology and was reviewed in a
biweekly multidisciplinary meeting.?"

WAITLIST DROPOUT AND
ASSESSMENT FOR TREATED HCC

Patients were delisted (i.e., dropout) once HCC
stage progressed beyond UCSF criteria. Downstaging
policy has not been adopted in our center. In can-
didates in whom HCC was the sole indication for
transplant, absence of active HCC (i.e., CR according
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to mRECIST and normal alpha-fetoprotein [AFP]
level) consistently for at least 1 year after bridging ther-
apy and actual MELD <15 were considered “treated”
and were removed from waitlist. These patients were
closely followed up with regular surveillance.

TOXICITY AND PERIOPERATIVE
COMPLICATIONS AFTER
BRIDGING THERAPIES

Safety of bridging therapies were measured accord-
ing to toxicity graded with the National Cancer
Institute Common Terminology Criteria for Adverse
Events version 4.03. The need and reason for read-
mission up to 30 days after bridging therapy was
recorded. Radiation-induced liver disease (RILD) was
defined as anicteric hepatomegaly and ascites, or ele-
vated liver aminotransferases >5 times the upper limit
of normal, or worsening Child score by 2 from base-
line that occurred within 3 months after SBRT.%®
Perioperative complications were %raded according to
the Clavien-Dindo classification.””) The extent and
severity of peritoneal adhesion as a result of bridging
therapies were documented by the operating surgeons.

EXPLANT HISTOPATHOLOGY
ANALYSIS

All explants were fixed in 10% formalin and pro-
cessed with hematoxylin and eosin—stained sections.
The explant was sliced in 5-mm contiguous slices to
identify small lesions. All liver lesions identified on
pretransplant imaging were reviewed by pathologists
who specialized in HCC and transplant pathology.
Necrosis of tumor was evaluated under microscopy,
and pCR was defined as 100% tumor necrosis in the
absence of viable tumor cells. For patients who had
multiple tumors, pCR was defined as 100% tumor
necrosis in all tumor foci found in the explant.

STATISTICS

Comparison between groups was done using the
chi-squared or Mann-Whitney U test when appro-
priate. Dropout was defined as delisting due to any
cause except for treated HCC. The cumulative risk
of dropout was estimated by competing risk analysis:
patients who underwent LT or had treated HCC were
considered to have the competing event.®? Overall
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Prospective Cohort

SBRT
n =40

July 2015

FIG. 1. Patient recruitment and distribution.

survival (OS) was calculated from the time of listing
to death from any cause. Time-to-progression (TTP)
was calculated from the time of listing and from the
time of first bridging therapy to radiological progres-
sion. Posttransplant OS and recurrence-free survival
rates were assessed from the time of LT to death from
any cause and tumor recurrence, respectively. Survival
rates were analyzed using the Kaplan-Meier method
and compared using the log-rank test. The Fine-Gray
competing risk model with subdistribution hazard
ratio was used to identify factors that predicted drop-
out.®V Patients who had LT or treated HCC were
modelled as competing events. Univariable analysis
was performed using factors related to patient demo-
graphics, tumor stage, liver function, AFP level, and
bridging therapy. Significant factors from univariate
analysis (P < 0.1) were entered for multivariable anal-
ysis. As a result of a longer follow-up time in the ret-
rospective control, sensitivity analysis was performed
to consider the effect of follow-up time to endpoint
events, i.e., progression and survival. Only events
that occurred up to the median follow-up time of
the SBRT group were analyzed. Another sensitivity
analysis to include only patients who were eligible for
all three bridging therapies was performed. Statistical
significance was defined as P value <0.05, and all tests
were performed two-tailed. All calculations were done
using SPSS version 22 and R 4.0.2.

SAMPLE SIZE CALCULATION

Sample size calculation was performed based on the
1-year tumor control rate after SBRT (87%-100%)
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Retrospective Control

— January 2010

March 2020 : 192 HCC patients waitlisted

March 2021: Data analysis

TACE No Bridging

n =42

n =59

for nonresectable HCC in 4 prospective studies, 17

compared with that for TACE and HIFU, which was
41.2%."Y The overall effective size was 0.46 (87%-
41.2%). In order to detect a 2-tailed statistical sig-
nificance of 0.05 and power of 0.8, 40 patients are
required. Taking into consideration that approxi-
mately 15%-20% of patients might have screen failure
for SBRT, we intended to recruit 47 patients into this
study.

Results

During study period, 47 patients were evaluated
for SBRT. Seven (14.9%) patients were unsuitable
for SBRT: 3 were due to mean liver dose exceeding
the dose acceptance criteria, 2 had tumors with close
proximity to duodenum and stomach, and 2 had dis-
crepancy of tumor position on planning and treatment
CT because of irregular breathing pattern and asci-
tes. Among these 7 patients, 5 had TACE and 2 had
HIFU as bridging therapy.

From January 2010, 192 patients with HCC were
accepted on the waitlist and 150 (78.1%) underwent
bridging therapies (Fig. 1). Of these, 40 patients
underwent SBRT during the study period, and 51 and
59 patients had HIFU and TACE, respectively. The
median time of bridging therapy was done at 39 days
after listing in the SBRT group, 32 days in the HFU,
and 30.5 days in the TACE group (P = 0.809). At
the time of analysis, all patients had a recruitment to
follow-up time for at least 1 year. Forty-two (21.9%)
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TABLE 1. Clinical Characteristics of All Patients

At Listing SBRT (n = 40) TACE (n =59) HIFU (n = 5T1) PValue
Age (years) 59.6 (36-69) 58.1 (42-69) 59.5 (38-68) 0.617
Sex, male, (n, %) 26 (65.0) 50 (84.7) 41 (80.4) 0.025
BMI (kg/m?) 26.1(19.7-41.9) 25.0(18.1-44.3) 24.0 (15.6-34.1) 0.144
HBV (n, %) 34 (85.0) 45 (76.3) 41 (80.4) 0.287
HCV (n, %) 3(7.5) 8(13.6) 9(17.6) 0.462
MELD af listing 13 (11-15) 10 (9-12) 12 (10-16) <0.001
Child-Turcotte-Pugh (n, %) 0.001

Child A 21 (52.5) 36 (61.0) 17 (33.3)

Child B 19 (47.5) 21 (35.6) 22 (43.7)
Radiological tumor number (n, %) 0.136

1 28 (70.0) 33 (55.9) 40 (78.4)

2 8 (20.0) 19 (32.2) 9(17.6)

3 4(10.0) 7(11.9) 2(3.9)
Radiological tumor size (cm) 2.8 (1.1-5.7) 2.2(0.8-6.3) 2.6 (0.7-5.1) 0.072
Radiological within Milan (n, %) 33 (82.5) 52 (88.1) 48 (94.1) 0.491
AFP at listing (ng/mL) 9.5(2-11,772) 19.0 (2-7,320) 15.0 (1-159,370) 0.405
AFP at listing (n, %) 0.141

<200 ng/mL 34 (85.0) 43(72.9) 41 (80.4)

>200 ng/mL 6 (15.0) 16 (27.1) 10 (19.6)

Note: Variables were presented as median (range) or number (percentage).

Abbreviation: BMI, body mass index.

patients had poor liver function and were deemed
unsuitable for any treatment.

Patient demographics were presented in Table 1.
Patients with TACE had significantly better liver func-
tion compared with SBRT and HIFU as reflected
by the MELD score (10 vs. 13 vs. 12, respectively;
P < 0.001) and proportion of Child A stage (61% vs.
52.5% vs. 33.3%, respectively; P = 0.001). There was no
difference in tumor number and AFP level at listing.
There was a trend for larger tumor size in the SBRT
group compared with the TACE group (2.8 cm vs.
2.2 cm, respectively; P = 0.055) without any difference
between SBRT and HIFU groups (2.8 cm vs. 2.6 cm,
respectively; P = 0.911).

BRIDGING THERAPY WITH SBRT/
TACE/HIFU

The dosimetry details of SBRT are summarized
in Table 2. There were 56 SBRT treated HCC in
40 patients. The median dose delivered was 50 Gys
in 5 fractions. All patients completed SBRT with-
out premature termination. The median number of

TACE performed per patient was 3 (range, 1-9).

In patients with HIFU, 5 required artificial ascites/
pleural effusion, and none had >grade 3 perioperative
complication.

EVALUATION OF TREATMENT
RESPONSE AFTER BRIDGING
THERAPY

The mRECIST among the SBRT, TACE, and
HIFU groups at 3, 6,9, and 12 months after bridging
therapy are shown in Fig. 2A. The primary endpoint
of tumor control rate at 1 year was the highest after
SBRT compared with TACE and HIFU (92.3% vs.
43.5% vs. 33.3%, respectively; P = 0.02). In fact, tumor
control rate was consistently better after SBRT when
compared with TACE and HIFU at every time point
within the first year after bridging therapy: 3 months
(91.7% vs. 69.6% vs. 72.3%, respectively; P = 0.025),
6 months (96% vs. 67.3% vs. 59.5%, respectively;
P = 0.029), and 9 months (90% vs. 50% vs. 51.9%,
respectively; P = 0.009).

The rate of radiological CR was the highest after
SBRT at 3, 6,9, and 12 months when compared with
TACE and HIFU. Except at 3 months, radiological
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TABLE 2. SBRT Dose Summary

Median Dose (Gy) 50 (35-50)
Median number of fractions 5
Technique (n, %)
Gating 23 (57.5)
4D free breathing 8 (20)
Free breathing 2(5)
ABC (BH) 7(17.5)
Number of lesion treated
1 28 (70)
2 8(20)
3 4(10)
Tumor size (cm) 2.80(1-5.7)

Liver volume (mL)

Liver volume minus GTV (mL)
GTV volume (mL)

Total PTV volume (mL)

Dose to 95% of the planning target
volume (Gy)

Liver minus GTV mean dose (Gy)
D800cc liver minus GTV median (Gy)
Liver minus GTV (Veff)

969.03 (625.45-1,734.81)
955.06 (622.62-1,646.25)
11.11 (0.53-136.8)
61.58 (9.96-199.04)
50.06 (36.20-103.41)

14.94 (6.92-61.25)
1.50 (0.16-16.94)
814.66 (118.20-1,646.25)

Note: Variables were presented as median (range) or number
(percentage).

Abbreviations: ABC, active breathing control; BH, breath hold;
GTYV, gross tumor volume; PTV, planning target volume.

CR was observed in approximately half of the patients
with SBRT (48%-53.8%), and it was significantly bet-
ter when compared with TACE or HIFU (Fig. 2A).
The objective response was significantly higher in the
SBRT group at 3 to 12 months after bridging therapy
(Supporting Table S1). An example of radiological
response after SBRT is illustrated in Fig. 2B.

NEED FOR ADDITIONAL
BRIDGING THERAPY

Two patients in the SBRT group required addi-
tional bridging therapy. The first patient had a new
HCC focus that was found 3 months after the first
SBRT. Because of the short time interval from the
first SBRT, he had one cycle of TACE and received
SBRT again at 7 months after the first SBRT. The
second patient also had PD due to development of a
new HCC focus and had the second SBRT 9 months
afterward. Fifteen patients with HIFU received
TACE (3 due to PD, 5 due to PR, and 7 due to
SD) at a median of 4 months (range, 3-22). Eleven
patients with TACE received HIFU (5 due to PD, 1
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due to PR, and 6 due to SD) at a median of 5 months
(range, 2-17.5).

DROPOUT RISK

The median follow-up time for the whole cohort,
SBRT group, TACE group, and HIFU group from
the time of listing was 42 months (range, 0.5-137.7),
39.3 months (range, 2.8-100.4), 47.8 months (range,
1.5-133.7), and 48.7 months (range, 0.5-129.1), respec-
tively (P = 0.073 for comparison between the 3 groups).
The cumulative incidence of dropout with competing
risk analysis for the SBRT group was 15.1%, 20.5%,
and 23.3% at 1, 2, and 3 years, respectively, after list-
ing, and the incidence was significantly lower than for
those in the TACE group (28.9%, 35.6%, and 45.8%,
respectively; P = 0.034) and the HIFU group (33.3%,
41.2%, and 45.1%, respectively; P = 0.032) (Fig. 3A).

At time of study analysis, the overall dropout risk
was lower in the SBRT group compared with patients
with TACE and HIFU (9/40 [22.5%] vs. 50/110
[45.5%]; P = 0.011) (Fig. 3B). Four patients in the
SBRT group fulfilled the criteria for treated HCC
and were delisted. At the time of last follow-up, none
had HCC recurrence after a median follow-up period
of 32 months (range, 26-44). On the other hand,
no patients in the TACE or HIFU groups fulfilled
the criteria for treated HCC. Among the 9 patients
delisted from the SBRT group, 5 were due to tumor
progression and 4 died on waitlist because of rup-
tured cerebral aneurysm, spontaneous bacterial peri-
tonitis, necrotizing fasciitis of lower limb, and hepatic
encephalopathy at 45, 335, 357, and 609 days after
SBRT, respectively. Tumor progression (70%) was the
predominate reason accounted for delisting in the
TACE/HIFU group. Fifteen patients died on waitlist
or were too frail for L'T. Of these, 9 had complications
of liver cirrhosis, 2 had cerebrovascular accident, 2
were deemed too frail for L'T; 1 had perforated peptic
ulcer, and 1 died of unknown cause.

SAFETY AND ADVERSE EFFECTS
AFTER BRIDGING THERAPY

There was no 30-day mortality after bridging
therapy in all 3 groups, and no patient required
urgent transplant for acute decompensation. Fever,
fatigue, and creatinine were similar after SBRT,

TACE, and HIFU. Grade 2 toxicity in bilirubin was
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SBRT TACE HIFU SBRT TACE HIFU SBRT TACE HIFU SBRT TACE HIFU

n (%) 3 Month 6 Month 9 Month 12 Month

CR [10(27.8) 5(8.9) 6(12.8) 12(48) 8(16.3) 7(18.9) 10(50) 7(18.4) 5(18.5) 7(53.8) 4(17.4) 2(13.3)

PR | 14(38.9) 15(26.8) 11(23.4) 8(32) 11(22.4) 5(13.5) 6(30) 8(21.1) 3(11.1) 3(23.1) 5(21.7) 2(13.3)
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PD | 3(83) 17(30.4) 13(27.7) 1(4.0) 16(32.7) 15(40.5) 2(10) 19(50) 13(48.1) 1(7.7) 13(56.5) 10(66.7)
B

Before SBRT

3M post SBRT

6M post SBRT

Explant showed complete pathological necrosis

FIG. 2. (A) The mRECIST among the SBRT, TACE, and HIFU groups. (B) CT images before, 3 months after, and 6 months after

SBRT.

more commonly observed in the SBRT and HIFU
group, and hematological derangement including
thrombocytopenia and leucopenia was more com-
monly seen after SBRT, but none was associated
with clinically adverse events. The need for readmis-
sion within 30 days after bridging therapy was also

similar between the 3 groups (Supporting Tables S2
and S3).

OUTCOMES AFTER TRANSPLANT
AND EXPLANT ANALYSIS

The median follow-up time for the whole cohort,
SBRT group, TACE group, and HIFU group from
the time of transplant was 60.6 months (range, 0.6-
124.5), 40.6 months (range, 0.9-60.3), 71.6 months
(range, 8.3-124.5), and 80.5 months (range, 0.6-118),
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A Competing risk of dropout
100
90 —— SBRT n=40
..... TACE n=59

=== HIFU n=51

Dropout P value
SBRT vs. TACE 0.034
SBRT vs. HIFU 0.032

No. at risk Duration on list (years)

SBRT 40 30 22 19

TACE 59 42 33 28

HIFU 51 34 26 24
B

From 2010 to March 2020
192 HCC patiences listed for DDLT

!

150(78.1%) HCC patients
received bridging treatment

/\

42 (21.9%) HCC patients had
no bridging treatment

—_—

| sBRTn=40 |

Dropout n=9 (22.5%)

Died before LT n=4
Beyond criteria n=5

| Treated HCC n=4 |

LT n=27 (67.5%)

| TACE/HIFU n=110 |

Dropout n=50 (45.5%)
Died before LT/too frail for LT n=15
Beyond criteria =35

LT n=60 (54.5%)

Risk of dropout
P=0.011

FIG. 3. (A) Cumulative incidence of waitlist dropout among the SBRT, TACE, and HIFU groups. The cumulative incidence of dropout

was estimated while accounting for competing risk. (B) Waitlist outcomes of all patients.

respectively; P < 0.001. Twenty-seven (67.5%), 32
(54.2%), and 28 (54.9%) patients in the SBRT, TACE,
and HIFU groups underwent DDLIT, respectively.
At the time of transplant, there was no difference in
tumor stage, size, number, and AFP level, although
patients with TACE had lower median MELD score
(10 vs. 12 in SBRT and HIFU, P = 0.001). There was
no difference in hospital mortality, severe periopera-
tive complication rate, vascular and biliary complica-
tion, and hospital and intensive care unit stay among
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the 3 groups (Table 3). For patients who received
SBRT, there was no perihilar or peritumoral adhesion
reported from the operating surgeons.

In explant pathological analysis, there was no dif-
ference in tumor number, differentiation, and vascu-
lar invasion among the 3 groups. Although patients
with SBRT had the largest radiological tumor size at
the time of listing, they had smaller tumors (2 cm vs.
2.5 cm in the TACE and HIFU groups; P = 0.045)
and a higher rate of pCR (48.1% in the SBRT group
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TABLE 3. Characteristics of All Patients Who Have Undergone Transplantation

At Transplant SBRT (n =27) TACE (n = 32) HIFU (n = 28) PValue
MELD at transplant 12 (8-33) 10 (8-12) 12 (11-15) 0.001
AFP at fransplant (ng/mL) 6 (3-339) 7.5 (1-1,286) 12 (2-21,984) 0.177
Radiological tumor number 1.0 (0-3) 1.0 (0-3) 1.0 (0-3) 0.167
Radiological tumor size (cm) 2.0(0-5.7) 1.6 (0-5.8) 2.1 (0-4.3) 0.214
Radiological within Milan (n, %) 25(92.6) 29 (90.6) 26 (92.9) 0.941
Time on waiting list (days) 421 (89-944) 255.5 (21-1,280) 241 (1-1,909) 0.21
Perioperative outcomes
Hospital mortality (n, %) 1(3.8) 0(0) 1(3.6) 0.527
Postoperative complication >Clavien Grade 7 (26.9) 4(12.5) 8(28.6) 0.253
3a* (n, %)
Overall complication rate (n, %) 18 (69.2) 16 (50.0) 19 (67.9) 0.232
Vascular thrombosis (n, %) 1@3.7) 0(0) 0(0) 0.106
Early biliary leak/ stricture (n, %) 0(0) 0(0) 0(0) —
Blood loss (L) 3.0 (0.75-15.0) 3.0(0.5-11.7) 3.9 (0.7-20.0) 0.806
Infraoperative packed cell fransfusion 6.0 (0-21) 5.0 (0-29) 4.5(0-31) 0.91
(units)
Infraoperative FFP tfransfusion (units) 5.0 (0-21) 4.0(0-17) 6.0(0-17) 0.554
Infraoperative platelet fransfusion (units) 6.0 (0-28) 4.0 (0-16) 8.0 (0-24) 0.313
ICU stay (days) 3.0 (2-52) 3.0 (2-7) 3.0 (2-32) 0.611
Hospital stay (days) 16.0 (10-174) 15.0 (10-69) 15.0 (8-132) 0.79
Explant pathological analysis
Pathological tumor number 1.0 (O-multiple) 2.0 (O-multiple) 1.0 (O-multiple) 0.666
Pathological tumor size (cm) 2.0(0.8-4.5) 2.5(0.3-6.3) 2.5(0.3-6.3) 0.045
Pathological complete necrosis (n, %) 13 (48.1) 8(25.0) 5(17.9) 0.037
Tumor differentiation (n, %)" 0.361
Well differentiated 2(7.7) 2(6.3) 3(10.7)
Moderately differentiated 12 (46.2) 21 (65.6) 19 (67.9)
Poorly differentiated 3(11.5) 1(3.1) 1(3.6)
Vascular invasion (n, %)"
Microvascular 6(22.2) 8(25.0) 7 (25.0) 0.079
Macrovascular 1(3.7) 0(0) 1(3.6) 0.529
Pathological within Milan (n, %) 22 (81.5) 24.(75.0) 21 (75.0) 0.442

Note: Variables were presented as median (range) or number (percentage).

*Clavien-Dindo classification.

FPathological details were not available in patients who had complete necrosis.

Abbreviations: FFP, fresh frozen plasma; ICU, intensive care unit.

vs. 25% in the TACE group vs. 17.9% in the HIFU
group; P = 0.037) (Table 3).

SURVIVAL AND RECURRENCE

Patients who underwent SBRT as bridging ther-
apy had a better TTP on the waitlist. The TTP at
1, 2, and 3 years from the time of listing was sig-
nificantly lower in the SBRT group (10.8%, 18.5%,
and 18.5% in the SBRT group, 45%, 50.6%, and
54.9% in the TACE group, and 47.6%, 62.8%, and

62.8% in the HIFU group; P < 0.001), as shown in
Fig. 4A. Because some patients had bridging therapy
before listing, the TTP from the time of first bridging
therapy was also performed, the benefits of SBRT in
reducing the TTP remained unchanged (Supporting
Fig. S1). The 1, 2, and 3-year OS rates from the time
of listing were 84.9%, 76.4%, and 73%, respectively, in
the SBRT group, 88.1%, 72.7%, and 65.6%, respec-
tively, in the TACE group, and 80.4%, 60.8%, and
54.9%, respectively, in the HIFU group (P = 0.295)
(Fig. 4A).
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FIG. 4. (A) TTP and OS from the time of listing among the SBRT, TACE, and HIFU groups. (B) Overall and recurrence-free survival

after transplant among the SBRT, TACE, and HIFU groups.

The survival and recurrence rates after transplant
were similar between the 3 groups. The OS at 1, 2,
and 3 years was 88.2%, 83.8% and 83.8%, respectively,
in the SBRT group, 96.9%, 80.9%, and 80.9%, respec-
tively, in the TACE group, and 92.9%, 85.7%, and
85.7%, respectively, in the HIFU group (P = 0.919).
The recurrence-free survival rates at 1, 2, and 3 years
were 84.4%, 80%, and 80%, respectively, in the SBRT
group, 90.6%, 77.7%, and 77.7%, respectively, in the
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TACE group, and 89.3%, 85.7%, and 82.1%, respec-
tively, in the HIFU group (P = 0.852; Fig. 4B).

Only 18/150 (12%) patients had AFP >1,000 at
time of listing. Based on the data from published
series, AFP >200 ng/mL was used in multivariable
analyses.**3% In multivariable analyses, tumor size
>3 cm, AFP 2200 ng/mL at listing, and Child B or
C predicted a higher risk of dropout, whereas SBRT
reduced the risk of dropout (Table 4).
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TABLE 4. Univariable and Multivariable Analyses of Prognostic Factors Affecting Dropout

Dropout
Univariable Multivariable

Variables HR (95% Cl) PValue HR (95% Cl) PValue
Age (n=150) 1.003 (0.963-1.046) 0.87
Sex (n = 150)
Female (n = 33) Ref
Male (n=117) 1.774 (0.870-3.618) 0.115
BMI (kg/m?) (n = 150) 1.010 (0.954-1.068) 0.74
Disease efiology (n = 150)
Non-HBV (n = 30) Ref
HBV (n = 120) 1.430 (0.735-2.783) 0.292
Tumor number at listing
1(n=101) Ref
>2 (n=49) 1.644 (0.966-2.799) 0.067
Size of the largest tumor at listing (cm)

(n=150)
<3cm (n=95)
>3 cm (n =55) Ref Ref
1.978 (1.174-3.333) 0.01 2.031 (1.183-3.486) 0.01

AFP at listing (n = 150)
<200 ng/mL (n=118) Ref Ref
>200 ng/mL (n = 32) 1.862 (1.042-3.327) 0.036 2.489 (1.293-4.790) 0.006
Child grade at listing (n = 150)
Grade A (n=74) Ref Ref
Grade B/C (n=76) 1.939 (1.135-3.314) 0.015 2.561 (1.405-4.668) 0.002
Bridging treatment (n = 150)
SBRT (n = 40) Ref Ref
HIFU (n=51) 2.485 (1.144-5.398) 0.022 3.026 (1.369-6.686) 0.006
TACE (n=59) 2.006 (0.932-4.319) 0.075 2.324 (1.067-5.061) 0.034

Abbreviation: BMI, body mass index.

SENSITIVITY ANALYSIS

Sensitivity analysis was performed by considering
events up to the median follow-up time of the SBRT
group. T'TP and OS from the time of listing was sig-
nificantly better in the SBRT group and was consis-
tent with the primary analysis (Supporting Fig. S2).
Patients who were eligible for all three bridging thera-
pies were also analyzed in a separate sensitivity analy-
sis. The clinical characteristics are listed in Supporting
Table S4. The results were similar to the primary
analysis. The mRECIST and tumor control from 3
to 12 months after bridging therapies are shown in
Supporting Fig. S3. Patients who received SBRT had
better TTP when compared with HIFU and TACE,

whereas the OS was comparable (Supporting Fig. S4).

With competing risk analysis, the SBRT group had a
lower incidence of dropout, as shown in Supporting

Fig. S5.

Discussion

This study investigates the use of SBRT as bridg-
ing therapy for candidates with HCC on the LT
waitlist. In the present study, SBRT showed a better
radiological tumor control when compared with other
bridging therapies at every time point after treatment.
The use of SBRT was associated with a lower risk of
dropout and with a higher rate of pCR in explant his-
topathology when compared with TACE and HIFU.
The findings add to the growing evidence that SBRT
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is safe and effective and can be used as an alternative
bridging therapy for candidates with HCC.

An ideal bridging therapy should be effective, non-
invasive, and safe for candidates with HCC. The data
from the present study showed that SBRT is close to,
if not an ideal bridging therapy. SBRT is completely
noninvasive without an increased risk of periproce-
dural toxicities, RILD, and perioperative complica-
tions. Most importantly, SBRT was shown to be very
effective. The high dose radiation given in divided
doses achieved a “radio-ablative” effect. Objective
response was achieved in 63.9%-80% patients with
SBRT comparing with 26.7%-39.5% in patients who
had other conventional bridging therapies. Within
the first year of SBRT, tumor control was maintained
at 90%. This was in great contrast to patients with
TACE or HIFU in whom the effect of tumor con-
trol reduced with time: 50%-51.9% at 9 months to
33.3%-43.5% at 12 months. SBRT was performed as
an outpatient procedure, and most patients did not
need additional bridging therapy. This was in con-
trast to TACE and HIFU, wherein both required
hospitalization with patients often require additional
bridging therapies. Early economic analysis suggested
that SBRT might cost less than TACE as bridging
therapy. (35) Importantly, 4 patients were removed from
the waitlist because of treated HCC with no recur-
rence to date. Such phenomenon was not observed
in patients in the TACE or HIFU groups. For those
who received DDLI, the pCR rate was 48.1%, and
pathological tumor size was significantly smaller in
the SBRT group despite a larger tumor size at listing.
These findings shed insights on the effectiveness of
SBRT as “radio-ablative,” which may be curative for
selected patients with HCC. Although RFA is used
as bridging therapy in many centers, this modality is
reserved as curative treatment for patients with HCC
not requiring LT.%Y Data from a randomized con-
trolled trial at our center showed that for HCC within
the Milan criteria, RFA offered similar long-term out-
comes to liver resection. If the HCC was treated by
RFA, then the patient would not be assessed for LT
in the first instance. In the present study, poor liver
function, large tumor size, and TACE or HIFU as
bridging therapy were predictors for dropout. Patients
who had ascites received HIFU as bridging therapy,
and the underlying more advanced liver disease might
contribute to a higher dropout rate in the HIFU

group.
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The cumulative risk of dropout was significantly
lower in the SBRT group, and in sensitivity analy-
sis, the beneficial effect of SBRT to T'TP remained
unchanged. Despite the use of retrospective control,
patients with HCC included in the study were homog-
enous because the selection criteria, MELD exception
point system, and availability of deceased organs in
our center remained unchanged since 2010. The post-
transplant overall and recurrence-free survival rates
were similar after SBRT compared with other bridg-
ing therapies. However, given the higher rate of tumor
control on waitlist and a higher pCR in explant, SBRT
might lead to better posttransplant survival in the
long term. 3037 The sample size and follow-up time
of our study were not powered to test this hypothesis,
but it will be of interest to follow up the long-term
survival and recurrence in these patients. Furthermore,
tumor control was seen in 90% of patients with SBRT
within the first year, and such an effect was sustained,
suggesting that the use of SBRT as downstage ther-
apy should be recommended, given tumor progression
accounts for the majority of dropout in downstage
protocols.(38) At the time when this study protocol
was drafted, only a few small case series on SBRT
as a bridge to LT’ were available, and data on drop-
out rate were lackjng.(18’39’40) Therefore, tumor control
rate at 1 year was taken as the primary endpoint based
on the prospective studies on SBRT for nonresectable
HCC. The mRECIST after bridging therapies were
reported every 3 months in the first year after list-
ing; therefore, most patients would have reached study
endpoint, i.e., transplant, delist, or death. The findings
in the present study serve as a call for a multicenter
randomized controlled trial because a standardized
algorithm to guide the choice of bridging therapy for
candidates with HCC is needed. Also, the best criteria
to assess treatment response after bridging treatments
remain controversial. The mRECIST was used in this
study, but a recent paper suggested that the Response
Evaluation Criteria in Solid Tumors (RECIST) might
be more closely correlated with pathological necro-
sis.*Y The prediction of pathological necrosis by the
RECIST and mRECIST is beyond the scope of the
present study, but it is certainly an important question
that warrants a detailed evaluation. Anonymization
of radiologists was not feasible because of the use of
lipiodol in TACE, and patients who had gross ascites
were offered HIFU. Nonetheless, crucial clinical deci-
sions including MELD exception point and delisting
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were made based on radiology reports, and all reports
were reviewed by at least two radiologists; therefore,
the chance of bias was minimal.

In our study, 7 patients (14.9%) had screening fail-
ure for SBRT because of the mean liver dose exceed-
ing the dose acceptance criteria, position discrepancy,
and radiation dose constraints to OAR. Because
SBRT involves high dose radiation, precision is cru-
cial, and the radiation directed to target HCC must
be within a 2 mm discrepancy between planning and
treatment CT. Therefore, in our experience, patients
with significant ascites or pleural effusion are unsuit-
able for SBRT. As with all forms of radiation, marrow
suppression is a potential side effect. Pancytopenia
is extremely common in LT candidates. In the pres-
ent study, a lower platelet cutoff of 20 x 10%/L was
adopted, which was much lower than the conven-
tional SBRT protocol of 50-70 x 10°/L.* This may
explain the higher grade 3/4 toxicity in thrombocyto-
penia and leucopenia among the patients with SBRT,
but all patients recovered spontaneously without any
clinically significant event.

Our study has several limitations. Firstly, this was
a nonrandomized trial in a single center. The non-
randomized nature and the use of retrospective con-
trol might lead to bias. Nevertheless, all patients with
SBRT were enrolled under a standardized proto-
col, and the techniques for TACE and HIFU were
also standardized. In addition, there was no change
in HCC selection, MELD exception system, tumor
response evaluation, and organ availability within the
study period, and therefore the chance of bias would
be minimal. Secondly, the effect of SBRT was com-
pared with both TACE and HIFU, but HIFU is
not widely available worldwide.?” Nonetheless, the
mRECIST at 3, 6,9, and 12 months were similar, and
the TTP curves overlapped in patients with TACE
and HIFU, suggesting a similar tumor control ability.
Lastly, the dropout rate in our study was high, as it
was conducted in a region with a low organ donation
rate. Our recent paper showed that the dropout rate
was as high as 43.4%, even for candidates with high
MELD and hepatorenal syndrome.(42) The limited
availability of deceased organs stresses the importance
of an effective bridging therapy.

In conclusion, SBRT was safe and effective as
bridging therapy in waitlisted patients with HCC.
Compared with other bridging therapies, SBRT
reduced the risk of dropout, offered a better tumor

CHO-LAM WONG ET AL.

control rate at 1 year, and achieved a higher rate of
pCR in explant histopathology. Therefore, SBRT

should be incorporated in the current bridging therapy
algorithm, in addition to TACE and HIFU, as a safe
and effective alternative for candidates with HCC.
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