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Highlights:

e The proportion of lesions with LTP after 2 years was lower
with MWA than with RFA.

e Ablation margin (<3 mm) was an independent predisposing
factor for LTP.

e DCP was an independent predisposing factor for intra- and
extrahepatic recurrence.

e Both techniques appeared safe, with only two severe
complications reported.
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Impact and implications:

While some randomized control trials (RCTs) have compared
the efficacy of microwave ablation (MWA) and radiofrequency
ablation (RFA) for small hepatocellular carcinoma (HCC), the
superiority of MWA over RFA remains unverified despite its
theoretical benefit. This study is the first to demonstrate the
utility of MWA over single-needle RFA for patients with HCC,
with a significant difference between the two groups in the
proportion of lesions with local tumor progression after a 2-year
follow up. Moreover, the two techniques were safe, with only
two severe complications reported in the entire study cohort.
Given that an RCT differs slightly from daily clinical situations,
practical and anatomical criteria for selecting the optimal
technique on a lesion-by-lesion basis are required.

© 2024 The Author(s). 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-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). JHEP Reports, 2025, 7, 1-8
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Background & Aims: Radiofrequency ablation (RFA) is the standard treatment for small hepatocellular carcinoma (HCC), spe-
cifically for tumors <3 cm in size and numbering fewer than three, excluding surgical candidates. Microwave ablation (MWA) is an
innovative approach believed to have theoretical benefits over RFA; however, these advantages are yet to be empirically verified.
Therefore, we evaluated and compared the effectiveness of MWA and RFA in managing HCC tumors up to 4 cm in size.

Methods: In this multicenter randomized controlled trial conducted across five centers in Japan, eligible participants had up to 4
tumors, each up to 4 cm in size, and were not considered for surgery. Patients were randomly assigned to undergo MWA or RFA.
The primary outcome was the rate of local tumor progression (LTP), whereas secondary outcomes included overall survival (OS)
and intra- and extrahepatic recurrence-free survival (RFS) at the end of the 2-year follow up.

Results: In total, 240 participants were screened from July 12, 2018, to December 7, 2021. Four participants were excluded: three
did not meet inclusion criteria, and one died from an unknown cause during treatment. Consequently, 119 (130 lesions) and 117
(136 lesions) participants were treated with MWA and RFA, respectively. The proportion of lesions with LTP at the 2-year follow up
was significantly lower in the MWA group (20 [16.4%] lesions) than in the RFA group (38 [30.4%)] lesions) (risk ratio, 0.54; p =
0.007). OS and both intra- and extrahepatic RFS did not significantly differ between groups.

Conclusions: MWA is more effective than RFA in reducing local tumor progression for HCC tumors up to 4 cm. However, no
differences were observed in OS and RFS.

© 2024 The Author(s). 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Percutaneous local ablation therapies for hepatocellular carci-
noma (HCC) began during the 1980s with the advent of percu-
taneous ethanol injection (PEI).! PEl is a safe, cost-effective, and
efficacious treatment for small HCCs; however, as the tumor size
increases, the efficacy of this treatment is limited by the pres-
ence of fibrous septa and tumor capsules, which inhibit ethanol
diffusion.? During the 1990s, percutaneous first-generation mi-
crowave coagulation therapy (PMCT) was developed using
Microtaze (Nippon Syouji Kaisya, Osaka, Japan). Although
originally designed for hemostasis in liver resections® and later
adapted for tumor ablation by Seki et al.,* PMCT reportedly has
local tumor control superior to PEI. However, PMCT requires
multiple sessions for larger tumors owing to its small ablation
area, leading to its replacement by radiofrequency ablation (RFA)
during the late 1990s.° RFA is currently considered a first-line
treatment among percutaneous local ablation therapies for
HCC. On anindividual basis, RFA can be appropriate for patients

with larger tumors (3-5 cm), multiple tumors (up to three
nodules), and advanced liver disease (Child-Pugh score B), even
when surgical treatment is not feasible.®

Next-generation microwave ablation (MWA) has recently
been developed and widely adopted globally because of
theoretical advantages over single-needle RFA. This technique
results in shorter ablation times, higher ablation temperatures,
and larger ablation zones compared with single-needle RFA. In
addition, it reportedly reduces the heat sink effect near large
blood vessels. Recently, two large-scale randomized controlled
trials (RCTs) were published that focused on the use of MWA. In
the RCT by Vietti et al.,” involving 152 patients with HCC
treated by a cooled-shaft MWA system (Acculis Sulis VpMTA)
or clustered internally cooled electrode (Covidien E series), no
statistically significant difference was observed between the
two methods in local recurrence rates 2 years post treatment,
although a slightly higher tendency was noted with RFA (odds
ratio: 1.62, 95% CI: 0.66-3.94, p = 0.27), and no difference was
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observed in complication rates. Similarly, an RCT by Yu et al.,®
involving 203 patients with HCC treated by a cooled-shaft
MWA system (KY-2000) or multipolar RFA system (CelonLab
Power), reported no significant differences in local recurrence
or complication rates. To date, no solid evidence exists
regarding the effectiveness of MWA over RFA, including single-
needle, clustered, and multipolar systems.

New microwave systems have been introduced to produce
more spherical ablations and address issues of unpredictability.
The Emprint Ablation System (Medtronic, Minneapolis, MN,
USA) is a new-generation microwave system that uses ther-
mosphere technology to control the microwave field and
length. This technique combines thermal control using a cool-
ing system that extends to the tip of the antenna with field
shape and wavelength control, allowing for more spherical and
predictable ablations.® This device was approved for use by the
FDA in April 2014 and by its Japanese counterpart in July 2017.

Therefore, the current RCT compared the efficacy of next-
generation MWA vs. single-needle RFA, which is the most
popular RFA system in Japan, in patients with HCC (<4 cm in
size with up to four nodules).

Patients and methods

We conducted an RCT at five tertiary centers in Japan (Tokyo
Medical University Hospital [Site 1], Yokohama City University
Hospital [Site 2], Iwate Medical University Hospital [Site 3],
Seirei Hamamatsu Hospital [Site 4], and Toho University
Ohashi Medical Center [Site 5]). The study was approved by
the Ethics Committee of each institution, and written informed
consent was obtained from all participants. It was registered
with the University Hospital Medical Information Network
(UMIN No. 000033297). The study protocol is provided in
Supplementary file S1.

The inclusion criteria were: (1) age 220 years; (2) an HCC
lesion diagnosed based on typical findings of HCC on contrast-
enhanced computed tomography (CT) (CECT) or gadoxetic
acid (Primovist; Bayer Health Care, Osaka, Japan)-enhanced
magnetic resonance imaging (MRI) (EOB-MRI) within 4 weeks
before enrollment, using the non-invasive criteria recom-
mended by the Japan Society of Hepatology;'® (3) an HCC
lesion measuring <4 cm in size with up to four nodules; (4) no
extrahepatic manifestation or vascular invasion; (5) Child-Pugh
score <9; (6) a HCC lesion treatable using both MWA and RFA
at each center; (7) Eastern Cooperative Oncology Group''
performance status of 0-2; (8) white blood cell count of
2,000-10,000/mm?®, platelet count >50,000/mm?3, hemoglobin
level 28.0 g/dl, prothrombin time >250%, serum creatinine level
<1.5 mg/dl, and blood urea nitrogen level <35 mg/dl; and (9)
patients who were ineligible for, or did not anticipate under-
going, surgery. The exclusion criteria were: (1) concurrent
cancer in other organs or a history of different cancers within 5
years before enrollment, except for basal cell carcinoma; (2)
severe respiratory symptoms; (3) contrast media hypersensi-
tivity reactions; and (4) pregnancy.

The following parameters were recorded at baseline: patient
demographics (age and sex); etiology of the liver disease (HCV,
HBV, and others); naive or non-naive status of HCC treatment;
Child-Pugh score; tumor markers, such as a-fetoprotein (AFP),
AFP-L3, and des-y-carboxy prothrombin (DCP); number and
maximum diameter of the lesions; tumor form (simple nodular
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type or others); Couinaud classification; and detailed tumor
location (adjacent to [<3 mm] liver surface [hump], portal vein
[major or minor branch], hepatic duct, hepatic vein, inferior vena
cava, gall bladder, colon, heart, stomach, duodenum, dia-
phragm, and kidney). In this study, the portal vein was classified
into its major and minor branches. The major branches included
the main trunk and the first- or second-order branches of the
portal vein, whereas the minor branches were the vessels distal
to the third-order branch of the portal vein.

Randomization and masking

The patients were randomly categorized into the MWA
(experimental) and RFA (control) groups. Randomization was
centralized and performed using a fixed-block method (block
size, 8) to reduce bias and achieve balance in patient allocation.
The adjusted factors for allocation were tumor diameter (<3 or
>3 cm), patients who were naive or non-naive of HCC treat-
ment, and serum AFP level (<200 or >200 ng/ml). If at least one
HCC was >3 cm in size, the patient was considered to have a
large tumor diameter. Patient allocation and assignment were
performed by a non-clinician who was not involved in patient
care. Although the patients were blinded to the treatment, the
physicians were not, owing to the different devices used.

Procedures

Eight expert hepatologists (KS and HT from Site 1; Kl from Site
2; HK and KE from Site 3; GM from Site 4; and KSh and MT from
Site 5) with 9-24 years of expertise in ablation therapy per-
formed the MWA and RFA procedures. All MWAs were per-
formed using a 13-gauge antenna of a 2.4-GHz system (Emprint
Ablation System; Medtronic). RFAs were performed using a 17-
gauge internally cooled electrode applicator (Cool-tip RF Abla-
tion System E Series; Medtronic) or a 17-gauge internally cooled
length-adjustable applicator (VIVA RF System; STARmed,
Gyeonggi-do, Republic of Korea). All interventions were con-
ducted percutaneously with patients under conscious sedation
with ultrasound (US) guidance using a dedicated US system. We
aimed for a 5-mm margin around the ablated tumors. Contrast-
enhanced US (CEUS) using Sonazoid, CT/MRI fusion, and a
needle-tracking system (Smart Navigation; Canon Medical
Systems) were used as necessary to identify tumors and ensure
precise needle placement. Ancillary procedures, such as artifi-
cial pleural effusion or ascites, were used in selected cases to
detect tumors that were adjacent to the diaphragm or those
obscured by lung artifacts, and to minimize the risk of thermal
injury to adjacent anatomical structures. Overlapping ablation
was allowed in both procedures, depending on the tumor size.
The technical details of MWA and RFA were not specified. The
detailed procedures for both techniques at each center are
described in Supplementary file S2.

Assessment of treatment efficacy and follow-up

CECT (section thickness: 5 mm) was performed 1-3 days after
MWA or RFA to evaluate treatment efficacy. Assessments were
conducted at each center. The radicality of MWA and RFA was
classified into 4 grades (R grades: A, B, C, and D) as previously
reported by Nishikwa et al.,'? based on the extent of the
resected tumor margin. Grade A (absolutely curative) was
defined as an ablative margin of 25 mm around the entire tumor.
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Grade B (relatively curative) was defined as an ablative margin
that extended around the entire tumor with a margin of <5 mm in
some places. Grade C (relative noncurative) was defined as an
incomplete ablative margin despite no apparent residual tumor.
Grade D (absolutely noncurative) was defined as apparent
incomplete tumor ablation. Additional ablation was performed
within 2 weeks if the safety margin was deemed insufficient (i.e.
grades C and D). The assessment was based on not only axial
images, but also sagittal and coronal images, and the ablative
margin was similarly assessed to determine whether it was
<3 mm. However, ablation was not mandatory if achieving a
circumferential ablative margin was difficult owing to the tumor
location (i.e. adjacent to the bold vessels and heart-sensitive
structures). Follow-up for these patients started only when the
tumor was completely ablated (i.e. grades A and B).

Follow-up surveillance CECT or EOB-MRI was performed at
4-month intervals, and blood tests, including tumor markers
(such as AFP, AFP-L3, and DCP), were conducted every 2
months for up to 24 months of follow up. An additional CECT or
EOB-MRI was performed if at least one tumor marker was
elevated. Intrahepatic HCC recurrence was classified as either
recurrence at a site distant from the primary tumor or recur-
rence adjacent to (in contact with) the treated site (local tumor
progression: LTP). LTP should fulfil one of the following criteria:
(1) typical HCC observed adjacent to the edge of the ablation
zone; (2) lesions present in the vein, including the ablation zone;
or (3) lesions appear adjacent to the ablation zone with re-
elevation of tumor markers. Distant metastases were defined
as extrahepatic lesions. The date of tumor progression was
recorded to ascertain LTP-free and recurrence-free survival
(RFS). The diagnosis was made by two or more physicians (e.g.
one radiologist and one attending physician) and, in case of
difference of opinion, a decision was made through consensus.

Outcomes

The primary endpoint was the proportion of lesions with LTP at
the end of the 2-year radiological follow-up. The secondary
endpoints included overall survival (OS), intrahepatic and
extrahepatic RFS at the end of the 2-year follow up, and safety.
OS was defined as the proportion of patients alive at the end of
the 2-year radiological follow up. Intrahepatic and extrahepatic
RFSs were those patients alive without the appearance of new
hepatic lesions with typical features of HCC and those patients
alive without the appearance of extrahepatic lesions with
typical features of HCC at the end of the 2-year radiological
follow up, respectively. Safety represented treatment-related
complications, which were classified according to the
Clavien-Dindo classification system.’®

Statistical analyses

This study was designed to assess whether MWA was more
effective than RFA, based on the hypothesis that MWA was
superior to RFA in terms of LTP after the ablation of HCC le-
sions <4 cm in size within four lesions. Lu et al.* compared the
efficacies of MWA and RFA in HCC and reported LTP rates of
11.8% and 20.9%, respectively. The mean observation periods
were 25.1 and 24.8 months for MWA and RFA, respectively.
Assuming a 2-year nodal complete response (CR) rate of 90%
for MWA and 80% for RFA, a total of 220 lesions would be
required per group to statistically prove this 10% difference as

Research article

significant (o = 2.5%, power = 80%, one-sided test). The cur-
rent trial included four lesions, which corresponded to 110
patients per group, assuming each patient had an average of
two lesions. Considering the few cases excluded from the
analysis (e.g. those registered but untreated), the target number
of participants was set at 120 per group, with an overall total of
240 in the study as a whole.

Normally distributed continuous variables are expressed as
means + SDs; skewed continuous variables are presented as
the median (IQR); and categorical variables are expressed as
counts and percentages to summarize the data background.
The LTP rate was analyzed on a lesion-by-lesion basis.
Conversely, OS, intrahepatic RFS, extrahepatic RFS, and
complication rates were analyzed on a patient-to-patient basis.
The proportion of lesions with LTP at the 2-year follow up was
compared using a one-sided Fisher exact test. Overall, intra-
hepatic RFS and extrahepatic RFS were estimated and
compared using Kaplan-Meier curves and log-rank tests. In
those RFS analyses, the earliest occurrence of recurrence,
death attributable to the original disease, or death caused by
another disease, were considered an event. All time estimates
were obtained from the date of randomization, and all patients
were followed up until death. In a post hoc analysis, the clinical
variables associated with LTP, intrahepatic recurrence, and
extrahepatic recurrence between the two groups were esti-
mated using a multivariate Cox proportional hazards model. In
the analysis, only hazard ratios (HRs) and unadjusted Cls were
presented because these outcomes were not definitive and
should be interpreted as exploratory. Deviations are presented
using SDs, IQRs, or 95% Cls. All statistical analyses were
performed using SAS software, version 9.4 (SAS Institute, Cary,

240 assessed for eligibility

240 randomized

[ |

120 patients allocated to MWA
* 119 received allocated
intervention

- 1 for not meeting
inclusion criteria

120 patients allocated to RFA
* 117 received allocated
intervention
- 2 for not meeting
inclusion criteria
- 1 patient died due to
unknown reason

117 patients with 136 lesions
per protocol

119 patients with 130 lesions
per protocol

All these patients underwent assigned treatment.

Fig. 1. CONSORT flowchart showing the study profile and patient disposi-
tion. MWA, microwave ablation; RFA, radiofrequency ablation.
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NC, USA) or GraphPad Prism version 9.0.1 (GraphPad Soft-
ware, San Diego, CA, USA). A one-sided p <0.025 and two-
sided p <0.05 for the primary and secondary endpoints,
respectively, were considered statistically significant.

Results

Patients

Overall, 240 patients were randomized between July 12, 2018,
and December 7, 2021. Of these, four (1.7%) patients did not
receive their allocated treatment: one died of unknown causes,
and the others experienced tumor extension beyond the in-
clusion criteria during the allocated treatment. Ultimately, the
study population comprised 236 patients: 119 (with 130 le-
sions) and 117 (with 136 lesions) treated with MWA and RFA,
respectively (Fig. 1). All patients underwent the assigned
treatment, and no additional ablation therapy was performed
within 2 weeks in both groups after ablation therapy.

Comparison of clinical factors between each
modality group

The baseline characteristics of the patients, including sex,
mean age, etiology of the liver disease, naive or non-naive of

Table 1. Patient characteristics according to different ablation therapies.

MWA vs. RFA for patients with HCC

HCC, Child-Pugh score, blood tests (including tumor markers),
and the number of lesions, did not significantly differ between
the two groups (Table 1). Additionally, the characteristics of the
lesions, including tumor size, form (simple nodular type or
others), location, and adjacent structures, did not significantly
differ between the two groups (Table 2).

The frequency of CEUS and CT/MRI fusion did not significantly
differ between the groups. By contrast, the needle-tracking
system was more frequently used for MWA (12.6% [15/119))
than for RFA (2.6% [3/117]) (p = 0.006). The frequency of ancillary
procedures, such as artificial pleural effusion or ascites, did not
significantly differ between the two groups (Table S1).

During this analysis, the median follow-up durations were 33
(IQR, 27-42) and 37 (IQR, 27-44) months in the MWA and RFA
groups, respectively (p = 0.337). Nine patients (3.8%) with 19
lesions (7.1%) were lost to follow up until the time point of the
primary endpoint analysis. Therefore, we omitted these cases
and calculated the primary endpoint. The proportion of lesions
with LTP at the 2-year follow-up was significantly lower in the
MWA group (20 [16.4%)] lesions) than in the RFA group
(88 [30.4%)] lesions) (risk ratio [RR]: 0.54 [95% CI: 0.33, 0.87];
p = 0.007) (absolute risk difference: 0.14 [95% CI: 0.04-0.24];
p = 0.007). For the secondary endpoints, the Kaplan-Meier
analysis of overall survival at the 2-year follow-up did not

Patient characteristics RFA (n = 117) MWA (n = 119)
Sex (male/female) (%) 77 (32.6)/40 (17.0) 81 (34.3)/38 (16.1)
Mean age (yr) 741 £ 9.0 74.0 £ 9.9

Etiology (HCV/HBV/HCV + HBV/other) (%)
Treatment naive/non-naive (%)
Child-Pugh score (5/6/7/8/9) (%) 89
T-Bil (mg/dl)

Alb (g/dl)

PT-INR

PIt ( x 10 [4])

AFP (ng/ml)

AFP-L3 (%)

DCP (mAU/ml)

Number of lesions (1/2/3/4) (%)

43 (18.2)/19 (8.1)/0

(37.7)/22 (9.3)/5 (2.1

101 (42.8)/13 (5.5)/3 (1.3)/0 (0.0)

(0.0//55 (23.3)
43 (18.2)/74 (31.4)
)1 (0.4)/0 (0.0)
0.7 (0.52-0.9)
3.9 (3.6-4.2)
1.08 (1.03-1.15)
13.1 (10.0-16.4)
)

)

40 (17.0)/17 (7.2)/1 (0.4)/61 (25.9)
42 (17.8)/77 (32.6)

94 (39.8)/18 (7.6)/31.3)/2 (0.9)/2 (0.9)
0.7 (0.5-0.9)

4 (3.6-4.2)

1.05 (1.00-1.13)

13.6 (10.7-17.0)

5 (2.1-11.7)

0.5 (0.5-7.6)

32.5 (18.3-68.3)

110 (46.6)/7 (3.0)/2 (0.9)/0 (0.0)

5 (2.9-13.1
0.5 (0.5-6.1
28.0 (17.5-82.5)

Variables are expressed as mean + SD or median (IQR). AFP, a-fetoprotein; Alb, albumin; DCP, des-y-carboxy prothrombin; MWA, microwave ablation; Plt, platelet; PT-INR,
prothrombin time-international normalized ratio; RFA, radiofrequency ablation; T-Bil, total bilirubin.

Table 2. Tumor characteristics according to different ablation therapies.

Tumor characteristics

RFA (n = 136) MWA (n = 130)

Maximum tumor diameter (cm)

Tumor form (simple nodular type/others) (%)
Couinaud classification: S1/S2/S3/S4/S5/
S6/S7/S8 (%)

2 (0.8)/11 (4.1)/10 (3.8)/10 (3.8)/13 (4.9)/24

19+ 0.7
119 (44.7)/17 (6.4)

1.9+0.7
110 (41.4)/20 (7.5)
1 (0.4)/7 (2.6)/11 (4.1)/16 (6.0)/10 (3.8)/29

(9.0)/21 (7.9)/45 (16.9) (10.9)/23 (8.7)/33 (12.4)

Tumor location (adjacent to)
Liver surface (hump) (%)
Portal vein (major branch) (%)
Portal vein (minor branch) (%)
Hepatic duct (%)

Hepatic vein (%)

Inferior vena cava (%)

Gall bladder (%)

Colon (%)

Heart (%)

Stomach (%)

Duodenum (%)

Diaphragm (%)

Kidney (%)

27.2% (37/136
2.9% (4/136
24.3% (33/136
4.4% (6/136
14.0% 19/136
1.5% (2/136

) 29.2% (38/130)
)
)
)
)
)
2.2% (3/136)
)
)
)
)
)
)

3.1% (4/130)
18.5% (24/130)
3.1% (4/130)
7.7% (10/130)
2.3% (3/130)
2.3% (3/130)
2.3% (3/130)
2.3% (3/130)
3.1% (4/130)
1.5% (2/130)
22.3% (29/130)
4.6% (6/130)

0.7% (1/136
0.7% (1/136
2.2% (3/136
1.5% (2/136

16.2% (22/136
2.9% 4/136

Variables are expressed as mean + SD. Abbreviations: MWA, microwave ablation; RFA, radiofrequency ablation.
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significantly differ between the two groups (MWA group: 0.90
[95% CI: 0.83, 0.94] vs. RFA group: 0.90 [95% CI: 0.82, 0.94],
p = 0.350; Fig. 2A); intrahepatic recurrence-free survival at the
2-year follow up was not significantly longer in the MWA group
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56 (3)

19 (2)
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11 (40)
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0 6 12 18 24 30

Time since randomization (months)
N° at risk (number censored)
RFA 117 (0)
MWA 119 (0)

115 (0)
111 (4)

104 (5)
104 (6)

92 (10)
89 (9)

80 (15)
78 (11)

59 (41)
52 (39)

Fig. 2. Overall survival and intra- and extrahepatic recurrence-free survival.
Kaplan-Meier curve of (A) overall survival, (B) intrahepatic recurrence-free survival,
and (C) extrahepatic recurrence-free survival in each group. No significant
difference was observed between the two techniques (p = 0.350, p = 0.099, and
p = 0.307, respectively; log-rank tests). MWA, microwave ablation; RFA, radio-
frequency ablation.
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(0.50 [95% ClI: 0.40-0.58]) than in the RFA group (0.44 [95% CI:
0.35-0.53], p = 0.099; Fig. 2B); and extrahepatic RFS at the 2-
year follow-up did not significantly differ between the two
groups (MWA group: 0.89 [95% CI: 0.81-0.93] vs. RFA group:
0.93 [95% CI: 0.86-0.96], p = 0.307; Fig. 2C).

Factors contributing to recurrence after ablation

The post hoc analysis revealed that the maximum diameter
(HR: 1.51 [95% CI: 1.06-2.17]), ablation device (MWA group,
HR: 0.53 [95% CI: 0.31-0.91]), and ablation margin (<8 mm, HR:
2.14 [95% CI: 1.22-3.77]) were independent predisposing
factors for LTP (Table 3). Etiology (non-viral: HR: 1.39 [95% CI:
1.13-1.71), non-naive nodule (HR: 1.86 [95% CI: 1.24-2.77)),
the number of nodules (1/2/3) (HR: 2.00 [95% CI: 1.34-2.97)),
and DCP (HR: 1.001 [95% CI: 1.000-1.002]) were independent
predisposing factors for intrahepatic recurrence (Table 4).
Furthermore, DCP (HR: 1.003 [(95% CI: 1.000-1.04]) was an
independent predisposing factor for extrahepatic recur-
rence (Table 5).

Table 3. Predisposing factors for local tumor progression after ablation.

Hazard ratio (95% CI)

Variable Multivariate

1.51 (1.06-2.17)"

1.63 (0.86-3.09)
1.40 (0.81-2.41)

Maximum diameter
Tumor form (non-simple nodular type)
Non-naive nodule

Tumor location (adjacent to)
Portal vein (major + minor)
Hepatic vein + inferior vena cava
Ablation device (MWA)

Ablation margin (<3 mm)

1.09 (0.62-1.93)
0.95 (0.43-2.08)
0.53 (0.31-0.91)*
2.14 (1.22-3.77)*

*p <0.05 (multivariate Cox proportional hazards model). MWA, microwave ablation.

Table 4. Predisposing factors to recurrence of HCC

after ablation.

intrahepatic

Hazard ratio (95% CI)

Multivariate

1.00 (1.00-1.00)
1.00 (0.98-1.02)
1.39 (1.13-1.71)*
1.86 (1.24-2.77)*
0.80 (0.59-1.08)
1.000 (0.999-1.001)
1.010 (0.999-1.021)
1.001 (1.000-1.002)*
Number of nodules (1/2/3) 2.00 (1.34-2.97)*
Ablation device (MWA) 0.82 (0.58-1.16)

*p <0.05 (multivariate Cox proportional hazards model). AFP, a-fetoprotein; DCP, des-vy-
carboxy prothrombin; MWA, microwave ablation.

Variable

Sex (female)

Mean age (yr)

Etiology (non-viral)
Non-naive nodule
Child-Pugh score (5/6/7/8/9)
AFP

AFP-L3

DCP (mAU/ml)

Table 5. Predisposing factors to extrahepatic recurrence of HCC af-
ter ablation.

Hazard ratio (95% CIl)
Variable Multivariate

0.86 (0.56-1.32)

Etiology (non-viral)
DCP (mAU/ml) 1.002 (1.000-1.003)*
Number of nodules (1/2/3) 0.91 (0.31-2.64)

*p <0.05 (multivariate Cox proportional hazards model). DCP, des-y-carboxy prothrombin.
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Table 6. Complications based on the Clavien-Dindo classification.

MWA vs. RFA for patients with HCC

Modality RFA (n = 117) MWA (n = 119) p value
Grade | 44.4% (52/117) 44.5% (53/119) n.s.
Grade II-V 1.7% (2/117) 1.7% (2/119) n.s.
Details of 2Grade Il

Hepatic infarction NA 1 () NA
Pleural effusion requiring drainage 1) 1 () NA
Arterial bleeding requiring embolization 1 (Il NA NA

MWA, microwave ablation; NA, not applicable; n.s., not significant (X2 test); RFA, radiofrequency ablation.

Comparison of complications in each modality group

Table 6 presents a comparison of the complication profiles in
each ablation group. No significant differences were found in
grade | (MWA group: 44.5% [53/119] vs. RFA group: 44.4% [52/
117]) or grade Il complications (MWA group: 1.7% [2/119] vs.
RFA group: 1.7% [2/117]). In addition, no treatment-related
deaths occurred.

Discussion

This RCT demonstrated that next-generation MWA was more
effective compared with single-needle RFA for treating HCC
lesions <4 cm in size. A significant difference was observed
between the two groups in terms of the proportion of lesions
with LTP after the 2-year follow up, which was the primary
endpoint. Regarding the secondary endpoints, no significant
difference was found between the two groups in OS, intra-
hepatic RFS, and extrahepatic RFS at the end of the 2-year
follow up. Moreover, the safety profiles did not differ signifi-
cantly between the two treatment groups. Although some
RCTs”®'%"6 have compared the efficacy of next-generation
MWA and RFA for HCC, to our knowledge, this is the first
RCT to demonstrate the superiority of next-generation MWA
over RFA for HCC.

In this study, maximum diameter, ablation device, and
ablation margin were independent predisposing factors for
LTP. A previous pathological study showed that 19% of HCCs
<3.0 cm in diameter had satellite lesions that were undetected
during pretreatment evaluation.'” Therefore, obtaining an entire
circumference with a 5-mm margin is recommended for abla-
tion therapy to prevent LTP,'® and MWA is more suitable for
this purpose compared with RFA. However, obtaining an entire
circumference with a 5-mm margin is sometimes difficult in
clinical practice when lesions are adjacent to blood vessels,
such as the portal and hepatic veins. An et al.'® reported that,
for patients with periportal HCC, the LTP rate was significantly
higher in the RFA group than in the MWA group. This was
because rapid heating and higher intratumoral temperature
associated with MWA can restrict blood supply to the tumor-
bearing portal tributaries, thereby reducing the heat sink ef-
fect. However, HCCs adjacent to blood vessels, such as the
portal vein, were not predisposing factors for LTP in this study.
This could be because, although An et al.'® defined peri-
vascular HCC as a tumor nodule abutting the first- or second-
grade branches of the portal veins, the proportion of HCCs
adjacent to such major portal veins in the current study was
only 2.9% (4/136) and 3.1% (4/130) in the RFA and MWA
groups, respectively, resulting in statistical power impairment.
Although An et al. recommended MWA for HCCs adjacent to
such major portal veins, external beam radiation therapy,
including proton beam therapy’® and stereotactic body

radiation therapy,?' should be recommended to prevent LTP

and bile duct injury. In addition, irreversible electroporation can
be useful for this purpose.??

Non-viral etiology was identified as an independent predis-
posing factor for intrahepatic recurrence. Previous studies
suggested that antiviral therapy for chronic HBV*® and HCV**
significantly reduces the risk of HCC. Almost all participants
in this study had already received antiviral therapy (i.e. nucle-
oside analogs or direct-acting antivirals). By contrast, the
incidence and mortality of alcohol- and metabolic dysfunction-
associated steatotic liver disease-related HCCs have increased
in both®® because there are no effective drugs or public policies
targeting these emerging risk factors. DCP was also a signifi-
cant predisposing factor for both intrahepatic and extrahepatic
recurrences because distant recurrence depends on the
carcinogenic potential of non-cancerous tissues. The IMbrave
050 phase Il RCT recently demonstrated superior RFS using
atezolizumab plus bevacizumab in the adjuvant setting for
patients with HCC at high risk of recurrence after surgical
resection or local ablation (tumor size >2 cm but <5 cm and
multifocal HCC).?® Although the updated analysis of the study
showed that initial RFS benefit with atezolizumab plus bev-
acizumab vs. active surveillance was not sustained, some
adjuvant therapies might be necessary when performing abla-
tion therapy for patients with high tumor marker levels.

Although MWA has some advantages over RFA, it also has
some disadvantages. First, the MWA needle tip is difficult to
observe using US, particularly for deep-seated lesions. There-
fore, to overcome this challenge, we used a virtual needle-
tracking system that tracks the position of the needle tip us-
ing a small sensor on the shaft, which could be a useful method
for achieving more precise monitoring of the MWA needle tip
during puncture and ablation (Fig. S1). Second, the MWA
needle (13-gauge) was thicker than the RFA needle (17-gauge),
which might have caused bleeding. However, no significant
difference was observed in the frequency and severity of
complications between MWA and RFA.

This study has some limitations. First, although all MWAs
were performed using the same device (Emprint Ablation Sys-
tem), RFAs were performed using two different devices (Cool-
tip RF ablation System E Series and VIVA RF System). This
variation makes it difficult to assess and compare MWA and
RFA accurately. However, the two radiofrequency (RF) elec-
trodes were both 17-gauge, monopolar, and internally cooled
applicators. The only difference is that the VIVA RF System is a
length-adjustable applicator. Therefore, almost no bias appears
to exist among the RF applicators. Other types of RF electrode,
such as bipolar®” and separable clustered®® electrodes, should
be compared with the MWA system. Second, although treat-
ment allocation was strictly maintained in all cases, and pa-
tients were blinded to the treatment they received, the
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physicians were not blinded when performing ablation therapy
because the devices used differed, causing a positive bias for
MWA. Third, although LTP was improved with MWA, there was
no observed trend toward decreased global recurrence or im-
provements in RFS or OS. This raises concerns about the
reliability of LTP as a surrogate marker for treatment efficacy.
Although the surrogate value of LTP might be appropriate for
solitary tumors, it appears to be inadequate in cases of multi-
focal disease. Consequently, alternative endpoints other than
LTP might be necessary for accurately evaluating local ablation
therapies. Finally, although the RCT demonstrated the superi-
ority of MWA on the LTP rate at the 2-year follow up over RFA,
the MWA needle (13-gauge) was slightly thicker than the RFA
needle (17-gauge), and needle-tip visibility on MWA was worse

Research article

than that on RFA. Therefore, we believe that RFA might be
more suitable than MWA for the US-guided treatment of small
and deep-seated lesions (i.e. located in S1), particularly in daily
clinical practice. However, this study included only three S1
lesions (RFA, two lesions; MWA, one lesion), and a detailed
analysis of these lesions was not possible.

Conclusions

This RCT demonstrates the superiority of MWA (Emprint
Ablation System) over single-needle RFA (17-gauge, monop-
olar, and internally cooled electrodes) in terms of LTP at the end
of a 2-year follow up in patients with up to 4 HCCs <4 cm
in size.
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