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Objective: This study aimed to prospectively compare the efficacy, safety, and mid-term outcomes of dual-switching monopolar
(DSM) radiofrequency ablation (RFA) to those of conventional single-switching monopolar (SSM) RFA in the treatment of
hepatocellular carcinoma (HCC).

Materials and Methods: This single-center, two-arm, parallel-group, randomized controlled study was approved by the
Institutional Review Board. Written informed consent was obtained from all patients upon enrollment. A total of 80 patients
with 94 HCC nodules were randomized into either the DSM-RFA group or SSM-RFA group in a 1:1 ratio, using a blocked
randomization method (block size 2). The primary endpoint was the minimum diameter of the ablation zone per unit time.
The secondary endpoints included other technical parameters, complication rate, technique efficacy, and 2-year clinical
outcomes.

Results: Significantly higher ablation energy per unit time was delivered to the DSM-RFA group than to the SSM-RFA group
(1.7 £ 0.2 kcal/min vs. 1.2 + 0.3 kcal/min; p < 0.001). However, no significant differences were observed between the two
groups for the analyzed variables, including primary endpoint, regarding size of the ablation zone and ablation time. Major
complication rates were 4.9% in the DSM-RFA group and 2.6% in the SSM-RFA group (p = 1.000). The 2-year local tumor
progression (LTP) rates of the HCC nodules treated using DSM-RFA and SSM-RFA were 8.5% and 4.7%, respectively (p = 0.316).
The 2-year LTP-free survival rates of patients in the DSM-RFA and SSM-RFA groups were 90.0% and 94.4%, respectively (p =
0.331), and the 2-year recurrence-free survival rates were 54.9% and 75.7%, respectively (p = 0.265).

Conclusion: Although DSM-RFA using a separable clustered electrode delivers higher ablation energy than SSM-RFA, its
effectiveness failed to show superiority over SSM-RFA in the treatment of HCC.
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INTRODUCTION

Image-guided tumor ablation has been widely accepted
as one of the most effective nonsurgical locoregional
treatment options for hepatocellular carcinoma (HCC) (1-
3). When compared to surgical resection, radiofrequency
ablation (RFA) provides comparable clinical outcomes with
lower complication rates and greater cost-effectiveness
(4-11). Recent guidelines from Europe and North America
recommend RFA as a curative-intent treatment for very
early or early stage HCCs in patients who are not surgical
candidates (12, 13). However, a significant drawback of
RFA is the higher rate of local tumor progression (LTP)
than in cases of surgical resection due to insufficient
ablation at the tumor margin (14). Previous studies have
reported 5-year LTP rates of HCCs after RFA were up to
30%, whereas those after surgical resection were less than
5% (6, 8, 9, 14). Therefore, a sufficient ablative margin
has to be ensured to lower the LTP rate after ablation, for
which investigators have widely adopted 5-10 mm as the
threshold (14-16). Thus, various investigational approaches
have been adopted to efficiently create an ablation volume
large enough to achieve a sufficient ablative margin, and
these include modern high-powered radiofrequency (RF)
devices with multiple electrodes using switching monopolar
(17, 18) or multipolar RFA (19-22), microwave ablation
systems (23-25), and combination with transarterial
embolization or drugs (26-29).

Recently, dual-switching monopolar RFA (DSM-RFA) was
developed to enhance RF energy delivery to the target
tumor and improve efficiency of the single-switching
monopolar RFA (SSM-RFA) in creating an ablation zone
(30, 31). In ex vivo and in vivo animal experiments, Yoon
et al. (30, 31) reported that DSM-RFA allowed significantly
greater RF energy delivery to the target tissue per unit
time, and created a significantly larger ablation zone,
than did SSM-RFA in the liver. Thereafter, a retrospective
comparative study on patients with HCC by Choi et al.

(32) reported that DSM-RFA created a significantly larger
ablation volume than did SSM-RFA while showing similar
LTP rates. Nevertheless, whether the physical differences
between SSM-RFA and DSM-RFA translate into better
clinical outcomes remains an open question. Considering
that the choice of equipment or energy delivery mode is

an essential factor in planning image-guided ablations, we
reasoned that a prospective comparison between DSM-RFA
and SSM-RFA would help in improving the results of image-
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guided RFA.

Therefore, the purpose of this study was to prospectively
compare the efficacy, safety, and mid-term outcomes of
DSM-RFA to those of conventional SSM-RFA in the treatment
of HCC.

MATERIALS AND METHODS

Study Design

This single-center, two-arm, parallel-group, randomized
controlled study was approved by the Institutional Review
Board of Seoul National University Hospital (#1402-073-557).
Written informed consent was obtained from all patients
upon enrollment. STARmed Co., Ltd. (Goyang, Korea)
provided financial support for this project. The authors
had complete control over the data and information from
this study at all times. Patients were randomly assigned to
either the DSM-RFA group or SSM-RFA group in a 1:1 ratio.
Randomization was performed using a blocked randomization
method (block size 2), based on a web-based allocation
table generated ahead of the study and managed by our
institution’s medical research collaboration center, which
was not involved in this study. As the length of an active
tip of the RFA electrode influences the size of the ablation
zone, randomization was stratified based on the length of
the active tip (2 or 2.5 cm).

Patients

Among the patients referred to our department for RFA
as the first-line treatment for HCC, those who satisfied the
inclusion and exclusion criteria were selected for the study.
We initially included candidates for the study based on the
following criteria: 1) aged 20-80 years, 2) underlying liver
cirrhosis, with HCC nodules (< 5 cm maximal diameter)
visualized by computed tomography (CT) and/or magnetic
resonance imaging (MRI) performed within 60 days prior
to the scheduled RFA, and 3) no previous locoregional
treatment for index tumors. The exclusion criteria were
as follows: 1) more than three HCC nodules, 2) tumors
abutting the central portal vein or hepatic vein with a
diameter > 5 mm, 3) tumors with major vascular invasion,
4) extrahepatic metastasis (EM), 5) Child-Pugh class C, and
6) platelet cell count < 50000 cells/mm? or international
normalized ratio (INR) prolongation > 50%.

From December 2014 to April 2016, a total of 80 patients
with 94 HCC nodules were enrolled and randomized into
either the DSM-RFA or SSM-RFA group (Fig. 1). The baseline
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characteristics of the study patients are summarized in
Table 1. No significant differences were observed in any of
the baseline characteristics between the two groups.

RFA Procedures
A single experienced radiologist with 20 years of
experience in RFA performed all RFA procedures on
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an inpatient basis with the help of a clinical fellow

or radiology resident. They used a separable clustered
electrode (Octopus®, STARmed, Goyang, Korea) and a
three-channel dual-generator unit (VIVA Multi®, STARmed).
Intravenous conscious sedation was induced and the vital
signs were monitored. The separable clustered electrode
consisted of three internally cooled electrodes whose

Patients who referred for RFA as first-line treatment for HCC and enrolled in study,
form December 2014 to May 2016 (n = 86)

\ 4

4

Allocated to DSM-RFA
group (n = 44)

Allocated to SSM-RFA
group (n = 42)

Excluded (n = 3)
- Withdrawal of consent (n = 1)
- Severe coagulopathy (n = 1)
- Rescheduled for surgical resection
(n=1)

A\ 4

Excluded (n = 3)
- Withdrawal of consent (n = 1)
- Severe coagulopathy (n = 1)
- Previous treatment for index tumor
(n=1)

Y

DSM-RFA group
41 patients with 48 HCCs

SSM-RFA group
39 patients with 46 HCCs

Fig. 1. Flow chart of study population. DSM = double-switching monopolar, HCC = hepatocellular carcinoma, RFA = radiofrequency ablation,

SSM = single-switching monopolar

Table 1. Baseline Characteristics of Study Population

DSM-RFA (n = 41") SSM-RFA (n = 39") P*

Active tip, % 0.662

2.cm 51.2 (21/41) 46.2 (18/39)

2.5 cm 48.8 (20/41) 53.8 (21/39)
Age (years), mean + SD 64.8+7.9 62.5 + 9.4 0.239
Male, % 63.4 (26/41) 66.7 (26/39) 0.817
Single HCC, % 87.8 (36/41) 84.6 (33/39) 0.753
Size* (cm), mean + SD 1.9 + 0.6 1.8 £0.6 0.492
Subcapsular location®, % 37.5 (18/48) 26.1 (12/46) 0.273
AFP (ng/mL), mean + SD 60.1 + 192.4 54.2 + 200.6 0.894
Child-Pugh class, % 0.111

A 100.0 (41/41) 92.3 (36/39)

B 0.0 (0/41) 7.7 (3/39)
Albumin (g/dL), mean + SD 3.9+05 39+05 0.951
Bilirubin (mg/dL), mean + SD 0.8+0.5 0.8+0.5 0.697
PT INR, mean + SD 1.1+£0.1 1.1+0.1 0.251
Platelet (x 1000/mm?), mean + SD 125.8 + 45.4 134.9 + 52.4 0.405

*Categorical variables were compared by using Fisher’s exact test or chi-squared test, and continuous variables were compared by using
independent t test, 'Number of patients, *Tumor size and frequency of subcapsular tumor were measured on per-nodule basis. AFP =
alpha-fetoprotein, DSM = dual-switching monopolar, HCC = hepatocellular carcinoma, RFA = radiofrequency ablation, SD = standard
deviation, SSM = single-switching monopolar, PT INR = prothrombin time international normalized ratio
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interelectrode distances could be adjusted by the operator
(17, 32). The dual-generator unit allowed independent and
simultaneous control of the power of each RF amplifier,
thus implementing both DSM and SSM modes (31, 32).
Each generator delivered a maximum power of 200 W. In
the SSM mode, RF energy was delivered to one of three
electrodes at a time and automatically switched to the
adjacent electrode, whereas in the DSM mode, RF energy
was initially delivered to a pair of electrodes and then
switched to a single electrode or a pair of electrodes to
prevent excessive increases in impedance (22, 30). In

both modes, the automatic alternation of active tips was
done by thresholding both the consecutive delivery time
(30 seconds) and the impedance increase (50 Q above the
baseline in SSM; 170% of the baseline in DSM) (Fig. 2) (17,
31, 32). The details of three-channel dual-generator RFA
with the separable clustered electrode have been described

Choi et al.

the index tumor and intraprocedural monitoring were aided
by real-time fusion imaging between ultrasound (US) and
preprocedural CT or MRI (34, 35). Based on requirement,

a 5% dextrose solution was injected into the perihepatic
space for artificial ascites to enhance the sonic window or
to prevent adjacent organ injury.

Postprocedural Assessment and Follow-Up

Immediately after the RFA procedures, all patients
underwent multiphasic contrast-enhanced CT studies
for assessing technical parameters, complications, and
technique efficacy based on the reporting criteria suggested
by the International Working Group on Image-Guided Tumor
Ablation (15). An area of non-enhancing hypoattenuation
on the portal phase was considered as the ablation zone
(15). As explained in a previous study (17), the ablation
volume and effective ablation volume were calculated as

in previous studies (31-33). Additionally, initial targeting of  follows:
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Fig. 2. SSM mode and DSM mode.

A, B. In SSM mode, RF energy is delivered to one of three electrodes and is switched to adjacent electrode based on impedance increase. C, D. In
DSM mode, RF energy is delivered to one electrode or pair of electrodes at a time and switching mechanism is similar to that of SSM mode.

RF = radiofrequency
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m x Dmax x Dmin x Dv

6

Ablation volume =

7 x Dmin®
Effective ablation volume = 67

where Dmax and Dmin are the longest and shortest
diameters, respectively, of the ablation zone on the axial
image with the largest ablation area, and Dv is the longest
vertical diameter of the ablation zone on the coronal
reconstructed image. In addition, ablation time, impedance,
and amount of energy were recorded.

Postprocedural complications were assessed on the
basis of the Society of Interventional Radiology
classifications, wherein major complications were defined
as events that increased the level of care or lengthened
hospital stay (15, 36).

Technical success was defined as complete coverage of the
index tumor with an ablative margin > 5 mm on immediate
postprocedural CT, as per standardized terminology and
reporting criteria proposed by the International Working
Group on Image-Guided Tumor Ablation (15). Any irregular
or nodular peripheral enhancement at the ablative margin
was considered to reflect residual unablated tumor and
treatment failure (37). If ablation was unsuccessful,
additional ablation was performed within 24 hours.
Technique efficacy was defined when follow-up CT or MRI
performed 1 month after the procedure showed complete
coverage of the index tumor and showed no nodular arterial
enhancement at the ablation zone (17, 32).

We only included patients in whom technique efficacy
was achieved in further analysis. For a mean follow-up
period of 23.9 + 9.2 months, the patients were observed for
LTP, intrahepatic distant recurrence (IDR), and EM, using
contrast-enhanced CT or MRI performed every 3 months (15).
LTP was defined as the appearance of tumor foci around
the ablation zone, if at least one contrast-enhanced follow-
up study documented adequate ablation and an absence
of viable tissue in the target tumor and surrounding
ablative margin by using pre-defined imaging criteria (15).
Recurrence-free survival (RFS) time was defined as the
duration of follow-up until the occurrence of any of the
following: LTP, IDR, EM, or death.

Outcomes
The primary endpoint was Dmin per unit time. The

kjronline.org https://doi.org/10.3348/kjr.2020.0134
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secondary endpoints included Dmin, Dmax, Dv, ablation
volume and ablation volume per unit time, average ablation
time, average impedance, average energy and energy per
unit time, complication rate, technical success, technique
efficacy, and 2-year clinical outcomes.

Statistical Analysis

Technical parameters, ablation time, amount of energy,
and LTP rates, were analyzed on a per-nodule basis.
Technique efficacy and clinical outcomes were compared
with per-patient data. Categorical variables were compared
using Fisher’s exact test. We compared continuous variables
by using the independent t test for those that passed the
Shapiro-Wilk normality test and the Mann-Whitney test
for those that did not. Survival analysis was performed
using the Kaplan-Meier method, and survival curves were
compared using the log-rank test. All values are represented
as mean + standard deviation. Statistical analyses were
performed using MedCalc Statistical Software version 17.6
(MedCalc Software bvba, Ostend, Belgium).

RESULTS

Technical Parameters

The primary endpoint, Dmin per unit time, did not
significantly differ between the DSM-RFA and SSM-RFA
groups. No significant differences were observed in ablation
time and other variables related to the size of the ablation
zone between the two groups. Significantly higher ablation
energy per unit time (1.7 + 0.2 kcal/min vs. 1.2 + 0.3
kcal/min; p < 0.001) as well as higher total amount of
energy (23.8 + 12.1 kcal vs. 17.1 + 8.4 kcal; p = 0.004)
were delivered to the DSM-RFA group than to the SSM-RFA
group. Moreover, the average impedance was higher in the
DSM-RFA group than in the SSM-RFA group (93.9 + 9.0 Q
vs. 73.7 £ 9.3 Q; p < 0.001). A comparison of technical
parameters between the two groups is shown in Table 2.

Procedure-Related Complications

No procedure-related death occurred, and major
complications were observed in only 2 (4.9%) of 41
patients in the DSM-RFA group and 1 (2.6%) of 39 patients
in the SSM-RFA group (p = 1.000). In the DSM-RFA group,
one patient experienced intercostal arterial bleeding that
required embolization, and the other developed pleural
effusion with a small amount of suspected hemorrhage
on CT; this necessitated further hospitalization for close
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Table 2. Comparison of Technical Parameters between DSM-RFA and SSM-RFA Groups
DSM-RFA (n = 48") SSM-RFA (n = 46") P

Dmin/time, mm/min 29+1.2 2.9+ 1.5 0.849
Dmin, cm 3.5+0.7 3.4+0.6 0.806*
Dmax, cm 4.9+1.0 4.7+0.8 0.174*
Dv, cm 4.4 +1.1 45+1.1 0.308
Ablation time, min 143 +6.7 14.1+6.1 0.841
Energy, kcal 23.8+12.1 17.1 £ 8.4 0.004
Energy/time, kcal/min 1.7+0.2 1.2+0.3 < 0.001*
Average impedance, Q 93.9+9.0 73.7£9.3 < 0.001*
Ablation volume, cm? 41.1 +20.9 39.6 + 18.1 0.810
Ablation volume/time, cm?/min 33+1.8 3.0+1.2 0.976
Effective ablation volume, cm® 24.5 + 14.7 23.0+12.1 0.764
Effective ablation volume/time, cm®/min 1.9+1.2 1.8+ 1.0 0.934

All data are mean + SD. Variables that passed Shapiro-Wilk normality test were compared using independent ¢ test (*) and others were
compared using Mann-Whitney test. 'Number of HCC nodules. Dmax, Dmin = the longest and shortest diameters, respectively, of the
ablation zone on the axial image with the largest ablation area, Dv = longest vertical diameter of ablation zone on coronal plane

observation but eventually resolved spontaneously. One
patient in the SSM-RFA group underwent percutaneous
drainage tube insertion for complicated pleural effusion
supposedly associated with diaphragmatic ischemic injury.

Technical Success, Technique Efficacy, and Clinical
Outcomes

The technical success rates of the DSM-RFA and SSM-

RFA groups were 100.0% (41/41) and 97.4% (38/39),
respectively (p = 0.490). Moreover, technique efficacy rates
at the 1 month follow-up were 100.0% (41/41) in the DSM-
RFA group and 94.9% (37/39) in the SSM-RFA group (p =
0.230). Thereafter, patients were observed for a mean follow-
up period of 23.9 + 9.2 months (median, 25.5 months).

Out of 48 HCC nodules treated using DSM-RFA and 46
treated using SSM-RFA, LTP rates in the DSM-RFA and SSM-
RFA groups were 8.5% and 4.7%, respectively, at 2 years
(p = 0.316; Fig. 3A). The 2-year LTP-free survival rates of
patients in the DSM-RFA and SSM-RFA groups were 90.0%
and 94.4%, respectively (p = 0.331; Fig. 3B), and the 2-year
RFS rates were 54.9% and 75.7%, respectively (p = 0.265;
Fig. 3C). In patients with tumors > 2 cm, the 2-year LTP-
free survival rates in the DSM-RFA (n = 21) and the SSM-RFA
(n = 18) groups were 85.0% and 100.0%, respectively
(p = 0.092), and the 2-year RFS rates were 59.7% and
94.4%, respectively (p = 0.343). No patient deaths were
recorded during the follow-up period in our study.

DISCUSSION

Our results showed that DSM-RFA delivered a significantly
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higher amount of total ablation energy with significantly
greater power than SSM-RFA. However, DSM-RFA failed to
create a significantly larger ablation volume or to yield
better LTP rates than SSM-RFA. The results of similar
ablation volume between the two modes were discordant
with those of previous experiments in animal models (30,
31) and those of a retrospective comparative study (32)
that showed a larger ablation volume with DSM-RFA than
with SSM-RFA. We surmised that this could be due to
smaller tumor sizes (< 2 cm) and longer ablation times (14
minutes) in both our study groups than in the previous
retrospective study (32). Considering that the goal of RFA
is usually to create at least a 5-mm safety margin around
the target tumor, ablation volume could be closely related
to the size of the target tumors. Therefore, the discrepancy
between the current study and the previous retrospective
study could be explained by the smaller tumor size (mean
tumor size < 2 cm) wherein the RF energy delivered using
SSM-RFA was potentially large enough to create an ablation
zone covering the target tumor.

Furthermore, in our study, despite the high total RF
energy delivered using DSM-RFA, no difference was
observed in ablation time between the two groups.
Considering that ablation time was determined by operators
when the echogenic ablation zone was more than 5 mm from
the tumor border in our study, we believe that a potential
electrical interference between the electrodes in the DSM-
RFA mode (Faraday cage effect) (38) could lower the
efficiency of RF heat energy in the tissue. As RF electrodes
are usually placed in the peripheral portion of the target
tumor in multiple-electrode approaches, the interelectrode
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Fig. 3. Comparison of clinical outcomes between DSM-RFA and SSM-RFA groups. Patients who initially achieved treatment success and
effectiveness were observed for LTP, intrahepatic distant recurrence, and extrahepatic metastasis.
(A) LTP rates of HCC nodules. (B) LTP-free survival and (C) RFS in patients treated using DSM-RFA or SSM-RFA. LTP = local tumor progression,

RFS = recurrence-free survival

distance would be less than 1-1.5 cm in a small tumor (< 2
cm), and this may create interference between current flow
(Faraday cage effect) and induce an increase in impedance
(31). The higher average impedance in the DSM-RFA group
(93.9£9.0 Q vs. 73.7 £ 9.3 Q; p < 0.001) may reflect

such an effect. Therefore, further optimization of the RFA
procedure, including positioning of the grounding pads to
lower the impedance, may be required. During the study,
the grounding pads were applied to the thighs. However,
we found that applying the pads to the back portion of
the trunk significantly lowered impedance in our clinical
practice; thus, it may be useful for shortening ablation
time by further improving RF energy delivery in the DSM-

kjronline.org https://doi.org/10.3348/kjr.2020.0134

RFA mode.

In addition, both the DSM-RFA and SSM-RFA groups
showed good 2-year LTP-free survival rates of more than
90%. Our results were in good agreement with those of
other studies on RFA using multiple electrodes (2-year LTP
rate, 7-10%) (20, 34, 39, 40). Similar ablation volumes
between the two groups most likely accounted for the lack
of significant differences in treatment performances, since
a large ablation zone directly relates to a sufficient ablative
margin (15, 41-43). Further studies on HCCs with larger sizes
(3-5 cm in diameter) are warranted to adequately evaluate
the ablation capability as well as the potential therapeutic
benefit of DSM-RFA in clinical settings. Moreover, the
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technical success rates in the DSM-RFA and SSM-RFA groups
were 97.4% (38/39) and 100.0% (41/41), respectively,

and technique efficacy rates at the 1 month follow-up were
100.0% (41/41) in the DSM-RFA group and 97.4% (37/38) in
the SSM-RFA group. Several factors may account for the high
technical effectiveness observed in both groups. First, the
multiple-electrode approach, as used in both groups, is more
efficient in creating large ablation zones than conventional
RFA using a single electrode (44, 45). Another benefit of
the multiple-electrode approach is that it is technically less
demanding than the single-electrode approach in targeting
the index tumor and relocating electrodes during ablation,
especially under US guidance (14). An additional factor is
the use of a real-time fusion imaging technique employing
both US and preprocedural CT or MRI for targeting the

index tumor as well as for intraprocedural monitoring of

the ablation zone (34, 35). According to a recent study on
real-time fusion imaging for RFA, fusion imaging improved
tumor visibility, and fusion image-guided RFA showed a high
technique effectiveness rate and lower LTP rate in patients
with HCCs (46).

The major complication rate of DSM-RFA in our study was
4.9% (2 of 41 patients), which was comparable to those
reported in previous studies on various RFA systems using
single or multiple electrodes (2-7.2%) (8, 20, 39, 47-52).
Our results were also similar to those (4.1%) of a previous
systematic review on mortality and complications rates of
percutaneous ablative techniques (53). In theory, multiple-
electrode approaches may have higher rates of procedure-
related complications such as bleeding associated with the
increasing number of electrode insertions or skin burn due
to higher RF energy delivery (45). However, in our study,
the use of real-time guidance using fusion imaging allowed
safe and precise placement of electrodes while avoiding
vital structures, such as the bile duct and major vessels;
moreover, skin burn was prevented by the application of
four large grounding pads.

Our study had some limitations. First, the study had only
a small number of patients. Second, the tumor size was too
small to compare the performance of DSM-RFA and SSM-
RFA in creating ablation zones; however, our study was
an exploratory one, comparing the two modes for treating
HCCs. Third, only one radiologist, who had performed the
largest number of procedures in routine clinical practice in
our institute, participated in our study, mainly due to the
difficulty of obtaining informed consent. Lastly, the follow-
up period after RFA was relatively short, due to which
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only intermediate follow-up results were available. Further
studies on larger groups of patients and with longer follow-
up periods are therefore warranted.

In conclusion, although DSM-RFA using a separable
clustered electrode delivers higher ablation energy than
SSM-RFA, its effectiveness failed to show superiority over
SSM-RFA in the treatment of HCC. Further optimization
of DSM-RFA to overcome the Faraday cage effect seems
necessary to achieve both technical efficiency and better
clinical effectiveness than SSM-RFA for treating HCC.
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