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Abstract

Purpose. Our purpose was to determine the optimal
antenna spacing to achieve large ablative zones without
indentations when microwave ablation is performed
with simultaneous activation of two or three antennas.
Materials and methods. Microwave ablation was per-
formed with single-antenna activation and simultaneous
activation of two or three antennas with a spacing of 1.5,
2.0, 2.5, or 3.0 cm in explanted bovine livers. Microwave
energy was applied for 10 min with a power of 45 W. The
shapes and sizes of the ablative zones created were
recorded and compared. Results. The shape of the abla-
tive zone was ellipsoid in the axial plane (along the
antenna axis) and spherical in the transverse plane (per-
pendicular to the antenna axis) in single-antenna abla-
tion. The ablative zones were spherical or ellipsoid in
both the axial and transverse planes in two- and three-
antenna ablation with an antenna spacing of 2.0 cm or
less. Indentations were observed between the ablative
zones created by the antennas when the spacing was
2.5cm or more, reducing the minimum transverse
diameter. When two- or three-antenna ablation was per-
formed with a spacing of 2.0 cm or less, the axial and
minimum transverse diameters were significantly larger
than in single-antenna ablation. The largest volume
(almost two or three times the single-activation volume)
was achieved in two- or three-antenna ablation with an
antenna spacing of 2.0 cm.
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Conclusion. We found that simultaneous microwave
ablation using multiple microwave antennas creates
large ablative zones without indentations when multiple
antennas are activated with an antenna spacing of 2.0 cm
or less.
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Introduction

Recently, minimally invasive techniques such as radio-
frequency (RF) ablation and microwave ablation have
been used for the treatment of unresectable liver neo-
plasms under imaging guidance." "> However, microwave
ablation is less commonly employed than RF ablation
in clinical practice, because a larger number of treatment
sessions are needed to treat even small tumors." " One
advantage of microwave ablation is that it is theoreti-
cally more amenable to the simultaneous activation of
multiple antennas to obtain larger ablative zones.™'*'*"
The heat produced by microwave energy, in contrast to
that produced by RF energy, is not dependent on the
passage of an electrical current through the tissues,
allowing the simultaneous activation of multiple anten-
nas without electrical interference.” "’

It is important to determine the expected size and
shape of a single-session ablative zone and its relation-
ship to the microwave antenna used to achieve complete
tumor ablation in fewer treatment sessions. A number
of studies have already reported the usefulness of simul-
taneous activation of multiple antennas for obtaining
large ablative zones in clinical and in vivo studies.”'*'*"’
However, there are few ex vivo data concerning the size
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Table 1. Ablative zone size and shape in the transverse plane and ellipticity index

Number of Antenna Mean AD Mean TD,,,, Mean TD,,, Shape in axial ~Shape in Ellipticity
antennas spacing (cm) (cm) (cm) (cm) Volume (cm®)  plane transverse plane index
One 4.1+0.2 2.7+0.1 2.5+0.2 141+1.6 Elliptical Spherical 1.6 £ 0.1
Two 1.5 47+0.1% 37+0.1 3.0 £ 0.4% 27.1 + 3.4* Elliptical Spherical 1.4+0.1
2.0 47+0.1% 44+05 3.0+0.1%  31.6+4.9*%  Elliptical Elliptical 1.3+0.1
2.5 42+0.2 45%0.1 23+£0.2 24.2 + 3.4* Butterfly Butterfly —
3.0 42+02 4.8+0.1 1.9+04 26.3 £ 5.3* Butterfly Butterfly —
Three 1.5 56+02% 42404 3.5+£0.2% 43.5 + 6.3* Elliptical Spherical 1.5+0.1
2.0 49+02% 45+0.2 4.2+ 0.2% 47.5 £ 6.2%™  Elliptical Spherical 1.1 £0.1
2.5 44402 49+0.3 3.4+0.2% 38.7£4.2% Butterfly Butterfly —
3.0 43102 5.0£0.3 3.0£0.5 33.2+£2.1* Butterfly Butterfly —

AD, axial diameter; TD, transverse diameter

* P < 0.01 vs. single antenna; " P < 0.01 vs. spacing of 2.5 cm and 3 cm in the same group; ‘P < 0.05 vs. than any other spacing in the

same group

Fig. 1. Two or three
microwave antennas were
placed in the liver parallel to
each other using two spacers.
Three antennas were placed
in a triangular configuration

and geometry of single-session ablative zones created by
the simultaneous activation of multiple antennas. In par-
ticular, it is important to determine the optimal antenna
spacing for maximizing the size of the ablative zone
without indentations between the ablative zones created
by the antennas, as the presence of such indentations
makes it difficult to estimate the ablative zone size.

In the present study, the optimal antenna spacing to
achieve large ablative zones without indentations when
two or three microwave antennas are activated simulta-
neously was investigated by performing ablation with
various antenna spacings in explanted bovine livers.

Materials and methods
Ex vivo bovine liver microwave ablation

Microwave ablation was performed in explanted bovine
livers with a mean weight of 5.9 kg (4.7-6.4 kg) using a
microwave ablation system (Vivant Medical, Mountain
View, CA, USA). Single-session microwave ablation
was performed with single-antenna activation and with
simultaneous two- or three-antenna activation. Multiple
antennas were simultaneously activated with an antenna
spacing of 1.5, 2.0, 2.5, or 3.0 cm. Thus, microwave abla-
tion was performed under nine sets of conditions based

on the number of antennas and the antenna spacing
(Table 1). Seven ablative zones were created under each
set of conditions, for a total of 63 ablative zones.

Straight 13G antennas with a length of 15 cm and a
3.6-cm radiating tip were employed (Viva Tip; Vivant
Medical). The antennas were placed into explanted
bovine livers to a depth of 7cm. When two or three
antennas were placed, two spacers were used to ensure
that the antennas were parallel to each other (Fig. 1).
Three antennas were placed in a triangular configura-
tion. After the antennas were placed in the liver, each
antenna was connected to a separate microwave genera-
tor (Viva Wave, Vivant Medical). For two-antenna abla-
tion, two generators were used, and for three-antenna
ablation, three generators were used. Each generator was
capable of generating 60 W power at 915 MHz. Micro-
wave ablation was performed at 45 W for 10 min.

Assessment

Descriptions of the shapes and sizes of the ablative zones
were based on the two sets of guidelines proposed
by Mulier et al."® and by Goldberg et al."” The axial plane
was defined as the plane along the antenna axis
(Figs. 2a, 3a, 4a), and the transverse plane was defined
as the plane perpendicular to the axial plane. The liver
specimens were first cut along the antenna axis (axial
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Fig. 2. Photographs of an
ablative zone created by
microwave ablation using a
single microwave antenna.

a Axial plane along the
antenna axis (arrow). The
ablative zone shape is
ellipsoid. The mean axial
diameter is 4.1 £ 0.2 cm.

b Transverse plane
perpendicular to the axial
plane. The ablative zone
shape is spherical, with mean
maximum and minimum
transverse diameters of 2.7 +
0.1 cm and 2.5+ 0.2 cm,
respectively

Fig. 3. Photographs of an ablative zone created by simultaneous
two-antenna activation with a spacing of 2.0 cm. a The ablative
zone shape in the axial plane is ellipsoid, with no indentations
observed between the ablative zones created by the two antennas.
The mean axial diameter is significantly larger than that in single-
antenna activation (4.7 £ 0.1 cm). b The ablative zone shape in the

plane) and then cut perpendicular to the axial plane
(transverse plane) with a slice thickness of 5 mm. The
ablative zone size was measured in the section showing
the largest transverse diameter.

Shape descriptions and size measurements of the
ablative zones were the responsibility of two of the
authors (F.O., M.M.), with the final results based on
consensus.

The shapes in both the axial and transverse planes
were evaluated visually. Descriptions of ablative zone
size were based on whether they were spherical, ellipsoid,
or butterfly shaped. A spherical or ellipsoid shape indi-
cates complete fusion of the ablative zones created by

il

transverse plane is ellipsoid, with no indentations observed between
the ablative zones created by the two antennas. The maximum
transverse diameter increases as the antenna spacing is increased
(see Fig. 4b). The mean minimum diameter in the transverse plane
is significantly larger than that in single-antenna ablation (3.0 £
0.1 cm)

the respective antennas, whereas a butterfly shape indi-
cates incomplete fusion of the ablative zones created by
the respective antennas, resulting in indentations between
the ablative zones.

The axial diameter (AD) is defined as the maximum
distance in centimeters (cm) between the proximal and
distal edges of the ablative zone in the axial plane. The
maximum transverse diameter (TD,,,,) is defined as the
maximum distance in centimeters between two opposite
edges of the ablative zone in the transverse plane. The
minimum transverse diameter (TD,,;,) is defined as the
minimum distance in centimeters between two opposite
edges of the ablative zone in the transverse plane,
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Fig. 4. Photographs of an ablative zone created by simultaneous
two-antenna activation with a spacing of 2.5cm. a In the axial
plane, indentations (arrows) are clearly observed between the abla-
tive zones created by the two antennas. No significant increase is
noted in the mean axial diameter as compared with single-antenna

measured along a line crossing the midpoint of the line
of the maximum transverse diameter. The shapes of the
ablative zones in the transverse plane were recorded.

When the ablative zone was spherical or ellipsoid, the
approximate volume of the ablative zone was calculated
using the following formula:

Volume = /6 x TD,,;, X TD,,,, X AD (MAD)

When indentations were observed in the ablative
zone, the ablative zone volume was calculated by multi-
plying the area in each slice by the slice thickness of
Smm. For spherical and ellipsoid ablative zones, the
ellipticity index (EI) was calculated. The EI value quan-
titatively describes the overall shape of the ablative zone
in the axial plane and is calculated as the ratio of the
axial diameter or midaxial diameter to the mean trans-
verse diameter:

El =2AD/TD,,,, + TD,,,)

An EI value of 1.0 roughly corresponds to a spherical
ablative zone, a value greater than 1.0 to an ellipsoid
ablative zone, and a value less than 1.0 to a flattened
spherical ablative zone." An EI value close to 1.0 there-
fore indicates a more even spread.

Statistical analysis

Results are presented as mean * standard deviation.
Ablative zone sizes were compared using the Wilcoxon

ablation (4.2 £ 0.2 cm). b In the transverse plane, the ablative zone
shows a butterfly shape, and indentations (arrows) are seen between
the ablative zones created by the two antennas. No significant
difference is noted in the mean minimum transverse diameter as
compared with single-antenna ablation (2.3 £ 0.2 cm)

rank-sum test. A P value less than 0.05 was considered
to be statistically significant.

Results
Ablative zone shape

The ablative zone shapes in the axial and transverse
planes and the EI values are summarized in Table 1. The
ablative zone shape was ellipsoid in the axial plane and
spherical in the transverse plane in single-antenna abla-
tion (see Fig. 2a,b). Both the axial and transverse planes
were ellipsoid or spherical in two- or three-antenna abla-
tion when ablation was performed with an antenna
spacing of 1.5 or 2.0 cm (Figs. 2a,b, 5), and no indenta-
tions were observed between the ablative zones created
by the respective antennas. However, when two- or
three-antenna ablation was performed with an antenna
spacing of 2.5cm or more, indentations appeared
between the ablative zones created by the respective
antennas, and the ablative zones appeared butterfly
shaped in both the axial and transverse planes
(Figs. 4a,b, 6a,b).

The EI value of the ablative zones was 1.6 £ 0.1
in single-antenna ablation. The EI value tended to
approach 1.0 when two or three antennas were simulta-
neously activated with an antenna spacing of 2.0 cm
(1.3 £ 0.1 for two antennas and 1.1 + 0.1 for three
antennas).
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Fig. 5. Photograph in a transverse plane of an ablative zone
created by simultaneous three-antenna activation with a spacing
of 2.0 cm. The ablative zone shape is nearly spherical. The mean
minimum transverse diameter (4.2 + 0.2 cm) is larger than that
obtained with any other antenna spacing and is close to the mean
axial diameter (4.9 £ 0.2 ¢cm) and the maximum diameter (4.5 £
0.2 cm)

Ablative zone size

The results of ablative zone size measurements are sum-
marized in Table 1. The mean axial diameter was 4.1 £
0.2 cm in single-antenna ablation (Fig. 2a). The axial
diameter was significantly increased in two- or three-
antenna ablation, as compared with single-antenna
ablation, when the antenna spacing was 2.0 cm or less
(Fig. 3a), but a significant increase was not observed
when the antenna spacing was 2.5cm or more
(Fig. 4a).

The mean maximum transverse diameter was
2.7 + 0.1 cm in single-antenna ablation (see Fig. 2b).
The diameter increased as the antenna spacing was
increased in two- or three-antenna ablation (see Figs. 3b,
4b, 5, 6).

The mean minimum transverse diameter was 2.5 +
0.2 cmin single-antenna ablation (Fig. 2b). The minimum
diameter showed a significant increase, as compared
with single-antenna ablation, when two- or three-antenna
ablation was performed with an antenna spacing of
2.0 cm or less (see Figs. 3b, 5). However, a significant
increase was not observed when the antenna spacing was
2.5cm or more, because the indentations between
the ablative zones created by the respective antennas
resulted in a smaller minimum transverse diameter (see
Figs. 4b, 6).

The ablative zone volume obtained by single-antenna
activation was 14.1 + 1.6 cm’. The volumes obtained by
two- or three-antenna activation were significantly larger

Fig. 6. Photograph in a transverse plane of an ablative zone
created by simultaneous three-antenna activation with a spacing
of 2.5 cm. Indentations are observed between the ablative zones
created by the three antennas (arrows). Although the mean
maximum transverse diameter (4.9 £ 0.3 cm) increases as the
antenna spacing is increased, the mean axial diameter (4.4 +
0.2 cm) and minimum transverse diameter (3.4 £ 0.2 cm) are sig-
nificantly reduced as compared with three-antenna activation with
a 2-cm spacing

than the single-activation volume regardless of the
antenna spacing. In both two- and three-antenna abla-
tion, the volume was largest when the antenna spacing
was 2.0 cm.

Discussion

The results of the present study show that microwave
ablation with the simultaneous activation of two or three
antennas is useful for creating ablative zones that are
larger than those obtained by single-antenna ablation in
the same ablation time. In the clinical setting, it is pos-
sible to place multiple antennas based on the shape of
the tumor and to ablate the tumor “from the outside
in.”” However, indentations are observed between the
ablative zones created by each antenna when ablation is
performed with an antenna spacing of 2.5 cm or more.
The presence of such indentations makes it difficult to
determine whether the ablative zone encompasses the
entire tumor. Based on the results of this study, it is
recommended that the antenna spacing should be 2.0 cm
or less to avoid indentations and obtain a larger ablative
zone. Given the radius of the transverse diameter of the
ablative zone created by single-antenna activation (1.25—
1.35 cm), indentations should be observed between the
ablative zones created by two antennas separated by
2.0 cm. We speculate that a synergetic effect occurs when
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the antenna spacing is 2.0 cm or less. The ablative zone
volumes created by two- and three-antenna activation
with an antenna spacing of 2.0 cm were almost two times
and three times the single-antenna volume, respectively.
Considering the overlapping volume, this phenomenon
appears to be well explained by a synergetic effect
resulting from the simultaneous activation of multiple
antennas.

A number of in vivo experimental and clinical studies
have shown results similar to those of the present study
with regard to the relationship between indentations and
the antenna spacing. Wright et al."” performed micro-
wave ablation with simultaneous three-antenna activa-
tion in porcine livers and reported that a microwave
antenna spacing of 1.7 cm or less yielded significantly
more confluent and rounder lesions. However, when the
antenna spacing was greater than 1.7 cm, clefts began to
appear and the lesion shapes become less round. In the
human liver, Simon et al." and Yu et al.’ treated liver
tumors by activating three microwave antennas with an
antenna spacing of 1.5-2.5 cm. Although a loss of border
convexity was noted in some cases, concave clefts were
not observed.

In terms of ablative zone size, the results of the present
study are similar to those reported in previous in vivo
and clinical studies.”'*"'® This finding may suggest that
the ablative zones created by microwave ablation may
be less affected by blood flow (the heat-sink effect).'**
The zone of active tissue heating in RF ablation is limited
to a few millimeters surrounding the activated electrode,
with the remainder of the tissue heated by thermal con-
duction.' Compared with RF, microwaves have a much
broader field of power density up to 2 cm surrounding
the antenna, with a correspondingly larger zone of active
heating.'® On the other hand, Shibata et al. have reported
that the ablative zone size in microwave ablation is larger
with blood flow interruption than without blood flow
interruption in an in vivo experimental study.” This dis-
crepancy may be attributable to the differences in the
microwave systems employed.

Recently, a multiple RF electrode system that enables
switching between three electrically independent elec-
trodes at an impedance spike was created.” Compared
with the single and cluster system used as controls, the
multiple-RF ablation system enables the creation of sig-
nificantly larger ablation zones. The benefit of micro-
wave ablation system is that even more than three
antennas can be activated simultaneously. We need to
compare clinical efficacy between multiple RF ablation
and multiple microwave ablation in the near future.

In conclusion, the results of the present ex vivo study
clearly demonstrate that simultaneous microwave abla-
tion using multiple microwave antennas creates large

ablative zones without indentations when multiple
antennas are activated with an antenna spacing of 2 cm
or less.
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