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Abstract

Background—Microwave ablation is an emerging tumor ablation modality. To date, microwave
systems have generally utilized single large-diameter antennas to deliver high input powers.

Objective—To determine whether spatially distributing power through an array of multiple
smaller antennas creates a more uniform thermal profile and increases peripheral tissue
temperatures when compared with microwave ablation using a single larger antenna.

Methods—Microwave ablations were performed in ex vivo bovine liver using a single 2.45-GHz
magnetron generator and a constant total input power (90 W) delivered through either a single 13-
gauge antenna, two 17-gauge antennas, or three 18-gauge antennas. Multiple antennas were driven
coherently. Temperatures were recorded at 5-mm radial distances and the resulting thermal
profiles and ablation zones were compared using analysis of variance.

Results—Multiple-antenna configurations were less invasive (ie, the area of tissue punctured
was smaller) than the single-antenna configuration; despite this, ablation zones created using
multiple smaller antennas were larger and as circular when compared with those created using a
single larger antenna. Multiple-antenna configurations resulted in more uniform thermal profiles
and higher peripheral tissue temperatures.

Conclusion—Distributing power evenly among multiple smaller antennas resulted in larger
ablation zones with more uniform thermal profiles than more invasive ablations with a larger
single antenna.

INTRODUCTION

Microwave ablation is an emerging tumor ablation modality that offers several theoretical
advantages when compared with the current clinical standard, radiofrequency (RF) ablation.
Microwaves can heat tissue faster than RF current, and heating occurs in a larger volume
around the applicator. In addition, tissue charring does not hinder the propagation of
microwaves in the same way that it limits current flow during RF ablation. Therefore, while
tissue temperatures must be kept below 100 °C during RF ablation, they can be driven
considerably higher during microwave ablation.1:2 Theoretically, higher central tissue
temperatures can result in larger ablation zones due to the increased thermal gradient near
the applicator, increasing thermal conduction to the periphery. However, Schramm and
Haemmerich demonstrated that the majority of tissue heating during MW ablation is due to
direct (ie, dielectric) heating and that the effects of thermal conduction are largely mitigated
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by tissue perfusion.2 Higher-power antennas generate electric fields that penetrate deeper
into the tissues resulting in larger volumes of direct heating and, subsequently, larger
volumes of ablation. Unfortunately, the power that an antenna can safely handle is directly
proportional to its diameter. Therefore, large input powers have required relatively large
antennas, which are associated with more tissue trauma and are generally more invasive
when compared with RF.375

Aside from establishing a thermal gradient, tissue temperatures greater than 60 °C contribute
little to treatment efficacy because cellular death occurs almost instantaneously above 60 °C.
6 Therefore, much of the energy used to create very high temperatures is “wasted” if it is
applied to tissue that is already necrotic. For this reason, a single large antenna appears to be
an inefficient means of delivering energy to a large volume of tissue. Ideally, the target
tissue would be actively and uniformly heated to cytotoxic temperatures without excessively
heating already necrotic tissue.

Spatially distributing power through an array of applicators may create a more uniform
thermal profile and increase the likelihood that cytotoxic temperatures are reached near the
periphery of the target tissue. The feasibility of this approach has already been demonstrated
in two separate studies.1:7 Those studies identified thermally synergistic interactions
between individual microwave antennas in an array, which resulted in larger zones of
coagulation than would be expected from sequential activation of the same number of
antennas. However, total energy delivered by three antennas was three times larger than
assumed for the single antenna; neither study compared the zone of coagulation to that
created by a larger single antenna with the same total input power. The increase in total
power and subsequent increase in ablation volume was also achieved at the expense of
increased invasiveness (ie, total cross-sectional area of tissue punctured). Each antenna
within an array was the same size and delivered the same power as antennas used for single-
antenna ablations. In other words, both the total input power and area of tissue punctured for
the multiple-antenna ablations were three times that of a single antenna.

In addition to increasing maximum input power, arrays of microwave antennas can also be
used to more evenly distribute a given input power throughout the target volume.
Furthermore, the invasiveness of the technique can be maintained or decreased if the size of
the antennas is decreased as the number of antennas is increased. For example, Hines-Peralta
et al.3 previously reported the ability to create approximately 6-cm ablation zones in an in
vivo porcine liver model using a single large-diameter antenna (5.7 mm). Subsequently,
Brace et al.7 reported equally large ablation zones created by delivering similar total input
power through an array of three smaller antennas (1.5 mm). To date, no direct comparison
has been made between systems utilizing multiple small-diameter antennas and those
employing a single large antenna with similar input power and relative invasiveness.
Therefore, the purpose of this study was to determine whether utilizing multiple smaller
antennas could increase the efficiency and uniformity of power delivery during microwave
ablation when compared with microwave ablation using a single larger antenna.

MATERIALS & METHODS

A. Experimental Setup

Three experimental groups were used for this study. Group 1 (n = 10) consisted of single-
antenna microwave ablations performed using a 13-gauge triaxial antenna with an assumed
maximum power handling of 90 W. Groups 2 and 3 (n = 10 each) consisted of microwave
ablations performed using two 17-gauge or three 18-gauge coherently driven triaxial
antennas, respectively. The assumed maximum power handling for 17-gauge or 18-gauge
antennas were 45 W and 30 W, respectively, which were based on manufacturer datasheets
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(Micro-Coax, Pottstown, PA). The number and size of antennas used in each group were
chosen with the intention of maintaining a similar total cross-sectional puncture area (Table
1).

Figure 1 and Figure 2 depict the experimental setup. Microwave ablations were performed
for 5 minutes using triaxial antennas placed in freshly excised bovine liver. The total applied
power was 90 W for all ablations and was split evenly amongst the antenna array; therefore,
each 13-, 17- and 18-gauge antenna received 90, 45 and 30 W, respectively. The two 17-
gauge and three 18-gauge antennas were placed in 1.5-cm linear and 2.0-cm triangular
configurations, respectively, for optimal power distribution in each configuration. Based on
preliminary experiments, these antenna spacings maximized the size of the ablation zones
while maintaing a relatively regular (ie, circular) shape in cross-section. An acrylic template
was used to maintain proper antenna placement. Fiberoptic temperature sensors (Luxtron,
Santa Clara, CA) were used to measure temperatures at 0.5-cm intervals away from the
center of the target tissue. The probes were inserted to a depth equal to the proximal end of
the radiating element, which is approximately the level of maximum tissue heating. During
five of the multiple-antenna ablations, temperatures were recorded at points along an axis
that bisected two antennas (Figure 2, Axis 1). It was expected that the temperatures would
be most limiting on this axis, and these measurements were used to compare maximum
temperatures among groups. During the other five multiple-antenna ablations, temperatures
were recorded along an axis running through the center of the target tissue and an antenna
(Figure 2, Axis 2). These temperatures were used to account for the asymmetry of the
multiple-antenna ablations and were used in the interpolation (see below) to generate surface
plots and isotherms.

B. Microwave System

The triaxial microwave ablation system has been described previously.7~10 Briefly, the
generator consists of a single, 2.45-GHz magnetron capable of delivering up to 300 W of
continuous-wave power (Cober-Muegge LLC, Norwalk, CT). Power splitters (SM
Electronics, Fairview, TX) were used to divide power equally between multiple antennas.
Radio-grade (RG400/U) coaxial cables of equal length were used to transfer power from the
splitter to the antennas. Generator output and reflected powers were measured continuously.
The triaxial antennas were created from low-loss, semi-rigid coaxial cable (Micro-Coax Inc.,
Pottstown, PA) and introducer needles (Bard Medical, Covington, GA).

C. Ablation Zone Measurements

Ablation zones were sliced into approximately 5-mm thick transverse sections, and a
representative slice was chosen from the middle of the ablation zone for measurement.
Standard ablation zone measurements such as diameter, isoperimetric ratio (IR), and cross-
sectional area were measured and analyzed using the freeware ImageJ (National Institutes of
Health, Bethesda, MD). Ablation zone diameters were defined by transverse lines running
through the center of the array or the insertion path of a single antenna. Isoperimetric ratio
estimates the roundness of an ablation, where values near 1.0 indicate nearly circular zones
of ablation.11:12

D. Statistical Analysis

The statistical means and standard deviations of ablation zone measurements were
calculated. Analysis of variance (ANOVA) was used to detect differences in ablation zone
size, shape, and maximum temperatures among groups. Post-hoc t-tests were used to check
for significant differences between specific groups.
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The “griddata’ function and “v4' method of MATLAB (version 7.0; The Mathworks, Natick,
MA) were used to fit surfaces to the temperature measurements. The function is based on
the method of interpolation described by Sandwell13 and was used to determine 50 °C
isotherms from measured temperatures.

Two calculations were performed to assess the efficiency and uniformity of energy delivery.
The ablation-to-invasiveness ratio was calculated by dividing the cross-sectional area of the
ablation zone by the total cross-sectional (ie, puncture) area of the antennas used to create it,
which may impact the risk of certain complications.14 This calculation was performed to
normalize the volume of coagulation to the invasiveness of the technique. The range of
maximum temperatures measured within individual ablation zones was calculated to provide
a measure of the uniformity of coagulation.

A. Ablation Zone Size and Shape

Table 2 lists the ablation zone size measurements and Figure 3 depicts representative
ablation zones for each of the groups. Ablations created using three 18-gauge antennas were
significantly larger than those created using one 13-gauge antenna (P < .05, minimum
diameter; P < .01, maximum diameter; P < .001, cross-sectional area). Mean maximum
diameter and cross-sectional area were significantly larger when using two 17-gauge
antennas (3.9 cm and 10.2 cm?, respectively) when compared with using one 13-gauge
antenna (3.2 cm and 7.5 cm?, respectively; P < .001, both comparisons). The only
significant difference between the 17- and 18-gauge groups was for mean minimum
diameter (two 17-gauge antennas, 2.9 cm; three 18-gauge antennas, 3.3 cm; P < .05). Figure
4 shows ablation-to-invasiveness ratio for cross-sectional area. The ratio was substantially
higher for ablation zones created using two 17-gauge (289) or three 18-gauge (305) antennas
when compared with those created using a single 13-gauge antenna (182). In other words,
using two 17-gauge and three 18-gauge antennas increased the efficiency of energy delivery
by 59% (107/182) and 68% (123/182), respectively, when compared with a single 13-gauge
antenna.

B. Ablation Zone Temperatures

Figure 5 depicts the maximum temperatures measured within ablation zones for each of the
groups. The highest temperatures observed at the 0.5- and 1-cm measurement points
occurred during ablations performed with a single 13-gauge antenna (mean temperature at
0.5¢cm, 110.9 °C; P < .05 vs 17- and 18-gauge groups). However, temperatures 2 cm from
the center of the target area were significantly higher during ablations performed with three
18-gauge antennas (mean, 55.4 °C) when compared with those performed using a single 13-
gauge antenna (26.3 °C, P <.01) or two 17-gauge antennas (27.6 °C, P <.01). The range of
temperatures measured was significantly smaller for the 18-gauge group (mean, 26.3 °C)
when compared with the 13-gauge (84.5 °C) and 17-gauge (56.1 °C) groups. In other words,
ablations performed using three 18-gauge antennas resulted in more uniform thermal
profiles when compared with either of the other groups.

Finally, Figure 6 shows temperature profiles for each of the three groups. Note that the
maximum diameter of the 50 °C isotherm was larger for the 17-gauge group when compared
with the 13-gauge group, but not the minimum diameter. On the other hand, the 50 °C
isotherm diameter was greater in all directions for the 18-gauge group when compared with
the other two groups.
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DISCUSSION

The results of our study demonstrate that multiple smaller antennas can be used to distribute
microwave power more uniformly over an area of tissue. Instead of delivering all the power
at the center of the ablation zone, the power is distributed throughout the target volume. This
leads to lower (but still cytotoxic) temperatures at the center of the ablation zone, higher
temperatures toward the periphery of the ablation zone, and an increase in the size of the
ablation zones. Heating tissue uniformly is a more efficient use of energy, given that cells
heated to 60 °C are already necrotic, and that tissue temperatures fall off rapidly further
away from antennas. Despite the linear and triangular configurations of the arrays, multiple-
antenna zones of ablation were as circular in cross-section as single-antenna ablations.
Importantly, the increase in the size of the ablation zone was accomplished without a
corresponding increase in invasiveness (ie, total puncture area of the applicators). In fact, the
total puncture area of the 17- and 18-gauge configurations (3.54 and 3.39 mm?, respectively)
was less than that of the 13-gauge applicator (4.15 mm?). In other words, the efficiency of
power delivery was increased with multiple antenna arrays, reflected by a higher ablation-to-
invasiveness ratios observed in the 17- and 18-gauge groups.

Brace et al.7 and Wright et al.1 have previously discussed some of the advantages of
multiple-antenna microwave ablation when compared with single-antenna ablation. In
particular, multiple-antenna systems can rapidly ablate disproportionately larger volumes of
tissue in less time and with less complexity than overlapping single ablations due to the
concept of thermal synergy. The disadvantage of using the techniques described in those
studies is that each antenna was the same size, and operated at the same power level as a
single antenna. Therefore, the invasiveness of the multiple-antenna groups was three times
that of each single-antenna ablation. While using multiple antennas was more efficient than
overlapping sequential single ablations, techniques are needed that increase the size of the
ablation zone while maintaining (or decreasing) the invasiveness of the procedure. For
example, when compared with the results of Hines-Peralta et al.,3 Brace et al.7 achieved
similar volumes of ablation by delivering similar input power through three smaller antennas
(versus a single larger one) while reducing the cross-sectional area of the tissue punctured
(5.3 mm? versus 25.5 mm2, respectively).

Uniformly distributing power is not the only technique by which the size of the ablation
zone can be increased without a corresponding increase in invasiveness. Switching between
multiple antennas delivers more power to the target area and creates larger ablation zones
when compared with a single larger antenna.15 Constructively phasing arrays of antennas
can also be used to dramatically increase heating in certain areas of tissue (by N2, where N is
the number of antennas).16718 It is likely that further increases in the efficiency of energy
delivery would be achieved by combining one or more of these techniques.

This study was limited by the use of an ex vivo model. Perfusion has well documented
detrimental effects on thermal ablation.12:19 However, given that the periphery of the
ablation zone is the most vulnerable to perfusion-mediated cooling, it is likely that the
benefit achieved by uniformly distributing power will translate to an in vivo environment.
Percutaneous placement of several antennas in the optimal spatial configuration may be
difficult to achieve in certain cases due to limited access. However, it is not anticipated that
this will be a problem given the extensive experience using other multiple-applicator
systems in widespread clinical use today (eg, cryoablation, RF ablation and laser ablation).
20722
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CONCLUSION

Distributing power evenly among multiple smaller antennas resulted in larger zones of
ablation with more uniform temperatures across the ablation zone than more invasive
ablations with a larger single antenna. More efficient and less invasive techniques may help
increase the effectiveness of ablation procedures while reducing the risk of procedural
complications.
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Figure 1.

Experimental setup. In this example, two 17-gauge triaxial antennas (right arrow) separated
by 1.5 cm were inserted through an acrylic template (up arrow) into freshly excised bovine
liver. Four fiberoptic thermosensors (Luxtron, left arrow) were placed 0.5, 1.0, 1.5, and 2.0
cm from the center of the array to a depth equal to that of the base of the antenna (the depth
at which the electric field peaks).
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Figure 2.

Antenna and temperature sensor configurations. 17- and 18-gauge antennas were separated
by 1.5 and 2.0 cm, respectively. During half of the multiple-antenna ablations, temperatures
were recorded 0.5, 1.0, 1.5 and 2.0 cm from the center of the target tissue along an axis that
bisected two antennas (Axis 1). During the other multiple-antenna ablations, temperatures
were recorded along an axis running through the center of the target tissue and an antenna
(Axis 2).
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Figure 3.

Cross-sections of microwave ablation zones created using a single 13-gauge antenna (A,
yellow circle), two 17-gauge antennas (B, blue circle), and three 18-gauge antennas (C,
green circle). Note the increased size and similar shape of multiple-antenna ablation zones
despite the same total input power.
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Figure 4.

Ablation-to-invasiveness ratio. The ratio was calculated by dividing mean ablation zone
cross-sectional area by the total cross-sectional area of the antennas used for the ablation—
4.15, 3.54, and 3.39 mm? for one 13-, two 17-, and three 18-gauge antennas, respectively.
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Figure 5.

Maximum tissue temperatures recorded along Axis 1 (A) and Axis 2 (B) shown in Figure 2.
Temperatures near the center of the target tissue were highest during ablations performed
using a single 13-gauge antenna. Ablations performed with three 18-gauge antennas resulted
in the highest temperatures near the periphery (>1.5 cm from the center of the tissue) as well
as the most uniform temperature distribution.
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Figure 6.

Temperature profiles (A, B) and 50 °C isotherms (C) for single- and multiple-antenna
groups. Note that the 50 °C isotherms during two-antenna ablations were greater than during
single-antenna ablations along the axis of the antennas (B), but not perpendicular to it (A).
In contrast, ablations with three 18-gauge antennas resulted in greater 50 °C isotherms in all
directions when compared with those performed with one 13-gauge or two 17-gauge
antennas.
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Ablation Zone Size and Shape

Table 2

Configuration Minimum Diameter (cm)

Maximum Diameter (cm)  Area (cm?)

Isoperimetric Ratio

13 gauge 2.9+042
2 x 17 gauge 29+032
3 x 18 gauge 33%02
ANOVA P value 0.0098

32£04bC 75+ 1.60d
39+04 102+15
3702 10.3+1.0
0.0004 0.0001

0.94 +£0.07

0.93+0.04
0.93 +£0.03
0.8742

There were ten samples in each group and values are given as mean + standard deviation.

aP < .05 versus 3 x 18 gauge.
b

P <.001 versus 2 x 17 gauge.
CP < .01 versus 3 x 18 gauge.

dP <.001 versus 3 x 18 gauge.
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