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To compare the performance of a microwave antenna de-
sign with two annular slots to that of a monopole antenna
design in creating a more spherical ablation zone.

Animal care and use committee approval was obtained be-
fore in vivo experiments were performed. Microwave ab-
lation zones were created by using dual-slot and monopole
control antennas for 2, 5, and 10 minutes at 50 and 100 W
in ex vivo bovine livers. Dual-slot and monopole antennas
were then used to create ablation zones at 100 W for 5
minutes in in vivo porcine livers, which also underwent
intraprocedural imaging. Ablation diameter, length, and
aspect ratio (diameter + length) were measured at gross
pathologic examination and compared at each combina-
tion of power and time by using the paired Student ¢ test.
A P value less than .05 was considered to indicate a signif-
icant difference. Aspect ratios closer to 1 reflected a more
spherical ablation zone.

The dual-slot antenna created ablation zones with a high-
er aspect ratio at 50 W for 2 minutes (0.75 vs 0.53, P
= .003) and 5 minutes (0.82 vs 0.63, P = .053) than did
the monopole antenna in ex vivo liver tissue, although the
difference was only significant at 2 minutes. At 100 W, the
dual-slot antenna had a significantly higher aspect ratio at
2 minutes (0.52 vs 0.42, P =.002). In vivo studies showed
significantly higher aspect ratios at 100 W for 5 minutes
(0.63 vs 0.33, respectively, P = .029). Intraprocedural
imaging confirmed this characterization, showing higher
rates of ablation zone growth and heating primarily at the
early stages of the ablation procedure when the dual-slot
antenna was used.

The dual-slot microwave antenna created a more spheri-
cal ablation zone than did the monopole antenna both in
vivo and ex vivo liver tissue. Greater control over power
delivery can potentially extend the advantages of the dual-
slot antenna design to higher power and longer treatment
times.

©RSNA, 2013
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ercutaneous tumor ablation is a
minimally invasive procedure that
destroys cancerous tissue in situ
with cytotoxic thermal energy. Thermal
ablation procedures are associated with
quicker recovery and fewer complica-
tions compared with surgical resection,
and these are now critical procedures
in the management of early-stage he-
patocellular carcinoma, hepatic metas-
tases, renal cell carcinoma, peripheral
lung nodules, osteoid osteomas, and
osteosarcomas (1,2). Although radio-
frequency ablation is the most widely
used ablation modality, its use is limited
by difficulties in heating charred or des-
sicated tissue and its poor performance
near blood vessels. Such limitations
to heating can lead to potentially in-
adequate ablation zones and a higher
rate of local tumor progression than
those with resection (2,3). Microwave
ablation, on the other hand, has been
shown to heat larger volumes of tissue
to greater temperatures, potentially in-
creasing procedural efficacy (4-6).
Interstitial antennas deliver power
from the microwave generator to the
target tissue. The pattern of heating
around the antenna varies with antenna
design, but high-power delivery can
also promote electric field propagation
along the proximal shaft during an ab-
lation treatment (7-11). This effect can
cause procedural complications such as
body-wall burns and can restrict where
the applicator can be placed (12-14).
Such complications may be reduced by

Advances in Knowledge

B The dual-slot microwave antenna
can create a more spherical abla-
tion zone than the monopole an-
tenna can in ex vivo and in vivo
liver tissue.

® Substantial water vapor is formed
and can be visualized with intra-
procedural CT imaging to charac-
terize ablation zone growth
during microwave heating.

® Differences in heating patterns
produced by different antenna
designs may be minimized by
using high powers or long treat-
ment times.

cooling the skin surface and limiting
the power or duration of the treatment;
however, these techniques add proce-
dural complexity and reduce the size of
the ablation zone (15). Antenna cooling
can effectively reduce shaft heating but
has minimal effect against ablation zone
elongation (16-19).

A dual-slot antenna comprising two
coaxial, annular slots at the distal tip
was recently shown to inhibit proximal
electric field propagation and, there-
fore, to shorten the length of ex vivo
ablations (20). However, the antenna in
that study was created from relatively
malleable coaxial cables without active
shaft cooling, making it unsuitable for
clinical use. A dual-slot antenna was
recently developed that incorporates a
rigid, sharpened tip and internal water
cooling to facilitate percutaneous use
while maintaining its original perfor-
mance. The goal of this study was to
compare the performance of a micro-
wave antenna design with two annular
slots to that of a monopole antenna de-
sign in creating a more spherical abla-
tion zone.

Materials and Methods

The microwave antenna devices used in
this study incorporate aspects of multi-
ple patents pending. No industrial sup-
port was provided for this study. Au-
thor C.L.B. is a founder, shareholder,
and consultant for NeuWave Medical.
Study data and publication information
were controlled by J.C.

By using a parametric analysis sim-
ilar to that used in previous work, we
designed a dual-slot antenna with a
built-in shaft, cooling channels, and a
coaxial feed separate from the trocar
tip to simplify fabrication. The opti-
mal cooled design provided a heating
pattern and power delivery efficiency
similar to those of the uncooled design
previously described (20). A cooled
monopole antenna served as a control

Implication for Patient Care

B A more spherical, less elongated
ablation zone can potentially lead
to increased ablation precision
and reduced complications.

antenna for comparison of ablation
performance (Fig 1). Both antennas
were fabricated by using a thin coaxial
antenna (UT-020C; Micro-Coax, Pott-
stown, Pa), an alumina ceramic tip to
enhance rigidity (McDanel Advanced
Ceramic Technology, Beaver Falls, Pa),
and a 17-gauge steel catheter to create
the cooling channel (MicroGroup, Med-
way, Mass). Antennas were fabricated
by two authors (K.A.H. and J.C., each
with 2 years of experience).

Microwave power was delivered by
means of a continuous-wave 2.45-GHz
magnetron source (MG300; CouberM-
uegge, Norwalk, Conn) and transferred
to the antenna via a 6-foot RG-400
coaxial cable. Cable losses were mea-
sured by using a wideband power sen-
sor (Birds Electronic, Solon, Ohio) and
were used to recalibrate the generator
output to ensure delivery of the pre-
scribed power into the tissue.

Ex Vivo Bovine Liver Ablation

Microwave antenna performance was
initially validated by using ex vivo bovine
liver tissue. The liver was sectioned into
blocks measuring 6 X 6 X 9 cm and
was warmed to room temperature be-
fore each experiment. The microwave
generator was set to deliver 50 W and
100 W for 2, 5, and 10 minutes for each
antenna. Six samples were performed
(K.A.H. and M.B., both with 2 years
of experience) per power and time
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Figure 1

Figure 1:

Numeric modeling image and photograph of monopole antenna (left) and dual-slot antenna

(right). In modeling images, color bar represents electric field intensity from 100 to 1000 V/m. Monopole
antenna shows electric field emanating from tip of steel catheter; dual-slot antenna shows electric field from
each of its slots. White line represents volumetric heating rate of 3 X 10* W/m?, giving a visual approxima-
tion of what ablation zone may look like in liver tissue. Note decreased active heating on shaft of dual-slot

antenna compared with that of monopole.

combination for a total of 36 dual-slot
and 36 monopole ablations. The abla-
tion zone was sliced along the antenna
axis for gross pathologic analysis. The
slices were scanned optically and im-
ages were stored for analysis by using
ImageJ 1.43u software (US National
Institutes of Health, Bethesda, Md).
The maximum dimension of the ab-
lation zone transverse to the antenna
was defined as the ablation diameter,
and the maximum dimension along the
antenna insertion path was considered
the ablation length. The aspect ratio
was defined as the diameter divided by
the length. An aspect ratio approaching
1 indicates that the ablation length is
approaching that of its diameter, indi-
cating a more spherical ablation zone.

In Vivo Porcine Liver Ablation

All studies were conducted with ap-
proval from our institutional animal
care and use committee and were com-
pliant with National Research Council
guidelines (21). A total of four ablations
(two with the dual-slot and two with
monopole antennas) were created (J.C.

and a veterinary technician, with 2 and
12 years of experience, respectively) by
using 100 W for 5 minutes in each of
six female domestic swine with a weight
range of 80-90 kg (Arlington Farms,
Arlington, Wis) for a total of 24 abla-
tions (12 monopole and 12 dual-slot).
For each animal, half (n = 2) of the ab-
lations for each experimental arm were
performed in the medial lobes and the
other half were performed in the lateral
lobes to account for differences in per-
fusion rates. Ablations that protruded
beyond the parenchyma of the tissue
or in which antenna failure occurred
were excluded from the results. After
exclusion of incomplete ablation zones,
there were eight dual-slot ablations and
eight monopole ablation zones in the in
vivo study.

Animals were sedated with in-
tramuscular tiletamine hydrochloride
and zolazepam hydrochloride (7 mg/
kg, Telazol, Fort Dodge, lowa) and
xylazine hydrochloride (2.2 mg/kg,
Xyla-Ject; Phoenix Pharmaceutical, St
Joseph, Mo). Anesthesia was main-
tained with inhaled 1%-2% isofluorane

(Halocarbon Laboratories, River Edge,
NJ). An ear vein was cannulated with a
20-gauge angiographic catheter for ad-
ministration of intravenous fluids.

After ablation, animals were sac-
rificed by means of an intravenous in-
jection of pentobarbital sodium and
phenytoin sodium (0.2 mL/kg, Beutha-
nasia-D; Schering-Plough, Kenilworth,
NJ). The liver was removed and sec-
tioned along the axis of each antenna.
Image analysis was performed in the
same way as with ex vivo tissue.

Unenhanced computed tomographic
(CT) imaging was used to assess abla-
tion growth in two of the animals. Be-
fore the ablation, a roadmap CT scan
was obtained of the entire liver. During
the ablation, CT data were acquired ev-
ery 30 seconds. (120 kV, 200 mA, 512
X 512, 1:1 helical pitch, S mm section
thickness). A threshold was set at 35
HU, which was approximately 16 HU
below the background liver attenuation
with postprocessing software (Volume
Viewer version 3.1; Advantage Win-
dows version 4.5, GE Medical Systems,
Wis) to detect and monitor ablation
zone area growth at each time point.
This value was chosen on the basis of
previous CT studies, which showed the
average 16-HU difference between an
ablated lesion from radiofrequency ab-
lation and the background tissue (22).
The final threshold image was compared
with gross pathologic results to confirm
the validity of using our threshold tech-
nique to monitor ablation growth. The
central hypoattenuating region, which
was heated and gaseous surrounding
the emission point, was also monitored,
and diameter, length, and overall area
were recorded at each time point.

Statistical Analysis

To ensure that there were no probe-lobe
interaction effects, we compared the
ablation zone characteristics produced
by each antenna while accounting for
placement in the lobe. Because the ef-
fects seemed additive, we averaged the
ablation zone dimensions over lobes by
probe type to produce a single monopole
and dual-slot pair per animal. Differences
in mean diameter, length, and aspect ra-
tio between the dual-slot and monopole
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(@) Graphs show ablation diameter, length, and aspect ratio of ex vivo ablations comparing dual-slot

with monopole antennas. Solid dots represent sample mean, and horizontal line segments represent standard
deviation. = = significant difference (P < .05). (b) Sample ablation zone created by dual-slot (left) and mono-
pole (right) antennas at 100 W for 5 minutes. Dual-slot antenna created significantly shorter and more spherical
ablation zone than did monopole antenna at 50 W for 2 and 5 minutes. Dual-slot antenna created a significantly
wider and more spherical ablation zone compared with monopole antenna at 100 W for 2 minutes.

antenna designs were identified among
the power and treatment length com-
binations by using a paired Student t
test. The paired Student t test was con-
sidered appropriate after validating ap-
proximately equal variances and sym-
metric distribution among comparison
groups. P values less than .05 were con-
sidered to indicate a significant differ-
ence. Statistical analysis was performed
by using Graphpad Prism version 5.04
(La Jolla, Calif) with assistance from
the departmental statistician.

Ex Vivo Results

Power and time dose responses of the
monopole and dual-slot antennas are
shown in Figure 2. At 50 W, the dual-
slot antenna created ablation zone di-
ameters similar to those of the mono-
pole at 2 minutes (1.95 em = 0.18
vs 1.79 cm = 0.27, respectively; P =
.278), 5 minutes (2.12 cm = 0.14 vs
2.32 cm *= 0.18; P = .078), and 10 mi-
nutes (3.01 cm = 0.29 vs 3.02 cm *

0.16; P = .987). With respect to abla-
tion length, the dual-slot antenna cre-
ated significantly shorter ablation zones
compared with those of the monopole
antenna at 2 minutes (2.64 cm *= 0.30
vs 3.38 ecm * 0.42; P = .007) and 5
minutes (2.61 cm * 0.34 vs 3.83 cm *
0.92; P = .020), but not at 10 minutes
(5.14 ecm = 0.64 vs 4.71 cm = 0.51,
respectively; P = .225). Accordingly,
the combination of equivalent diame-
ters and shorter ablation lengths led to
a greater aspect ratio for dual-slot abla-
tion zones at 2 minutes (0.75 = 0.11 vs
0.53 = 0.04, P = .003) and 5 minutes
(0.82 £ 0.13 vs 0.63 = 0.14, P = .053),
but not at 10 minutes (0.59 * 0.07 vs
0.64 = 0.05, P = .168).

At 100 W, the dual-slot antenna
created ablation zones with diame-
ters greater than those created by the
monopole antenna at all of the time
points (2.14 ecm= 0.15 vs 1.86 cm =
0.24 at 2 minutes, P = .032; 3.07 cm =
0.35 vs 2.80 cm * 0.19 at 5 minutes, P
=.077; 3.86 cm = 0.32 vs 3.12 cm *
0.48 at 10 minutes, P = .017), but the
difference was only significant at 2 and
10 minutes. On the other hand, no dif-
ferences were noted in ablation lengths
between the dual-slot and monopole
antennas at any of the time points
(4.16 cm = 0.20 vs 4.44 cm = 0.44 at
2 minutes, P = .186; 4.83 cm * 0.50 vs
4.62 cm * 0.31 at 5 minutes, P = .354;
6.04 cm = 1.35 vs 5.55 cm £ 0.69 at
10 minutes, P = .438). Collectively, the
greater ablation diameter of the dual-
slot antenna with the equivalent abla-
tion lengths led to a significantly higher
aspect ratio than that of the monopole
antenna at only 2 minutes (0.52 = 0.03
vs 0.42 = 0.05, P = .002), with the as-
pect ratios being statistically similar at
5 minutes (0.64 £ 0.05 vs 0.61 = 0.03,
P = .191) and 10 minutes (0.66 = 0.13
vs 0.56 = 0.06, P = .136).

In Vivo Results

In vivo studies confirmed the trends
shown in the ex vivo studies (Fig 3a).
The dual-slot antenna created a signif-
icantly greater diameter (2.85 cm =
0.45 vs 2.35 cm = 0.42, respectively;
P = .034) and a slightly shorter length
(447 ecm = 0.71 vs 4.59 ecm *= 0.81,
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(a) Bar graph shows in vivo diameter, length,, and aspect ratio of dual-slot and monopole antennas at 100 W for 5 minutes. Dual-slot antenna created

ablation zones that were significantly wider and more spherical than those created by using monopole antennas. This is consistent with trends found in power and
treatment length in ex vivo tissue. * = significant difference (P < .05). (b) Sample intraprocedural images show microwave antenna placement in porcine liver. (c)
Intraprocedural monitoring of ablation zone diameter, length, and aspect ratio during in vivo ablation with dual-slot and monopole antennas.

respectively; P = .597), leading to a sig-
nificantly greater aspect ratio compared
with the monopole antenna (0.63 = 0.08
vs 0.53 = 0.08, respectively; P = .029).
Intraprocedural CT with threshold-
ing confirmed these trends, with the
final ablation zone of the dual-slot an-
tenna showing a greater diameter and
shorter ablation zone than those of the
monopole antenna. Intraprocedural CT
also showed differences in the ablation
zone growth pattern. The diameter of
the dual-slot ablation zone was similar
to that of the monopole at the start of
the procedure but grew much faster
than that of the monopole until 4 mi-
nutes into the procedure. After this
point, the growth rate of the diameter
slowed down, while the monopole ab-
lation diameter continued to grow in a
linear fashion. The ablation length of
the dual-slot antenna was shorter than
that of the monopole antenna at nearly
every time point, although the growth
rate was approximately the same. The
combination of the dual-slot antenna
creating a wider ablation zone and

maintaining a shorter ablation length
led to the dual-slot antenna having a
greater aspect ratio at every time point
during the 5-minute ablation (Fig 3c).
Intraprocedural CT also demon-
strated differences in heating pattern,
which was demarcated by a coarse out-
line of a hypoattenuating region (less
than -300 HU), most likely represent-
ing water vaporization at the interface
between tissue and the antenna heating
element (Fig 4a). The hypoattenuating
region was noted initially near the base
of the monopole radiating segment, ap-
proximately 20 mm proximal to the an-
tenna tip. The dual-slot antenna created
a similar region approximately 5 mm
proximal to the tip. That region grew
slightly along the proximal antenna shaft
but to a lesser degree than that of the
monopole. The growth rate of the hy-
poattenuating area varied between the
antenna designs (Fig 4b). The dual-slot
antenna created a larger hypoattenuat-
ing region at all of the time points than
did the monopole, suggesting a higher
rate of local heating and subsequent

vaporization. In terms of growth rate,
both antennas created most of the hy-
poattenuating region in the first 2 mi-
nutes; the dual-slot antenna appeared
to plateau within 3 minutes, but the
monopole antenna’s hypoattenuating re-
gion continued to grow steadily until 5
minutes.

In our study, we characterized the ab-
lation zone produced by a water-cooled
dual-slot antenna in a preclinical liver
tissue model. Compared with a cooled
monopole antenna, dual-slot ablations
had greater diameter-to-length aspect
ratios, particularly for treatment times
less than 5 minutes. Greater aspect ra-
tios were attributed to shorter ablation
lengths at lower power and increased
ablation diameters at higher power.
Similar trends were observed in vivo,
although ablation zones were markedly
smaller and more spherical than those
made in ex vivo tissue due to the pres-
ence of perfusion.
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Our results suggest that antenna
design may be more effective at ac-
tively controlling the ablation shape for
the first few minutes of the ablation.
After then, effects such as thermal
conduction and tissue property chang-
es may eliminate earlier differences.
Schramm et al (23) predicted only a
small influence of thermal conduction
on microwave ablations, but that study
did not account for water vaporization
or associated heat transfer. Ji et al
(24) noted an increase in the ablation
zone length over time when accounting
for dielectric property changes caused
by vaporization and desiccation around
the antenna shaft. Our study results
appear to have confirmed those find-
ings, as was shown in the lack of differ-
ence between dual-slot and monopole
ablation aspect ratios at 10 minutes.
This evidence suggests that power
delivery techniques may need to be

Dual-Slot - 4 9

-8~ Monopole
=~ Dual-Slot

tailored to a particular antenna design
to optimize treatment results at earlier
time points.

Intraprocedural imaging revealed
differences in ablation zone growth
and vapor formation between both an-
tennas, which may contribute to the
final gross pathologic results. The dual-
slot ablation length started out shorter
than that of the monopole and main-
tained that difference throughout the
procedure, with both ablation zones
growing at approximately the same
rate. Although our gross pathologic
studies revealed only part of the entire
ablation growth curve, these imaging
results confirmed the ablation trends
found in both the in vivo and ex vivo
studies.

Zones of extreme hypoattenuation
that corresponded to water vaporiza-
tion in the tissue were also monitored
near the ablation applicator (24). The
vapor zones corresponded approxi-
mately to the centrally blackened, des-
iccated area in the middle of the ab-
lation zone, which appeared to reach
much higher temperatures compared
with the transition zone, which was
darker but maintained its structure on
gross pathologic examination. Similar

1
2 3 4 5
Minutes

(a) In vivo intraprocedural CT images of monopole (left) and dual slot (right) antennas show differences in hypoat-
tenuating area corresponding to vapor formation around heating element. Hypoattenuating region outlines appear on the
right of each CT image. (b) Graph shows comparison of the hypoattenuating cross-sectional areas of dual-slot and monopole
antennas at 1-minute intervals. (c) Gross histologic examination shows hypoattenuating region demarcating area of central
desiccation in ablation zone. Dual-slot antenna is capable of maintaining hypoattenuating region of growth longer and of
creating overall larger hypoattenuating area compared with that of monopole antenna.

to the overall ablation trends found in
the ex vivo, in vivo, and imaging stud-
ies, there was evidence of a dynamic
heating profile specific to each antenna
design. This region of desiccation has
potential implications in postoperative
pathology or monitoring in demarcating
areas where cells potentially experience
thermal fixation (25).

The ablation zones found with the
dual-slot antenna were comparable
to those found with other cooled an-
tenna designs. Ablation zones with the
monopole and dual-slot antennas were
both larger than those of the cooled
dipole antennas as reported by Sun et
al (16) and Zhou et al (26) in both di-
ameter and length at 50 W, but com-
parable dimensions were reported at
the higher powers (80-100 W for 10
minutes). These studies confirm that
antenna designs create distinct abla-
tion zones at lower powers but become
similar to each other at higher powers.
Hines-Peralta et al (19) characterized
a cooled large-gauge antenna that cre-
ated much wider and longer ablation
zones compared with the ones report-
ed here, but they used an antenna that
was much greater in diameter. Cavagn-
aro et al (18) reported a validation
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study with a cooled, choked dipole
design, which added a third outer con-
ductor over an entire dipole antenna.
Their ex vivo results showed an in-
creasingly spherical ablation zone as
ablation length continued up until 15
minutes at lower powers (20-60 W).
At shorter time periods, the choked-
dipole antenna design created ablation
zones that were more elongated, with
comparable diameters compared with
those created by the dual-slot antenna.
Comparisons between ex vivo and in
vivo studies were consistent with these
previous studies, where the in vivo ab-
lation zones were noticeably smaller
than those created in ex vivo tissue.
One exception was with the Hines-
Peralta study (27), where the in vivo
ablation zones were larger than the
ex vivo ablation zones for all 150-W
ablations less than 10 minutes long.
These variations could potentially have
been attributed to the condition of the
liver or more rapid tissue contraction,
which were not evaluated.

There were certain limitations to
our study. First, the cooled monopole
and dual-slot antennas were fabricated
by hand, limiting tolerances to approx-
imately 1 mm and producing some
variation between antennas. However,
such variations were not likely to in-
fluence the treatment more than vari-
ations between tissue properties, per-
fusion rates, and placement locations.
Second, the ex vivo and in vivo tissue
often had vasculature that disrupted
the shape of the ablation zone. Micro-
wave energy is capable of overcoming
large vascular heat sinks and expand-
ing the ablation zone through extreme
vessel heating, adding variability to our
ablation geometry measurements (28).
Third, our in vivo studies were limited
in that they were not performed in a tu-
mor-specific model, which would have
a different vasculature appearance, as
well as different thermal and electric
properties. However, tumor models for
large animals are not widely available
or feasible for such characterization
studies. Last, our in vivo data were
limited to a single power setting. Pre-
liminary testing at 50 W created abla-
tion zones that were highly susceptible

to the effect of perfusion and not use-
ful for antenna characterization. The
use of higher powers could add further
detail and increase the performance of
the two antennas.

In conclusion, the cooled dual-slot
antenna created more spherical abla-
tion zones than did a cooled monopole
antenna in both ex vivo and in vivo liver
models. The ablation zones of both
antennas became more elongated at
higher powers and longer treatment
times. Intraprocedural CT studies that
use a threshold function to observe the
ablation zone growth were not consis-
tent with the gross pathologic results.
Further refinement with this method
of observing ablation growth at unen-
hanced CT is required to obtain more
consistent monitoring. Intraprocedural
studies revealed a distinct hypoattenu-
ating region of vapor that was unique
to each antenna design, demonstrating
different rates of volumetric ablation
growth between the monopole and du-
al-slot antennas. This vaporization pat-
tern potentially can be used to charac-
terize microwave antenna performance.
Differences between antenna designs
may gradually diminish with increasing
power or treatment duration. Adjusting
the power delivery algorithm may more
fully exploit the theoretical advantages
of specific antenna designs.
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