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Chapter 16
Effect of Non-parallel Applicator Insertion 
on 2.45 GHz Microwave Ablation Zone 
Size and Shape

Austin W. White, Dwight D. Day, and Punit Prakash

16.1  Introduction

Microwave ablation (MWA) is an established modality for minimally invasive 
treatment of tumors in the liver and other organs. During MWA, a microwave 
antenna (also referred to as an ablation applicator) is inserted into the target tissue 
and radiates microwave power, which is absorbed by the surrounding tissue and 
leads to heating. Compared to other energy modalities for thermal ablation, MWA 
offers the advantage of rapid heating of large tissue volumes via the simultaneous 
use of multiple applicators [1]. The electromagnetic power absorbed within tissue 
during multiple applicator MWA is a function of the system operating frequency, 
tissue biophysical properties, applied power levels, radiation pattern of each appli-
cator, and the relative spacing between the applicators. Preclinical experiments in 
ex vivo tissue are often used to characterize the size and shape of ablation patterns 
for specific devices, and these data may be used to assist in treatment planning [2]. 
Experimental studies to characterize multiple applicator ablation patterns typically 
employ the applicators inserted into the tissue sample in a parallel manner [1]. In 
clinical practice however, parallel applicator insertion may not be feasible due to 
anatomical constraints. As illustrated in [3], the spacing between applicator tips 
may be up to twice as much as the applicator spacing at the insertion point on the 
skin surface.

Studies investigating the impact of non-parallel applicator insertion during inter-
stitial hyperthermia with microwave antenna arrays determined that skewed appli-
cator placement shifted the location of the region of maximum power absorption 
[4]. However, prior simulation studies to assess ablation zones created by MWA 
with non-parallel applicator configurations were limited due to the use of models 
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which did not incorporate temperature-dependent tissue dielectric properties [3]. 
Recent studies have highlighted the importance of incorporating temperature- 
dependent tissue dielectric properties in computational models of MWA [5].

This chapter summarizes the use of multi-physics computational models and 
experiments in ex vivo tissue to compare the size and shape of ablation zones with 
parallel and non-parallel applicators.

16.2  Materials and Methods

We implemented finite element method (FEM) computational models of microwave 
tissue heating to comparatively assess ablation profiles achieved with a pair of 
2.45 GHz interstitial dipole antennas spaced 10–20 mm apart. The antennas were 
inserted in parallel and non-parallel configurations. Experimental studies were con-
ducted ex vivo using liver tissue for a subset of these configurations. Computational 
modeling results were compared against the experimental observations of ablation 
zone profiles.

16.2.1  MWA Applicator Configurations

We investigated nine different MWA applicator insertion configurations, including 
three cases with parallel applicator insertion and six cases with non-parallel applica-
tor insertion. We considered inter-applicator spacings of 10–20 mm to capture the 
range of applicator spacing commonly encountered in clinical applications. As 
illustrated in Fig. 16.1, the parallel cases had antennas inserted into the liver with 
the center of the microwave applicators at separation distances denoted Dins. The 
non-parallel cases had the tip of each applicator moved toward the centerline by 
2.5 mm, 5 mm, or 7.5 mm each, resulting in tip spacings (Dtip) of 15 mm, 10 mm, or 
5 mm, respectively.

Fig. 16.1 Illustration of 
non-parallel MWA 
applicator insertion
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In Fig. 16.1, Dins is the nominal distance between the antennas and Dtip is the 
distance between the tips of the antennas. For the parallel cases, Dins is equal to Dtip. 
For the non-parallel cases, Dtip was changed in multiples of 5 mm (each antenna 
moved 2.5 mm). The tip of each antenna was moved inward by half the total tip 
displacement, so that the setup was always symmetric with respect to the centerline. 
Lins is the distance between the antenna tip and the upper surface of the liver tissue. 
Lins corresponds to the length of the antenna inside the liver for a parallel case. The 
depth of the antenna tip from the top of the liver remained constant in all experi-
ments. Therefore, the total length of the antenna in the liver slightly increases for a 
non-parallel case in order to maintain the same tip depth from the surface of the 
liver. LL was chosen to act as a reference to define the insertion distance.

For this study, the MWA applicators were uncooled, interstitial, dipole antennas 
operating at 2.45 GHz. The antennas were created using UT-85 coaxial cable with 
the distal tip of the cable modified as described by Curto et al. [6]. Each antenna was 
energized with 15 W applied power (at the antenna input). We chose this power to 
be within the clinically relevant range, while yielding ablation zone sizes not 
impacted by the limited size of the tissue samples used in our experiments.

As illustrated in Fig. 16.1, ablation zone extents were assessed primarily in the 
XZ-plane.

16.2.2  Computational Model of Microwave Ablation

Three-dimensional multi-physics computational models of microwave tissue heat-
ing were implemented using the FEM solver within COMSOL Multiphysics 
(v5.2a). Models were employed to compute the electric fields radiated into tissue 
and the subsequent heat transfer due to absorbed microwave power. The Helmholtz 
electromagnetic wave equation, Eq. 16.1, was used to calculate the electric field at 
all mesh points.
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Here μr is the relative permeability, εr is the relative permittivity and σ is the 
electrical conductivity of the material, c0 is the speed of light in free space, ω is 
angular frequency, and E [V/m] is the electric field vector. From the electric field, 
we can calculate how much power is absorbed within the tissue using Eq. 16.2, 
which serves as the heat source for the transient heat equation, Eq. 16.3.
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where T is temperature [K], ρ is tissue density [kg/m3], and C is the specific heat 
capacity of tissue [J/(kg K)].

We did not include blood perfusion in our simulations as our ex vivo experimen-
tation would also lack blood perfusion and the primary goal of this work was to 
compare simulation results with experimental measurements. The electrical proper-
ties of liver tissue at 2.45 GHz were dynamically adjusted as a function of the liver 
temperature as described in [7]. The nominal value of tissue relative permittivity 
was εr = 57.9 and effective conductivity σ = 1.09 S/m [8].

The applicators were inserted into a cuboidal volume of liver tissue (length and 
width of 60  mm and a height of 80  mm). A non-uniform tetrahedral mesh was 
employed in the simulations. In our case, the finest resolution was within the antenna 
and coarsest resolution was used at distances further away from the applicator. The 
conducting elements in the antennas were approximated as perfect electric conduc-
tors. Electrical scattering and thermally insulating boundary conditions were 
imposed on the exterior surfaces of the liver and the insulating catheter.

16.2.3  Experimental Assessment of Dual Applicator 
Microwave Ablation Zones

 Instrumentation and Procedure

Two insulated dipole antennas were fabricated according to the dimensions given in 
the paper by Curto et al. [6]. The antennas had an active dipole length of 10.9 mm 
and a gap of 1 mm and were tuned to operate at 2.45 GHz. These antennas did not 
have any active cooling. Antennas were fabricated using Micro-Coax UT-85, with a 
thin heat shrink tubing (3M, FP-301 26-28 AWG) acting as an insulating sheath. An 
SMA connector (Huber+Suhner) was attached to the end of the coax to form the 
connector. Antenna reflection coefficient measurements using a Vector Network 
Analyzer (VNA) verified that the antennas were properly matched (S11 of at least 
−10 dB at the operating frequency) to the feeding transmission line.

For the experimental setup, a Flash Forge Creator Pro 3D printer was used to 
create a base from polylactic acid (PLA). The base was designed to hold the anten-
nas and liver tissue during experimental testing. The internal measurements of the 
base were 60 mm × 60 mm × 85 mm. The template blocks held the antennas in the 
same configurations as the simulations. The following antenna configurations were 
investigated experimentally: 20 mm parallel, 20 mm to 15 mm (converging), 15 mm 
parallel, and 15 mm to 10 mm (converging).

Ex vivo ablations were conducted in fresh bovine liver. Liver samples were pro-
cured from a local meat-processing plant and cut to fit into the base. The liver sam-
ples were placed in plastic bags and then warmed in a water bath (Polyscience 7306) 
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until they reached a temperature of ~30 °C. Five experiments were performed for 
each configuration. For each experiment, one liver piece was removed from the water 
bath and placed into the base and the template block was then snapped into place. The 
antennas were inserted through the template block to a depth of 6 cm into the liver.

We applied a 30 W forward power signal at 2.45 GHz (SAIREM microwave 
generator) and used an equal power splitter (Pasternack PE-T1000) to divide the 
power into two separate, phase-matched signals fed to each antenna. We then used 
two power meters (Bird Technologies 7022-1-02020 and Bird Technologies 5012D) 
to track the power level delivered to each antenna. We adjusted the total average 
forward power to remain close to 30 W during each experimental ablation.

The liver was sectioned in half after the ablation, revealing the ablation zone in 
the XZ plane. This was done by removing the template block along with the red 
connector piece and slicing the liver with a knife down the slot in the base as shown 
in Fig. 16.2. Both halves of the liver were then placed on a flatbed scanner (Epson 
V550 Photo Color Scanner) which was used to acquire a color (RGB) image of the 
ablation zone at 400 dpi. The scanner was used to prevent skew from photos that 
might appear in pictures taken with a hand-held camera. The scanner has the added 
benefit of keeping the lighting and resolution constant for all pictures, which is 
desirable for automated processing of acquired images.

 Image-Based Analysis of Experimental Ablation Zones

The resulting pictures were processed using the basic image processing techniques 
available in Python 3.6 to measure the size and compare the shape of the resulting 
ablation zones. A basic thresholding operation in both the RGB color space as well 
as the Hematoxylin-Eosin-DAB (HED) color space (HED used often in detecting 
blood composition) was the primary method used to detect the ablated area of the 

Fig. 16.2 3D printed base 
with template block in 
place to hold the antennas
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liver tissue. We used skimage to convert the RGB image into the HED color space. 
Then scipy was used to perform a small Gaussian blur (σ =  .19) on the resulting 
non-binary image to remove noise, and then converted back to a binary image. A 
series of morphological operators (erosion and then dilation using a disk of size 3 
pixels) further reduced noise and smoothed the edges of the ablation region. After 
the morphological operators, the scipy function – binary fill holes – was used to fill 
in the holes in the middle of the ablated region. Skimage region properties were used 
to single out the ablation region, which corresponded to the largest region in the 
image after noise removal. An edge detection operation was used on the largest area 
to determine the size of the ablation zone. Further details of the image analysis pro-
cedure are provided in [9].

Once the shape of the ablation region was segmented in all ablations for a given 
scenario, they were overlaid for aggregate analysis. Each segmented ablation zone 
was centered and aligned to the same orientation as part of the overlay process. 
Region properties of the ablation zone were used to find the center of mass for each 
ablation area. We also applied a rotation on an image-by-image basis depending on 
the placement of the liver sample on the scanner bed. The angle of rotation was 
determined qualitatively for each of the ablation areas. After aligning the ablation 
shapes, we added the binary score (0 or 1) for each pixel from multiple repetitions 
of each ablation scenario together to find the composite ablation image. Since we 
performed n = 5 experiments for each experimental scenario, this composite image 
contained only integers with values that ranged between zero and five. The value of 
five occurred in regions where the tissue was ablated in each of the five experi-
ments; likewise, the areas that had a value of one are locations where the tissue was 
ablated in only one of the five experiments. The darkest mass in the center corre-
sponded to an ablation area in all experiments. From this, we found the maximum 
and minimum ablation shape for each scenario, as well as the 75% contour (i.e., the 
region that we would expect to see ablated in 75% of ablations). To find the maxi-
mum, we converted the image to a binary image format where only the highest 
number (five) would be a one, all else would be zero. A canny edge detection algo-
rithm was then used to find the maximum shape.

We compared the shape of the ablation zone extents from experiments using the 
Dice Similarity Coefficient (DSC) metric. This metric is commonly used in image pro-
cessing applications to compare shape similarity. The DSC is calculated using Eq. 16.4,

 

DSC =
∩

+

2 A B

A B
 

(16.4)

For the experiments, A and B are binary images that have been detected 
through image processing. Specifically, the areas inside some contours (typi-
cally the 75% contour). For the simulations, we use the XZ plane that bisects 
the liver and antennas and considered only points on that plane that are at or 
above 55 °C as an estimate of the simulated ablation zone. We also employed a 
volumetric approach that compared the entire volume of the ablation region 
that is above 55 °C to the 3D simulation results.
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16.3  Results and Discussion

Figure 16.3 illustrates experimental results for the ablation zone segmentation, 
alignment, aggregation, and averaging process. Table  16.1 lists Dice Similarity 
Coefficients between microwave ablation zones for antennas spaced 10–20  mm 
apart in parallel and non-parallel configurations.

Although both experiments and simulations predicted similar trends, experimen-
tally measured DSCs were ~15% lower. This discrepancy is possibly due to the 
jagged edges of experimental ablation zones, which confound image similarity 
metrics.

Figure 16.4 illustrates simulated and experimental ablation zones for 15  mm 
parallel and non-parallel (2.5  mm displacement of antenna tips) configurations. 
Both simulations and experiments indicated small changes in ablation zone shape. 
For the 20 mm parallel vs. non-parallel configurations illustrated in Fig. 16.5, the 
difference between ablation zone shapes is slightly more pronounced, as evidenced 
by the smaller DSC and observed ablation zone shapes. The presented method 
therefore provides a means for comparing ablation zone shapes for various configu-
rations, in contrast to the widely used approach of comparing parameterized mea-
surements of ablation zone geometries. This approach is especially helpful for 
analysis of shapes that are not close approximations of spheres/ellipses.

a) b) c) d)

Fig. 16.3 Image processing at various stages- from left to right: (a) scanned image of ablation 
zone in ex vivo liver, (b) segmented ablation region, (c) overlay of segmented regions, and (d) the 
resulting 75% contour

Table 16.1 Dice Similarity Coefficients between microwave ablation zones

Antenna spacing at insertion Antenna tip spacing DSC simulated DSC experimental

10 5 0.95
15 10 0.93 0.81 ± 0.003
15 5 0.89
20 15 0.85 0.73 + 0.06
20 10 0.78
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16.4  Conclusion

The use of microwave ablation for treating tumors in the liver and other organs is 
growing. Clinicians who deploy multiple antennas for treating hepatocellular carci-
noma (HCC) may not always be able to insert the antennas parallel to each other, and 
it is not yet known what impact this has on the ablation outcome. This research was 
an investigation to assess the potential change in ablation volume for non- parallel 
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Fig. 16.4 (a) Illustration of simulated ablation zones for 15 mm parallel vs. non-parallel configu-
rations; (b) 75% ablation overlay from experiments
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Fig. 16.5 (a) Illustration of simulated ablation zones for 20 mm parallel vs. non-parallel configu-
rations; (b) 75% ablation overlay from experiments
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insertion. These results may serve as a guide to practitioners to determine the poten-
tial impact of non-parallel antenna insertion when conducting clinical procedures.

We found that non-parallel insertion could have a measurable change on the 
ablation size and volume for our setup. There was up to a 30% variability for some 
of the more severe cases of non-parallel insertions studied. We also found that the 
rate of change for ablation size does vary considerably and did not vary linearly 
with the distance of the tip displacement from the original parallel position.

The model we used for simulating ablation was relatively accurate at predicting 
the shape of the ablation zone for our experiment and was also capable of showing 
how the ablation shape would change given a small tip offset distance. The amount 
of similarity between the parallel and non-parallel insertions did vary when compar-
ing the simulation and the experimentation, possibly due to unaccounted tissue 
shrinkage in the simulations.
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