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Abstract: Recent studies have shown that ablation techniques have the potential to eradicate adrenal
adenomas while preserving the functionalities of the adrenal gland and the surrounding anatomical
structures. This study explores a new microwave ablation (MWA) approach operating at 5.8 GHz
and using anatomical and dielectric characteristics of the target tissue to create directional heating
patterns. Numerical simulations are executed in planar and 3D adrenal models, considering two
energy doses. The numerical study is refined accounting for the vaporization of the tissue water
content. Ex vivo experimental evaluations on porcine adrenal models complete the study. The
numerical and experimental results show that spherical ablation zones are able to cover the target
for both energy doses considered. Nonetheless, most of the non-targeted tissues can be preserved
from excessive heating when low energy level is used. Numerical models accounting for water
vaporization are capable to foresee the experimental temperature values. This study shows that the
proposed MWA directional approach operating at 5.8 GHz can be considered for creating effective
and selective ablation zones.

Keywords: microwave ablation; directional heating; operating frequency

1. Introduction

Microwave thermal ablation (MWA) is a minimally invasive technique to selectively
target and destroy biological tissues. In recent years, MWA has been explored to treat small
adrenal adenomas (<20 mm diameter) in patients who are not surgical candidates [1-4]. A

‘side firing” approach has been proposed to direct energy more specifically into the tumor,

which may overcome risks linked to the position of adrenal adenomas in proximity to
kidney, large and medium blood vessels, or nerves [5,6]. Alternatively, a method that
leverages differences in dielectric properties between the adrenal medulla and cortex to
enhance heating of the tumor has been explored [7-9]. The fat layer surrounding the
adrenal glands has been used to confine the electromagnetic field and create asymmetric
ablation profiles with an omnidirectional antenna at 2.45 GHz.

Contrast between the dielectric properties of the tissues of interest increases with
frequency [10,11]. For example, the contrast in effective conductivity between the adrenal
cortex and fat is nearly two-fold higher at 5.8 GHz as compared with the contrast at
2.45 GHz. This higher contrast in the effective conductivity obtained at 5.8 GHz presents
an opportunity to improve the deposition of the EM energy in the target tissue.

In this work:

e A numerical study is conducted using a triaxial monopole applicator operating at
5.8 GHz. The applicator is placed parallel to the interface between the adrenal cortex
and fat tissue. Two different orientations of the antenna are considered with reference
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to the interface between the two tissues. The distributions of SAR and temperature in
simplified multilayered and 3D models are investigated.

e  Ex vivo porcine adrenal tissues are used to validate the numerical study. The abla-
tion profiles and the increase in temperature are monitored and compared with the
numerical results.

e  The influence of water vaporization on the distribution of temperatures in the tissue
target is discussed.

e  The structure of this paper is as follows: In Section 2, we describe the numerical models
specifying the properties of the adrenal tissues at 5.8 GHz and the experimental
setup; in Section 3, we show and discuss the ablation profiles obtained for each
numerical geometry, the temperature values as a function of the radial distance from
the applicator and the time, and the effect of water vaporization on the temperatures
achieved in the adrenal tissues; in Section 4, the conclusions are presented.

2. Materials and Methods
2.1. Numerical Study
2.1.1. Geometrical Models

Figure 1A depicts a multilayer geometrical drawing to model the adrenal tissues and
the adjacent fat layer. The multilayer structure—four 3D domains of 30 mm in height,
30 mm in thickness and varying widths—is a simplified representation of the adrenal gland.
In the model, the medulla was enclosed within two layers named ‘outer cortex’ (adjacent
to the fat layer) and ‘inner cortex’ (far from the fat layer) representing the adrenal cortex.
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Figure 1. (A) Simplified geometry for modeling each functional tissue of the adrenal gland and
surrounding fat layer; (B) 3D geometrical models of the adrenal tissues and the adjacent fat layer. The
triaxial MW applicator optimized to operate at 5.8 GHz was placed parallel to the interface between
fat and the adrenal cortex.

Depending on the type of tissue, different widths were assigned to each layer: 15 mm
for fat, 4 mm both for the inner part of the cortex and the medulla, 7 mm for the outer layer
of cortex. The width of the fat layer was set equal to 15 mm. A previous study [9] showed
comparable asymmetric ablation profiles for different widths of the fat layer (15, 10, and
5 mm). The width of the medulla and the inner layer of cortex represent a realistic margin
between the two functional adrenal tissues [12-14]. The width of the outer layer of cortex
was set at 7 mm to minimize the impact of the exterior boundaries. Figure 1B shows a
three-dimension model used to study the influence of the orientation of the MW applicator
on the ablation profiles at 5.8 GHz. The dimensions of the model and the orientations of the
MW applicator with respect to the cortex-fat interface are consistent with those reported
in [9].

Table 1 lists the dielectric and thermal properties assigned to each layer, representing
the adrenal tissues (i.e., medulla and cortex) and the external fat layer. The values of relative
permittivity and effective conductivity described in [11] were assigned to the adrenal cortex
and medulla. The dielectric properties assigned to the fat tissue and the thermal properties
of each tissue were acquired from [15]. The dielectric properties of air (¢, =1, ¢ =0 S-m~1)
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were assigned as the background material, which is representative of the ex vivo conditions
of the experimental scenario.

Table 1. Tissue dielectric and thermal properties at 25 °C employed in the numerical simulations.
Relative permittivity (¢;) and effective conductivity (¢ (S-m~1)) of cortex and medulla at 5.8 GHz
refer to the mean values of dielectric data reported in [11].

Parameter Fat Cortex Medulla
Relative permittivity, ¢, 8.3 41.2 47.6
Effective conductivity, o (Sm™1) 0.5 42 51
Specific heat capacity, ¢ (k]~m_3-K_1) 2.3 3.6 3.7
Thermal conductivity, k (W-m~LK™1) 0.2 0.5 0.5
Density, p (kg:m~3) 911 1025 1025

The triaxial monopole applicator was placed parallel to the interface between the fat
and the adrenal cortex. The antenna was operated at 30 W and 60 W for 60 s. The applicator
was designed as described in [16]. The overall diameter of the applicator is 2 mm. The
antenna was tuned to radiate at 5.8 GHz by reducing the length of the radiating element to
3 mm.

The minimum requirement of at least 10 cells per wavelength model was upheld.
A total of 3,003,520 tetrahedral meshing cells ranging between 0.2 mm and 3.3 mm in
size discretized the entire planar model. For the 3D model, only the right half side of the
geometry was considered, to reduce the computational load; a total of 34,776,336 meshing
cells ranging between 0.02 mm and 0.5 mm discretized the geometry.

2.1.2. Electromagnetic and Thermal Simulations

The thermal transient solver included in the full-wave electromagnetic software (CST
MWS Suite 2018, Darmstadt, Germany) was used to solve the Helmholtz’s equation,
reported in Equation (1),

V2E — I (er - ]U)E— 0, )
wEep
where E (V-m™!) is the electric field vector, kg (m~1) is the propagation constant in the free
space, w (rad-s~!) is the angular frequency, ¢ is the relative permittivity in free space, e,
and o (S-m™!) are the relative permittivity and the effective conductivity of the tissue.

Constant values of relative permittivity and effective conductivity were used in this
study, because of the lack in models describing temperature-dependent changes in the
dielectric properties occurring at 5.8 GHz.

Then, the distribution of the specific absorption rate (SAR) and the temperature was
calculated according to Equation (2),

@

where |E|? is the intensity of the electric field vector E and p (kg-m~2) is the density of
the tissue. Scattering boundary conditions were applied to the outer boundaries of the
simulation domain.

Once SAR is known, the increase in temperature can be determined solving the bioheat
equation (BHE) described by Equation (3),

aT
pcSp = V-(KVT) +pSAR +pQ — myppycy(T — Ty), ©)

where T (°C) is the temperature, t (s) is the time, c (]-kg’1 °C~1)is the specific heat capacity
of the biological tissue, k (W-°C~!-m™!) is the thermal conductivity, Q (W-kg!) indicates
the metabolic heat generation rate, p;, (kg m~3) is the density of blood, m;-py (s 1) is the
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blood mass perfusion rate, c;, (J-kg~!-°C~1) is the specific heat capacity of the blood, and
Ty (°C) is the temperature of the blood.

The terms indicating the blood perfusion (m,pp,c, (T — Ty)) and the metabolic heat
(pQ) were excluded to better represent the ex vivo experimental conditions.

Convective boundary conditions completed the bioheat equations. The convection
coefficient () was assumed equal to 1000 (W m~2 °C~1) to model forced convection
between the outer surface of the applicator and the surrounding tissue due to the cooling
system. The temperature of the refrigerating water was set at 18 °C. Free convection was
modeled between the outer surface of the tissue model and the surrounding environment
assuming h =5 (W m~2 °C~1). The temperature of the environment was set equal to 20 °C.

Next, a second set of numerical simulations was executed to account for losses in
the water content of the tissue due to vaporization. For these numerical simulations, the
specific heat capacity ¢ (J-kg~!-°C~!) in Equation (3) was modified according to the model
developed by [17] and reported in Equation (4),

, a W

=c——=—, 4
e~ 5T )
where & indicates the water latent heat constant which is equal to 2260 (k]-kg~!) and W is
the percentage of water content. The changes in the water content of the tissue (W) as a
function of the temperature are reported in Equation (5), in agreement with [18]:

0.778- (1 _ eTa’.ié’é) 70°C < T < 100 °C
7.053 — 0.064096-T 100°C < T < 104 °C @)
0.778-¢~ 557 T > 104°C.

Equation (4) combined with Equation (5) describes the variation in the heat specific
capacity linked to the loss of the tissue water content when temperatures exceed 70 °C.
The model was originally developed accounting for the characteristics of the liver and the
percentage of water content at the baseline conditions, which is about 80% of the mass of
the tissue. In this study, the same model was adopted for the adrenal tissues, as a water
content similar to liver is expected (70-76%) [19]. The model was not applied to the fat
tissue which is characterised by a water content approximately four times lower than the
adrenal gland and liver [19].

The derivative of water content (W) of the adrenal tissues as a function of the tem-
perature was reproduced in MATLAB (R2017a, The MathWorks, Inc., Natick, MA, USA).
Then, the values of the modified specific heat capacity were obtained for each temperature
included in the range between 25 °C and 200 °C. The sequence of values at the correspond-
ing temperature was loaded in CST MW Studio for both adrenal cortex and medulla. Then,
bi-directional numerical simulations were enabled. The bi-directional simulations involved
a continuous update of the heat specific capacity of the tissue with the temperature reached
at a specific time. Thus, the temperature increment at the next time step was calculated
based on the new value of specific heat capacity calculated at the related temperature. The
update was performed at a time step of 1 s for the entire duration of the signal excitation.

Because of the excessive computational load required for the 3D geometry of the
adrenal gland, the vaporization model was considered only for the simplified geometry.
The values obtained from each simulation were exported and analyzed in MATLAB.

For this study, standard simulations required approximately 7 h as compared with
19 h for the dynamic simulations, using the CST MWS Suite 2018 on an Intel® Core™ i7@
4 GHz with 16 GB RAM.

2.2. Experimental Study

The experimental study was conducted in porcine adrenal glands (n = 6) of
26.2 + 1.0 (length), 15.3 & 1.0 mm (width), 3.4 & 1 mm (thickness), which were obtained
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from an abattoir. Values of relative permittivity and effective conductivity of the porcine
model are comparable to those reported in sheep at 5.8 GHz [20]. Figure 2 provides
an overview of the experimental setup adopted, along with the schematization of each
component included in the setup. The applicator was positioned on the surface of the
adrenal sample and covered by the surrounding fat layer. A signal generator (HP 836204,
10 MHz-20 GHz, 15 dBm maximum output power) was used to provide a 10 dBm continu-
ous wave sinusoidal signal at 5.8 GHz. A solid-state microwave amplifier AS0860-100D-,
0.8-6.0 GHz, 47 dB maximum gain (Milmega, Ametek, Ryde, UK) was used to amplify the
signal to 34 W and 68 W, by setting the gain at 75% and 82%, respectively. The two different
gains selected at the amplifier accounted for the power losses along to cable. Thus, the two
values for power gain provided the required levels of power (30 W and 60 W) at the feed of
the antenna. Water at a temperature of 17.2 &+ 3.3 °C was circulated through the applicator
by a peristaltic pump (Cool-tip RF System, Valleylab, Boulder, CO, USA).

(E)
C0 | Peristaltic pump

Thermal sensor at

Microwave
7/
© Amplifier ®) ‘/’f mm
/ — Thermal sensor at

— m 4 mm

- i Thermal sensor at
Microwave ./-f’—_ R
. . applicator : Fat tissue

T (A) ‘¥ Thermal s?nsor at
7 mm
AVAVAV

Feed-point

)
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Figure 2. Setup adopted for the experimental validation of the computational results (top) and
related schematization (bottom). The setup includes the microwave applicator (A) placed in the
tissue (B) and powered for 60 s at the input power provided by the microwave amplifier (C) which
amplifies the signal at the designed operating frequency (D); a peristaltic pump (E) connected to the
inflow and outflow tubes of the refrigerating system integrated in the applicator; four fiber optic
sensors connected to a laptop (F) to acquire values of temperature at 0.1 s time step.

For each experiment, the temperature was monitored using four fiber optic sensors
(Neoptix Inc., Québec, CA, USA). The fiber optic sensors were placed at a radial distance of
approximately 4 mm and 7 mm from the antenna feed both in the adrenal tissue and fat
tissue. These distances were selected in order to consider the increase in the temperature
caused by the direct heating in proximity to the antenna (i.e., 4 mm) and the possible effects
of the thermal diffusivity at higher radial distances from the feed (i.e., 7 mm). Because of
the changes undergone by the sample at high temperatures (e.g., tissue contraction [21,22]),
and the movement of the fiber optic sensors in the tissues, a shift in the starting position of
the sensors may occur during the procedure. Table 2 lists the actual positions measured at
the end of the MWA procedure for all the samples used.
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Table 2. Summary of the power and time settings and of actual positions of the fiber optic sensors
with reference to the feed of the antenna for each MWA experimental procedure. The original
positions of the sensors were 4 mm and 7 mm along the radial distance from the axis of the applicator
both in the adrenal tissue and surrounding fat.

Settings Sensors Sensors
Actual Position 1 Actual Position 2
Sample
# Power Time Fat Adrenal Fat Adrenal
W) (s) Gland Gland
1 30 60 4 mm 5mm 7 mm 7 mm
2 30 60 4 mm 4 mm 6 mm 6 mm
3 30 60 5mm 6 mm 8 mm 6 mm
4 60 60 3 mm 4 mm 6 mm 6 mm
5 60 60 4 mm 4 mm 7 mm 6 mm
6 60 60 5mm 5 mm 8 mm 8 mm

For each combination of power and time setting (30 W—60 s and 60 W60 s), ablation
experiments were performed three times on a total of six samples.

3. Results and Discussion
3.1. Numerical Study

Figure 3 shows the distributions of SAR (first row) and temperature (second row)
achieved in the simplified model at 30 W (A-D) and 60 W (E-H) for 60 s. Figures 4 and 5
show the distributions of SAR (first row) and temperature (second row) obtained at
30 W-60 s and 60 W-60 s. The figures refer to the two different orientations of the an-
tenna with respect to the interface between adrenal tissue and fat layer (Figure 1B). SAR
and thermal distributions are provided for the axial and coronal planes. SAR values are
normalized to the maximum and expressed in decibels (dB).

. y/(mm)
Normalised SAR (dB)

T(C)

0
x (mm) x (mm) x (mm) x (mm)

Figure 3. Maps of SAR: (A,E) (xy—plane); (B,F) (xz-plane) and maps of temperature: (C,G) (xy—plane);
(D,H) (xz—plane), obtained in simplified model at 30 W and 60 W at 5.8 GHz. The applicator is aligned
at the interface between fat and adrenal gland (Figure 1A). The longitudinal axis of the applicator is
parallel to the y—axis.
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Figure 4. Maps of SAR: (A,E) axial plane (xz—-plane); (B,F) coronal plane (xy-plane) and maps of
temperature (C,G) axial plane (xz—plane); (D,H) coronal plane (xy—plane), obtained in the 3D model
at 30 W and 60 W at 5.8 GHz. The applicator is aligned at the interface between fat and adrenal gland
orientating the longitudinal axis parallel to the z-axis of the reference system (Figure 1B Orientation
#1). Axial plane (xz—plane) and coronal plane (xy—plane) are indicated with reference to the axis of
the antenna.

. y(mm)
Normalised SAR (dB)

v (mm)

x (mm) x (mm) x (mm) x (mm)

Figure 5. Maps of SAR: (A,E) axial plane (xy—plane); (B,F) coronal plane (xz—plane) and maps of
temperature (C,G) axial plane (xy—plane); (D,H) coronal plane (xz—plane), obtained in the 3D model
at 30 W and 60 W at 5.8 GHz. The applicator is aligned at the interface between fat and adrenal
gland orientating the longitudinal axis parallel to the y-axis of the reference system (Figure 1B
Orientation #2). Frontal plane (xy—plane) and coronal plane (xz—plane) are indicated with reference
to the longitudinal axis of the antenna.

Figures 3-5 (first row) show that the SAR values higher than —20 dB are distributed
over larger areas of the adrenal tissues as compared with fat. Thus, a difference in the
absorption of the electromagnetic power between fat and adrenal tissues can be observed.
As already observed in [7-9], the difference in the absorbed electromagnetic power between
the two tissues results in asymmetric ablation profiles delineated by the isothermal contour
at 55 °C (Figures 3-5 (second row)).
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The extent of the ablation zones achieved in each tissue and for each setting are
reported in Table 3. The influence of the higher values of effective conductivity both for
adrenal gland (0¢ortex= 4.2 S-m~1) and fat (0far =05 S-m~1) at 5.8 GHz as compared with
the values at 2.45 GHz [9] (0cortex = 1.6 Sm~L Ofar= 0.1 S-m’l) is visible. The higher
contrast in effective conductivity (0cortex — Opat = 3.7 S-m~1) at 5.8 GHz results in higher
heating rate as compared with those achieved at 2.45 GHz [9], using the same power
and time settings. As a result, most of the electromagnetic field is absorbed close to the
applicator, limiting the propagation of the field through the tissue. This result is linked
to the difference in the penetration depth of the electric field which is lower at 5.8 GHz
as compared with 2.45 GHz [23]. Asymmetric ablation profiles are visible, particularly in
the case of low input power. In the simplified model, the ablation zones in the fat along
the radial and longitudinal dimensions are 55% and 47% (30 W) and 30% and 25% (60 W)
smaller, respectively, than in adrenal gland. In the 3D model, the radial extents of the
ablation zone obtained at 30 W in the fat tissue are 38% and 44% smaller than in the adrenal
gland for Orientation #1 and Orientation #2, respectively. At 60 W the ablation zone in fat
becomes larger as compared with the case of low energy dose, but it is still 30% smaller
than in the adrenal gland for both orientations.

Table 3 highlights similar dimensions in the ablation zone between the two orientations,
especially along the radial direction. The main difference between the two orientations
is observed in the longitudinal dimensions which are approximately 25% smaller in the
adrenal gland for Orientation #1 as compared with Orientation #2. This difference is linked
to the difference in the geometrical characteristics of the two tissues, depending on the
orientation of the MW applicator, as already observed at 2.45 GHz [9]. Overall, it should be
noted that the 3D geometry has a smaller impact on the growth of the ablation zones as
compared with 2.45 GHz [9].

Table 3. Radial and longitudinal extents calculated at 30 W (first line) and at 60 W (second line) in the
simplified geometry and in the 3D model, in the case of 5.8 GHz. The radial and the longitudinal
dimensions of ablation zones measured experimentally are reported in terms of mean and standard
deviation for each power and time setting considered.

Settings Simplified 3D Model 3D Model Experimental
& Model Orientation #1 Orientation #2 P
Fat Adrenal Gland Fat Adrenal Gland Fat Adrenal Gland Adrenal Gland

p t (mm) (mm) (mm) (mm) (mm) (mm) (mm)
W (s)
W) R L R L R L R L R L R L R L
30 60 4 8 9 15 5 11 8 11 5 9 9 16 8+2 10+£2
60 60 7 15 10 20 7 17 10 15 7 14 10 20 942 134+2

The numerical results show that fat can provide a shielding effect on the ablation zone
at 5.8 GHz. This effect was observed for both input powers, 30 W and 60 W. As already
observed in the previous study [9], the setting at low input power allows for better control
of the increase in temperature in both tissues. It is conceivable that low input power in
combination with relatively short durations (60 s) helps to mitigate the effect of the heat
transfer due to thermal conduction and yields ablation zones of smaller diameter. This
effect is evident in fat, where the ablation zone is confined within 5 mm from the axis
of the applicator. An ablation zone not exceeding 5 mm diameter in fat is desirable to
protect the anatomical structures surrounding the adrenal glands from the risk of thermal
damage. These sensitive anatomical structures including the inferior vena cava, abdominal
aorta, diaphragm, and liver are a distance of 10-30 mm from the external surface of the
periadrenal fat capsule, which is approximately 10-15 mm in thickness [24-26].

In addition, an improvement in the sphericity of the ablation profile can be noted
in the adrenal tissue at 5.8 GHz both at 30 W and 60 W as compared with the ablation
profiles achieved at 2.45 GHz [5]. The triaxial structure of the MW applicator used in
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this study partially enhances the ablation profile. The third metallic axis limits the effect
of the backward currents flowing along the feedline of the applicator. However, the
highest contribution in the sphericity of the ablation zone derives from the higher operating
frequency used. An increase in the operating frequency requires a radiating element of
shorter length [24,25]. Furthermore, at 5.8 GHz, the wavelength in the adrenal and fat
tissues is 8 mm and 18 mm as compared with 18 mm and 41 mm at 2.45 GHz. Because of
the shorter wavelength, at 5.8 GHz, the size of the meshing cells decreases by a factor of 10
as compared with 2.45 GHz. Thus, the geometry within each cell can be locally assumed as
planar. As already observed, the 3D geometry has a smaller influence on the shape and size
of the ablation zone as compared with the scenario at 2.45 GHz. Given that, the simplified
model can be assumed to be a good representation of the tissue target, the advantages of
the planar model as compared with the 3D model are: (1) the reduced computational load
and (2) the negligible difference in the results between the two models. In particular, the
multilayered geometry was used for investigating the influence of water vaporization on
the ablation zone.

Vaporization phenomena are linked to the high temperatures reached in the adrenal
tissue, due to the faster interactions between the electromagnetic field and the tissue
at 5.8 GHz. Thus, water vaporization is more influential at 5.8 GHz as compared with
2.45 GHz and needs to be considered in the numerical models. These numerical results are
discussed along with the experimental data in the next sections.

3.2. Experimental Ex Vivo Assessment
3.2.1. Ablation Zone and Temperature Increments

A total of six MWA procedures were carried out on six (1 = 6) ex vivo porcine adrenal
glands. Three adrenal glands were used for each setting, i.e., 30 W—60 s and 60 W-60 s.

Figure 6 shows an example of the ablation zone obtained in the adrenal gland. The
MW applicator was placed at the interface between the adrenal gland and the external
fat layer to apply the ‘side firing” approach. The ablation zone was evaluated by visual
inspection on the surface of the adrenal cortex. Dark-colored areas delineated the ablation
zones at 5.8 GHz instead of the whitening effect observed in the ablated area at 2.45 GHz [9].
This difference confirms the effect of the higher temperatures occurring in proximity to the
applicator in the case of a higher operating frequency [4].

Ablation zone

Figure 6. Section of the ablation zone obtained ex vivo in a porcine adrenal gland: The triaxial
monopole MW applicator is placed on the surface of the gland and covered by fat, then it is excited at
5.8 GHz. The ablation zone in adrenal gland is marked (not visible in fat).

Table 3 reports the mean and standard deviation values of the radial and longitudinal
dimensions of the ablation zone. The two dimensions were measured on each adrenal
gland at the end of the procedure (60 s). The radial dimensions correlated with the radial
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values predicted by the numerical simulations in both adrenal models (planar and 3D) and
for both input power levels (30 W and 60 W). The highest discrepancy was observed in the
longitudinal dimensions. Visibly shorter ablation zones were observed in the experimental
assessment as compared with the numerical findings. Thus, more spherical ablation zones
were found in the experimental test. A similar finding was also observed at 2.45 GHz [13].
This discrepancy can be attributed to multiple factors including the actual shape of the sam-
ple, the changes in the structure of the tissue due to high temperatures, and the assumptions
made about the tissue properties and their changes during the heating [21,22,27,28].

A recurrent swelling of the tissue was observed during the MWA procedures at
5.8 GHz, but not at 2.45 GHz [14]. This effect is likely linked to the high temperatures
reached and the consequent increase in pressure developed inside the tissue due to vapor-
ization [29].

3.2.2. Effect of the Water Vaporization on Temperature Increments

Figure 7 shows the temperature values acquired experimentally in the adrenal gland
and fat. The experimental values align well with the actual positions of the thermal
sensors in the tissue, as reported in Table 2. The temperatures refer to two power levels,
30 W (A) and 60 W (B), and to two time steps, 30 s and 60 s. The curves of temperature
derive from two different numerical scenarios: (1) without considering the effect of the
vaporization model and (2) accounting for the vaporization phenomena. The experimental
and numerical results are b oth expressed as a function of the radial distance from the
longitudinal axis of the MW applicator.

-10
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Figure 7. Numerical and experimental values of temperature along the radial distance from the MW
antenna axis (applicator) both in the fat and the adrenal gland at 30 s and 60 s for 30 W (A) and 60 W
(B). Numerical values include the temperature obtained using the standard BHE (dot lines) and the
BHE modified to account for the effect of water vaporization (solid lines). Horizontal line highlights
the temperature threshold at 55 °C.

Figure 8 compares the experimental and numerical temperature increments as a
function of time. In one case, the effect of water vaporization was neglected (A,C), and in
the other case, the water vaporization was considered (B,D). Numerical and experimental
values refer to 30 W (A,B) and at 60 W (C,D). Two different distances from the antenna
feed were considered (4 mm and 7 mm), according to the starting positions of the thermal
sensors. The mean values and standard deviation of the experimental measurements
were reported.

Figures 7 and 8 show good correlations between the experimental and the numerical
results, when the effect of vaporization is considered. The absence of water vaporization
in the numerical simulations results in unrealistically high temperatures in proximity
to the MW applicator. At 30 W, the temperature exceeds 120 °C after 30 s (Figure 7A).
At 60 W, temperatures higher than 250 °C are observed after 30 s (Figure 7B). These
results show that the standard BHE is not capable of accurately predicting the increase
in temperature observed experimentally. This limitation results in a high discrepancy
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between the numerical and experimental data (Figure 8A,C). At 4 mm from the applicator,
the measured values differ from the numerical findings by approximately 48 °C at 30 W
(Figure 8A) and 137 °C at 60 W (Figure 8C). Further from the applicator (7 mm), the
difference between the numerical and experimental data is within the standard deviation
of the experimental data.
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Figure 8. Comparison between the numerical results (solid lines) obtained in the case of standard
BHE (A,B) and implementing the model of water vaporization (C,D). The increments of temperature
were considered for two input powers: 30 W (A,B) and 60 W (C,D) and at distances from the MW
applicator equal to 4 mm and 7 mm. Mean and standard deviation of the temperature values
measured with fiber optic sensors were also reported (markers).

Implementing the vaporization model, the maximum temperature reached is approx-
imately 100 °C, which was observed in the case of the highest power and at the closest
distance from the applicator (Figure 8D). The modified specific heat capacity described by
Equation (4) accounts for the energy (i.e., heat) required to allow the water phase transition
from liquid to vapor. As a consequence, this energy does not contribute to the increase in
temperature in the tissue. It is worth noting that the radial dimensions of the area delimited
by isothermal contour at 55 °C in the adrenal gland (Figure 7) differ less than 0.5 mm
between the two numerical scenarios. This small variation is nearly unchanged both at
30 W and 60 W.

Overall, the vaporization model has a negligible impact on the final extent of the
ablation zones for the settings considered. Instead, water vaporization shows a sizable
impact on the maximum temperature reached at the end of the MWA procedure.

The model of water vaporization influences not only the maximum temperature
achieved, but also the trend of an increase in temperature over time, especially at small
distances from the applicator. At 4 mm from the antenna and at 30 W, the temperature
increases with an approximately linear slope of 4 °C-s~! for the first 20 s for both numerical
models. From 20 s onwards, the temperature in the case of the standard BHE continues to
increase steadily at a rate of approximately 3 °C-s~! (Figure 8A). In the case of modified
BHE, temperature elevations slow to a rate of approximately 1 °C-s~! for the next 10 s and a
slower rate of 0.1 °C-s~! from 10 s to 60 s (Figure 8B). At the same distance (4 mm) from the
applicator and at 60 W, the approximately linear slope at which the temperature increases
is 7 °C-s~1. This rate is similar between the two models (i.e., standard BHE and modified
BHE) for the first 10 s only. When the vaporization model is considered, the increment
in temperature slows to 3 °C-s~! between 10 s and 35 s. Then, such a slope rate becomes
much slower (0.08 °C-s~1) up to the end of the procedure. It can be also observed that at a
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further distance from the applicator (7 mm), the water vaporization is less influential due
to the lower temperatures reached as compared with the 4 mm distance.

In summary, on the one hand, the results of this study show that the water vaporization
model has a high impact on the maximum temperature reached at the end of the MWA,
especially in proximity to the applicator. The same model also influences the trend of
a temperature increase with time. On the other hand, the vaporization model shows
a negligible effect on the extent of the ablation zone, for the power and time settings
considered (Figure 7). Finally, it is worth noting that a dynamic simulation requires a
higher computational load as compared with standard numerical simulations.

4. Conclusions

This study investigates the effect of MWA operating at 5.8 GHz on the ability of the
fat layer to shield the electromagnetic energy and create asymmetric ablation zones in the
adrenal gland.

The results of the study show that the ‘side firing” approach is capable of creating
asymmetric ablation zones at 2.45 GHz as shown in the previous studies, and also at
5.8 GHz, using consistent power and time settings.

Because of the higher value in effective conductivity of the adrenal cortex at 5.8 GHz
as compared with 2.45 GHz, a faster deposition of the electromagnetic energy in the tissue
is expected. The results of this study show that the faster interaction between the tissue
and the electric field helps to achieve larger ablation zones. These ablation zones are able
to cover adreno-cortical adenomas of 10 mm minimum diameter.

Finally, in this study, we show that the unrealistically high temperatures observed
in the tissue during the ablation can be compensated, accounting for the vaporization
of the tissue water content in the numerical studies. This is particularly true when the
temperatures exceed 70 °C. In addition, the vaporization model has no sizable influence on
the prediction of the extent of the ablation zone.

Author Contributions: Conceptualization, A.B. and L.F.,; methodology, A.B., L.F. and C.B.; software,
A.B.; validation, L.F. and M.O.; formal analysis, A.B. and L.E,; investigation, A.B.; resources, M.O.
and C.B.; data curation, A.B. and L.F; writing—original draft preparation, A.B.; writing—review
and editing, L.E.,, C.B. and M.O,; visualization, A.B. and L.F,; supervision, L.F. and C.B.; project
administration, L.F. and M.O.; funding acquisition, A.B. and M.O. All authors have read and agreed
to the published version of the manuscript.

Funding: The research leading to these results has received funding from the European Research
Council under the European Union’s Horizon 2020 Programme (H2020)/ERC grant agreement
No. 637780. This work is supported by COST Action MyWAVE CA17115 with an STSM grant
CA17115-46630 entitled “Experimental evaluation of the fat boundaries during the microwave
thermal ablation performed at 5.8 GHz".

Data Availability Statement: All data are included in the article.

Acknowledgments: The authors acknowledge Jim White (University of Wisconsin-Madison) for his
essential technical support.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

1. Zheng, L.; Zhou, F; Yu, X;; Liang, P.; Cheng, Z.; Han, Z; Yu, ].; Liu, F.; Wang, W. Hypertensive Crisis during Microwave Ablation
of Adrenal Neoplasms: A Retrospective Analysis of Predictive Factors. J. Vasc. Interv. Radiol. 2019, 30, 1343-1350. [CrossRef]

[PubMed]

2. Wolf, EJ.; Dupuy, D.; Machan, J.; Mayo-Smith, WW. Adrenal neoplasms: Effectiveness and safety of CT-guided ablation of
23 tumors in 22 patients. Eur. J. Radiol. 2012, 81, 1717-1723. [CrossRef] [PubMed]

3. Ren, C;Liang, P; Yu, X.-L.; Cheng, Z.-G.; Han, Z.-Y.; Yu, J. Percutaneous microwave ablation of adrenal tumours under ultrasound
guidance in 33 patients with 35 tumours: A single-centre experience. Int. J. Hyperth. 2016, 32, 517-523. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jvir.2019.01.016
http://www.ncbi.nlm.nih.gov/pubmed/31155498
http://doi.org/10.1016/j.ejrad.2011.04.054
http://www.ncbi.nlm.nih.gov/pubmed/21636231
http://doi.org/10.3109/02656736.2016.1164905
http://www.ncbi.nlm.nih.gov/pubmed/27145838

Sensors 2022, 22,9320 13 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Fallahi, H.; Clausing, D.; Shahzad, A.; O'Halloran, M.; Dennedy, M.C.; Prakash, P. Microwave antennas for thermal ablation of
benign adrenal adenomas. Biomed. Phys. Eng. Express 2019, 5, 025044. [CrossRef]

McWilliams, B.C.; Schnell, E.E.; Curto, S.; Fahrbach, T.M.; Prakash, P. A Directional Interstitial Antenna for Microwave Tissue
Ablation: Theoretical and Experimental Investigation. IEEE Trans. Biomed. Eng. 2015, 62, 2144-2150. [CrossRef]

Sebek, J.; Curto, S.; Bortel, R.; Prakash, P. Analysis of minimally invasive directional antennas for microwave tissue ablation. Int.
J. Hyperth. 2016, 33, 51-60. [CrossRef]

Ruvio, G.; Eaton-Evans, J.; Shahzad, A.; O’'Halloran, M. Numerical evaluation of microwave thermal ablation to treat small
adrenocortical masses. Int. J. RF Microw. Comput. Eng. 2018, 28, 1-8. [CrossRef]

Bottiglieri, A.; Ruvio, G.; O’'Halloran, M.; Farina, L. Exploiting Tissue Dielectric Properties to Shape Microwave Thermal Ablation
Zones. Sensors 2020, 20, 3960. [CrossRef]

Bottiglieri, A.; O’'Halloran, M.; Ruvio, G.; Farina, L. Management of adreno-cortical adenomas using microwave ablation: Study
of the effects of the fat tissue. Int. J. Hyperth. 2022, 39, 1179-1194. [CrossRef]

Shahzad, A.; Clausing, D.; Prakash, P.; Dennedy, M.C.; O’Halloran, M. Broadband dielectric properties of adrenal gland for
accurate anatomical modelling in medical applications. In Proceedings of the 2017 International Conference on Electromagnetics
in Advanced Applications (ICEAA), Verona, Italy, 11-15 September 2017; pp. 1465-1468. [CrossRef]

Bottiglieri, A.; Shahzad, A.; Donlon, P; Dennedy, M.C.; Lowery, A.; O’'Halloran, M.; Farina, L. Dielectric Characterization of Ex
Vivo Ovine and Human Adrenal Glands for Microwave Thermal Ablation Applications. IEEE |. Electromagn. RF Microw. Med.
Biol. 2021, 5, 254-261. [CrossRef]

Mendiratta-Lala, M.; Avram, A.; Turcu, A.F.; Dunnick, N.R. Adrenal Imaging. Endocrinol. Metab. Clin. N. Am. 2017, 46, 741-759.
[CrossRef] [PubMed]

McCarthy, C.J.; McDermott, S.; Blake, M.A. Adrenal Imaging: Magnetic Resonance Imaging and Computed Tomography. Front.
Horm. Res. 2016, 45, 55-69. [PubMed]

Allen, B.C,; Francis, I.R. Adrenal Imaging and Intervention. Radiol. Clin. N. Am. 2015, 53, 1021-1035. [CrossRef] [PubMed]
Hasgall, P.A.; Neufeld, E.; Gosselin, M.C.; Klingenbock, A.; Kuster, N.; Kuster, N.; Hasgall, P.; Gosselin, M. IT’IS Database for
Thermal and Electromagnetic Parameters of Biological Tissues. 2018. Available online: https:/ /itis.swiss/virtual-population/
tissue-properties /database (accessed on 19 October 2019).

Farina, L.; De Marco, A.].; Bottiglieri, A.; Ruvio, G.; Eaton-Evans, J.; Dennedy, M.C.; Elahi, A.M.; Ohalloran, M. Microwave
Ablation Antenna for Functional Adenomas in the Adrenal Gland. In Proceedings of the 2019 Photonlcs & Electromagnetics
Research Symposium—Spring (PIERS-Spring), Rome, Italy, 17-20 June 2019; pp. 1943-1948.

Yang, D.; Converse, M.C.; Mahvi, D.M.; Webster, ].G. Expanding the Bioheat Equation to Include Tissue Internal Water Evaporation
During Heating. IEEE Trans. Biomed. Eng. 2007, 54, 1382-1388. [CrossRef]

Cavagnaro, M.; Pinto, R.; Lopresto, V. Numerical models to evaluate the temperature increase induced by ex vivo microwave
thermal ablation. Phys. Med. Biol. 2015, 60, 3287-3311. [CrossRef]

Mcintosh, R.L.; Anderson, V. A Comprehensive Tissue Properties Database Provided for the Thermal Assessment of a Human at
Rest. Biophys. Rev. Lett. 2010, 5, 129-151. [CrossRef]

Peyman, A.; Gabriel, C. Dielectric properties of porcine glands, gonads and body fluids. Phys. Med. Biol. 2012, 57, 339-344.
[CrossRef]

Liu, D.; Brace, C. Numerical simulation of microwave ablation incorporating tissue contraction based on thermal dose. Phys. Med.
Boil. 2017, 62, 2070-2086. [CrossRef]

Farina, L.; Weiss, N.; Nissenbaum, Y.; Cavagnaro, M.; Lopresto, V.; Pinto, R.; Tosoratti, N.; Amabile, C.; Cassarino, S.; Goldberg,
S.N. Characterisation of tissue shrinkage during microwave thermal ablation. Int. ]. Hyperth. 2014, 30, 419-428. [CrossRef]

Lin, J.C. Electromagnetic Fields in Biological Systems; CRC Press: Boca Raton, FL, USA, 2012.

Moore, K.L.; Dalley, A.E; Agur, AM.R. Clinically Oriented Anatomy, 8th ed.; Wolters Kluwer: Philadelphia, PA, USA, 2018.
Pearlstein, S.S.; Kuo, J.H.; Chabot, ]J.A; Lee, J.A. Periadrenal Volume is a Better Predictor of Prolonged Operative Time in
Laparoscopic Retroperitoneal Adrenalectomy than BMI. World J. Surg. 2019, 44, 578-584. [CrossRef]

Agcaoglu, O.; Sahin, D.A; Siperstein, A.; Berber, E. Selection algorithm for posterior versus lateral approach in laparoscopic
adrenalectomy. Surgery 2012, 151, 731-735. [CrossRef] [PubMed]

Tehrani, M.H.H.; Soltani, M.; Kashkooli, EM.; Raahemifar, K. Use of microwave ablation for thermal treatment of solid tumors
with different shapes and sizes—A computational approach. PLoS ONE 2020, 15, e0233219. [CrossRef] [PubMed]

Park, C.S,; Liu, C.; Hall, S.K,; Payne, S.J. A thermoelastic deformation model of tissue contraction during thermal ablation. Int. .
Hyperth. 2018, 34, 221-228. [CrossRef] [PubMed]

Nguyen, D.T; Zipse, M.; Borne, R.T.; Zheng, L.; Tzou, W.S.; Sauer, W.H. Use of Tissue Electric and Ultrasound Characteristics to
Predict and Prevent Steam-Generated Cavitation During High-Power Radiofrequency Ablation. JACC Clin. Electrophysiol. 2018, 4,
491-500. [CrossRef]


http://doi.org/10.1088/2057-1976/ab068b
http://doi.org/10.1109/TBME.2015.2413672
http://doi.org/10.1080/02656736.2016.1195519
http://doi.org/10.1002/mmce.21236
http://doi.org/10.3390/s20143960
http://doi.org/10.1080/02656736.2022.2114611
http://doi.org/10.1109/iceaa.2017.8065558
http://doi.org/10.1109/JERM.2021.3052108
http://doi.org/10.1016/j.ecl.2017.04.009
http://www.ncbi.nlm.nih.gov/pubmed/28760236
http://www.ncbi.nlm.nih.gov/pubmed/27003562
http://doi.org/10.1016/j.rcl.2015.05.004
http://www.ncbi.nlm.nih.gov/pubmed/26321451
https://itis.swiss/virtual-population/tissue-properties/database
https://itis.swiss/virtual-population/tissue-properties/database
http://doi.org/10.1109/TBME.2007.890740
http://doi.org/10.1088/0031-9155/60/8/3287
http://doi.org/10.1142/S1793048010001184
http://doi.org/10.1088/0031-9155/57/19/N339
http://doi.org/10.1088/1361-6560/aa5de4
http://doi.org/10.3109/02656736.2014.957250
http://doi.org/10.1007/s00268-019-05324-0
http://doi.org/10.1016/j.surg.2011.12.010
http://www.ncbi.nlm.nih.gov/pubmed/22261293
http://doi.org/10.1371/journal.pone.0233219
http://www.ncbi.nlm.nih.gov/pubmed/32542034
http://doi.org/10.1080/02656736.2017.1335441
http://www.ncbi.nlm.nih.gov/pubmed/28545303
http://doi.org/10.1016/j.jacep.2017.10.003

	Introduction 
	Materials and Methods 
	Numerical Study 
	Geometrical Models 
	Electromagnetic and Thermal Simulations 

	Experimental Study 

	Results and Discussion 
	Numerical Study 
	Experimental Ex Vivo Assessment 
	Ablation Zone and Temperature Increments 
	Effect of the Water Vaporization on Temperature Increments 


	Conclusions 
	References

