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Hepatic cancer is one of the leading causes of death of people around the world. Possible
treatments for hepatic cancers are surgical operation, chemical treatment, cryoablation,
radiation therapy, and radio-frequency (RF) ablation. Currently, surgical resection is the
treatment of choice for both well-localized primary and metastatic hepatic malignancies.
However, the majority of the patients are not candidates for surgical resection due to
certain restrictions. Radio-frequency (RF) ablation has been recently introduced and has
proved to be an effective cure for primary hepatic cancer where the tumors found are still
small (< 3 cm in diameter. Microwave (MW) ablation method offer a potentially superior
method for curing cancer as MW ablation results in a much larger zone of active heating
than RF ablation. This study presents analyses of triple-antenna configurations and
designs for microwave hepatic ablation. Using multiple antennas offers a potential solution
for creating lesions with larger dimensions as well as varied geometrical shapes. We
performed both three-dimensional finite element analyses and in vitro experiments using

three identical open-tip microwave antennas simultaneously, placing them in three types of

"

configurations—"array”, “triangular”’, and “orthogonal” arrangements. The results illustrate
that arranging antennas in the “orthogonal” pattern destroyed more unwanted tissues than
those found when using “array” and “triangular” arrangements, with maximum lesion width
and depth of 45 mm, and 80 mm, respectively, and lesion volume of 30.2 cm3. In
addition, using non-identical triple-antennas caused variations in lesion characteristics.
Keywords: microwave ablation, finite element analysis, hepatic ablation, bio-heat

equation, triple-antenna



1. Jaauszaed

1.1 Create a finite element method (FEM) computer model for MW ablation that will
predict overall unit performance. We will perform parametric studies of the effects
that influence the extent of lesion formation, such as blood flow, specific absorption
rate (SAR), temperature setting, power, and application duration.

1.2 Construct a simplified MW probe and test several vital parameters include ablation
time, required energy, extent of the lesion formed, etc. We will perform ex vivo
experiments using bovine and swine tissues.

1.3 Design new MW probe designs using FEM and ex vivo experiments

2. NNIVDIITWHIVE

Hepatic cancer is one of the leading causes of death, especially in Southeast Asia [1]. Two

types of hepatic cancer are commonly found—primary and metastatic malignancies.
Primary hepatic cancer can potentially be cured if it is discovered in early stages while
metastatic hepatic cancer can rarely be treated. Possible treatments for primary hepatic
cancers are surgical operation, chemical treatment, cryoablation, radiation therapy, and
radio-frequency (RF) ablation [2]. Currently, surgical resection is the treatment of choice for
both well-localized primary and metastatic hepatic malignancies [3]. However, the maijority
of the patients are not candidates for surgical resection due to restrictions, such as
multifocal disease, tumor size, location of tumor to key vessels, or coagulopathies.
Chemical treatment, where adequate chemical injection is administered into artery
supplying cancer tissues, and radiation therapy are mostly used to temporarily relieve the
symptoms [2]. A combination of the above methods has also been used for treatment of
hepatic cancer to improve the degree of success [4].

RF ablation has been recently introduced and has proved to be an effective cure for
primary hepatic cancer where the tumors found are still small (< 3 cm in diameter) [2],
[5]1—[7]. In RF ablation, electric current at frequencies between 350—500 kHz is passed into
cancer cells via an electrode placed inside the tumor. The electric energy generates Joule
heat which then conducts into surrounding tissues. Elevating temperature of unwanted
tissues to a level above 50 °C can effectively kill cancer cells [8], [9]. RF ablation is much

less invasive compared to surgical resection as only a small incision is required for



insertion of ultrasound-guided RF probe. Thus RF ablation reduces risks of side effects and
requires less recovery period for patients.

Commonly reported disadvantages in RF ablation technique include difficulty in
treating large tumors—that is, those exceeding 3 cm in diameter [10]; the potential for
incomplete RF tumor ablation near blood vessels because of the heat sink effect of local
blood flow [11], [12], difficulty in obtaining sonographic images of RF lesions; and evidence
of surviving tumor cells, even within RF lesions [2], [6]. Treatment of large tumors by
performing sequential RF ablations can be time consuming to adequately ensure total
overlapping coverage of the ablation zones [2], [7], [13]. Proposed modifications of the
conventional RF ablation technique to increase lesion dimensions include injecting cool
saline at the distal end of the probes to reduce overheating at regions in close proximity to
avoid a sudden increase in impedance, using multiple tines which can increase effective

heating area, and the use of multiple RF probes to achieve larger coagulation volumes than

those possible with a single probe [14]—[17].

Microwave (MW) ablation method is another alternative for curing cancer and is
emerging as a new treatment option for patients with unresectable hepatic malignancies
[13], [18]. Similar to RF ablation, MW current is passed to cancer tissues typically via an
antenna which causes generation of Joule heat to selective targeted areas. However, the
zone of active tissue heating from RF probe is limited to a few millimeters surrounding the
active electrode, with the remainder of the ablation zone being heated via thermal
conduction [2]. Owing to the much broader field of power density of the electromagnetic
field in MW ablation (up to 2 cm surrounding the antenna [2], [7]), MW ablation results in a
much larger zone of active heating than RF ablation. In addition, manipulating the designs
of MW antenna has a greater effect on electromagnetic field distributions which in turn
govern the temperature distributions found in unwanted tissue. RF ablation is also limited
by the increase in impedance with tissue boiling and charring because water vapor and
char act as electric insulators. Due to the electromagnetic nature of MW, ablations
performed do not seem to be subjected to this limitation, thus allowing the intramural
temperature to be driven considerably higher, resulting in a larger ablation zone within a
shorter ablation duration [2], [7]. Thus, MW ablation offers many of the benefits of RF
ablation but has several theoretical advantages that may result in larger lesion formation,

and improved performance near blood vessels [2].



Several studies on MW ablation have been previously reported over the past

decade. In 1996, Labonté et al. [19] introduced three types of MW antennas—open-tip

monopole  (OTM), dielectric-tip monopole (DTM), and metal-tip monopole

(MTM)y—operating at 2.45 GHz for cardiac ablation. They compared the three antenna
designs using finite element (FE) analysis and found that MTM provided the smoothest

temperature distribution in surrounding tissue. MTM was also found to be well matched at
low frequencies but has a high Sq1 of —5 dB at 2.45 GHz. OTM exhibited the lowest S

(good matching impedance) at 2.45 GHz and its temperature distribution was found to be
relatively smooth.

Saito et al. 2000 [20] used the “MW coagulation therapy (MCT)” system operating
at 245 GHz with two slot antennas. The antennas were placed in parallel (“array”
arrangement) and the power supply was set to 50 W for duration of 90 s, with an optimal
distance between the antennas of 10 mm. They simulated with the Finite Different Time
Domain (FDTD) method and verified the simulation results with in vitro experiment using
porcine liver. From the experimental results, the largest lesion width found was
approximately 3 cm.

The clinically used MW devices show varying sizes of coagulation volume
depending on their geometry: applicators of straight geometry are reported to achieve
coagulation diameters of up to 2.5 cm [21], whereas single loop-antenna applicators were
reported to result in coagulation diameters of up to 3.5 cm [22]. Other notable proposed
MW antenna designs include: cap-choke catheter antenna proposed by Lin et al. [23] for
MW treatment with localized heating of tissue surrounding the distal end of the catheter, the
floating sleeve antenna proposed by Yang et al. [24] where the inclusion of the floating
sleeve could prevent the flow of electromagnetic energy along the coaxial applicator.

Using multiple MW antennas has also been reported to give noticeably larger lesion
formations. In addition to double slot-antennas reported by Saito et al. 2000 [20[, Wright et
al. 2003 reported that using triple-antenna ablation in a triangular array in in vivo
experiments produced synergistically larger ablation lesions than those produced by single
antenna ablation, thus hinting at the more convenient and effective treatment of large
tumors using MW ablation [21]. Additionally, simultaneous triple-antenna ablation results in

qualitatively better lesions, with more uniform coagulation and better performance near



blood vessels. Thus, this study will further investigate triple-antenna MW ablation by varying
the arrangements of the antennas.

Numerical simulation has been used extensively in studies of RF & MW ablation as
it offers a fast and economical way to evaluate new hypothetical designs. Simulations of

three-dimensional (3-D) coupled thermal-electric FE analysis were previously introduced for

RF ablation [25]—[30]. However all previous FE analysis for MW hepatic ablation have

been performed in two dimensions (approximating the geometry of the FE model to be

axisymmetric) [20], [23], [24], [31]—[36]. In this study, we performed 3-D FE analyses of

triple-antenna MW ablation (at 2.45 GHz) as well as in vitro experiments using swine liver

tissue. Three antenna designs—open-tip, slot, and slot with insulating jacket—uwere

initially investigated for use in single antenna ablation (Fig. 1). We then introduced three

”

types of triple-antenna arrangements—array”, “triangular”, and “orthogonal” patterns—by
placing three identical antennas at 10 mm apart in each arrangement configuration. The
resulted temperature distributions were compared after application of 50 W for 60 s. We
also tested triple-antenna arrangements using three non-identical antenna designs in order
to explore the influence of antenna design on temperature distribution of triple-antenna

ablation.

3. 25nmaag

In this study, we first compared the heating characteristics of three single antenna
designs—“open-tip”, “slot”, and “slot with insulating jacket”, after applying power of 50 W for
a duration of 60 s. The structures of these antennas are described in the next section. The
antenna design with the largest lesion formation was then selected for use in the
comparison of (identical) triple-antenna configurations—“parallel’, *“triangular”, and
“orthogonal” patterns. Lastly, we performed triple-antenna MW ablation using three non-
identical antenna designs simultaneously (“mixed” triple-antenna) in order to further explore

more possibilities for varied lesion characteristics.
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TABLE 1
DIMENSIONS OF COMPONENTS OF COAXIAL ANTENNAS

Dimensions (mm)

Companent COA CSA CIA
Inner conductor 0.912 0.912 0.912
Diameter of outer conductor 3.581 3.581 3.581
Diameter of dielectric 2.985 2.985 2.985
Width of slot - 3 3
Length from end to slot - 20 20
Length of open-tip end 20 - -
Thickness of outer insulator - - 1
Overall length of antenna 60 60 60

A. Antenna Designs
The antennas used in the experiment were semi-rigid coaxial cable (RG 402 M17/130-
RG402 Copper Jacket, EMC Technology & Florida RF Labs, Stuart, Florida, USA) having a
diameter of 3.581 mm, and were used with N-type connector. We modified this semi-rigid
coaxial antenna to obtain different antenna designs investigated in this study, which were:

(1) Coaxial Open-tip Antenna (COA): the outer conductor was stripped off from the
distal end of the antenna (20 mm in length) (Fig. 1 (a)).

(2) Coaxial-slot Antenna (CSA): a 3-mm slot centered at 20 mm from the distal end
of the coaxial antenna was cut open (Fig. 1 (b)).

(3) Coaxial-slot Antenna with Insulator (CIA): a 3-mm slot was cut open at the same
fashion as in (2). Similar to Saito et al. 2000 [20], we then covered the slot with
polytetrafluoroethylene (PTFE, Shenzhen Woer Heat-Shrinkable Material Co., Ltd.,

Shenzhen, China), as shown in Fig. 1 (c).
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: Dielectric
E Inner Condumorrrrrr@w-------Ouﬂer conductor |

3 Slot ! Slot

: Dielectric :
: Inner Conductor-— :

20 mm.

(a) COA (b) CSA Short-end (c) CIA Short-end

Fig. 1. Structure of Antenna (a) COA (b) CSA and (c) CIA. For COA, the 20 mm distal end of the
antenna was stripped off, while a 3-mm slot was cut open for CSA, and CIA. CIA has a 1-mm thick

insulating jacket covering the antenna.

Dimensions of the components of these antennas are listed in Table 1. Table 2 lists
the material properties of each component of the antennas [37]. These dimensions and

properties were incorporated in all FE models in this study.

B. Properties of Antennas

The graphical illustration in Fig. 2 shows properties measured from the Bird Site
Analyzer Model SA-6000 EX (Bird Electronic Corporation, Cleveland, Ohio, USA.). We
measured Voltage Standing Wave Ratio (VSWR) values of the antennas in the range of 2.3
GHz to 2.6 GHz which covered our operating frequency of 2.45GHz. All measurements
were performed by inserting each antenna in a 10 cm x 10 cm excised swine liver. From
the results in Fig. 2, all three antenna designs have very low VSWR (1.065, 1.030, and
1.015 for COA, CSA, and CIA, respectively). Antennas with very low VSWR are desirable
because they can drive more energy into tissue. Thus, all three antenna designs can

potentially be used in MW ablation applications. Note that VSWR of CIA is lower than that
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of CSA at all frequencies which indicates that the matching impedance of CIA is better than
that of CSA.
TABLE 2
MATERIAL PROPERTIES USED IN FE MODELS [37].

Properties Value
Piver = Density of liver 1,050 [kg/m’]
Civer = Specific heat of liver 3,700 [J/ kg.K]
P, = Density of blood 1,000 [kg/ m’]
C,; = Specific heat of blood 3,639 [J/ kg.K]
W,, = Blood perfusion rate 3.6x1073 [m’/kg.s]
k = Thermal conductivity of liver 0.56 [S/m]
Oy = electrical conductivity of liver] 1.69 [S/ m]
Ejver = relative permittivity of liver 43.03
E4e = relative permittivity of dielectric 2.03
Eineu = Telative permittivity of insulator 2.6

1 [Online]. Available: http://niremf.ifac.cnr.it/tissprop/

VSWR
Frequency: 2300 MHz - 2600 MHz
& I A — H —
slot slot with insulator open-tip

1

1.175

1.150

1.125

1.100 ~

1.075

VSWR

1.050

1.025 ~

1.000

2300 2350 2400 2450 2500 2550 2600
Frequency {(MHz)
M1:(2450.63, 1.03)

Fig. 2. VSWR characteristics of COA, CSA, and CIA antennas over frequency range of 2300 to 2600
MHz
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C. Bio-heat Equation and FEM

The source of heat transfer in MW ablation is from electromagnetic wave at 2.45 GHz
transmitted into tissues. Joule heating arises when energy dissipated by an electric current
flowing through a conductor is converted into thermal energy. Tissue temperature changes

over time can be predicted by the bio-heat equation [38]:
oT

PC+ Y+ (-KVT) = p,Cot, (T, = T) + Qe + Que M

where Qe = P-SAR @
SAR=2E2 W /kg]

and P )

Table 2 lists definitions of parameters and variables in Eq. [1]—[3]. The energy generated

by metabolic process (Qmet) Was neglected in this study since it was small compared to
other heat sources [26], [29]. Qgyt is external heat source generated by MW energy from

antennas. After delivery of MW energy into tissue, Joule heat is generated which then
conducts into surrounding tissues. Convective cooling from blood flow in blood vessels of
the liver takes away a certain amount of heat from hepatic tissue.

As the geometries of the antennas used in this study were complicated, we utilized
mathematical modeling to solve 3-D bio-heat equation in order to obtain temperature
distributions during MW ablation. FE Modeling is a powerful tool for solving sophisticated
differential equations by dividing domains of interest into small regions, called elements.
Thus, complicated differential equations can be simplified into a set of algebraic equations.
In this study, we employed the 3-D FE method using COMSOL Multiphysics Version 3.4
(COMSOL Inc., Burlington, MA) on a 64-bit Sun Fire V40z Server (2 processors, 8 GB of
RAM). The simulations performed in COMSOL consisted of RF Module and Heat Transfer
(Bioheat Equation) Module. We developed the antenna structure and other geometrical
components with SolidWorks Version 2007 (SolidWorks Corp, Concord, MA) before
exporting them in IGES format into COMSOL Multiphysics 3.4. We assigned boundary
conditions and material properties and then solved the coupled thermal-electromagnetic
problem. The total time for MW energy application was set to 60 s while the power

delivered was set to 50 W for all cases.
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TABLE 3.
NUMBERS OF ELEMENTS FOR EACH FE MODELS

Configuration (elements)
Single COA 27,394
Single CSA 30,451
Single CIA 50,096
Array COA 60,420
Triangular COA 71,789
Orthogonal COA 74,283
Array (CSA+COA+CIA) 78,295
Triangular (CSA+COA+CIA) 85,337
Orthogonal (CSA+COA+CIA) 92,037

Sanw v':iy\i‘w LA~
e AR TN
A N

5
=2
7

Fig. 3. A typical finite element model used in this study consisting of non-uniform mesh. The case shown

above is aray COA.

Fig. 3 shows a non-uniformly meshed 3-D FE model consisting of three antennas
placed in an array pattern within hepatic tissue. The mesh used in our models was finer at
areas surrounding the distal end of antennas and was coarser at locations further away
from the tip of the antennas. The numbers of elements for our three antennas
arrangements were approximately 70,000 elements (Table 3) and the numbers of degrees

of freedom were in the order of 600,000.
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D. Comparison of COA, CSA, and CIA

Before processing to triple-antenna hepatic MW ablation, we first analyzed the
characteristics of lesions formed using three different single antenna designs. The structure
of COA, CSA, and CIA are shown in Fig. 1. We measured VSWR characteristics of the
three single antennas and results are shown in Fig. 2. We then performed FE analyses to

compare lesion formations by applying 50 W to each antenna for 60 s and measured areas

with temperature exceeding 60 °c (where tissue discoloration occurs [20]).

E. Triple-antenna Configurations

We used the optimal antenna design from section Ill (d) for triple-antenna MW
ablation. To study the effect of antenna arrangements and designs, we performed the FE
analyses for the following cases:

1) Array Configuration (array): Three identical antennas A, B, and C, were all placed
on the y-z plane (x=0) in parallel (Fig. 4 (a)). The distance between two adjacent antennas
was 10 mm. The insertion depth of each antenna was 60 mm. The overall geometry of this

case was cylindrical with 100 mm in diameter and 80 mm in height. Temperature

distributions on y-z plane at x =0, on x-y plane at z = 0, and —20 mm were recorded.

2) Triangular Configuration (triangular): Three COA antennas (A, B, and C) were
arranged in a three probe cluster-like configuration parallel to the centrally located z-axis,
forming an equilateral triangle on the cross-sectional plane (Fig. 4 (b)). The spacing
distances between the distal end of antenna A and B, B and C, and A and C were 10 mm.
The insertion depth of all antennas was 60 mm. Similar to Case 1, the overall geometry of

Case 2 was cylindrical with 100 mm diameter and 80 mm height, and temperature
distributions on x-y plane at z=0 and —20 mm were recorded. In addition, we observed

temperature distributions on two additional planes—z-y planes at x = 4.33 mm, and —4.33

mm.
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Fig. 4. Triple-antenna configurations used in this study: (a) array, (b). triangular, and (c). orthogonal

arrangements.

3). Orthogonal Configuration (orthogonal): COA antennas A, B, and C, were all
placed on the y-z plane (x=0) (Fig. 4 (c)). A and C were placed horizontally on the y-z
plane (at z = —20 mm), parallel to the y-axis, while antenna B was placed vertically along

the z-axis. A, B, and C, were arranged so that the distance between distal ends of A and B,
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as well as between B and C, were 10 mm. Similar to the previous cases, the insertion
depth of B was 60 mm. The overall geometry of Case 3 was also cylindrical, with 80 mm

height, and 140 mm diameter. Temperature distributions on y-z plane at x =0, and on x-y

plane at z = 0, and —20 mm were recorded.

Coagulated Region

»

Data Control

After heating  Coagulated Region

Y

Microwave Source
2,450 MHz

MCT System
3 outputs

R
. length

y &

3
3

Coaxial Cable RG-214

Fig. 5. Schematic diagram for in vitro experimental setup consisting of MW source with three outputs for
different antenna arrangements. The swine liver was pre-dissected into smaller pieces in order to aide

lesion dimensions measurements after MW ablation.

F. In vitro Experimental Setup

Fig. 5 shows a diagram for the experimental setup using a 3-output MW source
capable of controlling the energy level of each antenna independently [15]. The MW source
is a magnetron oscillator working at 2450 MHz, with maximum CW output of 250 W. The
setup also consisted of three sets of measurement systems (Wideband power sensor
Model 5012 (350-4000 MHz) ((Bird Electronic Corporation, Cleveland, Ohio, USA)) for
delivering power to each antenna. Each sensor was linked to a PC (Pentium D 2.8 GHz,
Window XP service Pack 2, 2 GB RAM, 300 GB hard disk) via USB 2.0 cable. All three
MW generators were powered on simultaneously to achieve synchronous ablation.

We cut swine liver into 3 pieces in order to aide investigation of lesion formation at

different locations of the tissue (Fig. 5). Each piece of liver tissue used was shaped as a
rectangular prism with dimensions of 100X100X20 mm. Three configurations for antenna

placement were used—array, triangular, and orthogonal, described in the previous section.
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Each antenna was held at a fixed position by placing it through a narrow passage on an

acrylic frame.
Similar to FE simulations, we utilized three types of antenna designs —COA, CSA,

and CIA—for in vitro experiments. MW power of 50 W was applied to each antenna for 60

s. Before applying MW energy to the liver, we adjusted the temperature of the liver to be

approximately 37 °c using a water bath heater. We also added NaCl into water to increase
the conductivity to a level similar to physiological fluid (0.9% Saline). Measurements of

tissue discolored areas (n=10) were recorded for comparison with FE results.

G. Triple-antennas with Mixed Designs (Mixed Antennas)

We performed triple-antenna MW ablation by arranging the antenna configurations
as described in Section E. However, three different antenna designs (COA+CSA+CIA) were
used simultaneously (“array mixed”, “triangular mixed”, and “orthogonal mixed”).
Temperature distributions and lesion formations were recorded for comparison with the
identical antennas cases.

TABLE 4.
VOLUMES OF LESION FORMATIONS FOR SINGLE COA, CSA, AND CIA

Single Antenna Volume (cm3)
COA ( 9.7
CSA 6.8
CIA 9.2

4. NAN1INA[DY

A. Comparison of COA, CSA, and CIA (Single Antenna)

We performed 3-D FE analyses of MW antenna using different single antenna
designs (Fig. 1). Table 3 lists the numbers of elements used in each case, after performing
Cauchy Convergence Test. When using the CIA, FE models had higher numbers of
elements than those of other antenna designs because there were several thin layers of

materials at the distal end of antennas. Thus, finer mesh was required in order to correctly
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represent those smaller areas.

(a) COA (b) CSA (c) CIA Min?:??

Fig. 6. Temperature distributions (50 W, 60 s) of single MW ablation from (a). COA (b). CSA, and (c).

CIA. The darkest regions in each case represent areas where temperature exceeds 50 °c.

TABLE 5.
COMPARISON OF LESION CHARACTERISTICS OF “ARRAY”, “TRIANGULAR”, AND
“‘ORTHOGONAL” COA*

Width (mm) Length (mm)  Thickness Volume Computation
(mm) (cms) Time (s)
Array COA 34 41 33 26.8 10,189
Triangular COA* 29 30 32 19.4 12,189
Orthogonal COA 45 80 31 30.2 19,313

*The width and length from triangular configuration are measured on the “back” plane. The computation

time required for the simulation of each case is also listed.

We applied 50 W power for a duration of 60 s in all cases. Fig. 6 (a), (b), and (c)
show temperature distributions of single COA, CSA, and CIA, respectively. Regions with
highest temperature were focused along the perimeter of the open tip for COA. For CSA
and CIA, hot spots were located next to the slot of the antenna, with CIA having a larger

area of high temperature. The destruction zone (tissue volume with temperature higher than

60 c>C) can be calculated by summing the volumes of elements with temperature of 60 °c
or higher. The volume of lesion formation when using COA was the largest, while the lesion
formation from CSA was the smallest (Table 4). Thus, we selected COA for triple-antennas

configurations in the following sections.

B. Multiple-Antenna Configurations Using COA

Since COA was the optimal single antenna design, we performed 3-D FE analyses



20

of triple-antenna ablation by arranging COA antennas in array, triangular, and orthogonal
patterns (Fig. 4). Similar to single antenna MW ablation, we applied 50 W power for a
duration of 60 s for all cases. The numbers of tetrahedral elements used in FE models are

listed in Table 3.
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Fig. 7 Simulation and in vitro experimental results for array COA. (a) and (b) are temperature distribution

from FE model shown on x-y plane at z = 0, and z= —20 mm, respectively. (c) is the temperature
distribution on the y-z plane at x=0 (middle of the lesion), and (d) is the corresponding in vitro

experimental results. The dotted lines in (a) and (c) mark the extent of discolored tisuse region

(Temperature exceeds 60 OC).

1) Array Configuration: Fig. 7 (a) and (b) show temperature distributions of array

COA on x-y plane at z = 0, and —20 mm, respectively. Fig. 7 (c) shows temperature

distribution of array COA on y-z plane at x = 0 mm. The darkest regions which denote the
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areas with highest temperature distribution were located around each of the three COA.
The dotted line indicates areas where temperature exceeds 60 °C. From the results, the

highest temperature of 90.3 °C was found at the onset of the open-tip portion of antennas
A and C, on the right and left side, respectively. Table 5 lists lesion dimensions of array
COA.
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Fig. 8. Simulation and in vitro experimental results for triangular COA. (a) and (b) are temperature
distribution from FE model shown on x-y plane at z = 0, and z= —20 mm, respectively. (c) is the

temperature distribution on the y-z plane at x=4.33 mm, and —4.33 mm, and (d) is the corresponding in

vitro experimental results. The dotted lines in (a) and (c) mark the extent of discolored region

2) Triangular Configuration: Fig. 8 (a) and (b) show temperature distributions of
triangular COA on x-y plane at z = 0, and —20 mm, respectively. Fig. 8 (c) shows

temperature distribution of triangular COA on y-z plane, at x =4.33, and —4.33 mm. The
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highest temperature distributions were located around each of the three COA. From the
results, highest temperature was found at (0, 0, —3.2) mm which is centrally located among

the three antennas and it was equal to 98.8 °C. Table 5 lists lesion dimensions of

triangular COA.
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Fig. 9. Simulation and in vitro experimental results for orthogonal COA. (a) and (b) are temperature

distribution from FE model shown on x-y plane at z = 0, and z= —20 mm, respectively. (c) is the
temperature distribution on the y-z plane at x=0 (middle of the lesion), and (d) is the corresponding in

vitro experimental results. The dotted lines in (a) and (c) mark the extent of discolored region

3) Orthogonal Configuration: Fig. 9 (a) and (b) show temperature distributions of
orthogonal COA on x-y plane at z = 0, and —20 mm, respectively. Fig. 9 (c) shows
temperature distribution of orthogonal COA on y-z plane, at x =0 mm. The areas with

highest temperature distribution were located adjacent to each of the three COA. From the
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results, highest temperature locations were focused around the junctions at the onset of the

open-tip area and it was equal to 85.2 °C. Table 5 lists lesion dimensions of orthogonal
COA.
TABLE 6.
SIMULATION VS. IN VITRO EXPERIMENTAL RESULTS FOR ARRAY, TRIANGULAR,
AND ORTHOGONAL COA

Configuration simulation in vitro
Width (mm) | Length (mm) | Width (mm) | Length(mm)
34 41 30.1£0.9 39.0+0.8
Array COA
Front antenna 21 20 20.11£0.7 18.2+0.8
Triangular COA

Back antenna 29 30 27.4+0.6 29.4+0.9
Orthogonal COA 45 80 43.7+0.8 79.1+0.7

C. Comparison of Results from FE Analyses and in vitro Experiments

We performed in vitfro experiments as described in Section Ill D using the same
conditions as our FE models in the previous sections. As we dissected the tissue at the
planes of interest prior to MW ablation, tissue discoloration areas were photographed with a
digital camera (Nikon D70s, Nikon Corp., Tokyo, Japan) for all cases. Fig. 7 (d), 8 (d), and
9 (d) illustrate that in vitro lesion characteristics from array, triangular, and orthogonal triple
COA antennas are comparable to FE results in Fig. 7 (c), 8 (c), and 9 (c). Lesion widths

and lengths from FE models and in vitro experiments are listed in Table 6.
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Fig. 10. Three-dimensional representations of lesions formed when triple COA and triple mixed antennas
were used. (a) and (b) are lesion formations for array configuration of triple COA, and triple mixed
antennas; (c) and (d) are lesion formations for triangular configuration of triple COA, and triple mixed
antennas; and (e) and (f) are lesion formations for orthogonal arrangment of triple COA, and triple mixed

antennas.

D. Mixed Designs for Triple-Antenna MW Ablation

To compare the differences in geometrical characteristics of identical triple-antenna
MW ablation versus those of mixed triple ablation MW ablation, we illustrated the resulted
lesion formations in 3-D in Fig. 10 (a) to Fig. 10 (f). The 3-D geometries of lesion
formations for array COA, triangular COA, and orthogonal COA are shown in Fig. 10 (a), 10
(c), and 10 (e), respectively, while those for “array mixed”, “triangular mixed”, and
“orthogonal mixed”, are shown in Fig. 10 (b), 10 (e), and 10 (f), respectively.

Lesion formation for array COA appears to be symmetric from the top view, while
lesion formation around CIA appears to be larger than that close to CSA for mixed array.
Similarly, lesion characteristics for triangular and orthogonal COA exhibit some symmetry,
while it is evident from Fig. 10 (d) and Fig. 10 (f) that “triangular mixed” and “orthogonal
mixed” MW ablation resulted in asymmetric lesions and more lesion formation was found

close to CIA, compared to CSA.

5. ?Jf\]'liﬂiﬂaﬂ']i‘ﬂﬂaﬂ\‘]

For single MW antenna ablation, COA was able to create the largest lesion volume.

When comparing VSWR of the three antenna designs (Fig. 2), CIA has the best matching

impedance at frequency of 2.45 GHz—that is, its VSWR is closest to perfect matching
(VSWR = 1.0). Matching impedance of CSA is slightly better than that of COA. However,
lesion volume for COA was the largest because MW energy was able to propagate into
larger tissue area adjacent to the open-tip. MW energy propagation for CSA and CIA was
limited to a smaller area surrounding the slot, thus CSA and CIA had smaller lesion
formation. In addition, lesion volume of CIA was larger than CSA due to a better impedance
matching (Fig. 2).

For identical triple-antenna ablation, orthogonal configuration has the largest lesion

volume, followed by lesion volumes of array and triangular configurations, respectively.
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However, in real application, orthogonal arrangement is more difficult to place inside a
patient’'s body. For triangular pattern, lesion characteristics were similar to using a single
antenna, but the resulted lesion volume was twice as large.

Resulted lesion dimensions from FE simulations are slightly larger than those of the
in vitro experiments, but otherwise exhibit a similar trend, with orthogonal configuration
having the largest lesion dimensions, and the triangular configuration having the smallest
lesion. The discrepancies in lesion dimensions between FE analyses and in vitro
experiments range from 1.1 to 12.9%. Thus, we conclude that our FE analyses offer
satisfying results in this study as FE model was able to accurately predict lesion
characteristics of different triple-antenna MW ablations.

The resulted lesion volumes from using mixed designs triple-antennas were
generally smaller than those of three COA ftriple-antennas, independent of antennas
configuration. In addition to lesion volumes, a major difference in the results of the two
cases was lesion characteristics. Lesions formed when we used COA triple-antenna
exhibited a certain degree of symmetry—opposite y-z plane for array configuration, around
z-axis for triangular configuration, and y-z plane for orthogonal configuration. In contrast,
lesions formed when we used mixed antenna designs were asymmetric, and the
destruction zone adjacent to CIA appeared to be larger than that of CSA. This is highly
evident in the case of orthogonal configuration (Fig. 10 (e) and (f)). In addition, comparison
of our results with previous studies also showed that, for a similar targeted lesion volume,

triple-antenna ablation requires shorter duration than double-antenna ablation [20].

6. 5131
In this study, we utilized 3-D FE analyses for single- and triple-antenna hepatic MW
ablation. Three designs for single-antenna MW ablation were compared and COA was
found to produce largest lesions, compared to those from CSA, and CIA. Although single-
antenna can destroy a reasonable amount of cancer tissue, larger lesions are often
required for more advanced stage of cancer. Thus, triple-antenna ablation can potentially
be employed to produce large lesions as well as more varied lesion characteristics. Three
triple-antenna configurations—array”, “triangular”, and “orthogonal——were investigated
using FE analyses and validated with in vitro experiments in this study. In addition to using

identical antennas for triple-antenna hepatic MW ablation, we also employed three distinct
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antenna designs simultaneously (mixed antennas). As expected, triple-antenna MW
ablation produced larger lesion formation than that of single-antenna MW ablation. Using
identical antennas for triple-antenna MW ablation provides generally symmetric lesion
formation, while using non-identical antennas produced non-symmetric lesions. In practice,
we can employ non-identical triple-antenna to destroy cancer tissue of varied geometrical
shapes. For example, when cancer tissue is adjacent to a large blood vessel where cooling
effect from blood withdraws some thermal energy from MW ablation, we can focus MW
energy towards that area without overheating normal tissue located further away from the

blood by using appropriate non-identical multi-antenna ablation.

7. NolawalwsaIRI LI I nanIaa

For future studies, | plan to modify the three-source MW ablation generator as the overall
size of the system is large (approximately 1 mm x 80 mm x 80 mm). A new system is
under development and will be markedly smaller thus making the MW generator much
more mobile. | plan to collaborate with medical doctors at various hospitals in Bangkok as
well as in Madison, Wisconsin, USA for possible in vivo experiments in animal lab and
eventually for use in human subjects. The FE modeling technique that | have developed
can also be used to simulate additional new antenna designs. In addition, this technique

can also be applied for other diseases such as prostate cancer, and lung cancer.
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