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Abstract

Introduction: Antenna geometries and tissue properties affecrawave energy distributions during microwave
ablation procedures. There is paucity informatiarilte potential of antenna fabricated from a thgekni-rigid coaxial
cable in the field of microwave thermal therapy.isThtudy aimed at comparing the performance of tal-slot
antennas designed from different semi-rigid coaséddles for the ablation of a liver tumour usingneuical simulation
and experimental validation methods.

Materials and Methods: COMSOL Multiphysics software was used for designitual-slot antennas and as well as to
evaluate microwave energy deposition and heatiloligion in the liver tissue. Experimental validatsowere conducted
on the ex-vivo bovine livers to validate the sintiga results.

Results: Thick antenna developed in this study produceifjagn sphericity index, larger ablation diameted aeduced
backward heating along the antenna shaft than timirey one. The experimental validation resultsoaindicate
significant differences between the two antenna®ims of ablation diameters (p = 0.04), ablatiemgths (p = 0.02)
and aspect ratios (p = 0.02).

Conclusion: Based on the findings in this study, antenna talbeid from a thick coaxial cable has a higher patkof
localizing microwave energy in the liver than contienal antennas.

Key words: liver tumour; coaxial dual-slot antenna; microwaablation; hyperthermia.

Introduction

Microwave ablation (MWA) is a form of thermal abtat
therapy using the application of heat to destromdrs in
different anatomical sit€s> Microwave ablation has been
clinically tried over a range of tumours locatedtie lung®
kidney? liver>® breast, pancrea$, and prostaté. During
MWA, microwave energy propagation is isotropicakyliative
and its absorption in tissue is primarily due telectric losses.
Propagation and deposition of electromagnetic gnery
biological tissues are determined by their dielectr
permittivity, effective conductivity and water cent.
Microwave energy is effectively absorbed in frequies of
915 MHz and 2450 MHz by biological tissues leadfagthe
oscillation of polar molecules due to dipole actidteat is
generated as a result of the oscillation of polalegules in the
biological tissues leading to a rise in temperatlitee degree
of rising in temperature depends on the applieditigower
and duration of microwave applicatith.

Microwave antennas play vital roles in the disttibn of
heat in biological tissues. A good antenna for owave

ablation therapy should be able to aid heat endigjyibution
locally into the targeted tissue volume. It musiabée to ablate
large tumour volume with reduced backward heatiogagthe
antenna shaft. Whereas the occurrence of backweating
along the antenna shaft is due to inherent unbathcoaxial
cable structure. To achieve those features, antesneh as a
monopole, dipole, slot, choked, sleeved, helicatmmas have
been proposet* Some of these antennas still exhibit some
limitations, especially backward heating effectsd ahigh
reflection coefficient® Also, most of the reported antennas had
been designed and fabricated from coaxial cablediavheter

in the range between 1.5 and 2.5 mm. The efficiemicthe
monopole, single-slot, dual-slot and sleeved argenn
fabricated from a thin semi-rigid coaxial cable2®.mm in
diameter) has been studied compared and reposed/iatré®
with paucity information about antennas designedhfthicker
semi-rigid coaxial cables. Previous studies havewshthat
antennas designed from such a range of diametegs ar
characterized by inadequate power handling capaeihjich
normally results in backward heatig:® Therefore, there is a
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Figure 1. Schematic diagram of typical dual-slot atenna design. Two antennas A and B were simulateahd fabricated from coaxial cables
of different thicknesses but the same prototype andimensions shown in the figure.

need to develop an antenna that can withstandgagler input
for a long duration without damaging it. The antemnust also
exhibit a reduced backward heating effect to preseensitive
organs along the antenna insertion path.

Computer modelling, which has played a cruciale rah
designing suitable antennas in the field of micresva
technology, is being used to achieve the aforeroeet
objective. Computer simulation is a quick, conveniand
inexpensive tool for evaluating, isolating, and imting of
promising devices for prototypirg?* It is also an effective
method in understanding the interactions betweesrawiave
energy and biological tissues. Finite element nut(leEM)
and finite-difference time-domain (FDTD) has beedoted in
the antennas’ geometry specifications and evalnatio heat
transfer resulting from interactions of the micrawawith
biological tissues. Theoretically, microwave energy
propagation and absorption energy in tissue is ek by
Maxwell's equations while Pennes’ bio-heat equatiorerns
the temperature profile in tissue during ablatiod these have
been discussed extensively in the literafdf@To establish the
study’'s validity, an experimental validation methdtat
includes fabrication of the antenna from the sel@atoaxial
cables, ex vivo experimentation and analysis of dh&ined
data must be compared with the simulation resdlkais, in
this study, we employed computer simulation anceeixgental
validation methods to evaluate the efficiency ob tantennas
fabricated from different semi-rigid coaxial cableeant for
microwave ablation therapy.

Materials and Methods

Design and Simulation of Antennas

Finite element methods (FEMs) package in COMSOL
Multiphysics v 4.4 (Stockholm, Sweden) software waed to
design and simulate antennas A and B from send-gGgaxial
cables of 025 (6.35 mm) and 0.085(2.21 mm) in diameters
respectively. The software has the facilities fozogpetry
specifications, studying heat transfer as a resaft
electromagnetic field distribution in the biologdictissues.
Parameters such as ablation size, ablation shapeerp
deposited into the tissue, temperature profile, rosis
parameter, power reflection coefficient, specifisa@rption rate
(SAR) were predicted with the aid of this softwafée inner
conductor of the coaxial cables was made from siteeered
copper and dielectric material made from a solid
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polytetrafluoroethylene (PTFE) while the outer #thievas
made from a bare copper tube. The geometries astdtppe
of the simulated antennas are showrfrigure 1. These semi-
rigid coaxial cables were chosen for this studynttch the N-
type connector of a microwave generator availaileour
laboratory. Dual slot antenna was chosen in thidysbecause
it has been reported as having the ability to iaeainicrowave
energy in the liver without additional metallic sle or choke
compared to other antenndg>

Radiofrequency and heat modules in the softwane weed
to study microwave energy distributions in the fitissue and
the bio-heat effect®. The axially symmetric model was used to
minimize the computation time while maintaining elent
resolution and the full 3-D nature of the fieldfieTelectric and
magnetic fields associated with the time-varyingnsverse
electromagnetic (TEM) wave generated by the mickeva
source propagating in a coaxial cable in the zetiva is
expressed in 2-D axially symmetric cylindrical cdioates as
in Equations 1-4

E() = e, /@ k) 0
H(r) = ey, e/ "
e e —exn(d) e
with ¢ = |- ma-4

whereE is the electric field (V m-1)H is the magnetic field
strength (A 1), r, andr; are the dielectric’s inner and outer
radii, respectively (m), R is the input power (W), Z is the
wave impedance in the dielectric of the coaxialled®), z is
the direction of propagation, and ¢, and z are cylindrical
coordinates centred on the axis of the coaxialecdy) is the
time-averaged power flow in the cable, anddenotes the
angular frequency. The propagation constant, 2m/A, andi
is the wavelength in the medium. In tissue, thetekefield has
a finite axial component (r) whereas the magneiddfis
purely in the azimuthal direction (z). Thus, theéesimas were
modelled using an axisymmetric transverse magniid)
formulation.

The most significant effect of an electromagnetield
applied is the conversion of microwave energy terrtal
energy. The temperature profile in tissue durindatédn is
obtained by solving a Pennes’ biohEguation 5:
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maximum element size of 3 mm and the Lagrange aiiadr
was used to approximate microwave power absorbé T
external surface of the tissues acts as a bounfiarythe
computational domain. A low reflecting boundary was
thermally isolated. Metallic components were assline be
perfect electric conductors (PEC) and the coav&ledtric was
assumed to be lossless PTFE. Perfectly matchedslayere
assumed for all exterior boundaries. Input powes get to 50
W at 245 GHz in all the simulations. Electric el

dar
pc;=V-kVT+Q—Qp+Qm Eq. 5

wherep (kg/nt) is the tissue density, ¢ (J/kg-k) is the specific
heat of the tissue, k (W/mK) is thermal conducyivit (K) is

the temperature, Q (WAnis the absorbed electromagnetic
energy,Q, (W/m° is the heat loss due to microvascular blood
perfusion, andQ,, (W/m?) is the metabolic heat generation.
Generally, Q,, is ignored, as its magnitude is substantially
smaller than other terms in this equation. The dizxh

electromagnetic energy, Q, is computed

electromagnetic field distribution in tissue andjigen as:

Q = 1/,0lE)?

When normalized by tissue density, Q is referred to as
specific absorption rate (SAR) therefoEguation 5 can be
rewritten as:

Eg. 6

pcst = V-kVT = Q, +SAR + Qp, Eq. 7

Thermal damage due to heating is a function ofdisgree of
temperature elevation, tissue properties, abladiaration and
configuration of the applicator (antenna) used étiver the
microwave energy. A fraction of necrotic tissue e(thal
injury), ¢, is expressed as:

b=1- e(-2®) Eqg. 8

whereQ(t) is the survival fraction of cells in tissue esed to
elevated temperature as:

Qi) = fOtAexp{ Fa }dt

RT(t)

Eq. 9

Where A (1/s) is the frequency factor, EJ/mol) is the
activation energy required to transform tissue freonmal to
damaged state, R (J/mol-K) is the universal gastanohand T
(k) is the absolute temperature of the tissue.

The tissue was modelled geometrically as a cyfirafe50

mm by 95 mm height and assumes to be homogenetas. T

liver's properties were taken from the literaturelaompared
with the software built-in valueg:?® The horizontal z-axis was
oriented along the longitudinal axis of the anteramal the
vertical r-axis was oriented along the radial dit

In the electromagnetic wave propagation analyshe
scattering boundary condition was set on the sarfachich
means that the boundary does not disturb the elmeiynetic
field distribution. The microwave signal was setttzd upper
end of the antenna (a dielectric component of thexial
cable). The microwave energy propagating in eaténsma was
characterized by transverse electromagnetic fieldsile
transverse magnetic fields in tissue. No phase giharccurs,
no energy exchange through the outer surface archemical
reactions occur within the tissue.
The model uses a frequency-domain problem fornmaratiith
the complex-valued azimuthal component of the magfield
as the unknown. The asymmetric finite-element modas
discretized using the adaptive triangular elemerith wa
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from the temperature, necrosis, SAR distributions were cdegand

analysed for all the tissues. The power reflectoefficient
and power dissipation into the tissue were alsatjied. The
lesion size and shape were calculated using th&®°G2.
isothermal contours after 10 min with an input powE50 W,
since, at this temperature coagulation and cellthdeme
possible.

Experimental validation

Microwave energy was delivered by using a 2.45 Ghlid-
state microwave generator (SAIREM SAS, Neyron-Cedex
France), which has adjustable features for thetippwers and
time. Ex vivo experimentation was performed on buowine
liver tissue obtained from a local abattoir. Seigier coaxial
cables RG401/U and RG405/U (Pasternack Enterprise |
Irvine) of 0.28 (6.35 mm) and 0.08%2.21 mm) in diameters
for the antennas A and B respectively were usederas A
and B were fabricated from 30 semi-rigid coaxial cables to
conform to the geometrical specifications describedthe
simulated method sectionFigure 1). Fifteen bovine liver
samples were ablated using the input power of 56MB, 5
and 10 minutes using these antennas. Based onreviops
experience, semi-rigid coaxial cables could withdtanput
power of about 50 W for a long duration for effgetiablation
without damaging the applicator. Five ablation gsses were
conducted for the input power and ablation duratisfter the
ablation procedure, each tissue was sliced alomguxis of the
antenna to evaluate maximum dimensions of the datguo
region in axial and radial cross-section after 8rBoAblation
diameter, ablation length and aspect ratio weresighily
measured with a highly accurate graduated rulese&lablated
tissues were also captured by a high-resolutionecanior
further analysis. For all the ablated tissue; anatengths,
ablation diameters and sphericity indices were ageth The
sphericity index was calculated from the quotieit,;dand 5.
Where § and g are the radii of short and long- axis of the
ablated tissue respectivefy>®

ImageJ software from National Institute of Hea(tdiH,
USA) was used for the analysis of images generéteih
simulation and experimental validation. A studertitest was
used to compare the statistically significant diéfece between
the antennas. A value of p < 0.05 was consideredeo
statistically significant.
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Results and Discussion

Simulation Results

The simulation results using dual-slot antennasgdes from
different semi-rigid coaxial cables are presente@iable 1 and
Figures 2-4

Table 1 shows the obtained values from simulation
procedures using thick antenna A and thin antennfioBh
different coaxial cables. From the table, the it
coefficient was decreased by 16.4% when using aateh
compared with the existing antenna B. This is atication
that antenna A exhibits better impedance matchiith the
liver tissue than antenna B tissue. Power depaositias also
increased by 7.3% as a result of the low reflectioefficient.
Maximum temperature which could have resulted icessive
heating of the coaxial cable was reduced by 15B&sed on
these results, antenna A has the higher potentidleating
tissue using high input powers without generatimgessive
heat that will have negative effects on the perforoe of the
antenna. Antenna A has its SAR reduced by 45.0%s Th
significant percentage difference may be assumedbédo
connected to the excess SAR along the shaft ofnaatd3
which results in the generation of heat alongrask. Ablation
length along the antenna shaft in antenna A wascestl by
15.9% when compared with antenna B. This is ancatiin
that antenna A can reduce backward heating alomgntenna
shaft during the MWA procedures. Where tissue puagon
is necessary along the antenna shaft is expedieténna A
will also be more suitable than antenna B. Ablatitbameter
(short-axis) of antenna A increased by 13.0% in manison
with antenna B. As a result of this, tumours oftardiameters
or localized tumours bigger than 4 cm can be attlatith
antenna A better than antenna B. The sphericityexndf
antenna A was 15.9% more than that of antenna Bs Th
signifies an increase in the localization of micew& energy at
the tip of antenna A than antenna B.

Figure 2 shows a variation of temperature distribution usrs
insertion depth using the input power of 50 W frrhinutes.
The peak temperature difference between the argeanthe
depth of 67 mm from the proximal end of the antesnmnas
about 44°C with the antenna B produced 235°C. Auced
temperature at the surface of antenna A showsatengial
application to preserve normal tissue at its poihinsertion
during ablation procedures. InFigure 3, temperature
distributions at different isothermal levels areeg@nted.
Backward heating along the shaft of the antennas Anore
reduced than antenna B at different temperaturddev
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Table 1. Simulation results produced by antennas Aral B

Parameter Antenna A Antenna B % difference
Reflection Coefficient (dB) -7.1 -6.1 -16.4
Power deposited density (W) 39.5 36.8 7.3
Max Temp (@10 min) °C 191.8 227.1 -15.5
Max SAR (kW/kg) 6.1 11.1 -45.0
Short-axis (mm) 3990 38.6 13.0
Long-axis(mm) 438 46.4 -15.9
Sphericity index 0.80 0.69 15.9

a = ablation length of antenna A, b = ablation diameter of antenna A,

¢ = ablation diameter of antenna B, d = ablation length of antenna B,

e = % differencein the ablation diameters, f = %difference in the ablation
lengths

——Antenna A ——Antenna B

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

Insertion Depth (mm)

Figure 2. Variations in temperature versus insertio depth from
the proximal end of the antennas. The arrow in the ifure
indicates that antenna A produced less backward héiag than
antenna B due to reduced temperature generated durg the
microwave ablation procedure. Antenna B produced Igher
temperatures at the depths beyond 25 mm than the temna A.
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Figure 3. Isothermal distributions in ablated tissie in (a)
produced by antenna A and (b) produced by antenna BThe
shape of the isothermal distribution produced at dferent
temperatures in (a) is more spherical than those ifb). Backward
heating along the antenna shaft was lowered in (&han (b).
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Figure 4 shows 3-D necrotic regions and the corresponding brittle which indicates a high degree of cell deatld char; the

isothermal temperature contours (52.0°C) at whidle t
probability of cellular destruction is 63%As shown in the

figure, antenna A produced more localized microwarergy

than antenna B, therefore, making it (Antenna A)atde of

destroying tumours that display spherical morphglog

Experimental results

Fifteen ablations were performed on bovine livesiiieex vivo
using an input power of 50 W for 3, 5 and 10 misutkblated
ex-vivo bovine liver tissues are presented-igure 5. On the
pathologic inspection of coagulated regions, déferdegrees
of ablation were noted. The inner zone appears paldk and

middle zone appeared pink with coagulated indicatiand the
outer appeared brighter at the boundary betweeodhgulated
part and unaffected part. The size and colour ef ahlated
zones depend on the type of the antenna, applmd power,
and ablation duration. In the figure, (a) charredion is less
conspicuous when compared with (b). This may ba essult
of a moderate temperature distribution around ax@eh This
also resulted in a reduction in backward heatingn@l the
antenna shaft because the copper material whiclke mpdhe
outer part of the antenna helped to conduct exoesseat
generated during the ablation procedures.

Figure 4. 3-D necrotic regions produce by antenna Aand antenna (B) with the corresponding temperatureThe black line on each figure
denotes a temperature of 52 °C which is equivalent the ablated region and where the probability ofdead is more than 63%. Sphericity

index is higher in (a) than in (b) based on necratiregion produced.

Figure 5. Ex-vivo ablated bovine liver tissues prodced (a) by antenna A and (b) by antenna B with amput power of 50 W for 10 minutes.
The black lines in the diagrams define the ablatedagions. Lesion produced in (a) was about 4.7 by 4cin while 4.9 by 3.8 cm in (b) with
sphericity indices 0.76 and 0.60 respectively. Thddzk arrows on the top of the figures are the poinbf insertion of the antennas.
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Generally, ablation diameters of coagulated regimgsease
with the duration of procedures as showifrigure 6. Antenna
A produced a larger ablation diameter than anteBnat
different durations. On average, antenna A produesad
ablation diameter of approximately 7.1% more thhat tof
antenna B. Significant difference was also obsevetiveen
the ablation diameter of the two antennas (p = )0.0d
Figure 7, the ablation length increased as the ablatioataur
increases. On average, antenna A produced a reduftB.9%
in ablation length than Antenna B. This shows #atenna A
has the potential of decreasing backward heatioggathe
antenna shaft by 3.9%. Also, a significant diffeerexists
between the ablation lengths of the two antennas@®2). In

Figure 8, antenna A produced more localized microwave

energy with high sphericity index than antenna B.derage,
antenna A produced 24.2 % in sphericity index mithvan
antenna B. Also, a significant difference existdwaen the
sphericity indices of the two antennas (p = 0.02).
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Figure 6. Ablation diameter variation versus ablaton duration by

Table 2 shows a summary of simulated and experimental antennas A and B. Increase in ablation duration in@ases

results. From the table, there is no significantfedénce

between the experimental and simulated resultafitenna A

(p = 0.94) and antenna B (p = 0.98). The percend#fgrences

between the two parameters are also depicted irakhe.
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Figure 7. Ablation length versus ablation durationby antennas A
and B. The lengths of the ablated regions created alg the
antenna A longitudinal axis are generally greater han that
produced by antenna B which varies with ablation dation.

ablation diameter. At each duration Antenna A prodwces ablated
diameter greater than the antenna B.
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Figure 8. Sphericity index versus ablation durationproduced by
antennas A and B. Antenna A created a lesion withigh sphericity
index than antenna B. Ablation duration and types bthe antemas
determined the shape and size of the coagulativegiens produced.

Table 2. Comparison between simulated and experimegitvalidation results using the input power of 50 Wor 10 minutes

Antenna A Antenna B
Parameter - - - - - - - -
Experiment Simulation %difference Experiment Simulation %difference
ablation Diameter (mm) 40.7 39 4.4 38.3 38.6 0.8
ablation length (mm) 46.7 43.6 7.1 49 46.4 5.6
Sphericity index 0.76 0.80 5.0 0.61 0.69 11.6
p-value 0.94 0.98
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This paper describes the efficiency of two antershesigned
and fabricated from different 5Q semi-rigid coaxial cables
using numerical simulation and experimental valahat
methods for microwave ablation tumours. The fingirfigpm
the study show that antenna A with a thickness.2506.35
mm) produced better localization of microwave egeirgthe
liver than antenna B of diameter 0.085’ (2.21 mfripqres 4
&5). Besides, antenna A created a reduced backwatihge
and higher ablation diameter and sphericity ind@ntantenna
B. Microwave energy is always delivered throughasatenna
which is a function of its diameter, composite mats, and
impedance matching between the tissue and the rantdihe
findings in this study also show that there is mgnificant
difference between simulation and experimental dadion
results Table 2. The percentage difference in the ablation
lengths, ablation diameters and sphericity indiegs also
minimal. This also is in agreement with the pregiatudies
that computer modeling plays a major role in priadic
microwave energy distribution during microwave ibia
procedure$**? The applied frequency of the microwave
propagating through an antenna and the applied ippwer is
also vital parameters that determine heat disiobypattern in
the ablated tissue. Currently, interstitial micre@aantennas
for percutaneous application are between 1.5 aBdnfin in
diameter. Small diameter coaxial cables have beparted to
have poor handling power leading to poor perforreaand
heat generation along the antenna sHaftntenna prototypes
and geometries also play a major role in the laatibn of
microwave energy apart from the complex anatonstralcture
of an ablated tissu. Antennas such as monopole, dipole,
dual-slot, single-slot, helical and dipole antendasigned and
fabricated from a semi-rigid coaxial cable of diaened.083
for MWA are still hindered by some reported shomaugs in
the literature”® Antennas, for example, dipdfeand dual-sIét
have been optimized by the addition of a floatingtatiic to
reduce their backward heating and improve theilitpbio
localize microwave energy into liver tissue. The o$ coolant
with the antenna to reduce backward heating andawep
localization of microwave energy has been propd5&dOne
of the weaknesses of using coolant in reducing Wwaok
heating is its potential to absorb microwave enettygreby
leading to less energy deposition into the tissuging
microwave ablation. The addition of metallic slegwn these
antennas has to an extent reduced backward hestsugiated
with them without a sleeve or choke?! The ability of these
antennas to withstand high input power with minimeaiative
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