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ABSTRACT

This thesis presents about 3D finite element method for analyzing destruction of cancer
cells in liver tissue by using microwave wave. The finite element method will be presented in
Specific Absorption Rate (SAR) and temperature in liver tissue. These will synchronize with 3
types of antennas which are COA, CSA and CSALI Increasing of cancer cells destruction in liver
tissue can be worked by rearranging 3 antennas with Array technique, Triangles-shape technique
and T-shape technique.The experiment with “In Vitro prototype” to confirm the result of finite
element method. In conclusion, the result of real experiment shows the less number than finite

element method which is in 2-11% range.
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2.5 anelauenivea (Coaxial line)
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2.6 avnansivian ezl fidanvesnaululasnniuieds

(Electromagnetism and microwave-tissue interaction) [4]
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2.6.1 dﬁ?ﬁﬂﬂu'imnﬂ uaz’fuqmﬁ‘mm (Interactions of microwave and biological

materials)
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A A 3
2.7 autiamaladannInveiieite (Dielectric properties of biological tissues)
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e = - dv A 3 1 ar A ci = 4
aulanieladianainveaiaiovusgiunauniud lulasnw ImsAnuieg
A o 1 o o o ' e - a = o d’ & 1
wnnnemi lilgmsmanuduiusszuinauianladianasn uazanuddmsuiiowoun
- o @ o J ey
azwiia 14l 1996 nuuSva (Gabriel) [6] [7] [8] IaMimsagUanuduiusszrieauianis
- a J A = aw 0 ' £ d’
ladiana3nveailabonazanuivesauiven Iminausuneuwihil
[ o oy P’ J A o v E b
Tugii 2.9 niluaasguantianladianainuouiloiweduiinnudaieg Taonsiila
gl 3 foyauil Unaii 18 oiboyil
MINUNANYITEVEINLULTEa [8] Nndeyaiumsajinai laninmainaassuuiisibeyiia
¥
1 - o U o S o A
A MNNUITeneunTiveninileausu
d' Qs = - 4’ A4 o o J A o
717 2.10 nsmuamguauiani ladianadnveuiinioduuyud uaziiloweduveauns
4 4 i o ar U ar 4 L \ A 4 3
Annuaaeg Tassiinisdasine i luadnafuanudedisdeiios ¥ansiiilden
" 1 Ll "
unaNuiassvesnuuiea [9] feyad lAvinmsIamiminSsuisuiunamsnaassn la
1Ing1n 2.9
- o a i A a
Tuumanwase [10] nuuFea @i naueaunisiauysaiiie 14 lun1slsznaninisia
ey - - J d { 1 o o - ; A i I = o
Auamian ladianas nueailaeiuandaiu Taniuauemiinesueuiiooiasriaiy

1 - - s L é o of 1
TugtvesrnFedouniutuseuma ihduing dannsadmmafn lddeaumsi 2.2)

” - Agy agi
f(w) =€x+2Xn Py oy + o (2.4)
=) a4 a

w o AT

~ = ' " e a g

g fi® A1 relative permittivity 1431i¥sdou

€o fi® A1 permittivity TuoMIA

4 = 4 J A o o . 4
Amnndinesveanuuivaluiioweduudns lddanis1ei 2.1 uazlugdi 2.1 uaaans
[2J 1 = " P oA o = 1A ° ' -
waead1 waznlSouifisuszninein ldnnmsiaei uazai ldoinmasuumauueey

@ 1 L] J A o
ﬂ1ﬁ1ﬂ'ﬂ1?ﬁl’ﬂ1’lﬁ1!ﬁ$ﬂ1ﬂ’)1ﬂN‘I'UENIHEILUOWU



23

1.0€+8 ..
»
*
1 0F 7
T.0E+6 -
1.0E+5 -
z
=
?E. 3 OEs4 .
o
1083
T0E«2
1LGE#
T OES
1 0E 3
10841 :
E
&
S
§|ﬂ£o¢ F
Q
vaEa ®
*
10€-2 5 : SRl BE i | £ ] {
T0EeT 1.0E-2 10E«3 1 OSe4 10E+%5 +0Es8 1.0E€.7 TOE8 10E+9 108410 1.3Es 81
Frequency (Hz)
oPorcine & Bovine @ 37°C (3E7-1€8Hz) Osewaid, (937 aRat(in vivo; @ 32°C £1°C (1E8-1E10Hz) Kraszewsh ot ai, 1382
oCanine @ 37°C {'€6-1EB~z) Stoy et al, 1982 eFeine {in viv) & 35°C (1ES-BESHZ) Kraszewski el af, 1982
aFRabbit @ 37°C (1E5-1E8Hz) Stoy ot a1 1982 gCarine @ 20°C 21°C (1EB-1E10Mz) Xu ot &, 1987
o Bovine @ 25°C {1E4-1E8HZ) Surowiec #t al, 1985 aHuman @ 23-25°C (5E7-9E3H2) Joines ot al. 1994
xCalt @ 25°C (1E2- 1ETHz) Rigaud et al, 1994 @Ratbit @ 25°C (1E3.1E6Hz: Smith of al, 1986
xPorcing {in vivo) & 34-36°C (1E6-1E8Hz) Hahn st al, 1980 *Feile (In vico] @ 35°C £5°C {1E7-1ESHY) Stuchiy o al, 198!
+Fabbit @ 25°C (1E3-1E9Hz) Smith & Fostar, 1985 +Carne (in siu) @ BT (1B 1-1EaHz) Schwan 1956,57.63
u Faling (invive) @ 34 8°C +0.8°C {15"55”"2: Swowiec o al, 1986a « Caning {in gsiw) {1E:-1E4HZ) Schwan & Kay, 1957
oHuman @ 36.8°C £0.2°C {1E4-1E8Hz) Surowiec et al. 1987 = Bavine @ 37°C (3IEIHZ) Brady et al. 1981

H ey = = ; A o = 1]
7UM 2.9 uamsguautianie ladiannsneaiioigodusiiaaie



24

Liver

(b)

Apanyiwaag (wis) A4iaydnpuo)

10805
Frequency (Hz)

10641

1.0E+9

1.06°7

10643

A Literature Data

o Current Study (Human)
m— Cuttent Study (Ovine)

i
&
=

=
e

’Z
=
=}

s
=
=)

um

'z
®

=
nE
=
®
®
[=
=
&
&
-
®
&

1
7
S =

& 5
2 2
€ -2
a z
& -2

. ®
€ e
& =

2
T c
= &
=
i
«
"=

il



25

4 a 4 4 o v
MmIan 2.1 uﬁﬂ»l'lﬂ'l‘i'IiJlﬂEl';'llﬂ\'lluiJlUﬂﬂ'Uﬁ'lﬁﬁ'lJ'dllﬂTiﬂJBQﬂ'lﬂﬁUﬁ

Wiees oh madimes M
€ 4.0 i 0.0200
Agy 39.0 Ae; 6000
71(ps) 8.84 72(ns) 530.52
| 0.10 az 0.20
Ags 5.0 x10' Ae, 3.0x10’
73(us) 22.74 74(ms) 15.915
a3 0.20 X4 0.05
Liver

10E-8

10E=7

16€8

1083

10644

1083

1.0E+2

[E: £11

1 OE+D
1061 8
1.0€+1 ez TAE+% 1afed 1NEL% t LR 1AELTY L 1MFL0 10F 0 1 OFa i
Frequency (Hz}

i ey = - g A o o o L {
310 2.11 uansaniana ladianas nuoaliogedy nlSsuiisunaninmssuuiusnla

1InMsIaluniinaany




26

2.8 aumIsmaaaniuaNNTeuluNa¥213nen (The Bio-Heat Equation)
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A o
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P - ANUHULMUIADA (kg/m’)
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¢ = Annufousumzunion (J/kgK)
w, = oas1RAa0a (1/s)

1 = oM
T, = Agumgiiiden (37 °C)

1 = g A 3
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2.9.1 meamalauenfsanuulalulna (Monopole coaxial antenna)
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awermeuy TaueniFea fildnihmenyiiauds 1o lunsideudedygavesginal
Anuige Taoneuuamesivoudeiiuiuy Nype  iondefuumnasduianauninud
TuTasnv 2.45GHz

Tuswazidoade lszuaawwai ldnniniesiloTaqaauiiaaoeina Taouaaswaludm
AR 2,300-2,600 MHz tazis ez e lefinnud 199w 2.45 GHz mesemafinimsnagey
18un aeemeuuilainila (COA) aeomuuuaaDn (CSA) HOZEED AL REATE
AUty (CSAT) nansquauiinisneuauesn @ 1fulum1ues VSWR 1oz Return Loss

uansswaziden 14 Asgins v 3.10 uaz gulns 3.11



3.4 AaNUAveIMNERINA

VSWR
Frequency: 2300 MHz - 2600 MHz
'y ] A — B =———
slot slot with insulator open-tips
1
1.175
1.160
1.125
1.100 \
g ~
1.075
>
1.050
1.025
R
1.000 ~
2300 2350 2400 2450 2500 2550 2600
Frequency (MHz)

UM 3.10 uAAaA1 VSWR(Voltage Standing Wave Ratio) yoamweimauuuilmedla,
o @ dAa ) ' =
AU IMAMIIYAADA tazaeeIMAUaasannuIugy Tuguanud

2,300-2,600 MHz

Return Loss
Frequency: 2300 MHz - 2600 MHz
& I A — W —
slot slot with insulator open-tips
1

-20
-25
-30
-35

Return Loss (dB)

2300 2350 2400 2450 2500 2550 2600
Frequency (MHz)

UM 3.11 uaAeA1 Return Loss Tumiiae dB vesmeeimanlaeila swenmsmuuadon

uazaeoImAnUUaasaninuIuiy Tugmnud 2,300-2,600 MHz
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Tug1/fi 3.10 wae 3.11 uaasmpuauiavesaeeinalugiiuy VSWR uag Return Loss
voamwemeauvulaieida uuaden uazadoniiiauiuy Fannnsmiiunaninmsia
Auauian 1dnnnsesTaguauiAa1ve1n19 Bird Site Analyzer® Model SA-6000EX Tag
UIMAMIININATOUAT VSWR 11AZA1 Return Loss 7iA21wa TuTasiniilFam 2.45 GHz
MR IMANa 3 sUnuuiia VSWR #igunn Tavawemauumlmeda fid vswr wiiy
1.065 1A% Return Loss (-31.75 dB) 81001 AIIUUAREA (short-end) Tf1 VSWR 1911111 1.03
11 Return Loss (-37.55 dB) Wiazenuomeuuyadeaiinuauiy Im1 VSWR iy 1.015
IaY Return Loss (-54.72 dB) Fuilofinrsanaznwuiienoeimeldiia VSWR uag Return

i ; é ] ' 1 ' @
Loss fidnn el 1dameziisveanmsdeinundean ldgeqa
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3.5 uuudassmeeimama i ludedmua

Tumsdraosmsiau mlgmsdassmaiinudindimeme I ludedwud 3 64 Taeld
T1J31n33 Comsol Multiphysic version 3.4 UN3zUV11AN15 64 1N Sun Fire 240 ( 2 processor with
Ram 8 GB) Tasmsdapsmsmilsznendae Tuga 2 Tuga i 19lumssaesmsrie fie

RF Module

Heat Transfer (Bioheat Equation)

3.5.1 mamvuaiienlvveuiva (Boundary Condition)
o o A - 4
Tumsinuaveuwavesnmsimuateu ly Tuszun W ludiefwuanlelunis
= 4 o o d 9 A o o '
Anszimshmesaduzsdienanlulasnd imsdimuateu lvuesveuivavesTuga
I ; , 4
U943 Electromagnetic (RF Module) uaziuaa Heat Transfer (Bioheat Equation) IW®NTHUA
] ¥
swazdoan 1 lunsdnnudie I ludiefiuud Tseaziduanail
° A
3.5.1.1 M3 muadoulvueuvauee Heat Transfer
° A A '
Tunmssmuatoulvveuivaues Heat Transfer 1319zii%0u lvvouivneg 2

Ny A9 Thermal Boundary Condition e Continuity iaaes18azidea ladagali 3.12
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Thermal Boundary

| 4 o a
314 3.12 nanalou lvvouwaves Heat Transfer Tumsdraoe I ludieduud
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@oulvveuwalugduuy Thermal  Boundary  Condition  Hjuuuvuveaenlunil

ANUAUNUTAINANNT 3.1

n-(kVT) =0 (3.1
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Thermal Continuity
Botfndary

.05

pos

" 4 ° a
714 3.13 uaadoulvvenivAuB Heat Transfer Tumsirans W ludodmud

" _ . : .
Woulvueuivalugiuuy Thermal Continuity Tugai 313 Higduuvveadsulund
anuduNuTawaums 3.2

n- (kuVT " deTd) =0 (3.2)

Taeh
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A A o o
n fo ‘Vlﬁﬂ"liﬂ']ilﬂﬁf]uﬂﬂﬁﬂ"lfﬂ'nllgﬂu

=) o/

a o o [ o o i
ky, kg  fie dudszaninmsihnnudeuvesiagddui 1 uag 2
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=Y

T Ty fio gangilan

1167583 Thermal continuity 719 N151¥aY Teanuieuvesiagiuandreiu 1Wiing
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. 4 .
3.5.1.2 M3nmuaon lvueuvaved RF Module (Electromagnetic)

. 4 :
Tumsimuadoulvvouiunued RF Module  (Electromagnetic) 151924

A 1 1 % . X 3
Wou'lvvouiunng 4 nqu AD Scattering Perfect Electric Conductor Continuity tiazPort 1A
s10azidun lanegiln 3.14

Electromagnetic
ScatteriTg Boundary

| 4 ° a
37 3.14 uanaitoulyveuvaves RF Module (Electromagnetic) Tunssiaos i ludiodiuud

4 _ 4 '
wou'lvueuualugiuuy Scattering g uvesdouluifinnuduiusamwauns 3.3

nX (VXE)—jknx (E xXn) =-nX (E0 X jk(n —k))exp (—jk-1) (33)

Taeh
- = di :; a o
n fin Nenemsinasunveandngnudou
¢ 5 & A
k Ao dulszansmathanudouluiions
E,E, fio auwlWihdumiiaaieg uazauy i uduidumiadieg
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Electromagnetic
Perfect Electric Conductor
Boundary

pos

[ A ° 2
U4 3.15 uamatou lvveuuaves RF Module (Electromagnetic) Tun1s$1aee W ludlodnma

A 1 A 1
1aou lvveuva lugiuny Perfect Electric Conductor Tug1i 3.15 figtuuuveautou lund

ANUAUNUTAANNT 3.4
nxE=0 (3.4)
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E Ao auw il

11611984 Perfect Electric Conductor 7o aniiauu I fiauysal Tusaqinilu perfect
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Electromagnetic
Continuity Boundary

. t-" m o =
111 3.16 naaudou lvveIUATBS RF Module(Electromagnetic) Tumssiana T ludiefuud
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Woulvweualugiuuy Continuity Tugalii 3.16  Tjtunvveuleulviifinnuduiug
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n 19 NANNNITIAADUNUDIANAY
Hy, H, #o avuuimanludinarsvesiagi 1 uaz 2
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Electromagnetic Port
Bourrdary

-0.05

p.os

v A ° o

3 3.17 urasiton lvyeLIvAYDS RF Module (Electromagnetic) lums§iaes In Tudioduma
& ° ' & Ada W o i

Woulvveualugiluuy Port @umisilounduaiudniiszdundan) lugn 317 @

A § o o
siuuvvesdou luiitinnuduiusauauns 3.6

s=[(E-E) - E/[E;E,
(3.6)

Taoh
- o dil d ] 1)
S flo WENQ'IH'VHJE)UWWVM'MHHQGIFI‘]

Ey, E;, #e auwwIdihludanarsvesiagi 1 uaz 2

damves Port  TuTdsunsy comsoL  itesmuagduuuvesmsiudagandhlu
PRI ILRRE uazfmuaszaundsaiitlou uazdsaansofiesfmuamavesdayguiih
nlddndae

Taslumsdmuaaii 9 lumssiasamahan smuagduuuves Port i TaneniFoa

Hounnud 2.45 GHz f1da91u 50 Faa



59

fretaveamsmruammasau iy PORT uaas lddegili 3.18

Boundary Settings - Electromagnetic Waves {riw}

Equation
5= [(E-E)E, | JE,E,
Boundaries | Groups | "Condtions *1xors ot | Port | Far-Field | Color| |
Group selection Boundary sources and constraints

Port number: 2 !

[#] Wave excitation at this port
Quantity Yalue /Expression Uinit Description
L LI L PR L T TR T L EE T LL L L b bl
@ o =] Port phase

g1 3.18 uamsmsimuandaanu iy PORT

wamnimuaviavestasnuila i uveuaiiidlu PORT Goudeouds ae'liidlums

Amuanud luTasiav 2.45 GHz Tauvuadl Application Scalar Variable tiaea 1ddagzali 3.19

Application Scalar Variables

epsiond_rfw  8.854187817e-12  Fjm  Permittivity of vacuum

mul_rfw 4¥pi*1e-7 Him  Permeabiity of vacuum
 nurtw _ 2.45e9 . T T

EQix_rfw exp(-1*k0_rfw*z) ¥im Incident electric field, x component

Eliy_rfw 0 Vim  Incident electric Field, y component

EQiz_rfw o  Mim Incident electric field, z component

psi0_rfw psi0_guess_rfw Vim®  Gauge fixing variable scaling

317 3.19 uanIMsvuANID 2.4 GHz THM Electromagnetic Module
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A3 1iae T 1911un1391a9901391197U Density of Tissue = 1050 [kg/m’], Specific heat of
Liver =3700 [J/kg.K], Density of Blood = 1000 [kg/m'], Specific heat of Blood = 3639 [J/kg.K],
Blood perfusion rate= 3.6e-3 [mj/kg.S], Thermal conductivity of Liver = 0.56 [S/m]

wisimeinuduguaniainih £, (Relative permittivity) = 43.03, G, (Electrical
conductivity) [S/m] = 1.69, &, ... = 2.03, &, ., = 2.6 awermaininn1¥lunsnaaes e
muidyaa TaueniFvauuuudeiiGon Semirigid 141 (RG402 M17/130-RG402 Copper
Jacket) TauTidurnuguEna1asiiiy 0.141 12 (3.525 mm) Maximum Frequency = 35 GHz 1i}e
19320y Connector N-type (Maximum Frequency = 18 GHz) Tasfimminimesveseeri
ﬁ'ﬁgtymﬁaf‘: Inner Conductor Silver Plated Copper Clad Steel (Diameter = 0.51mm), Dielectric
(Solid PTFE) Diameter =3.02 mm, Minimum Bend Radius inches (mm) = 6.35 mm §110az1909
wsAn 18781984

= - o 1 P
TUAZIDYANITIUIADIAN ) uﬂmlumﬂm 32

4 =) A\ ey J A Qr
M3190 3.3 Swazidoavesmguanianie Iihvealioeduy

Piver = Density of liver 1,050 [kg/m3]

Cliver = Specific heat of liver 3,700 [J/ kg K]

Pii = Density of blood 1,000 [kg/ m3]

€ = Specific heat of blood 3,639 [J/ kg K]

Wi = Blood perfusion rate 3.6x10—3 [m3/kg.s]
k = Thermal conductivity of liver 0.56 [S /m]

Oliver = electrical conductivity of liver 1.69 [S/ m]

Eiver = relative permittivity of liver 43.03

Eaiel = relative permittivity of dielectric 2.03

&insul = relative permittivity of insulator 2.6
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L] o - i o d a a
m3afi 3.4 aplinnueawudussameseimeanlduuusaesms Il ludioduma

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
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3.7 MIVAAIBNMINAABS (Experiment Setup)

Wideband Power Sensor

Coag_glfgd_ﬁeglon

A

Microwave Source
2,450 MHz r
MCT System -
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i

Coaxial Cable RG-2014
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Finite Element Analysis and in vitro
Experiments of Placement Configurations Using
Triple Antennas in Microwave Hepatic Ablation

Pattarapong Phasukkit, Member, IEEE, Supan Tungjitkusolmun*, Member, IEEE,
and Manas Sangworasil

Abstract—This study presents analyses of triple-antenna con-
figurations and designs for microwave hepatic ablation using
donal finite ¢l analyses verified by in vifro ex-
periments. Treatment of hepatic cancer ofien requires removal or
destruction of large volume lesions. Using multiple antennas of-
fers a potential solution for creating ablation zones with larger
dimensions as well as varied geometrical shapes We performed
both three-di donal finite el t analyses and in vitro ex-
periments using three identical open-tip microwave anlennas
simultaneously, placing them in three types of configura-
tions—“linear  array”, “triangular”, and “T-shaped”
arrangements. We compared coagulation volumes created as well
as temperature distribution characteristics from the three an-
tenna arrangements after power delivery of 50 W for 60 5. We
also performed additional tests using non-identical antennas
(open-tip, slot, and slot with insulating jacket) for the three con-
figurations. The results illustrate that arranging antennas in the
“T-shaped” pattern destroyed more unwanted tissues than those
found when using “linear array” and “triangular” arrangements,
with maximum coagulation width and depth of 46 mm, and 81
mm, respectively, and coagulation volume of 30.7 cnr’. In addi-
tion, using non-identical triple ant d variati in
congulation zone characteristics, thus the technique could be ap-
plied to treatment situations where non-symmetric coagulation

zones are required.

Index Terms— n, finite ek
patic ablation, bio-heat equation, triple-antenna.

analysis, he-
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[. INTRODUCTION

EPATIC 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 malig-
nancies. Primary hepatic cancer can potentially be cured if it is
discovered in early stages while metastatic hepatic cancer can
rarely be cured Possible treatments for primary hepatic can-
cers are surgical operation, chemotherapy, cryosblation,
radiation therapy, and radio-frequency (RF) ablation [2]. Cur-
rently, surgical resection is the treatment of choice for both
well-localized primary and metastatic hepatic malignancies
[3]. However, the majority 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 coagu-
lopathies. Chemical treatment, where adequate chemical
injection 1s 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 pnmary hepatic cancer where the tu-
mors found are still small (< 3 em in diameter) [2], [5]-[7]. In
RF ablation, electric current at frequencies between 350-500
kHz 1s passed into cancer cells via an electrode placed inside
the tumor. The electric energy generates Joule heat which then
conducts into surrounding tissues. Elevaling temperature of
unwanted tissues to a level above 50 °C can effectively kill
cancer cells [8], [9]. RF ablation is much less mvasive com-
pared to surgical resection as only a small incision 1s required
for insertion of ultrasound-guided RF probe. Commonly re-
ported disadvantages in RF ablation technique include
difficulty in treating large tumors and the potential for incom-
plete RF tumor ablation near blood vessels because of the heat
sink effect of local blood flow [10], [11].

Microwave (MW) ablation method is another alternative for
curing cancer and is emerging as a new treatment option for
patients with unresectable hepatic malignancies [12], [13].
Similar to RF ablation, MW current is passed to cancer lissues
typically via an antenna which causes generation of Joule heat
to selective targeted areas. However, the zone of active tissue

Copyright () 2009 IEEE. Personal use is permitted. For any other purposes, Permission must be obtained from the IEEE by emailing pubs-permissions@icee.org.
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heating from RF probe is limited to a few millimeters sur-
rounding 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 electromag-
netic 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 cleciromagnetic
field distributions which in turn govern the temperature 'distri-
butions found in unwanted lissue.

Several studies on MW ablation have been previously re-
ported over the past decade. In 1996. Labonté er al. [14]
introduced three types of MW antennas—open-tip monopole
(OTM}, dielectric-tip monopele (DTM). and metal-lip mono-
pole (MTM)—aoperating 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. OTM exhibited
the lowest S;, (good matching impedance) at 2.45 GHz and its
temperature distribution was found to be relatively smooth.
Other notable proposed MW antenna designs include: cap-
choke catheter antenna proposed by Lin et al. [21] for MW
treatment with localized heating of tissue surrounding the dis-
tal end of the catheter, the Noating sleeve antenna proposed by
Yang et al. [22] where the inclusion of the floating sleeve
could prevent the flow of electromagnetic energy along the
coaxial applicator.

Saito et al. [15] used the "MW coagulation therapy (MCT)”
system operating at 2 45 GHz with two slot amennas. The an-
tennas were placed in parallel (“linear array™ arrangement) and
the power supply was sct to 50 W for duration of 90 s, with an
optimal distance between the antennas of 10 mm. They simu-
lated with the Finite Different Time Domain (FDTD) method
and verified the simulation resulls with fn vitre experiment
using porcine liver. From the experimental results, the largest
ablation width found was approximately 30 mm.

Using multiple MW antennas has also been reported to give
noticeably larger ablation formations. In addition to double
slot-antennas reported by Saito et al. [15], Wright ct al. [6]
reported that using triple-antenna ablation in a triangular array
in in vivo experiments produced synergistically larger ablation
zones than those produced by single antenna ablation, thus
hinting at the more convenient and effective treatment of large
tumors using MW ablation [16].

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-
dimensionai (3-D) coupled thermal-electric FE analysis were
previously introduced for RF ablation [17}-[20] However all
previous FE analysis for MW hepatic ablation have been per-
formed in two dimensions (approximating the geometry of the
FE modeél to be axisymmetric) [15], [21], [22], [23]+[33]. Liu
et al. [34] studied thermal characteristics of microwave abla-
tion in the vicinity of an arterial bifurcation using 3-D
thermal finite element model. However, SAR distribution

(a) COA (b) CSA {c) CSAl

Fig |. Structure of Antenna (a) COA (b) CSA and (c) CSAL For COA. the
20 mum chstal end of the antenna was stripped off, while 3 3-mm slol was cut
open for CSA, und USAL CSAI bas # 1 -mm thick insulating jacket covering
the antenna

TABLE|
DIMENSIONS 01 COMPONENTS 0F COAXIAL ANTENNAS
Dim (mm)

Comp COA CSA CSAl
Inner conductor 0912 0912 912
Dsameter of outer conductor 3.581 3.581 581
Drameter of diclectne 2.085 2985 2985
Width of slot - 3 3
Length from end 1o slot - 20 20
Length of open-tip end 20 - -
Thickness of outer msulator - - 1
Overall length of antenna 60 60 60

from experimental data was used as microwave heat source
nstead of coupling the electromagnetic calculation.

1. METHODS

In this study, we first compared the heating characteristics
of three single antenna designs—“coaxial open-tip antenna
(COA)”, “coaxial slot-antenna (CSA)”, and “coaxial slot-
antenna with insulator (CSAI)". 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 coagulation zone (arcas with temperature higher than
60 °C) [15] was then selected for use in the comparison of
(identical) triple-antenna configurations—"parallel”, “triangu-
lar”, and “T-shaped” patterns. Lastly, we performed triple-
antenna MW ablation using three non-identical antenna de-
signs simuitaneously (“mixed” triple-antenna) in order to
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further explore more possibilities for varied coagulation zone
chaructenstcs,

A Amtenna Designs

The antennas used in the experiment were semi-rigid coaxial
cable (RG 402 M17/130-RG402 Copper Jacket, EMC Tech-
nology & Flonda 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
antenny designs mvestigated n this study, which were:

(1) COA: the ouler conductor was stpped off from the dis-
tal end of the antenna (20 mm in length) (Fig. 1 (a))

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

(3) CSAI: a 3-mm slot was cut open at the same fashion as
mn (2). Sumilar to Saito et al. 2000 {15]. we then covered the
slot with polvtetrafluorocthylene (PTFE, Shenzhen Woer
Heat-Shrinkable Material Co., Lid.. Shenzhen. China), as
shown in Fig 1 (¢)

Dimensions of the components of these antennas are listed
in Table I Table 11 hsts the material properties of each com-
ponent of the antennas [30], [35]. These dimensions and
properties were incorporated in all FE models in this study
B. Properties of Antennas

The graphical illustraton m Fig. 2 shows VSWR characler-
istics measured from the Bird Site Analvzer 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 2.45 GHz. All measurements were
performed by inserting each anieana in a 10 em > 10 em
freshly excised swine liver obtained from a local slanghter-
house. From the results in Fig. 2. all three antenna &

- —  o— Py—
ot mnlhrm apentip
1478
1180
1128
B .. il
1108 R i =
; 1018 By oy o i
.- — e
B S 3 g _.X_*j‘_,, -
. e
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- e
g | e
i L denk 2 4
0 0 2400 250 80 2800
Frogemncy (MHz)

Fig 2. VEWR characteristivs of COA. CSA, and CSAJ antennas over fre-
quency mange of 2300 1o 2600 MHz obtained from the Bird Site Analyzer
Model S A-6000 EX

TABLEU
MATERIAL PROPERTIES USED IN FE Moy s

Prog Value
Prwr = Density of liver [35] 1,020 [kzm]
Cour = Spesific heat of (20~70°C) (30-106°C)
iver [35] I6IB P gkl | IS8 P kg K]
k + Thermal conductivity (20~70°C) (30~100°C)
of liver [35] 0465 [IFm K] | 0.867 [WmK]
T = clectrical conductivity 169 18 m]
of liver!
G Telative permattivity of £.0
Biver [30]
Egq " relative permititvity of 203
divlectric [30]
B Telittive permittivity of 26
nsulntor | 30]

! {Online]. Availablo: http: /iremi.ific.cnr it tissprop/

have very low VSWR (1.065, 1.030, and 1015 for COA,
CSA, and CSAL respectively). Antennas with very Jow VSWR
are desirable because they can drive more energy mlo lissue.
Thus, all three antenna designs can potentially be used in MW
ablation applications. Note that VSWR of CSAl is lower than
that of CSA at all frequencies which mdicates that the match-
ing impedance of CSAI is better than that of CSA.

. Bio-heat Equation and FIXM

The source of heat transfer in MW ablation is from electro-
magnetic wave at 2.45 GHz transmitted into tissues. Joule
heating arises when energy dissipated by an electric current
flowing through a conductor is converted nto thermal energy
Tissue temperature changes over time can be predicted by the
ro-heat equation [36]:

"

,x?%ﬂ- (AVD)= 0, +0pg + 0 )
where Oy = p-SAR 2
and SAR=%E" 3)

Table 11 lists definitions of parameters (st 2. 45 GHz) and

Copvright (¢) 2009 IEEE. Personal use is permitted. For any other purp

Permissi

2 For P b 70-80°C. the average values of listed properties
were used.

varbles in Eq. [11-{3]. The encrgy generated by metabolic
process (., ) was neglected in this study since it was small
compared (o other heat sources [ 18], [20]. O, is external heat
source generated by MW energy from antennas. After delivery
of MW cnergy mto tissue. Joule heat is generated which then
conducts into surrounding tissues. Cooling from lhiver tissue
perusion ((),,) takes away a certain amount of heat from he-

patic ussue, However, since our in vigm experiments were
performed using excised swine liver, O, is neglected in this
study

As the geometries of the antennas used in this study were
complicated, we utilized numerical modeling to solve 3-D bio-
heal equation in order to obtain temperature distributions dur-
ing MW gblation. We solved our FE models 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 (Bioheal Equation) Module. We
developed the antenna structure and other geometrical compo-
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nents with SolidWorks Version 2007 (SolidWorks Corp, Con-
cord, 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-
eleciromagnetic problem. The total time for MW energy appli-
cation was set to 60 s while the power delivered was set to 50
W for all cases.

We performed a Cauchy Convergence Test to determine
appropriate mesh sizes for our models and the threshold for
maximum temperature difference of 0.1 °C was used [37].The
mesh used in our models was finer at areas surrounding the
distal end of antennas (minimum of 0.01 mm) and was coarser
at locations further away from the tip of the antennas (maxi-
mum of 10 mm). The bers of el for models with a
single antenna ranged from approximately 27.000 to 50.000
Models for three antennas arrangements contained approxi-
mately 71,000 to 92,000 elements and the numbers of degrees
of freedom were in the order of 600,000,

D, Comparison of COA, CSA, and CSAI

Before processing to triple-antenna hepatic MW ablation,
we first analyzed the characteristics of coagulation zones
formed using three different single antenna designs. We per-
formed FE analyses to compare coagulation zone formations
by applying S0 W to each antenna for 60 s and measured areas
with temperature exceeding 60 °C (where tissue discoloration
occurs [15]).

k. Triple-antenna Configurations

We used the antenna design that created the largest coagula-
tion zone from section 111 (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) Linear Array Configuration (linear array): Three identi-
cal antennas A, B, and C, were all placed on the y-z plane
(x==0) in paralle! (Fig. 3 (a)). The distance between two adja-
cent 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 Confignration (triangular): Three COA an-
tennas (A, B, and C) were arranged in a three probe cluster-
like configuration parallel to the centrally located z-axis, form-
ing an equilateral triangle on the cross-sectional plane (Fig 3
(b)). The spacing distances between the distal end of antenna
Aand 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
température distributions on two additional planes-—y-2 planes
atx =433 mm, and —4.33 mm.

3) T-shaped Configuration (T-shaped): COA antennas A,
B, and C, were all placed on the y-z plane (x=0) (Fig 3 (¢)). A

Piane (y-¢ plane at x=d)

Unit: fmm]

(e}

Fig 3. Triple-antenna configurations used i this study (a) lincar array, (b}
triungular, and (¢). T-shaped arangements.

and C were placed horizontally on the y-z plane (at z = -20
mm), parallel to the y-axis, while antenna B was placed verti-
cally along the z-axis. A, B, and C, were arranged so that the
distance between distal ends of A and B, 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.
I Invitro Experimental Setup

Fig. 4 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 magne-
tron 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
(3504000 MHz), Bird Electronic Corporation, Cleveland,
Ohio, USA). 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 generators were powered on
simultaneously to deliver MW energy to each of the wriple an-
tennas.

We cut swine liver into 3 pieces in order 10 aid investigation
of coagulation zone formation at different locations of the
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Fig. 4 Schematic disgram for in viro experimental setup conmisting of MW source with three outputs for different antenna arangements

tissue (Fig. 4). Each piece of liver tissue used was shaped as a
rectangular prism with dimensions of 100x100x20 mm. Three
configurations for antenna placement were used—Iinear array,
triangular. and T-shaped, deseribed in the previous section.
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 CSAl—for i vitro experiments,
MW power of 50 W was applied to each antenna for 60 s,
During application of MW energy. we placed swine liver in a
water bath heater with temperature of approximately 37 “C.
We also added NaCl into water to increase the conductivity to
a level similar to physiological fluid (0.9% Saline). Measure-
ments of tissue discolored arcas were recorded for comparison
with FE results using 10 tissue samples (n=10) for each case.

We also performed triple-antenna MW ablation by arrang-
ing the antenna configurations as described in Section E
However, three different antenna designs (COA+CSA+CSAD
were used simultancously (“linear array mixed”, “triangular
mixed”, and “T-shaped mixed™. Temperature distributions
and coagulation zonc formations were recorded for compan-
son with the identical antennas cases.

I11. RESULTS

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

We performed 3-D FE analyses of MW antenna using dif-
ferent single antenna designs (Fig. 1). When using the CSAL
FE medels had higher numbers of clements (50,096) than
those of other anlenna designs because there were several thin
layers of materials at the distal end of antennas. Thus, finer
mesh was required in order to correctly represent those smaller
direas,

We applied 50 W power for a duration of 60 s in all cases.
Fig. 5 {a). (b), and (¢) show temperature distributions of single
COA, CSA. and CSAL respoctively. Regions with highest

temperature were focused along the perimeter of the open tip
for COA. For CSA and CSAL hot spots were located next to
the slot of the antenna, with CSAI having a larger area of high
temperature, The coagulation zone can be calculated by sum-
ming the volumes of elements with temperature of 60 °C or
higher. The coagulation volume when using COA was the
largest, while the coagulation zone formation from CSA was
the smallest (Table TIT). Thus, we selected COA for triple-
antennas configurations in the following scotions. Note that the
actunl ablation zone covers fissue areas where temperature
exceeds 50 °C [8], [9]. We used a temperature of 60 °C as a
threshold as tissue discoloration could be visually observed
and measured [15].

B. Multiple-Antenna Configurations Using COA

Since COA was the optimal single antenna design, we per-
formed 3-0 FE analyses of triple-antenna ablation by
arranging COA antennas in lincar array, triangular, and T-
shaped patterns (Fig. 3). Similar to single antenna MW abla-
tion, we applicd 30 W for a duration of 60 s for all cases.

1) Linear Array Configuration: Fig. 6 (a) and (b) show
temperature distributions of linear array COA on x-y planc at z
= 0, and ~20 mm, respectively. Fig. 6 (c) shows temperature
distribution of lincar array COA on y-z planc at x = 0 mm. The
darkest regions which denote the arcas with highest tempera-
ture 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 92.0 “C was
found at the onsel of the open-lip portion of antennas A and C,
on the right and lefl side. respectively. Table IV lists coagula-
tion zone dimensions of linear amray COA.

2) Triangular Configuration: Fig. 7 (a) and (b) show lem-
perature distributions of triangular COA on x-y plane at z = 0,
and ~20 mm, respectively. Fig. 7 (c) shows lemperature
distribution of triangular COA on v-z plane, at x =4.33, and
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46}~ “ap}- 0, and z= —20 mm, respectively, (¢} is the lemperature distribution on the y-z
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40 [} ropi perature distributions of T-shaped COA on x-y plane at z = (.
l:]["""l b and —20 mm, vespectively. Fig. 8 (¢) shows temperature distri-

Fig. 6 Simulation and  vifro experimental results for linear armay COA. (a)
and () are temperature distiribution from FE model shown on x-v plane at 2 =
(3, and 7= ~20 mm, respectively. (c) is the temperature distnbution on the y-2
plane al x~0 (mddle of the coagulation zone), and (d) is the corresponding /n
vitro expenmental results. The dotted tines in (a) and (¢) mark the extent of
discolored lissue region

TABLE HI
VOLUMES OF ABLATION ZONES FOR SINGLE COA, CSA, AND USAL
Single Antenna Volume (cm’)
COA 10.3
CSA T2
CSAl 9.8
TABLE IV

COMPARISON OF COAGULATION ZONE CHARACTERISTICS OF “LINEAR
ARRAY", “TRIANGULAR”, AND “T-SHAPED™ COA*

Width | Length | Thickness Volume | Computation
() | {mm) (i) tcm’") Times)
Limesr Amay 3
COA s 41 34 280 11,189
‘I'viangular = 1 S
COAY 29 31 3 202 13,189
T-shaped =
COA 46 81 32 307 19516
*The width and length from triangolar configuration are measured on the
“back” plane The computation time required for the | of each case
is also listed

~4.33 mm. The highest temperature distributions were located
around each of the three COA. From the results. highest tem-
perature was found at (0, 0, -3.2) mm which s centrally
tocated among the three antennas and it was equal to 99.8 °C.
Table IV fists coagulation zone dimensions of triangular COA.

bution of T-shaped COA on y-z plane, at x =0 mm. The arcas
with highest temperature distribution were located adjacent Lo
each of the three COA. From the results, highest temperature
locations were focused around the junctions at the onset of the
open-tip area and it was equal to 86.3 °C. Table 1V lists coagu-
lation zone dimensions of T-shaped COA.

C. Comparison of Results from FE Analyses and in vitro Ex-
periments

We performed in vitro experunents as described in Section
111 D using the same conditions as our FE models in the previ-
ous sections. As we dissected the lissue at the planes of interest
prior to MW ablation, tissue discoloration areas were photo-
graphed with a dignal camera (Nikon D70s, Niken Corp.,
Tokyo, Japan) for all cases. Fig. 6 (d), 7 (d), and 8 (d) illus-
trate that in vifro coagulation zone characteristics from linear
array, triangular, and T-shaped triple COA antennas are com-
parable to FE results in Fig, 6 (¢). 7 (), and 8 (c). Coagulation
widths and lengths from FE models and in vitro experiments
are listed in Table V.

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 coagu-
lation zone formations in 3-D in Fig. 9 {a) to Fig. 9 (). The 3-
D geometries of coagulation zone formations for linear array
COA, trigngular COA, and T-shaped COA are shown in Fig. 9
(a), 9 (c). and 9 (), respectively, while those for “linear array
mixed”, “triangular mised”. and “T-shaped mixed”, are shown
in Fig. 9 (b), 9 {e). and 9 (f), respectively.
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Fig. 5. Temperature dismbutions (30 W, 60 s) of single MW ablation from
{a). COA (b) CSA. and (c). CSAL The darkest regions in each case represent
arcas where lempenature exceeds 50 °C. The dotted lines mark 60 °C con-
lours.
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Fig. 6 Simulation and m vitro experimental results for linear array COA. (a)
and {b) are temperature stribubion from FE model shown on x-y plane at 2«
0. and z= =20 mm. respectively (c) is the remperature distnbution on the y-2
plane at x~0 (middle of the coagulation zone), and (d) is the corresponding /i
vitrn experimental results. The dotted lines in (a) and (¢) mark the extent of
discolored tissue region

TABLE 1!
VOLUMES OF ABLATION ZONES FOR SINGLE COA, CSA_ AND ('SAlL
Single Antenna Volume (cm")
COA 10.3
€SA 1.2
sAl 98

TABLE IV
COMPARISON OF COAGULATION ZONE CHARACTERISTICS OF “LINEAR
ARRAY™, “TRIANGULAR”, AND “T-SHAPED" COA*

Width | Length | Thickness Volume | Computation
{mm) | {mm) {mm) tem') Time (5)
Lmear Ammay
COA 35 41 M 280 11,189
Triangular - 1 5
COA* 29 3l 3 20.2 13.189
T-shuped
COA 46 81 k)] 307 19516
*The width and fengh from i 1 i, N are d on the

“back” plane The computation time required for the simulatnon of each cnse
is also listed.

~4,33 mm. The highest lemperature distributions were located
around each of the three COA. From the results, highest tem-
perature was found at (0, 0, -3.2) mm which is centrally
located among the three antennas and it was equal to 99.8 °C.
Table IV lists coagulation zone dimensions of triangular COA.
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Fig. 7 Simulation and i vitro | results for COA (®)

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 distibution on the y-z
plane at x=4.33 mm. and -4 33 mm, and (d} is the comesponding fir virro
experimental results. The dotted lines in () and (¢} mark the extent of
discolared region.

3) T-shaped Cenfiguration: Fig. 8 (a) and (b) show tem-
perature distributions of T-shaped COA on x-y plane at z = 0.
and -20 mm, respectively. Fig. 8 (¢) shows temperature distri-
bution of T-shaped COA on y-z plane, at x =0 mm. The arecas
with highest temperature distribution were located adjacent to
each of the three COA. From the results, highest temperature
locations were focused around the junctions at the onset of the
open-tip area and it was equal to 86.3 °C. Table 1V lists coagu-
lation zone dimensions of T-shaped COA.

C. Comparison of Results from FE Analyses and in vitro Ex-
perimenis

We performed in vitro experiments as described in Section
111 D using the same conditions as our FE models in the previ-
ous sections. As we dissected the tissue at the planes of interest
prior to MW ablation, tissue discoloration areas were photo-
graphed with a digial camera (Nikon D70s, Nikon Corp.,
Tokyo, Japan) for all cases. Fig. 6 (d), 7 (d), and 8 (d) illus-
trate that in vitro coagulation zone characteristics from linear
array, triangular, and T-shaped triple COA antennas are com-
parable to FE results in Fig. 6 (¢, 7 (¢), and B (c). Coagulation
widths and lengths from FE models and in vitro experiments
are listed in Table V

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 coagu-
lation zone formations in 3-D in Fig. 9 (a) to Fig. 9 (D). The 3-
D geometries of coagulation zone formations for lincar array
COA, triangular COA, and T-shaped COA are shown m Fig 9
(a), 9 (c), and 9 (e), respectively, while those for “linear array
mixed”, “triangular mixed”, and “T-shaped mixed”, are shown
in Fig. 9 (b). 9 (¢}, and 9 (f). respectively.
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Fig. 8. Simulation and jn vifro experimental results for T-shaped COA. (a)
and (b} are temperature distribution from FE modet shown on x-y plane a1 7 =
0, and z» ~20 mm, respectively. (c) is the tempersiure distribution on the y-2
plane at x~0 (middle of the coagulation zone), and (d) is the correspondung 7
virro expenimental results. The dotted lines m (a) and (c) mark the extent of
discolored region.

TABLEV
SIMULATION V8, 1N 12180 EXPERIMENTAL RESULTS FOR LINEAR ARRAY,
TRIANGULAR, AND T-SHAPED COA

simulstion i vilro
Configuration Width | Length Width Length
{mmy | (mm) (mm) (mm)
Lincar Armay COA 35 41 30.1£0.9 | 390408
Trianeul Fronl antenna 2 20 201407 | 182108
coA Back anienna 29 31 274:06 | 294209
T-shaped COA 46 81 43.7:0.8 | 79.1x0.7

Coagulation zone formation for linear array COA appears to
be symmetric from the front view, while coagulation zone
formation around CSAI appears to be larger than that close to
CSA for mixed linear array. Similarly, coagulation zone char-
acteristics for ftriangular and T-shaped COA exhibit some
symmetry, while it is evident from Fig. 9 (d) and Fig. 9 (f) that
“rriangular mixed” and “T-shaped mixed” MW ablation re-
sulted in asymmetric coagulation zones and more coagulation
zone formation was found close to CSAL, compared to CSA.

1V, DISCUSSION

For single MW antenna ablation, COA was able to create
the largest coaguiation volume. When comparing VSWR of
the three antenna designs (Fig. 2), CSAI has the best matching
impedance at frequency of 2.45 GHz—that is, its VSWR is
closest to perfeet matching (VSWR = 1.0), Matching imped-
ance of CSA is slightly better than that of COA. However,
coagulation volume for COA was the largest because MW
energy was able 1o propagate into Jarger lissue arca adjacent 1o
the  open-tip. MW energy  propagation fior
CSA and CSAI was limited 10 a smaller area surrounding the
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Fig 9 Theee-li ional of coagulation zones formed when

triple COA and triple mixed antennas were used (a) and (b) are coagulation
zone formations for linear arnay configuration of inple COA, and Iriple mixed
antennas. (¢} and (d) are coapulation zone for for triangul
configuration of triple COA. and triple mixed antennas; and (e) and (f) are
congulation zone formations for T-shaped arsangment of triple COA, and
triple mixed antennas.

slot, thus CSA and CSAI had smaller coagulation zone forma-
tion. In addition. coagulation volume of CSAIl was larger than
CSA due to a better impedance matching (Fig. 2).

For identical triple-antenna ablation, T-shaped configuration
has the largest coagulation volume, followed by coagulation
volumes of linear array and iriangular configurations. respec-
tively. For triangular pattern, cosgulation zone characteristics
were similar to using a single antenna, but the resulted coagu-
lation volume was twice as large. Ahthough T-shaped
arrangement is more difficult to place inside a patient’s body
in real clinical application, this result suggests that lesion char-
acteristics could be altered by varying antennas placement.

Resulted coagulation zone dimensions from FE simulations
are slightly larger than those of the in vitro experiments, but
otherwise exhibit a similar trend. with T-shaped configuration
having the largest coagulation zone dimensions. and the trian-
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gular configuration having the smallest coagulation zone. The
discrepancies in congulation zone dimensions between FE
analyses and 1 vifro experiments range from 2.4 to 14.0%
Thus, we conclude that our FE analvses offer satisfving results
in this study as FE model was able to accurately predict coagu-
lation zone characteristics of different triple-antenna MW
ablations.

The resulted coagulation volumes from using mixed designs
triple-antennas were generally smaller than those of three COA
triple-antennas. independent of antennas configuration. In ad-
dition to coagulation volumes, a major difference in the results
of the two cases was coagulation zone characteristics Coagu-
lation zones formed when we wsed COA  triple-antenna
exhibited a certain degree of symmetry opposite y-z plane
tor linear array configuration. around z-axis for triangular con-
figuration, and y-z planc for T-shaped configuration. In
contrast, coagulation zones formed when we used mixed an-
tenna designs were asymmetric, and the destruction zone
adjacent to CSAT appeared to be larger than that of CSA. This
19 highly evident in the case of T-shaped configuration (Fig. 9
(e)and (f)).

Comparison of our results with previous studies showed
that. for a similar targeted coagulation volume (30 mm diame-
ter) using power of 50 W, triple-antenna ablation requires
shorter duration than double-antenna ablation [15] to create a
comparshle coagulation zone The climcally used MW devices
show varying sizes of coagulabon volume depending on their
geometryv: applicators of straight geometry are reported to
achieve coagulation diameters of up to 25 mm [16]. whereas
single loop-antenna apphcators were reported to result in co-
agulation diameters of up to 35 mm [38].

Major limitations of our experiments are that no blood per-
fusion or presence of bleod vessels were taken into account m
our computer models and in vitro experiments. Inclusion of
blood perfusion 1nto our models will affect the resulted coagu-
lation zones by reducing the dimensions of the overall
coagulation zones while the general charactenstics of coagula-
tion zones are unchanged. Since there 1s no ussue perfusion in
swine liver in in vitro experiments, we exclude parameters for
blood perfusion from FE mudels: Location of the targeted Tiver
tumor in relation to large blood vessels can also change the
dimensions as well as characteristics of resulted coagulation
zones [39]. A non-uniform heating MW ablation system might
be beneficial to properly ablate both regions close to large
blood vessels (more heat), and those that are further awey (less
heat). In addition, optimal power and ablation duration for
triple-antenna MW ablation needs to be further explored as a
recent study by Hope et al. [40] found that using ditferent lev-
els of power and ablation durations influences the resulted
dimensions of ablation zones for MW kidney ablation

V. CONCLUSIONS

In this study, we utihzed 3-D FE analyses for single- and
triple-antenna hepatic MW ablation. Imitially, three designs for
single-anterma MW ablation were compared and COA was

found to produce largest coagulation zones, compared to those
from CSA. and CSAT Ag expueted, triple-antenna MW abla-
tion produced larger coagulation zone than that of single-
antenna MW ablation, with [-shape configuration providing
the largest dimensions Using identical antennas for triple-
antenna MW ablation provides generally symmetric coagula-
tion zone formation, while using non-identical antennas
produced non-symmetric coagulation zones Cur future works
will include mvestigation of triple-antenna MW ablation in the
presence of large blood vessels. and i vivo experiments in live
animal.
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PROPERTY VALUE
Diameter of the central conductor 0.29 mm
Inner diameter of the outer conductor 0.94 mm
Outer diameter of the outer conductor 1.19 mm
Diameter of catheter 1.79 mm
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PROPERTY INNER DIELECTRIC OF CATHETER LIVER TISSUE
COAXIAL CABLE
Relative permittivity 2.03 2.60 43.03
Conductivity 1.69 S/m
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SAR values off axis (radius = 2.5 mm)
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