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THANASET THOSDEEKORAPHAT : DESIGN OF MAGNETIC SHIELDING
SYSTEM FOR CANCER TREATMENT WITH HYPERTHERMIA
INDUCTIVE HEATING. THESIS ADVISOR : ASST. PROF. CHANCHAI

THONGSOPA, Ph.D., 131 PP.

MAGNETIC SHIELDING /HYPERTHERMIA INDUCTION HEATING

At present, cancer is one of major disease causes the person’s death in
worldwide. The cancer is a group of diseases which cells divide and grow
uncontrollably and rapidly and invade nearby parts of the body. Recent cancer can be
treated effectively by various methods such as surgical excision, chemotherapy and
radio therapy including hyperthermia. This method of heating in the treatment of
cancer is a capability, and it has been recognized that cancer can be treated
effectively; therefore, it has been continuously researched and developed. The
hyperthermia cancer treatment with inductive heating has been very interested due to
its more effective result and reduces pain for patients admitted. However, the wave
magnetic field cancer therapy uses high intensity magnetic field because high
intensity magnetic field will cause side effects of neighboring cells and invade normal
cells. This research aims to study and design the magnetic field shielding system to
prevent effect on normal cells surrounding a cancer area of patient during cancer
treatment. The result will present a temperature distribution in a heating region.
Because of the temperature is directly proportional to the magnetic field strength, the
effect reduction of cancer therapy is analyzing the various shapes of magnetic field

shielding. Moreover, it can control the magnetic field to a required region. The



advantage of the magnetic shielding system is that it can be applied to prevent the

effects of hyperthermia cancer treatment by induction heating.
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f = frequency

q = MasuaenUIedTNINS

k = thermal conductivity

a = thermal diffusivity

Yo = local physical density of the tissue
0 = angular frequency

A = wavelength

L = inductor

L, = latent heat of vaporization

C = capacitor

N = forced current density

M, = liquid of mass ratio

T, = period

AT = difference of temperature

R, = distribution temperature

t = heating time

t = time delay

14 = magnetic reluctance

g, = liquid water flow ratio to the moisture transfer
rms = root mean square
DC = direct current

SAR = specific absorption rate

N, = turns of the coil inductance

Ry = equivalent resistance of the material
IEEE = the Institute of Electrical and Electronics Engineers

PCB = printed circuit board
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AU1T00TLIEANUTURUT 1AGIaUNITN (2.14) LABINITUIANUTURUT TZHI19A1Y

nuiuveuduusdliidananlulasdnas nazaunsovnaad ldasaumsa (2.15)
D=¢gE (2.14)
D=g,E+P 2.15)

d‘ o J 1 9 d'
Lanmmm,mummmwumuummmumﬂﬂﬁﬂuaumi‘w (2.13) asluaums

1 (2.15) wdagunylnladeaumsi 2.16)

D=(&+x)E (2.16)

D=¢E (2.17)
4 ' vy 1w Qaadyw o J . e
01 y =¢ — &, LaImNIDMIMFAENAVAATUNND (relative susceptibility: y, )
Y o A~ A ! ~ Y o @ [}
ladsaumaaumsi 2.18) uaziounua y aaluaumsi (2.18) udrhimsdaglanmsini

v v o Jdo P
fﬂzulﬂﬂ'31uﬁuwu‘ﬁﬂﬂﬁmﬂ1ﬁﬂ (2.19)
7, =% (2.18)

7. =¢& -1 (2.19)
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o [ v o o 1 v o . e . '
FIHTUNTUIANVAUNUTUDIATNINIDNANNNT (relative permittivity: Er)

2 g wa @ A g ad a o 1 a SR J
“ﬁﬁlﬂu@ﬂlﬁuﬂ@]ﬂ]ﬂﬂ@'Jﬂa’lﬂﬂlﬂuvlﬂﬂlaﬂﬂﬁﬂﬂUﬂ”Iﬂ'J”lNﬁ']iJ']ﬁﬂiuﬂ’]ﬁlﬂﬂTWQWuli“]f 9111
wa A ' =~ ' A
auauiavedluana ewninmvesauy e lusgiinnuuanarsainauin lviha

) Yo A ' Y o w = o v 9

‘]ﬁ@utsll']ll'] LLﬁﬂfillﬂﬂQﬁllﬂTi'ﬂ (2.20) UAYNLIUATINTUNTUUDINIHAIUAUA (low pressure
dyo 1Y LY d' cz/} v Y o
gases) uazuaﬂmﬂuﬁmsﬂumﬂmmu g uuﬁ?u?iﬂl!ﬁﬂﬂﬂWﬂl@Qﬁu’]Nhl‘l/‘h?hﬂ']ﬂ(lullﬂﬂﬂ

aumsi (2.21)

Ne .1 (2.20)
&y
E —E+t —E[14 L |-E 20 p_&¥2g 2.21)
3&, 3¢, 3&, 3

09.1’ d‘ o 1 d‘ d' =
NNUWNONIMTUNUMFNMITN (2.19) aaludgun1sn (2.12) @150 UauNs
a S Yo ~ 09: A A [ @ 4 1 1
msnalnarlsd ladeaunisn (2.22) NAUULNBDNITUIANUFUNUTISUINATTNINYDY
v o A

o @ J o a 4 ad a ]
Fuiinsouanuamsalumsinalnarlsdvesladidnasnaz ldanuduRusasaunisn

: ~ v o Jo 1 J . .
(2.23) G?\iﬁ]m‘iﬂﬂﬂ’ﬂhﬁilwuﬁﬂﬁﬂﬁn’ﬂ “g93U03 Clausius-Mosotti”

e 42
P-Ng - 2E (2.22)
3
Na _ & -1 (2.23)
3, & +2

k4 Yy A U Qe

242 anudiesduienuvespaaulinnuguvedladEnnsn
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vAa

A ad a [ o [ 9 = Y] A
AMANY WuﬁWHm@ﬂqﬂ@Laﬂﬁiﬂiuﬂﬁﬂiﬂ il FMTUMs 1FuneInUAa Y

A o I 1 o v AY a o [ A A Y = a Y
ANNAN U U U IAYNADINITH 1tazd N UeE19gINVLABIANHINITINANIINT O UUD

o

v
a l a Y

a g ad A ad a
"lﬂmafm'iﬂuazmmwsﬂ‘sz%waﬂ’awu%}aujullﬂataﬂ@Sﬂuu Tﬂﬂﬂﬂlﬁﬂﬂ@ﬁl@ﬂqﬂﬂlaﬂ@]ﬁﬂ
a vy a P P A A A A v
mmiaﬂﬁmﬂllﬂﬂwwqmﬂﬁmmahmﬂmmmummaqq GBQL‘]JUﬂ"IﬁﬂTWfJ@?JLGD'Q‘ﬂ)'?JH
« ] ] ! a d Aa a a . . .
(complex permittivity: & )‘Viidf’JL?EJﬂ’JWﬂWﬂQﬁIlﬂﬂlﬁﬂ@iﬂﬂizﬁ%‘ﬁwﬁ (effective dielectric

& = [ o S Y v ~
constant) ‘ﬁNﬁTJJ"IiﬂLﬂlﬂuﬂUTNﬁNWHﬁUlﬂﬂﬂﬁNﬂiiﬂ (2.24)
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£ =¢ — jeu (2.24)

Tagi &, Ao drlszneumsgadolsz@nTna (effective loss factor) F1HFUNITUINIAA
= ] adg a A [l A g ) a 1 ~ ad Aa
magqudsludag ladidanainaziinsannndmiduswiudiuanimvesiiasi lasianain
dy (Y a Aaa 9 = a S 4
Taguadnuanuduazgunginlday $an1sdeunsgaaeunuaud (loss tangent)

ANTVIUANNTUNUT IAaIeuNITN (2.25)
tand, =c, & (2.25)

2.4.3 guuwumslvianudeuunladidnain
v 4

Taqladiana3n (dielectric) RlMsgapdeoriuannsaildinaiiuanuionld
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Y a 9 aa a Aa a3 A Aa =\ 1 [ I~ Y] A A 2} I
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o & 1 Aa s Y [ 1 a d? A Aa 1 o
4 anvue ¥ lunaazuuvazinalsngmsainadieiuudvzinaduianuduanaieaiy Tag
1 I 4 @ ] <
Tunaazuuvanuiunaremaliihezgnsunau iiesninmistloundsnuauiumiman
a g a § o a 1 [
Tududn 1 1ulad@nasn Feazildinansuenrisesnainiuvesszgavuazlszquan
A o 1 a3 [ 3 = < v o a a s X
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J o ~ ¢ A v A v '
Tnanlssuyvuaidws15a (space charge polarization) Iagn13iia lnat lsgvHatiszinadun
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d‘c’; =& I 1 A a 4 a d?’ A
AUDA B9 UBI9 VLF uag LF !1!’ENfﬂ"lﬂfﬂﬁLﬂﬂIWﬁWl‘lﬁG]fﬂmﬂﬂﬂlumﬂ')ﬁﬂﬁﬁﬂﬂ')ﬂa']ﬂll

a
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Q

4 [ ] < o adg Aa adg
deimstloundsnuanumiman Infudr 1Ud lasidnasnuddidnasoun

)
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vz llazauuinauidiuiaving sz ldlszquinuazlszgaunenivesnainiu uagll
o Y ad a a 4 a o @ dyd dy ad a J
nai 1 ladanasnna lnatlss Taemsina Inar lsdanvaz liflunugiuvessannsoind
2 o o 1 v o A < a J v A o . .
130992111 aewdusuNaeadumsina Tna lssuuunsdniEeeiiveslaIna (polarization
. . a 4 dy a dgj d' d' ] [ dl
by dipole alignment) M3t Iwan lssuvuiiazmavuianudgann wu gruanud Tulasam
a 2 o o e v A a v a
Tagazinaduluszavvesluana Iaevdnmstisg lniluniuguvesmamnaniuioululad
3 a 1 I a 4 a . . . . a 4 dy
anasn aenndumsinalnailssuuyleTeiln (ionic polarization) Mstaa Twan lsduvniiey
agunaNudvesdur e TagaziNaduie191nNsHenieInnuvelseguInuazlizy
9 I a 4 ac a 4 . . .
aunmeluluana uaggamaiuniana Iwar lsduuudiannsetind (electronic polarization)
a 4 dy a d? ~ A ~ Y o A [ = a =)
msina Inan lssuuuiiazimeduiinnudgs 9 AlndnuanuduesdansilaTema Feluaded

2 g T A a 4 ad a [ ~
yosozaousuiulszquinzegnunlumaindvesladianain Tasnguuelszgauieg
a Qall 4 d‘ a ] I~ 4
sovilunasaiuaziaaoun l lunameveseuuwiman lihnilewdiin
2.44 Mabaanudousazmsnsznegurgiivedladianain

) I 1 [ 1 < ad a o

Smsumsungnszaenasnuauuaiman Idud il ladidnasnaz i 19
a F zg adg a = [ A v dy o Y a 3
maanuiouiululadianain Fandsnuiuninszneiazi limansvyuvedlada uaz
a s o Y a 9 =\ [ o o £ o 9
NanNEsAMUIINM I YU 1HINAAL o UIA INITUNINTE18YDINAINU I 1A
a 9 £ [l a o o o w A [ < A
anudsulunitanuielsuias Tasulsduasadunidanuvesaduuaian 1Wdn

1 = 1 a dy Y o A
LLW?ﬂﬁgﬁ]TEJGlUWUQWU'Jﬂ‘]J'ﬁJWlﬁuﬁ1u1§ﬂuﬁﬂﬁklﬂﬂ\‘lﬁuﬂ1§ﬂ (2.26)

Py

E=o, 2 (2.26)

loc

A A ' o ac a A A 1w ’
e o, e A1ANIvedladianasn Taeh o, HAUNINY we's, tan d,,
qgj 4 o 1 ) ad a { v o
nntudeimsunumanuiivedladianasnasluaumsi 2.3) ausasuanudunus
Yo ~ vy A o = , A Aq Yy A
1ddqaunsi 2.27) uadnaunieludinalsiinnuuanaannaaun linmeusnudinay

aaunarudInalunama z g ldmdanuvesnauaeludinarsdaaunsi (2.28)

Py

v o we's, tan 5, E* (2.27)

loc
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P, = P2 (2.28)

A A o w A A 2 A v ~ o w
o Po A9 NIANTUAAUNANNIZNUAINAN & AB ANPNNUYDINTITIAANDUNION
A ac a Y a A A ~ Y v A qu’
auaaululadidnain dnsanauwimaounluszeznie d, ladeaunsi (2.29) 1y
o v A ] 9 v o Jdo ~
Mmsdagilaumsh 2.29) Tnivg Idanuduiusasaumsa (2.30)

201 _ 1 _ a—2ad;
.([e dz_—za (1 e ) (2.29)
P, (d . 1 |
“\(/ 1) = we's, tan &, EZ,OCE(l—e ) (2.30)

dwsumainaanudouneludnaniiinsgadessdgluuumsunsnize
Y04 NNT U8 TUAINA19AI8TTNITAIN 9 AU 131 71511 (conduction) NMFWT (convection)
HAZNISUNT (radiation) uilufithe insammmemaumsnszaovosanudoudiomstiuag
maumsminiy Fezdumadanudeuiosnnaduanuinmeludinas Tasazaiuso
a5110 1AA3 D UANNTNIATTIUVEIAUNITNITEN018AIU5 0U (heat transfer equation)
(Thuery, 1992) Gfaiimﬁgqmammmm%)aumﬂ“luﬁ'w TunsalveTLUUNNARIN (cartesian
coordinate) 92T ATEUANNALTUS Iddeaunis (2.31)

o0°T +62T +82T +q(x, y;2) 10T

2.31
ox?  oy* ozt K a ot 231

e a=
- pCp
Taoh T AvQuNYl (C)
q(x, v, 2) femdsnuseniiumizeliings W /me)
k ADAMUUTIQUNYI (thermal conductivity) (W/m- ©)
a AoANUEINIT lUMITININTE8QUQI (thermal diffusivity) (M* /)
e, Avanuruiuvesiae (kg /m?)
Co AonnuTousuNE (specific heat) (3/kg- C)
t Ao (s)
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dsumslFauaduanuudman Idniu deaaudumadn 1dludanais
warensamanueuman lihaeluginarelaeldnsinseiiduisnsnernnu 'l uea

p1nsei ladaemsianiensdszuannitmsniauusanuFeay (numerical modeling)

v
v A % 1

{1 o x ] . < Y
TagNA1s1a9NaATUABN HINHIBNIA (power absorbed per unit mass: Pd)%gﬂumuaﬂﬁq

Y
v 9

mydamiasnuiunsnszneed ludinataz lumsdamigurgigeuu Tagause

o~ Y v o d v dy
Wmim1“1@mﬂmmﬁuwuﬁﬂlmﬁumm’o‘lﬂu

AT =Ci P, At (2.32)

P

2.4.5 ANNIMHTUMSIFNUNAZIZAVANNANA
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o 3 d‘ 0' ] d’ = ] d‘ 1 ]
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avwwudian T e ldmsihdadlu T ludnvazmudiusuiionzis siegand la/lu
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wlaaniies 1.61 sudmuas ua lumssonuuuuazaiaieeinalassaduiiuaigonia
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avsnaunl¥rzdestivina@nidzmuizaudums lganulumss oy Rz us naunIY
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uonvniimsdszgnaldauaauwiman lddniuduiludesionrsandennuansa
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D, _ 1 (2.33)
2a
e g 1/2 2 1/2 12
a:w(ﬂoﬂToj {(u(ggﬁ / g') ) _1} (2.34)

(2.35)

Tagionnsandunish (2.35) luoamainediian ¢ =1 udrdwsodagl

v
v Jdo ~

[l @ o Y ad a A A o
aumsIniudr Idanuduiusasanmsi 2.36) dmsunsdivesladanasnilinnugaded

Taelim () / &) <1 vuannsndagiuuvauns i ladeaumsi 2.37)

i ) 12 1/2
D= % (1+ & le j 1 (2.36)
F 27[(25’)1/2{ ( o ) }
A
- 2(72' (237)
eff
Y50
AL/2
D, = /12(851 (2.38)
TlE et

v o d { ;g
Tagonanuduiusvesaunsi (2.38) suuaumsanuanlumsldau
A ' ] o ad a Aa a o & [ ' =
aauawuiman lihludnanvesladanasniiianugadsdmuitonu ludenarn Tagll
' A & @ % o 1 a o @ { A
aanuddudnls suhldgmsinsanlusiwaziveavesileteludruanudignidon

o [} o v o I~ 1
IFnudmsumsiniasnunzsaae T
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2.5.1 mMIsvNamagvaanumiman i

9 o v < 3 o }
fT"IW'i”LIﬂTﬁWTWamaﬂﬂJf’Nﬁu"lllulllﬁaﬂhhl\l‘N"ILlu%TﬂWiLL%ﬁMﬂWiﬂﬁuTﬂﬂﬂiﬂ

'
adAal

v ' Y v & =YY = o o Y ' YL I
HAIVSADUVINYIYIN muum“lﬂuﬂ‘wmm%m\hﬂ%ummmﬂﬂ %QLﬂU?ﬁVIQTﬂLLﬁSﬁTNTiﬂ

[

0 Yo Yy a oy A v < < s A
ﬂTWHﬂiW@?ﬂﬁTleﬂlﬂUL%ﬁlﬁu Tﬂﬂmmumﬂﬁumiﬂlmsmﬂ%ma U

VXE =—jouH (2.39)
VxH=J jwcE+cE (2.40)
V.-B=0 (2.41)
V-D=p, (2.42)

WenNudIFIL (@) oglursnnuddinzainsnazmsnasaneunIIa
v A a d? 1 @ o’/’ 1 3 KX A [l 1
nszdanadulueIniadg duiuauuuumanddaszaoaun Iiiuaz lusiniaingey
I o 1 < I [l =) 1 < Yo o o
Wusmmnnauumivandudiulva sansviramasanuuimanay lsdndnnnes
[ I~ o { 09/' o 4 4 o
wivian 4 i ldunuluaunisn .41 nniuldendnualinnmes Vevx 4=0 mldld

'
v Jdo =

ANNTURUTAITUNITN (2.43)

z A A Y v o J
INUUUNUANUNITN (2.43) aslugunmsn (2.39) Taglsanuduiusvosdunis
1 < & o Y Y ad o oIa o 1 <3 1 ng; 9
guinvian B “If\iﬁnﬂiﬂﬂ'lu'lﬂlllﬂﬂ'JfJfﬂﬁLﬂiﬁﬁﬂﬂﬁf\‘lnﬂm@ﬁlmlﬁﬁﬂ A 1MUY Llﬁﬂ\illﬂ

9

faid (Balanis, 1989; Renhart et al., 1992)

B, =uH =VxA (2.44)
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H =—VxA

VXE,=-jouH , =-joVxA

w14
VX[E,+ jod]=0

nnnBsenanyal Vx(-Ve)=0 vz druduiugaed
E, +jod=-Vo

E, =—Vop-joAd

=
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(2.45)

(2.46)

(2.47)

(2.48)

(2.49)

s % o ¢ ¢
NTAUNITUUNFIAAUASIONANHULINIADT VxVxA=VVedq —VZA uag

Y
Ve A =0 udrwagilIniTaei Id Idaumsauuuimanlumsmdmeudsaumsae lil

VxH =J +0E,

1 0
Vx| —=VxA4|+oc—A+cVep=Jg
7, ot

VXLVXAZJS —-jocA
U

1
—V’A-jocA=J,
7

(2.50)

(2.51)

(2.52)

(2.53)

A A 9 ] < A 1
o HA ADAUIYNT UV AN ‘]s ADANNNUUUYDINT LA (forced

current density) o Aoan1Ni1M19 I (electrical conductivity) E, Avanudnvesaun i
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Abstract

In this paper. we propose magnetic shielding system for cancer treatment with hyperthermia
inductive heating. It is a technique to control magnetic field intensity and relocate the heating arca
by using a cylindrical metal shiclding with aperture.

Keywords : Shielding Hyperthermia Inductive heating
1. Introduction

At present, cancer is onc of leading causc of population death in worldwide. Cancer is the
uncontrolled growth and spread of cells. Tt can affect almost any part of the body. Especially breast
cancer, because of breast cancer has been increasing worldwide in every year [1]. Therefore, it is
desirable to remove the cancer from the human body as soon as possible. Cancer can be treated
effectively by various methods such as surgical excision, chemotherapy and radio therapy including
hyperthermia [2] which is one of noninvasive techniques. There are few techniques for noninvasive
deep hyperthermia. Most of microwave heating methods could not be used for deep hyperthermia
due to skin depth effect. Low frequency technique is possible for deep treatment, however. The
temperature in cancer cell can be increased by induction. To induce heat in the cancer cell, strong
magnetic field has to penetrate the cancer cell to generate eddy current in the cell which can be
visualized as clectric loss. The eddy current will increase the cell temperature. The temperature of
normal cells due to eddy current is constant since the cancer cell is more conductive than normal
cell. Nevertheless, the direction of magnetic field is important for localizing the heating region.
Because of high intensity magnetic ficld will side effects of neighbouring normal cells, which can
have devastating to normal cells. Moreover, the magnetic field intensity is crucial for hyperthermia
treatment since it controls tissue temperature. It has been shown that magnetic core orientation and
position can control the field distribution in both horizon and vertical direction [3]. To concentrate
magnetic ficld to a specific region, a shielding system is installed at the magnetic core [3]. The
location of heating can be controlled by moving the ferrite core.

Resent the controlling heating position system in [3] utilizes two metal plates to control the
vertical magnetic ficld. One metal plate is placed between two ferrite cores and other two metal
plates are placed closed to the ferrite cores. This configuration provides conirol over the vertical
field and, hence, the heating location can be determined by the ferrite cores location. However, the
magnetic field will leak thought the unshielded side of the ferrite cores. The leakage of magnetic
field results in difficulty of controlling the heating arca and also effeets normal cells that is nearby.
Radio-therapy for breast cancer requires regional heating with specific temperature. The
temperature is directly proportional to magnetic ficld intensity.

In this paper, we study the effect of cylindrical shicld to heating arca, depth and location of
induction heating for breast cancer hyperthermia treatment. The heating area 1s determined by the
aperture size of the cylindrical shield. To determine heat distribution in the breast, electric loss
density is analyzed for various aperture sizes of the shielding cylinder. The applicator is a ferrite
cylinder with diameter of 7 cm. In the simulation, the applicator is fed by a 4 MHz source. It is
difficult to limit heating area when the applicator ferrite cores are unshielded. However, the heating
efficiency is reduced as the aperture size decreases. If the small heating arca is needed, it may
require longer treatment time. Moreover, the heating location can be varied by changing ferrite core
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orientation. By moving the orientation of the ferrite core in x-axis and z-axis direction, the heating
location and area are altered dramatically for unshielded ferrite cores whereas the heating position
and area are slightly different for shielded cores. Simulations show that the heating position can be
relocated from the top to the bottom and the left to the right of the breast by changing the
orientation of the ferrite core with cylindrical shield. The cores vertical position has almost no effect
on the heating area and position for shielded cores. In contrast. heating area and position is difficult
to predict when unshielded cores are used. The proposed magnetic shielding system is suitable for
prevent the effects of hyperthermia cancer treatment by induction heating.

2. Shielding System

The proposed magnetic shielding system consists of a shielding plate and two cylinders as
shown in Fig. 1 (a). The shielding system in [3] consists of a metal plate to control the magnetic field
from a single side of the core. Unlike the shielding system in [3]. the proposed shielding system
controls the vertical by enclosing the ferrite core with a cylindrical shield with aperture size of
3.5x8 cm. Since placing the shiclding plate only one side of the ferrite core can control the
magnetic field only one side. it will be magnetic field leak in the opposite side of the shielding plate.
This magnetic field leakage results in spreading of the heating region. Thus, it is difficult to control
the heating arca. The proposed shielding system limits the magnetic [ield around the fernte cores to
confine the field in horizontal direction. Most of the vertical magnetic field will penetrate into the
heating body via the aperture and, hence the heating region size can be determining by the aperture
size. Moreover, the heating position can be relocated from the top to the bottom and the left to the
right of the breast by moving the orientation of the ferrite core with cylindrical shield in x-axis and
z-axis direction. The schematic of the simulation model is shown in Fig. 1 (b).

Magnetic shielding cylinder
™,

Ferrite core

“Moving
direction

r
@ ®)

Figure 1: Construction of magnetic shielding system (a) schematic of applicator system
(b) simulation model

Fig. 1 represent the heating model is made from agar phantom with conductivity. relative
permeability and relative permittivity are 0.62 s/m, 1 and 130 respectively. The magnetic shield
plate and cylinders are metal with conductivity of 5.84e4 s/m. The ferrite core is a highly magnetic
material with conductivity 0.001 s/m and relative permeability 200.

3. Simulation Results

The construction of magnetic shielding system to verify the field distribution on the heating
model, full wave 3-D numerical simulation is performed using commercial software, CST EM
Studio 2009. We evaluate clectric loss density for the heating body. The ferrite core is excited by 4
MHz signal. The aperture sizes in the simulation are 5 em, 7 cm and 8 em. Electric loss density
images for heating region of the ferrite core without shield and cylindrical shield with all aperture
sizes are shown in Fig. 2.
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Figure 2: Electric loss density of the heating model (a) ferrite core without shielding (b) cylindrical
shielding with 5 cm aperture (c) cylindrical shielding with 7 cm aperture (d) cylindrical shielding
with 8 cm aperture

Fig. 2 represents the heating region of the ferrite core with and without cylindrical shield.
The heating region has spread over the large area when the ferrite core is unshielded with
cylindrical shield as shown mn Fig. 2 (a). When the ferrite core 1s cylindrical shielded with various
aperture size, the heating region size 13 confined n smaller area as shown in Fig. 2 (b) - Fig. 2 (d).
The heating region size 1s reduced when the aperture size 1s smaller. It can be seen that the heating
region is controlled by varying the aperture size.

We further investigate the heating location by changing shielded ferrite cores orientation.
The ferrite cores orientation with 45-degree and 90-degree are nvestigated as shown in Fig. 3.

Wim~3 w/m~3
197
178
157
132
108

83.1
58.5
339
0

(a) (b)

184
168
147
124
101

77.6
4.3

316
[]

Figure 3: Electric loss density of the heating model for ferrite cores orentation () 45-degree (b) 90-degree

Fig. 3 shows the heating region when the ferrite core orientation with 45-degree and 90-
degree. In the shielded cores, the aperture size 13 8 cm i the simulation for both orientations. The
meximum electric loss densities for the 45-degree and 90-degree orientation are more than the
parallel ferrite core configuration. Furthermore, we mvestigate the effect of distanice of the ferrite
core in x-direction to the heating location as shown in Fig. 4.
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Figure 4: Electric loss dengity of the heating model for ferrite cores position in x-direction

The simulation results in Fig. 4 show that the heating locations can be relocated from the
left to the right of the breast by changing the orientation of the ferrite core with cylindrical shield.
The simulations show that the heating area can be controlled by aperture size. The heating area is
proportional to the aperture size. It is difficult to limit heating area when the cores are unshielded.
However, the heating efficiency is reduced as the aperture size decreases. If the small heating area
is needed, it may require longer treatment tirme.

4. Conclusion

In this paper, the effect of cylindrical shield to heating area and location of induction
heating for breast cancer hyperthermma treatment are presented. To determine heat distribution in the
breast, which electric loss density is analyzed for various aperture sizes shielding cylinder. In the
simulation, the inductive applicator is a ferrite core with diameter of 7 cm and excited by 4 MHz
signal. The magnetic applicator is located inside this shielding cylinder. The simulations show that
size of heating region can be controlled by varying the aperture size. Moreover, we investigate the
position of heating region by varying the orentation of the ferrite core in x-axis and z-axis
direction. Furthermore, we investigate the heating location by changing shielded ferrite cores
orientation with 45-degree and 90-degree. The effect of vertical and horizontal position of the ferrite
core to the heating location is also studied. Sumulations show that the heating position can be
relocated from the top to the bottom and the left to the tight of the breast by changing the
orientation of the ferrite core with cylindrical shield. The advantage of the magnetic shielding
gyatem is that it can be used to applied for prevent the effects of hyperthermia cancer treatment by
induction heating.
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Abstract— 1In this paper, the effect of cylindrical shield to
heating area and location of induction heating for breast cancer
hyperthermia treatment with hyperthermia indnctive heating are
presented. To determine heat distribution in the breast, which
electric loss density is analyzed for varions aperture sizes and
radius of shielded cylindrical. It is a techmique to control
magnetic field intensity and relocate the heating area by using a
cylindrical metal shielding with aperture. In the simulation, the
inductive applicator is a ferrite core with diameter of 7 em and
excited by 4 MHz signal. The simulations show that the heating
area can be effectively controlled by using the cylindrical shield
with adjustable aperture size. The heating efficiency is reduced
as the aperture size decreases. If the small heating area is needed,
it may require longer treatment time. Nevertheless, the efficiency
of heat can be increased by varying the radius size of shielding
plate. Moreover, we investigate the position of heating region by
varying the orientation of the ferrite core in x direction. The
effect of horizontal position of the ferrite core to the heating
location is also studied. Simulations show that the heating
position can be relocated by changing the orientation of the
ferrite core with cylindrical shield. The advantage of the
magnetic shielding system is that it can be nsed to applied for
prevent the effects of hyperthermia cancer treatment by
induction heating.

1. INTRODUCTION

Cancer is one of leading cause of population death in
worldwide. Especially breast cancer, because of breast cancer
has been increasing worldwide in every vear [1]. Cancer is the
uncentrelled growth and spread of cells. It can affect almost
any part of the body. Therefore, it is desirable to remove the
cancer from the human body as soon as possible. Cancer can
be treated effectively by various methods such as surgical
excision, chemotherapy and radio therapy including
hyperthermia [2]-[6] which is one of noninvasive techniques.
There are few techniques for neninvasive deep hyperthermia.

Hyperthermia is a type of cancer reatment in which body
tissue is exposed to high temperatures and recognized as an
effective way to cure the cancer by applying the heat directly
to the cancer cells. The heat distributions include the radio
frequency induction, dielectric heating, microwave heating and
ultrasonic wave heating [7], [8]. Nevertheless, the microwave
heating metheds could not be used for deep hyperthermia due
to skin depth effect [10]. Conversely, low frequency technique
is possible for deep treatment, however. The temperature in
cancer cell can be increased by induction. To induce heat in
the cancer cell, strong magnetic field has to penetrate the
cancer cell to generate eddy current in the cell which can be

978-1-4577-1559-4/12/$26.00 ©2012 IEEE

visualized as electric loss. The eddy current will increase the
cell temperature. The temperature of normal cells due to eddy
current is constant since the cancer cell is more conduective
than normal cell. However, the direction of magnetic field is
important for localizing the heating region. Radio-therapy for
breast cancer requires regional heating with specific
temperature. Because of high intensity magnetic field will side
effects of neighbouring normal cells, which can have
devastating to normal cells. Moreover, the magnetic field
intensity is crucial for hyperthermia treatment since it controls
tissue temperature. It has been shown that magnetic core
orientation and position can contrel the field distribution in
both herizon and vertical direction [9]. To concentrate
magnetic field to a specific region, a shielding system is
installed at the magnetic core [9]. The location of heating can
be controlled by moving the ferrite core. Resent the
controlling heating position system in [9] utilizes two metal
plates to contrel the vertical magnetic field. One metal plate is
placed between two ferrite cores and other two metal plates
are placed closed to the ferrite cores. This configuration
provides control over the vertical field and, hence, the heating
location can be determined by the ferrite cores location.
However, the magnetic field will leak thought the unshieldad
side of the ferrite cores. The leakage of magnetic field results
in difficulty of controlling the heating area and also effects
normal cells that is nearby. Consequently, the radio-therapy
for breast cancer requires regional heating with specific
temperature. Because of, the temperature is directly
proportional to magnetic field intensity.

In this paper, we proposed shielding system is a cylindrical
metal with aperture. The effect of cylindrical shield to heating
area and location of induction heating for breast cancer
hyperthermia treatment with hyperthermia inductive heating
are presented. The magnetic applicator is located inside this
shielding cylinder. We show that the magnetic field intensity
can be regulated by varying the apermure size. In the
simulation, the inductive applicater is a ferrite core with
diameter of 7 cm and excited by 4 MHz signal The
ginulations show that the heating area can be effectively
controlled by using the cylindrical shield with adjustable
aperture size. The heating efficiency is reduced as the aperture
size decreases. If the small heating area is needed, it may
require longer itreatment time. Nevertheless, the efficiency of
heat can be increased by varying the radiug size of shielding
plate. Moreover, we show that the heating location can be
relocated by changing the orientation of the ferrite core. The
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effect of horizontal position of the ferrite core to the heating
location is also studied. Simulations show that the heating
position can be relocated by changing the orientation of the
ferrite core with cylindrical shield.

II. CONCEPT AND CONSTRUCTION OF SHIELDING SYSTEMS

The proposed shielding system controls the vertical by
enclosing the ferrite core with a cylindrical shield with
aperture. The shielding system in [9] consists of a metal plate
to control the magnetic field from a single side of the core.
Unlike the regional heating system in [9], since placing the
shielding plate only one side of the ferrite core in [9] can
control the magnetic field only one side, it will be magnetic
field leak in the opposite side of the shielding plate. Thus, it is
difficult to control the heating area. This magnetic field
leakage results in spreading of the heating region that has an
effect on another nearby tissues. The construction and
simulation model of magnetic shielding system as shown in
Fig. 1 (a) and (b) respectively.

h!ueldmg box |

Fermite core

(a)

Magnetic shields

r

(b)

Fig. I Construction of magnetic shielding system (a) schematic of applicator
system (b) Analytical model of magnetic ficld shiclding system

In this figure, a two dimension cross section of the analytic
region is represented to be able to easily understand the
configuration of the shielding system analysis. The proposed
shielding system limits the magnetic field around the ferrite
cores to confine the field in horizontal direction. Most of the
vertical magnetic field will penetrate into the heating body via
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the aperture and, hence the heating region size can be
determining by the aperture size. Moreover, the heating
position can be relocated from the left to the right of the breast
model by moving the orientation of the ferrite core with
cylindrical shield in x-axis direction. The heating model is
made from agar phantom with conductivity, relative
permeability and relative permittivity are 0.62 s/m, 1 and 130
respectively. The magnetic shield plate and cylinders are
metal with conductivity of 5.84ed s/m. The ferrite core is a
highly magnetic material with conductivity 0.001 s/m and
relative permeability 200.

I SIMULATION RESULTS AND DISCUSSION

In this section, we investigate the magnetic flux density,
which can be controlled by varying the aperture size. In order
to resolve the problem of heating region and a local heating
can be controlled by varying the aperture and radius size of
the shielded system. Moreover, we investigate the position of
heating region can be relocated by changing the orientation of
the ferrite core with shielded system in x-axis direction. The
construction of magnetic shielding system to verify the field
distribution on the heating model, full wave 3-D numerical
simulation is performed using commercial software, CST EM
Studio 2009.

From these theoretical investigations, one effective method
to control a heating region in the breast was found. Hence, the
temperature in the heating body can be controlled by the size
of shielding aperture. We evaluate electric loss density for the
heating model. The ferrite core is excited by 4 MHz signal.
The aperture sizes in the simulation are 5 cm, 8 cm and 10 em.
Electric loss density images for heating region of the ferrite
core without shield and cylindrical shield with all aperture
sizes are shown in Fig. 2.
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Fig. 2 FElectric loss density of the heating model (a) ferrite core without
shiclding (b) cylindrical shielding with 5 cm aperture (c) cylindrical shiclding
with 8 em aperture (d) cylindrical shielding with 10 em aperture
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Fig. 2 represents the heating region of the ferrite core with wim~3
and without cylindrical shield. The heating region has spread 109
over the large area when the ferrite core is unshielded with -
cylindrical shield as shown in Fig. 2 (a). When the ferrite core ok
is cylindrical shielded with various aperture size, the heating o
region size is confined in smaller area as shown in Fig. 2 (b)- J
Fig. 2 (d). It could be observed that the heating region size is
reduced when the aperture size is smaller. It can be seen that
the heating region is controlled by varying the aperture size
are illustrated in Table 1.

wim=3
191
TABLEI in
EVALUATE THE ELECTRIC LOSS DENSITY FROM VARYING THE APERTURE SIZES i
Aperture sizes of shield plate Electric loss density s
| (em) (W/m?) 7Ol e L
without shielding 295.0 19 Wi
10 189.0 A
9 187.0
8 184.0 © (d)
7 152.0 e . ) . -
3 1500 Fig. 3 I-.Ic:.ctrlc loss dcpstl}'_nf'thc h.uam.}g model {a) r_adlus size nfshiddmg
plate is 0.5 cm (b) radius size of shiclding plate is 1.5 em (c) radius size of
5 149.0 3 ng plate is 2 em (d) radius size of shiclding plate is 2.5 cm
4 132.0
3 112.0
B 101.0 Fig. 3 represents the heating efficiency when the radius size

From table 1, we found that the aperture size of 8
centimeters, it will give the best results. Because of the
electric loss density is high. Furthermore, it can control the
leakage of the magnetic field or the effectiveness of magnetic
field shielding more effectively. The simulations show that the
heating area can be effectively controlled by using the
cylindrical shield with adjustable aperture size. The heating
area is determined by the aperture size of the cylindrical shield.
Mevertheless, when the cylindrical shielded have aperture size
more than 8 cm the heating region have spread over the large
area. Due to the heating area is proportional to the aperture
size. In contrast, heating area is difficult to predict when
unshielded cores are used. In unshielded cores, the heating
area spreads unpredictably, and, hence, it is difficult to limit
the heating area when the cores are unshielded. Simulations
show that the heating area can be controlled by the aperture
size of cylindrical shield. However, the heating efficiency is
reduced as the aperture size decreases. Nevertheless, if the
small heating area is needed, it may require longer treatment

of cylindrical shield plate is changed. The simulations show
that the heating efficiency can be effectively controlled by
varying the radius size of cylindrical shield plate with fixed
aperture size of 8 cm is unchanged, obtained from previous
studies. Due to aperture size of cylindrical shield plate more
than § cm the heating region have spread over the large area
uncontrollable, and it is difficult to limit the magnetic field.
However, the heating efficiency has increased when the radius
size of cylindrical shield plate is increased as shown in Fig. 3
(b) and (c). Subsequently, when increasing the radius of more
than 8 cm, the heating efficiency is slightly different or
approximately the efficiency of heating are not changed. It
could be observed that the efficiency of heating size has a few
changed. when the radius size of cylindrical shield plate
increasing more than 8 cm. It can be seen that the heating
efficiency is controlled by varying the radius size of
cylindrical shield plate are illustrated in Table 2.

TABLETII
EVALUATE THE ELECTRIC LOSS DENSITY FROM VARYING THE RADIUS SIZES

time. More treatment time may be required to heat the cancer
cell to desire temperature. In addition to increased the heating

efficiency by increasing the time to treatment. It can also

increase heating efficiency by varying the radius size of

shielding plate.

Subsequently, we investigate the heating efficiency can be

increased by changing the radius size of shielding plate. To

find out how to increase the magnetic flux and heating

efficiency, we will change the radius size of shield plate to get

the most excellent heating efficiency, while causing smallest

magnetic flux leakage to another nearby tissue. We show that

the heating efficiency can be increased by varying the radius

Radius size of shielding plate Electric loss density
(cm) (W/m?)
2.75 191.0
2.50 191.0
2.25 191.0
2.00 191.0
1,75 189.5
1.50 189.0
1.25 188.5
1.00 188.0
0.75 187.0
0.50 186.0
0.25 185.0

sizes of cylindrical shield plate are illustrated in Fig. 3.
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From table 2, we found that the radius size of cylindrical
shield plate is 2 em with aperture size of 8 cm it will give the
best results. Because of the electric loss density is highest. In
addition, it can control the leakage of the magnetic field or the
effectiveness of magnetic field shielding more effectively.
From this investigated shows that the heating efficiency can
be increased by changing the radius size of cylindrical shield
plate. However, when the cylindrical shielded have radius size
more than 2 cm the heating efficiency is slightly different or
approximately the efficiency of heating are not changed. It

will also influence to the applicator of the system is very large.

The simulations show that the radius size of cylindrical shield
plate is 2 em with aperture size of 8 cm it will give the best
most excellent heating efficiency results, while causing
smallest magnetic flux leakage to another nearby tissue.
Moreover, we investigate the heating location by changing
shielded ferrite cores position. We show that the heating
location can be relocated by changing the position of the
ferrite core with cylindrical metal shield as shown in Fig. 4.

Fig. 4 Electric loss density of the heating model for changing the ferrite core
with cylindrical shields in x-direction (a) the electric loss density at the
starting position (b) the electric loss density when the ferrite cores applicator
offset from original position in the x-direction equal to 16 em.

Fig. 4 shows the heating locations can be relocated from the
left to the right of the breast model by changing the
orientation of the ferrite core with cylindrical shields in x-
direction. The maximum electric loss density for the initial
positions and 16 cm offset from the original position are 191
W/m® and 192 W/m® respectively. In this case, the heating
efficiency is similar for both positions and original position in
Fig. 3 (c) since the aperture size is identical.

IV. CONCLUSIONS

In this paper, we study the effect of cylindrical shield to
heating area and location of induction heating for breast
cancer hyperthermia treatment with hyperthermia inductive
heating are presented. It is a technique to control magnetic
field intensity and relocate the heating area by using a
cylindrical metal shielding with aperture. It is difficult to limit
heating area when the applicator ferrite cores are unshielded.
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The cylindrical shield provides a convenient way to control
the heating area and heating efficiency via the aperture size
and radius size of shielding plate respectively. In the
simulation, the inductive applicator is a ferrite core with
diameter of 7 cm and excited by 4 MHz signal. The magnetic
applicator is located inside this shielding cylinder. The
simulations show that the heating area can be controlled by
aperture size, which the heating area is proportion to the
aperture size. The heating efficiency is reduced as the aperture
size decreases. If the small heating area is needed, it may
require longer treatment time. However, the efficiency of heat
can be increased by varying the radius size of shielding plate.
Moreover, we investigate the position of heating region by
varying the ferrite core orientation and position in x direction.
We show that the ferrite orientation can relocate the heating
area from the left to the right of the breast model. The effect of
horizontal position of the ferrite core to the heating location is
also studied. Simulations show that the heating position can be
relocated by changing the orientation of the ferrite core with
cylindrical shield. The advantage of the magnetic shielding
system is that it can be used to applied for prevent the effects of
hyperthermia cancer treatment by induction heating.
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The Optimization of Non-invasive Focused Deep Hyperthermia Inductive Heating for
Breast Cancer Treatment by Using Nanoparticles and Magnetic Shielding System

Thanaset Thosdeekoraphat and Chanchai Thongsopa

School of Telecommunication Engineering, Suranaree University of Technology, Nakhonratchasima
30000, Thailand

Abstract: The optimization of noninvasive focused deep hyperthermia inductive heating with
nanoparticles injected and magnetic shielding system for breast cancer treatment has been presented in
this article and the results are discussed. It is a technique to control magnetic field intensity and focusing
the heating area by using magnetic fluid and cylindrical metal shielded with aperture. To focusing and
increase the heating efficiency in the breast cancer treatment. In the simulation, the inductive applicator
is a ferrite core with diameter of 7 cm and excited by 4 MHz signal. We show that the magnetic field
intensity can be controlled by changing the aperture size to suitable. The simulations show that the
heating area can be effectively controlled by using the magnetic fluid together with shielding system.
Results have shown that the efficiency of heat can be increased by varying the radius size of shielding.
Moreover, we show that the heating efficiency can be increased by using the magnetic fluid
nanoparticles. The advantage of proposed magnetic field shielding system with nanoparticles injected is
that it can be applied to non-invasive focused deep hyperthermia inductive heating for breast cancer
treatment.

Key words: magnetic shielding, non-invasive, focused, inductive heating, nanoparticle, hyperthermia.

INTRODUCTION

Cancer is one of leading cause of population death in worldwide. Cancer is the uncontrolled growth and
spread of cells. It can affect almost any part of the body. Especially breast cancer, because of breast cancer has
been increasing worldwide in every year. Therefore, it is desirable to remove the cancer from the human body as
soon as possible. Cancer can be treated effectively by various methods such as surgical excision, chemotherapy
and radio therapy including hyperthermia (Ben-Hur, E., ef @f., 1974; Antichi, P. P, ef af., 1978, Cleson, J. R,,
1984; Kimura, I, et al., 1986, Chartles, P, ef af, 1995) which is one of noninvasive techniques. The demands for
noninvasive cancer treatment by hyperthermia heating ave rapidly growing (Storm, F. K., ez @/, 1982; Rosen,
A, et al, 2002; Vander, V. A., et al., 2006; Stauffer, P. R., et al., 2004; Kotsuka, Y., et al., 2000;). There are
few techniques for noninvasive deep hyperthermia (Kotsuka, Y., ez ol 1996, Kotsuka, Y., et al, 2003;
Ambrosio, V. D, et al., 2007; Kuroda, S., ef al, 1999). Most of microwave heating methods could not be used
for deep hyperthermia due to skin depth effect.

Conversely, low frequency technique is possible for deep treatment, however. The temperature in cancer
cell can be increased by induction (Elliott, R. S., e al., 1982; Rahn, H., et a/,, 2013; Tiberio, C. A, et al., 1988;
Dughiero, F., et al., 2005). To induce heat in the cancer cell, strong magnetic field has to penetrate the cancer
cell to generate eddy current in the cell which can be visualized as electric loss. The eddy current will increase
the cell temperature. The temperature of normal cells due to eddy current is constant since the cancer cell is
more conductive than normal cell. Nevertheless, the direction of magnetic field is important for localizing the
heating region. Radio-therapy for breast cancer requires regional heating with specific temperature. A magnetic
shielded system has become an important topic for hyperthermia inductive heating because it can reduce the
side effects of neighbouring normal cells from magnetic field. Because of high intensity magnetic field will side
effects of neighbouring normal cells, which can have devastating to normal cells. Moreover, the magnetic field
intensity is crucial for hyperthermia treatment since it controls tissue temperature. It has been shown that
magnetic core orientation and position can control the field distribution in both horizon and vertical direction
{Kotsuka, Y., e af., 2000). To concentrate magnetic field to a specific region, a shielding system is installed at
the magnetic core. The location of heating can be controlled by moving the ferrite core. Resent the controlling
heating position system in (Kotsuka, Y., ef al., 2000) utilizes two metal plates to control the vertical magnetic
field. One metal plate is placed between two ferrite cores and other two metal plates are placed closed to the
ferrite cores. This configuration provides control over the vertical field and, hence, the heating location can be
determined by the ferrite cores location. However, the magnetic field will leak thought the unshielded side of the
ferrite cores. The leakage of magnetic field results in difficulty of controlling the heating area and also effects
normal cells that is nearby. Consequently, the radio-therapy for breast cancer treatment requires regional heating
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Technology, 111, University Rd., Muang, Nakhonratchasima 30000, Thailand.
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with specific temperature (Thanaset, T., et a/., 2012). Because of, the temperature is directly proportional to
magnetic field intensity.

In this paper, we proposed the optimization of noninvasive focused deep hyperthermia inductive heating
with magnetic shielding system for breast cancer treatment and the results are discussed. We show that the
magnetic field intensity can be controlled by varying the aperture size and the radius size of shielding plate to
suitable (Thanaset, T., et al., 2012). In addition, the position of the heating region and heating efficiency can
be controlled very well by using our magnetic shielded system as mentioned above with the magnetic fluid. It
also uses principle injected of magnetic fluid into the cancer cell so that it can be attracted magnetic flux to
cancer cell most effectively. In addition, the heating region at the position of cancer cells will be the most
effectively and it can be penetrated into the breast even more. Tt is a technique to control magnetic field
intensity and focusing the heating area by using magnetic fluid and a cylindrical metal shielding with
aperture. To focusing and increase the heating efficiency in the breast cancer treatment, which electric loss
density is analyzed for various aperture sizes and radius of shielded cylindrical. The magnetic applicator is
located inside this shielding cylinder. Theoretical analyses investigate that a novel shiclded system and
magnetic fluid are effective for controlling the magnetic field distribution or heating position. Theoretical
investigations were carried out using a lossy medium. The simulations show that the heating area can be
effectively controlled by using the cylindrical shield with magnetic fluid. In the simulation, the inductive
applicator is a ferrite core with diameter of 7 cm and excited by 4 MHz signal. The simulations show that the
heating area can be effectively controlled by using the cylindrical shield with adjustable aperture size. The
heating efficiency is reduced as the aperture size decreases. If the small heating area is needed, it may require
longer treatment time. Nevertheless, the efficiency of heat can be increased by varying the radius size of
shielding plate. Moreover, we show that the heating efficiency can be increased and focusing of heating
region can be controlled by using the magnetic fluid with our shielded system. The proposed magnetic field
shielding system with magnetic fluid is suitable for non-invasive focused deep hyperthermia inductive
heating and preventing the side-effects for breast cancer treatment.

The Concept and Construction of Shielding Systems:

The magnetic shielding system for noninvasive focused deep hyperthermia inductive heating in this
proposed that consists of two cylindrical shielding plates. This system controls the vertical by enclosing the
ferrite core with a cylindrical shield with aperture. Nevertheless the system in (Kotsuka, Y., ef al., 2000)
consists of a metal plate to control the magnetic field from a single side of the core. Unlike the regional heating
system in (Kotsuka, Y., et al., 2000), since placing the metal plate only one side of the ferrite core in (Kotsuka,
Y., et al., 2000) which can control the magnetic field only one side, it will be magnetic field leak in the opposite
side of the shielding plate. Thus, it is very difficult to control the heating area. This magnetic field leakage
results in spreading of the heating region that has an effect on another nearby tissues. The construction of
magnetic shielding system and simulation model with magnetic fluid for noninvasive focused heating region are
illustrated in Fig. 1 (a) and (b) respectively.
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I
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Magnetic sl]tclding cylinder
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Fig. 1: Schematic of shielding system with ferro-fluid injected: The shielding system consists of two cylindrical
shielding plates, controls the vertical by enclosing the ferrite core with a cylindrical shield with aperture.
(a) Schematic of applicator system (b) The cross section of the breast analysis model injected the
magnetic fluid into the cancer cell.

In this figure, a two dimension cross section of the analytic region is represented in order to easily
understand the configuration of the shielding system analysis. The proposed shielding system limits the
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magnetic field around the ferrite cores to confine the ficld in horizontal direction. Most of the vertical magnetic
field will penectrate into the heating body via the aperture and, hence the heating region size can be determined
by the aperture size. Moreover, the heating position can be focused from the top to the bottom and the left to the
right of the breast by moving the orientation of the cancer model with magnetic fluid in x-axis and y-axis
direction is illustrated in Fig. 1. In addition, the design of magnetic field shielding system is necessary to take
into consideration the attenuation of the magnetic field properties of the various materials used in order to
spread the magnetic field over the specific area and leakage of magnetic field to the nearby areas to a fewest.
Therefore, we have to consider effects of magnetic field shielding of various matenials that were tested, such as,
copper (Cu), lead (Pb), steel (Fe) and transformer steel (Ck-37), which has conductivity, relative permeability
and relative permittivity are illustrated in TABLE 1.

Tablel: Properties of various materials to be tested.

Materials conductivity permeability
copper (Cu) & 1
596 =10
lead (Pb) 5 1
50x10
steel (Fe) & 700
7.14 x10
transformer steel (Ck-37) 5 4000
2.17 =10

The investigation of the effective reduction of the magnetic field for various materials was carried out in the
study. To analyses the effective of magnetic field shielding of materials, we specify a current source of the
magnetic field (/) 1 A/m? Within the cylindrical shield plate with dimensions 15 % 15 em and a thickness of 1 mm
copper plate as shown in Fig. 2.

Region of the magnetic flux is reduced

150 mm

Region ofl@eti_c flux crowdedly

._\‘\

DU DI

=}
g .
E ¥ ‘ Distance to measure the
\ . intensity af the magnelic
field is 14 em.
— 1
1
rectangular shield plate H
10 mm ! 1mm

Fig. 2: Schematic of shield plate and distance to measure the intensity of the magnetic field for various
materials. The material used in the analyses consists of copper, lead, steel and transformer steel.

Figure 2 represents the model of eylindrical shield plate and distance to measure the intensity of the magnetic
field (Du, Y., et al., 1996; Kotsuka, Y., et af., 2009). After that, we analyzed the effectiveness of magnetic field
shielding (SE) of various materials in following equation (1) (Hasselgren, L., et of., 1995).

B
SE(dB) =20 log{w} "
H icid

For analyzing the effective shielding of magnetic field in our study is illustrated in Fig. 3. The material used
in the analyses consists of copper, lead, steel and transformer steel, as mentioned above. Fig. 3 shows that the
cffective of magnetic field shielding of various materials were tested. The honizontal axis represents the distance
from the edge of the cylindrical shielding plate and the vertical axis shows the effectivencss of the shielding for
various materials. The analysis found that the copper materials will be provided the most effective shield
approximately 25.47 dB. Therefore, we chose copper as the material used for the analysis and design of
magnetic shielding system. Because copper is a material that can be reduced to a maximum magnetic field in
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order to study the characteristics of magnetic field shielding system which are applied with various aperture
sizes to control the magnetic field density and heating position appropriately.

The schematic of the analytical model of magnetic field shielding system is shown in Fig. 1 {b). Which
represent the cross section of the breast analysis model injected the magnetic fluid into the cancer cell. The
heating model as mentioned above is made from agar phantom with conductivity, relative permeability and
relative permittivity are 0.62 s/m, 1 and 130 respectively. A phantom simulating a human breast was placed
between a pair of ferrite cores with magnetic shielded. The magnetic shield plate is a cylindrical metal with
conductivity of 5.84e4 s/m. The ferrite core is a highly magnetic material with 0.001 s/m conductivity and
relative permeability at 200. The magnetic flux density to resolve the problem of heating region and a local
heating for analysis of temperature distribution will be illustrated in section of numerical results and temperature
distribution.

30 4

—o— copper (Cu)

25 ——+— lead (Pb)

—a— steel (Fe)

20 - transformer steel (Ck-37)

Effective of magnetic shielding (dB)
G

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Distance to measure the intensiry of the magnetic field (cm)

Fig. 3: The effectiveness of magnetic field shielded of various materials that were tested. The horizontal axis
represents the distance of the eylindrical shielding plate and the vertical axis shows the effectiveness of
the shielding for various materials.

Analysis of Temperature Distribution:

In this section, we investigate the magnetic flux density, which can be controlled by varying the aperture
size. In order to resolve the problem of heating region and a local heating can be controlled by varying the
aperture and radius size of the shielded system. To determine a method of heating induction and controlling
heating position, we solved Maxwell’s equation and analyzed by using the full wave three-dimensional
numerical simulation (Chanchai, T., e# af., 2002} following equations (Renhart, W., et al., 1992; Yee, K. S,
1966). The construction of magnetic shielding system to verify the field distribution on the heating model is
performed using full wave 3-D numerical simulation.

VuE=—jouH 2)
VxH=Jy+ joweE + oE 3

where E is the electric field, H is the magnetic field, @ is the radian frequency, u is the permeability, .7, is

the forced current density, g is the permittivity and ¢ is the electrical conductivity In this analysis, the
following fundamental equation for vector potential .4, which takes the eddy current into consideration, is used.
Solving the below equation for A4, the magnetic field and eddy current distribution 1s caleulated as follows.
Vx(Nxdy=J,—J )]

ad
Vx(Wxd)=J,—c——0oV¢ (5}
ot
where v , J and ¢ rtepresent the magnetic reluctance, the current density and the electric potential,
respectively. In the electromagnetic analysis, we derive the lowest resonant frequency of the applicator.
Subsequently, the temperature distributions are observed. The temperature distribution in lossy media can be
calculated from bicheat transfer equation by assuming the lossy media is human tissue or breast replica. It can
be expressed as (Roemer, R. B, er al., 1984; Milovanovie, B, ef af., 2002; Mateev, V., eral., 2013).

A,
O _pvire &g |20, P ©)
a7 C, Ml oar ) pC,
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pJ.J (7
VL) (8)
at

where T is the temperature, ¢ is the heating time, R, is the distribution temperature, £, is the liquid water
flow ratio to the moisture transfer, C, is the specific heat capacity of an object, L, is the latent heat of

vaporization, A/, is the mass of liquid, P is the heat source of distribution and p is the local physical density

of tissue. The simulation of induction heating was conducted by analyzing eddy current distribution of the
inductive applicator is a ferrite core, its will be discussed in the next section.

Numerical Results and Discussion:

In this section, we investigate the magnetic flux density, which can be controlled by varying the aperture
size. In order to resolve the problem of heating region and a local heating can be controlled by using the
shielded system. Moreover, the position of the heating region and heating efficiency can be controlled very well
by using our magnetic shielded system as mentioned above with the magnetic fluid. It also uses principle
injected of magnetic fluid into the cancer cell so that it can be attracted magnetic flux to cancer cell most
effectively. The construction of magnetic shielding system to verify the field distribution on the heating model,
full wave 3-D numerical simulation was performed using full wave three-dimensional numerical simulation.

A. Evaluate Electric Loss Density:

To find out how to control the magnetic flux and heating region, we will change aperture size to get the most
excellent heating efficiency, while causing smallest magnetic flux leakage to another nearby tissue. The proposed
shielding system limits the magnetic flux around the ferrite cores to confine the field between two ferrite cores. It is
a technique to control magnetic field intensity and relocate the heating area by using a cylindrical metal shielding
with aperture. The demonstration shows that the magnetic field intensity can be regulated by varying the aperture
size. From these theoretical investigations, one effective method to conirol a heating region in the breast was
found. Hence, the temperature in the heating body can be controlled by the size of shielding aperture. Electric loss
density for the heating model was evaluated. The ferrite core is excited by 4 MHz signal. The aperture sizes in the
simulation are 5 cm, 7 cm and 8 cm. Electric loss density images for heating region of the ferrite core without
shield and cylindrical shield with all aperture sizes are shown in Fig. 4.

wim~3 Wi
=2 149
272 iza
25 119
198 105
i 910
¥y 630
o - s
0 149 Wim™3 . 51'0
119 Wim"3
91 Wim™3
49 Wim'3
wW/m~3 w/m~3
184 189
147 150
124 129
107 112
101 98.5
776 79
54.6 58
184 W3 314 s
124 W/im™3 o b
101 W/m™3
34 Wim™3

(©)

Fig. 4: Electric loss density of the heating model (a) ferrite core without shielding (b) eylindrical shielding with
5 em aperture (c) cylindrical shielding with 8 em aperture (d) cylindrical shielding with 10 cm aperture.
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Figure 4 represents the heating region of the ferrite core with and without cylindrical shield. The heating
region has spread over the large area when the ferrite core is unshielded with cylindrical shield as shown in Fig.
4 (a). When the fernite core is cylindrical shielded with various aperture size, the heating region size is confined
in smaller area as shown in Fig. 4 (b)- Fig. 4 (d). It could be observed that the heating region size is reduced
when the aperture size is smaller. It can be seen that the heating region is controlled by varying the aperture size
are illustrated in TABLE 2.

From TABLE 2, we found that the aperture size of 8 centimeters can perform the best results because the
electric loss density is high. Furthermore, it can control the leakage of the magnetic field or the effectiveness of
magnetic field shielding (SE) more effectively (Hasselgren, L., ef al., 1995, Thanaset, T., et al., 2012). However,
the heating efficiency is reduced as the aperture size decreases. Nevertheless, if the small heating area is needed,
it may require longer treatment time. More treatment time may be required to heat the cancer cell to desire
temperature.

Table 2: Evaluate the electric loss density from changing the aperture sizes.

aperture sizes of shield plate electric loss density (W/m®) magnetic flux density effective of magnetic field shielding
(cm) (dB)
without shielding 295.0 433.0 -
10 189.0 207.0 3.27
9 187.0 295.0 3.33
8 184.0 291.0 3.45
7 152.0 285.0 3.63
[i] 150.0 280.0 3.77
5 149.0 275.0 3.94
4 132.0 271.0 4.07
3 112.0 269.0 4.13
2 101.0 263.0 4.26

The simulations show that the heating area can be effectively controlled by using the cylindrical shield with
adjustable the aperture size as mentioned above in TABLE 2. The heating area was determined by the aperture
size of the cylindrical shield. Due to the heating area is proportional to the aperture size. In unshielded cores, the
heating area spreads unpredictably, and, hence, it 1s difficult to limit the heating area when the cores are
unshielded. Simulations show that the heating area can be controlled by the aperture size of cylindrical shield. In
contrast, heating area is difficult to predict when unshielded cores are used. However, the heating efficiency 1s
reduced as the aperture size decreases. Nevertheless, if the small heating area is needed, it may require longer
treatment time. More treatment time may be required to heat the cancer cell to desire temperature. It can also
increase heating efficiency by varying the radius size of shielding plate.

Subsequently, we investigate the heating efficiency can be increased by changing the radius size of cylindrical
shielding plate. To find out how to increase the magnetic flux and heating efficiency, we will change the radius size
of shield plate to get the most excellent heating efficiency, while causing smallest magnetic flux leakage to another
nearby tissue. We show that the heating efficiency can be increased by varying the radius sizes of cylindrical shield
plate are illustrated in Fig. 5.

Table 3: Evaluate the electric loss density from changing the radius sizes.

radius size of shielding plate electric loss density (W/m’®) magnetic flux density effective of magnetic field shielding
(em) (dB)
275 191.0 300 3.18
2.50 191.0 300 3.18
2.25 191.0 300 3.18
2.00 191.0 299 3.22
175 189.5 299 3.22
1.50 189.0 300 3.18
1.25 188.5 301 3.16
1.00 188.0 299 3.22
0.75 187.0 298 3.24
0.50 186.0 299 3.22
0.25 185.0 300 3.18

Figure 5 represents the heating efficiency when the radius size of cylindrical shield plate is changed. The
simulations show that the heating efficiency can be effectively controlled by varying the radius size of
cylindrical shield plate with fixed aperture size of 8 cm is unchanged, obtained from previous studies. Due to
aperture size of cylindrical shield plate more than 8 cm the heating region have spread over the large area
uncontrollable, and it is difficult to limit the magnetic field. However, the heating efficiency has increased
when the radius size of cylindrical shield plate is increased as shown in Fig. 3 (b) and (¢). Subsequently,
when increasing the radius of more than 8 cm, the heating efficiency is slightly different or approximately the
efficiency of heating are not changed. It could be observed that the efficiency of heating size has a few
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changed, when the radius size of cylindrical shield plate increasing more than 8 cm. It can be seen that the
heating efficiency is controlled by varving the radius size of cylindrical shield plate are illustrated in TABLE
3.

wW/m~3 wim~3
186 189
166 169
149 151
131 133
114 116
78.6 80.0
437 144
186 Wim3 262 189 W3 267
149 Wim3 151 Wim®3
114 Win*d 116 Wim®3
4 Wi~ 45 Wi
W/m~3 w/m~3
191 189
170 150
152 129
136 112
119 98.5
80.6 79
45.5 58
57-4 189 Wim*3 ‘3]5
129 W/m"3
99 W/m"3
58 W/m"3
(c) (d)

Fig. 5: Electric loss density of the heating model (a) radius size of shielding plate is 0.5 cm (b) radivs size of
shielding plate 15 1.5 cm (c¢) radius size of shielding plate is 2 cm (d) radius size of shielding plate is 2.5
cim.

From TABLE 3, we found that the radius size of cylindrical shield plate is 2 cm with aperture size of 8 cm
it will give the best results. Because of the electric loss density 1s highest. In addition, it can control the leakage
of the magnetic field or the effectiveness of magnetic field shielding more effectively. From this investigated
shows that the heating efficiency can be increased by changing the radins size of cylindrical shield plate.
However, when the cylindnical shielded have radius size more than 2 cm the heating efficiency is slightly
different or approximately the efficiency of heating are not changed. It will also influence to the applicator of
the systemn 1s very large. The simulations show that the radius size of cylindrical shield plate is 2 cm with
aperture size of 8 cm it will give the best most excellent heating efficiency results, while causing smallest
magnetic flux leakage to another nearby tissue.

B. Investigate the Heating Orientation and Focusing:

Moreover, we investigate the position of heating region by using the magnetic shielded system as
mentioned above with the magnetic fluid. Due to, principle injected of magnetic fluid into the cancer cell so that
it can be attracted magnetic flux to cancer cell most effectively. Sirmilations show that the heating and focusing
can be relocated by using the magnetic field shielding system and magnetic fluid with fixed radius size of
cylindrical shield plate is 2 cm with aperture size is 8 ¢cm are unchanged, obtained from previous studies.
Because of the radius size of cylindrical shield plate 15 2 cm with aperture size of 8 cm it will give the best most
excellent heating efficiency results, while cansing smallest magnetic flux leakage to another nearby tissue. The
effect of magnetic shielded system and magnetic fluid to heating location and focused deep hyperthermia are
also studied. We show that the heating region can be focused or relocated by using the magnetic fluid as shown
in Fig. 6, and the focal point of the cancer cells to be heating more effectively when used in combination with
the magnetic shielding system.
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Fig. 6: Electric loss density of the heating model by using the magnetic fluid so that it can be attracted magnetic
flux to cancer cell most effectively (a) cross sectioned of the heating region and focused at the cancer
cell deep in the breast is equal to 2 cm (b) position of the cancer cell with injected of magnetic fluid
changed from original position in the left hand is equal to 3 cm.

Furthermore, the effect of noninvasive focused deep hyperthermia inductive heating of the heating region was
investigated in the original position to the various heating location of cancer cells is altered. The result shows that
the heating location can be relocated by changing the position of the cancer cell with magnetic fluid injected, as
shown in Fig. 7.
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Fig. 7: Electric loss density of the heating model by using the magnetic fluid (a) cross sectioned of the heating
focused at the cancer cell deep in the breast is equal to 4 em (b) position of the cancer cell with injected
of magnetic fluid changed from original position in the left hand is equal to 3 cm.

Figure 6 represents the heating efficiency when uses principle injected of magnetic fluid into the cancer cell
so that it can be attracted magnetic flux to cancer cell most effectively. The heating region at the position of
cancer cells will be the most effectively and it can be penetrated into the breast even more. The maximum
electric loss density for the heating region and focused at the cancer cell deep in the breast equal to 2 cm is 254
W/m'. In addition, position of the cancer cell with injected of magnetic fluid changed from original position to
the left hand, the position of the heating region can be focusing accurately and high efficiently. The maximum
electric loss density of the heating region at the cancer cell for changed from original position to the left hand
is 263 W/m’. Moreover, the simulation results in Fig. 7 show that the effect of noninvasive focused deep
hyperthermia inductive heating of the heating region can be removed from the top to the bottom of the breast
model by changing the position of the cancer cell with magnetic fluid injected, deep in the breast equal to 4
cm. The maximum electric loss density for this position is equal to 205 W/m®. And the maximum electric loss
density og the heating region at the cancer cell changed from starting position to the left hand in this case is
210 Wim'.

From the simulation results, we show that the heating efficiency can be increased and focusing of heating
region can be controlled by using the magnetic fluid with magnetic shielded system. Because of principle injected
of magnetic fluid into the cancer cell so that it can be attracted magnetic flux to cancer cell most effectively. The
heating region at the position of cancer cells will be the most effectively and it can be penetrated into the breast
even more. Nevertheless, it also given to thermal efficiency, it can be prevented the side-effects of hyperthermia
cancer treatment of neighbouring normal cells.
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Conclusion:

The optimization of noninvasive focused deep hyperthermia inductive heating with magnetic shielding
system for breast cancer treatment is presented. It is a novel technique to control magnetic field intensity and
focusing the heating area by using magnetic fluid and a cylindrical metal shielding with aperture. The
distribution of the lossy medium was analyzed using the full wave 3-D numerical simulation. In the simulation,
the inductive applicator is a ferrite core with diameter of 7 cm and excited by 4 MHz signal. The simulations
show that the heating area can be controlled by using the cylindrical shield. From the simulation we found that
the heating efficiency is reduced as the aperture size decreases. Nevertheless, the efficiency of heat can be
increased by varying the radius size of shielding plate, due to the heating area is proportion to the aperture size.
The results show that the suitable radius size of eylindrical shield plate increasing is 2 cm with aperture size is 8
cm it will give the best most excellent heating efficiency results, while causing smallest magnetic flux leakage
to another nearby tissue. Moreover, the investigations we found that the principle injected of magnetic fluid into
the cancer cell so that it can be attracted magnetic flux to cancer cell most effectively. In addition, the heating
region at the position of cancer cells will be the most effectively and it can be penetrated into the breast even
more. The magnetic field shielding system with magnetic fluid injected could perform the best results because
the electric loss density is high equal 263 W/m’. The proposed magnetic field shielding system with magnetic
fluid is suitable for non-invasive focused deep hyperthermia inductive heating for breast cancer treatment.
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