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. b
ABSTRACT ‘

-

This— workuexam1nes—hypertherm1a“as Ta cancer treatment~*“

-

fw1thout affectlng deep exposure within the medlum.

S L : vl
and descrlbes the development of .a Anew hyperthermha

ol

applicator.f The'r.f; appllcator produces more heat deep

within a subject than on or near the surface accordlng to.

A

the results obtalned \ S S l IR

-/

Experihental temperature 'distr<gution results in an

-agar cylinder were found to be in close agreement with,

'computer-generated“»data._'~The effects of alterlng VarIOUS‘
5applicator parameters. were éxplored uszng ~the computer
models.‘ From thlS work an optimized appllcator was found

whlch should produce more “heat déep . within a dielectric

: ‘;Ehéﬁponytheesyrtace, .',>4—a<"’é

The hypertherm1a appllcator cons1sts of parallel plate
electro es the -same w1dt@ as’ the heated med1um (agar)

oL e
ncymenergymatH—ﬁfﬂs MHz,' r:>lower 1s - used '

fRadioﬂfreq,‘
because . of _ ifs’' substantial penetratlon' depth.v A

temperature controlled salzne bath is ut1llzed to cool the

~5urface [bf_ the 1rrad1ated dJelectrlc and improve energy o

%

"coupl1ng 4 inally the glectrodes are made "to orblt" ‘the

m1rrad1ated medlumv to. reouce superf1c1al energy exposure

iv o '_ ‘ F S



A Live animal experiments were performed but proved “to

be inconclusive. - o ok
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INTRODUCT 10N

A HISTORY OF 'HYPERTHERMiA)
[ . " . )

. -

Heat has 'long' been. used by man in the treatTent of

digease. Heat in the form of naturally occurrlng fzver ,or'

vinflammat1on was naturally used to hel\> contr l"many
1nfectlons before man learned to- produce\ id. ,Hl pocrates
'once said, "G1ve me’ the power,to-produce\fever nd I will

cure all disease" [cited rn‘,54].u Many afflictions have

‘been, or are, treated with heat. The list includes acne. .

{661, arthritis [66], cancer-[37], carbuncles and furuncles

[15], diabetes [cited in 66],.henorrhoids [25],.syphylis‘

[1l], and possibly the common cold [43].

L L. [

| As long ags as” 3000 B.C., heat. 'in the form of a .

smolderlng Sthk was used to treat tumors. [10]. In the

1880's Coley ;showed that pyrogens-(Coley's ToxinS) could-:

produce regre551on or even cure- »neoplastlc' lesiOns‘ [17]

»Unfontunately he could not tell whether heat or. some other

'1mmune response was respon51ble for the 'tumor regress1ons

© 1207. ' . Around the same time D' Arsonval and Tesla suggested

and examlned the use of hlgh frequency (h.f.) flelds (1-10;

"MHz) 1n'med1c1ne [66]: Such effects as analgesra, vascular

dilatation, and lower blood pressure were reported by .

D'Arsonval in 1893 [6]. A cplleague of D' Arsonval s, ‘Paul

.OUdln;‘used h.f. f1elds (a- 'shower .of sparks')  for- the



.'purpose og treat1ng tumors [c1ted in 66]). - In‘ 1906 de‘
Keatlng Hart used h. f flelds in the form of an electrlcalhv
dlscharge to destroy tumors [40]

’

Interest in hyperthermia as a cancer treatment was

increased fn 1918 by Rohdenburg.. Heipublished a_Iiterature‘
review showing ‘that half the recorded spontaneous tumor_
L;regre551ons were preceded by h1gh fever, 1nfect10n, or heatt“
application [1]. Thls 1nd1cated that some cancers could be

treated by any. method which would ’fncrease the tumor

temperature sufficiently. .

In 1939 Denier‘expfored theh useh‘Of; nicroyave »(3qj5ﬂ,
 MHz) diathermy ‘inf{conjunctlon withadx;rays; “és a'tumorfu
therapy [c1ted 1n 407. ‘n. addltlon,qxthe p0551b111ty offf
selectlve heatlng as. ‘a result of varlatlons in frequency

_ and dlelectrlc propert1es of tumors and ‘organs " had beenq

con51dered by 1941 " [c1ted t;ﬁ, 66] "hUp.to 1955 severalv
N papers were publlshed deallng ulth the effects of heat handfy
eiheat plus 1on121ng radlatlon on cancers..‘ Interest in

;"hyperthermla then waned unt11 the early 1960 s, when -Crlleu“

publlshed results‘ show1ng that heat and espec1ally heat;.
\ B PN

‘”plus 1on121ng rad1at10n were’ effectlve 1n treatlng tumors»ﬁﬂ?

‘-[18] More recently, work by Muckle and D1ckson [20 46],;t
'Pett1grew [51] LeVeen [38 39] Cavallere [12] "and many'
others, have led to the present 1nterest in. hyperthermla as

4(

a cancer therapy



-To date numerous papers have been publlshed on the use

and effect 'of heat [ cancer tumors. The" overwhelmlng-

conclus1on is that hyperthermla, partlcularly when used in

con3unct1on w1th chemotherapy or 1on121ng rad1at1on,,has a

'detrlmental effect on tumors wh1le sparlng healthy tissue,

[ZE.

[45, 52] : There» are also accounts in' the'l;terature_.

.cla1m1ng hypertherm1a can act as an analges1c- and causej

K

regre551on or erad1cat1on of tumors whlch were unrespon51ve,

to conventlonalgrherapy [50 7];: The ev1dence shows that

hypertherm;a is' a promlsrng tool for cancer therapy and “vh

_%mustfbyainvestigated_further;hf'3



'THE EFFECT OF HYPERTHERMIA ON TUMORS |
EEA o ' ' S L
At a biochemicalu'level Ludgate et al [41] have

1

Ry

V descr1bed the effect of- hypertherm1a on tumor cells.u. Heatﬁ

}destroys sen51t1ve cells by scrambl1ng molecular bonds.‘

,Th1s leads to changes in the cytoplasm and DNA damage. _The-‘

1ijNA damage is not repalred because of heat 1nduced changes;gf.

'lln repalr enzymes and thenr productlon ;‘rhel cell 'walls
become leaky, releasxng ions. Aerob1c glycoly51s,glves way
to. anaeroblc glycolys1s resultlng ihw lower pH _“dlfl
bsubsequent lysosomal adt1v1ty o ::f“:"f:fff.j' e
fumors often con51st of alwell vascular1zed perlphery;j
f:nsurroundlng poorly vascularlzed sem1 necrotlc, centref
v“[38 54] ‘Tke central portlon of the tumor tends to be: mostl

A

'vulnerable o] heat therapy ‘and re51stant‘ to ~1on121ng'

hrad1at10n'[47f 48]. The OPP051te 'is true 'f_ the well.f‘ o

vascular1zed portlon 'of» the tumor Gro%1ng cells in thep'-

':‘S phase of m1t051s have been found mbst vulnerable to heatv;

whlle re51stant to 1on121ng radlatlon [1 {_72] N Henceh,jf

T'a fortunate synerglsm between hyperthermla and 1on121n975

rad1at1on ex1sts v[46;’ 45].“ Some researchers have found«

-fythat certaln chemotherapeutlc agents appear to 1ncrease thet'f

'~:§n51t1v1ty _of cells to heat and v1ce versa [45 67]
d1t1on, there may be a tumor1c1da1 1mmunolog1cal response~

F‘assoc1ated wlth hyperthermla [65 38 see. p.v15]
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Investlgat1ons by LeVeen et al[38] haVe shown that

-*growlng tumors w111 dlsplace normal vasculature and produce

their own blood vessels through anglogene51s. ThlS process

."roccurs pr1mar11y at the per1phery of the tumor [54] These:-

' Unew vessels tend to be a. mass of small cap1llar1es whlch

.offer a- hlgh reszstance to heat d1551pat1ng and ,nutr1ent'

,bearlng blood flow. As a result the centre of the “tumorp .

receives. very llttle oxygen or’ nutr1ents whlch ‘can lead lto;'

~necr051s \T54] : When heat is 3appl1ed the- surround1ng

ih healthy vessels dllate wh1le the tumor vessels do 'not.
ThlS‘ causes changes in pressure whlch further decrease the
:jamount of blood flow1ng through the tumor relatlve ftof the
"healthy tlssue '_[57 38] 3 Thls zéan‘jlead _toV hlgher
v’ltemperatures 1n the tumor’,relatlve taf‘thg, surroundlng

'1healthy tlssue lead1ng to tumor death '_/1”

,-l'l s

LeVeen [38] has found that' the m1crovasculature ‘in'

' ”:lung y'tumors Tls?f destroyed‘ after a few, three hour

'»hyperthermla sess1ons 1nvol 1ng tumor temperatures of 45°C'

or- more | ThlS may be 'theh result-‘of the capzllar1es

’ubecomlng clogged w1th erythrocytes.‘ fThe tumor tends t?l,ﬁl‘
o .become ac1d1c wh1ch can cause erythrocytes to become rlgld

7fy'effect1vely 1ncrea51ng the v1sc051ty of blood ThlS

effect was dlscovered and is be1ng ut1l1zed by Von Ardenne

j:[34] ‘f.lncreaies ,them glucose level in patlents ”fb- .

decrease the1r blood pH before applylng hyperthermla.:jrr

).



METHODS OF ' PRODUCING HYPERTHERMIA

local hypertherm1a.‘ Each one has 1ts own strengths and'

S weaknesses with no partlcular method best sulted ,to every

N\
—*—*”type~ﬂof_—tumorrm—The followzng paragraphs*descrlbe varlous

methods of produc1ng hyperthermla and 1nclude some. of ithe,'w'

th:advantages1and dlsadyantages.ofgeach-technlque.,f
- , .:@y : )

molten'-waxi baths [34] ,hotu'water baths [54] “a heated

enclosure or garment w1th or w1thout rad1o frequency (r f )

heatlng ‘[54;t 113, 1n3ectlon

perfu51on w1th heated blood [c1ted in 54] 'etc;z Thls type

k

Numerous methods have been found to produce whole body-”

o o ’ cee
Whole body hyperthermla has _been produced by using

pyrogen1c agents [17], t

, \»."

df' treatment has .h potentlal destroy unknown or.f,y””f

w1despread metastases 1f suff1c1ent1y h1gh temperatures are

v

¢

obtalned 7A large amount of medlcal support 1s requ1red S

Y FE

because of the danger 1nvolved 1n ralslng an 1nd1v1dual s

-

body temperature to the 41 8 C generally used [54, SQl,r &nf

1nd1v1dual s heart beat 1ncreases at the rate of ’about 10y e

beats/ C Thls'fcah: be fatal espec1ally for those w1th?'

.

'b"g cardlac problems [50 5 ]f U51ng conductlon ﬁ warm .a~'
-person»~to therapeutlc; temperatures 1s a long and ted1ous"f
;g process.' The use of pyrogens 15, at best unsafe- because d“t

:ﬁthE‘ response can be d1ff1cu1t to control and unpred1ctable7

d'espec1ally when used on a weakened cancer pat1ent [20]

N

. ’l' 3 )
- v



Wlth‘tlocal hyperthermia‘ high  tumor -.temperatures~'n
(45 50°C.) ~ can " be tolerated by patients. Higher -
temperatures mean a shorterﬂ treatment time and ‘a ~more
effective »tumor till Storm et al suggest 30 hours of}

"treatment at 42°C, 3 . to 4 hours at 45°C, and a matter of‘

_M;;“minutes atm50°C to cause«thermal_death oﬁ—tumors‘[GOJ.

-

a
6

Local hyperthermia has been produced by 1mmer51on in a
heated liqu1d ‘or perfu51on of an. affected area w1th heated7
chemotherapeutic drUgs,xbldOd : or saline (57, 41, ‘59]
Great 'care must be taken to av01d permanently damaglng the

- heated area [57 13] These techniques have  been

successful in the treatment of melanomas of the extremlties o

.and of some success in treatlng bladder carc1nomas [57 41
28] Tumor location an acce551b111ty limit the usefulnessv

i

of these technlques.'

.ilnvasire applicators ‘have been,~fouhd:*useful: for
rtreating certaln types_ of, tumors. ~‘These:~devicesA are”f_
:designed to be 1nserted v1nto or'near a tumor and u51ngi
'miCrouane'or r.f. frelds, produge locallzed heatlng [62

"5$,__68, 59] Arrays of 1mplantable electrodes have beenﬂ

7

’ used to localize heatlng [21] Implanting metal seeds" dn

a tumor and heating them with magnetic f1e1ds has also been:'

tried for produc1ng localized hyperthermla [56] These

N

dev1ces are- sultable only where the tumor is acce551ble ,

F]

eithert'through a‘_natural body cav1ty to by - surgery.-



. b 4
Further, “implanting a : device in a tumor can produée

metasteses as afresult‘of mechanical‘distUrbance.‘ Some o£3
N o . . . . Lo
these techniques are also unsatlsfactory because they

require the use of a: general anaesthetlc and surgery[36]

b

w Ultrasound, r.f. fields, and microwaves can be ‘used to
non- 1nvas1vely produce local or regzonal hypertherm1a. Not

s

every tumor is 1deally suited to these modes of therapy and .
A .
there can be a problem with produc1ng excessive heatlno in

the wrong area.

‘Ultrasound is’ usefulj because it does not heat fat
preferentially; temperature measurements ;durino' treatment -
are_ simple to make which is rnot the case with r;f..fields.
Deep.'heating is possible - with foeussing_ transducers,i
fmultiple transduéers, or moying' tranSducers' [54, 36].

Stray Feakagelof ultrasound into the_environment is vnot“a

'~ problem. Air is strongly attenuating to ultrasound and the

rismatch between soft tissues and*air is‘suéh-that 99.9%‘oft
the ehergy is-:reflected at. the 1nterface [27 16]r7 Thrsv-
valso means that gas- fllled organs such as hthe‘ IUngs or
1ntest1nes cannot ,be_ effect1vely heated w1th ultrasound
mehe use'_of a retentlon enema _or‘ the“ 1nductlon ”of!‘a
fhydrothorax are p0551ble solutlons to thls problem but may
not always be sat1sfactory [36].J There are also large
reflect1ons 'produced ‘at bone¥tissuer interfaoes and bone

absorbs ten tlmes more ultrasound energy than. muscle /154]



«

As a‘resuit,ﬂareas blocked by or close to’ bone qénnot - be
" treated [16].

4 Radiati&é " microwave applicators operating ifrom

4435-2450 MHZ have bégn used.extensively over the last ten -
. years. Théy don't heat fatty tiséue preferentially eXcept.-
_'wheh ~tissue 'intérfacés creaﬁe llarge reflections.  The
épplicatbrs,tend £¢hbe quite compact ana thg' heated - area
can  be .éasily' loéalizedr These appliéapors are’usuélix_
.reétéhgulér ‘of circular wavéguidegn;with; jo£A7:ﬁiﬁhéﬁf;¢“ ”
diélectric 'loédinél or riages [26, 14; 58, 42, 543;. With- .
éﬁrfacé cooling;jwaveguide.apblicatogs opefating_at 915 ﬁHi
have .5eén.'efﬁectivé ih proégcingi.deep_héating-in human'
th#ghé'{35].' The use of mﬁltiﬁie ‘applicétors,‘can. also

improve ‘the ‘deep héating ability of microwaves to some

‘éxtenp;[24, 14, 16]. ‘Unfoftﬁnatel&;microwaves havé.a ve;y '
'shalléw penetration deﬁth (skin‘depth 3.7 cm ét 433 MHé.énd..
2.1 cm aﬁ 2450 MHz) relative to:;.f. (skin depth 17.4 cm

v'.at‘ ZY.UZ’MHZ énd‘91.3iém a£‘1'MHz)‘or-qltrasoﬁna energy, so

they'aré}hbt’geherally SUiﬁéd to ‘deép ”hé?tihg[Zé]. . Care
'mustv'aléo;be faken~£o enshre that‘reséhaﬁé'effetté are not -
,,producgd;in~u0rgaﬁs;' cavities,v Qrﬂ_liﬁbSA;at' thebvhigher
 frequencies' [63]. Angthe: 'disaavantage‘ with  microwave
;appliéatgfs-is that hétal‘prbbes  can inteffefe- with the

.i'fields$to‘give‘falsé tehperaturé readings t27].



Rad1at1ve applicators in - the -r.f. range have been

RN

developed / Among - these 'is a ridged - waveguide

dielectrically loaded lwith~distilled water which operates

~at 27.12 MHz [49, 59]. This applicatorjcan be used to heat

10

a large, deep area;of the thorax particularly when‘two arev

used in a 'cross-fire' mode [see f1gure 1(b)1t' Another

applicator' uses 'a | c1rcle" of - 151xteenx transverse
electronagnetic apertures. operatlng at 50—110 MHz - to
1'produce deep heating‘[70]. ThlS partlcular system utlllzes
 water as a medium to cool superf1c1al tlssues and 1mprove

coupllng [70]

L
\

R.F. energy can ‘be . coupled 'inductively . to -a

4

1nduce eddy currents inv"ﬁhe, dielectrlc Often a',flatf

s

'pancake‘ co1l oP a wound c01l is used for thls purpose [3h

61]. These appl1cators do not- preferent1ally heat skln and

subcutaneous 'fatp as much ,aS” capacrtlve appllcators do.

“Tlssues w1th h1gh electr1cal conduct1v1ty (ie. muscle) tend

to “heat up more than those w1th low conduct1v1ty (le fat)

«

ﬁsee page_24)u-~

-

The pancake co1l produces a tor01da1 reglon of maximum

heat just below the subcutaneousmTat ,layer (Flgure ‘1'2)3'

*Storm' s [61]mszngle w1nd1ng coil appears to heat'an‘object

placed 1ns1de it unlformly because of thermal 'conduct1on.

dielectric._ In thlS case. magnetlc f1elds are utlllzed t03

_ Eddy currents c1rculate around the central axis wh1ch meansv.
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f
. ‘ ‘ v "(a) Crossfire capacitive heating ," -
e o = ‘
. " (c) Rotating electrodes ‘
g Figure 1. 1 Modalities for crossflre heating using r.f. or R
microwave applicators , v h S ’



MAGNETIQ FIELD LINES

D

S PANCAKE COIL

SKIN
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v

Figure 1.2 "Heating ﬁatte’rh produced by~pancake coil.



there is no current produced on, the ax1s [16] - A plot of

the H- f1eld 1ns1de the coil 1nd1cates. that the field

increases ‘drastically. as one approaches the edge .of the

- coil [16] ~This implies that the strongest heating = would

occur in the superficial parts of the body if fat and skin

13

~had dielectric propertles s1mllar to- muscle,ﬁ_ Shaping

fields is very dlfficult with inductive "heating and metal
probes can pertutb the’ field- giving false temperature

readings [27, 16]. )
. Y

4 . .
“yd N \

Capac1t1ve heatlng with' r. f has been another popular

'method\,of 1nduc1ng hyperthermla. Electrlc fields- are

produced which in - turn cause current’ to - flow in the

,dielectric; This method is simple and useful becausev
electrode 51ze and shape can easily be tallored to fit most

appllcatlons lf44,'.41; » Multlple appllcators produce deep

~

“heatlng and. the appllcators can. be cooled to- prevent sk1n

Ry

“overheating [37, 65]{’ Desplte the h1gh penetrat1on depth

5

of r.f. fields,’ subcutaneous fat tends to heat up more . than
deep tissues when capac1t1ve heatxng is used ‘This canvbe['
a serlous problem when only. two statlonary electrodes- are

ut1llzed In :'add1t10n vthe heating patternv can' be

'_dlfflcuit to predlct and metal probes can perturb the nr.f.l _

f1e1d glv1ng false temperature read;ngs dur1ng 1rrad1at1on

[27].



\

At microwave. frequencies phased arrays have been
suggested as a means of focussing energy deep inside a

tissue mass without over heating the (Surface [32].

Numerous radiators are used and the radlatlon from each

phase shlfted to produce constructlve 1nterference only at

14

the.,tumor site [54] ‘In practlce th;s 1techn1que--is
unsuitable because a (human body is’+ an extremely
complicated -inhomogeneOUS,‘ d1electr1c.,‘ As'.a result,
'attempts to focus energy in th1s way generally meet with

‘fa1lure [14]

As prevlously mentioned,v”multiple applicators have
been used to prodUce'deep-heating Generally researchers
have devised appllcators whlch operate in the }3-110 MHz
‘range and have appllcators orlented in a cross fire manner

,[Flgure 1(a b) J [65 59 70];\_ These appllcators’ take

-advantage of the large penetratlon depth of r.f. fleldSJQﬁd'

-

spare- surface tissue, but.not the deepv tumor 51te, -from

high radiation levels. As. a result sk1n and subcutaneous

fat temperatures can be: malntalned [at acceptable levels:

'whlle deep tumor temperature is 1ncreased

L}

v

The-cross—flre-’technlquew has been used w1th‘=some“'

IS

success by LeVeen to treat lung tumors [38 '?6514-.Thesé'" :

tumors are very d1ff1cult .t heat by most other- means

hbecause -they are deeply embedded in the thorax 1n an: a1r—,

3.
f1lled mov1ng organ surrounded by a bony r1b cage.

a



Sugaar and LeVeen have treated lung tumors w1th their

cross- fire appllcator ‘and then vsurglcally removed the

tumors forlhistological examination . [65]. | These studies

‘revedled damaged capillaries in .the tumor's stroma lead1ng

_to an 1mmunologlcal response. The immune ' response was

51m1lar to that seen in certaln graft rejectlons.

N

1
¥ .(
{
) | - : : . -
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! . N . . .
LeVeen has had}a geod success rate, even using a non-

‘cross-fire -applicator, treating otherwise untreatable-lung
“tumors [37, 38]. He found regression in one third: of the

- cases treated, relief of pain and improved appetite“in'over°

: o - : '! ,
80% fof-the cases, ‘and about 10% of the patients . .were

'apparently ' cancer-free for 2-3 years.. LeVeen pbinted out

that his cross-fire applicator is vastly superior to{“thef

/! - ) . i

" applilcators used in the above trials [38].

*An improvement to_ the cross—fire technlque might

'result from u51ng one mov1ng appllcator rather than two or
: more sw1tched statlonary appllcators [Figure 1 1(c)] he

mov1ng appllcator acts 11ke numerous sw1tched appllcators'

©

‘but s far 51mpler and cheaper to construct

- The use | -of mmoVing’~electrodes has"already been

descrlbed and patented by LeVeen [39] -~ He ‘has enmisioned a

';system whlch moves .two- pancake -c01l electrodes in a

sem1—c1rcu1ar orbit around the patlent. His de51gn suffers o

‘sfrom“ u51ng ' air‘,aSu the coupllng medlum between ,the
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electrodes and skin.' This could produce" overheatlng of the ¥
' . /,

:.surface layers. Hxs design also shows electrodes whlch are

- so far. apart that relatlvely small field gradlents are

present at the patlent site. This may have the . effect' of .

spreading the fields more evenly over‘the‘patient which

16

*“““‘would tend to_“decrease the advantages of- using ‘moving:
elettrodes. - Further, any locallzatlon of flelds would be

pract1cally 1mp0551b1e and stray rad1at1on would become a-

serlous problem. : ' I B o /

\

For thlS pro;ect a hyperthermla applicator has been

de51gned ane built yh;ch uses~.moving electrodes'as an

exten51on~offLeVeen's concept. ThlS applicatorA utilizes
parallel ‘plate electrodes but could use .any other k1nd of
f‘electromagnetlc'or ultrasonlc radlators. ‘ Sallne solutlon
is 'used as the coupllng medlum between the electrodes andf
skin.n ThlS drastlcally reduces reflectlons at_ the_‘sk1nf

boundary. and helps keep~ superf1c1al t1ssues cool durlng

1rrad1at1on. 'Th ‘electrodes are kept~ w1th1n a . few

L

centlmeters of the sk1n produc1ng hlgher fleld gradlents,}.--
and taking full advantage of thev electrode motlon. : The"

electroderskin proxlmlty and the large a1r sallne mlsmatch;

reduce stray radlatlon into the env1ronment substantlally

‘ :
3

Immer51ng a patient . in - chzlled saline would not be

acceptable as excessive’ coollng of the éntire--body would'f”
h [

11kely.‘ result. . To ‘1cool- the 1rradiated surfacest“



localized and readily controlled.

’

suff1c1ently hypotherm1a/could 1nadvertant1y be produced in

" the patient. .- A doughnut shaped bag leled with chzlled‘

\

'sallne could be used to enc1rcle the - portlon of the patlent
conta1n1ng the tumor. This would requ1re: some form of”'

thermal ' and electrlcal coupl1ng medlum between the bag and_‘

17

——patientT " The" riedium 'would have_ to  be capable - of,gfﬁ
| pénetrating. :the corified eplthellum to .he effective.w
In51de the bag electrodes travelllng ‘ond‘traCRs _could be?'
used to distribute the r.f. over the'surfaceri.With*thlsf-

type of applicator ‘the _heatlng and cooling"could.'bér

.\

, L ’ D . S B :
Temperature patterns.and profiles produced‘ in agar.
‘ cyllnders by mov1ng ‘or statlonary parallel plate electrodesg

were examlned both experlmentally and theoretlcally : 'Inﬁ

each case ‘the surface of the agar was cooled by a sallne

“bath. Computer programs HTAVE 0, HTAVE 1 and HTAVE 2 were;.

wrltten, and used to predlct mov1ng electrode temperature

dlstrlbutlons u51ng statlonary electrode data [Appendlx 17.

Statlonary electrode temperature dlStrlbUthﬂS were closelyu

predlcted u51ng the computer program MEGAERA developed by

A;'.A Hlebert ‘ of the Unlver51ty of‘ Alberta‘ Applled

Electromagnet1cs Group [30] v MEGAERA 51mulated 'under

‘certa1n c1rcumstances, the temperature d1str1but1on 1n51de

dlelectrlc exposed to r'f "energy from o varlous."‘

- electrodes. W1th thlS data one of the HTAVE programs coulds'
‘then be used to determlne “the, effect, of .moving: the:'i

20y
,\‘.«;}



‘electrodes.
Temperature. data obtained 1in ‘this  ~work . clearly
_demonstrates the superiority, of moving  electrodes. over. -
stationary electrodes for producing deepér, - more . unifbrmqf.

hééting._




THEORY FOR R.F. HEATING

- THE QUASI-STATIC APPROXIMATION'

The__1nstantaneousw_electromagnetlc——heat1ng—~1n ‘any'

dielectric :~can_? he calculated if\_the electric” fleld e

A

‘ ihtensity,& ~and dlelectrlci conduct1v1ty, ol)~‘afev‘knownff“
':'everywhere . 1n51de | the | d1electr1c.' v The _heating is.

calculated u51ng the equatlon,

1

‘where - P‘;isd.the.f nstantaneous powef"iperﬁﬁunit"volumeftﬁ
.dlSSlpated 1n the medlum The.electric field is descr1bed'h

*exactl§ by Maxwell so’equatiene subject to“approprzate

' hrboundaqy condltlons. Maxwell s equatlons are,,.”

<
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where ?H,_ is the magnetlc fleld 1nten51ty, /u is  the
: ‘ e ;

-permeablllty, e 1s the perm1tt1v1ty, and J is 'the. currentg' f“

dens;ty ' Unfortunately these equatlons are very d1ff1cult
v'if'ndttimp0551ble,.to;solve exactly_ln,allgbut a-feyvs;mple‘T
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.cases. As a result, approximations are usually made to-

51mp11fy them.

‘Consider a medium with

‘»‘," ,‘ . .h N . ) . -o.->>l~ . ;4. 4 ] . { . v. . ‘ . ' 3 . . .

N

--Simplifledgtoﬂ[71],

- .equatlons further 51mp11fy to [71]

where<d is the angular frequency -In'thisv d1electr1C'~the

B condUCtlon current A much larger than the dlsplacement.'

current ‘as a result 'Maxwell s curl equat1ons ~can be"

<
x
s

]

1
=
[s%]
¥

<
X
jass

n ’
oy
=~

Further, assume that the system ‘has dimensions much smaller

””fthan;a wavelength A;in;the dielectric;where

)
_.1/2 -

Cgmue . e 2 LeTEO o

for a unlform plane wave [71 50»0n P 335] ,nr"sughj}é
'f case lth _feddy currents produced by the. t1me varying s

magnetlc fleld are 1ns1gn1f1cant ’; Hence,. Maxwell s - cuf;*“

[}
O_'
(=)}

R
" UXE

n
e
~

CuxH =



~

" This is 'the' quasi-static approx1mat1on. In fact, these

;equatlons are. true only for stat1c f1elds [71]. HOweQer,i“
B under the conditions outl1ned above they can be used to’ h

approxzmate t1me vary1nq’f1elds. Statlc f1e1ds ‘are first

_ Jw't '
evaluated then an e time dependance is‘ assumed' to

calculate heat dep051t10n,

21

. Equation 6 -allows us to define a,Scala:\pctential :

d?(x,‘j,:z)sueh that

> .
E= - 8
d“‘ ."<' -’.‘v"
Substituting 8 into' 6 gives, '
. o o | o o
vx(-v¢) =0 9

fwhlch 1s true because the curl of the gradlent of a scélet‘

o is always zero [33] qu1ng'the_d1vergence_oﬁ'7uglves :

L . e »V'VX"H = VeJ. s . A Y 10
, : : _ . ‘\\ .

A

L ‘ ' ' o
[The d*vergence of the curl of a vector 1s akways - equal  to

,zero so. e haVe f§3] ‘ ;‘j S ,;Tﬁ:. : | -“”. o
. . ) i . " - L ) o K
T y R | R

. . B
,3'?c§i» 'n“‘i':" T 125

which substituted into 11 gives

Ve@Ey =0 - ,‘ P13
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| » 7
Substituting 8 into 13 gives -
Ve(o(-V$)) = 0O
V- (076) = 0 . IR V'S

“which is a form of the current ccntlnulty equatlon. 'Thieﬂ'
equation'ﬁs solved numerlcally by 'MEGAERA ftb_‘evaiuate j'
fields and temperature -dlstrlbutlona.’ 1néide ‘;loésf‘ o
dielectrics: | | ‘

Boundary ccnditiOns for Maxwell's equations are (331,

7

’ oy ->-> B ' o . .
Ax(E -E ) =0 _ ‘ oo . .
2o T . R
.andi, ’
f*(e. E =g E )= p s 16
A BT s o _ B

& - 4 ) o : L
"%here Ey and Bz are. the-electric flelds in media 1 and 2_..

A

»reépectlvely, n is the un1t vector normal ’tbﬂ the surface_

ﬁ»between_ the twoamedla, and Ps 1s the surface charge on the*
' R L . CL:*O
~boundary _between 71_landg 2. When the *qua51 stat1c

. . hrd

:japprgiimationg]ﬁs“ appllcable these boundary condltlons areLAv

‘equivdlent to-

-+ -+ . .\k
- E =0 E .- o A T BN :
"1 my 2 .My , S - : N
and - o
1 2
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vhere 0, and o, are'the‘donductivities'bf' media 1 and 2
. ‘ i -—’ .
respect1vely; El“_ and E} are the normal components of ‘the

‘electric f1eld in medla 1 and 2 respectrvely,. and ¢, and

'““f‘_¢;; are the potentlals in medlé %?%nd 2(respect1vely [IO]L;,/J
Equations 17 and 18 are used by MEGAERA vhen. solv1ng the

current cont1nu1ty equation 14 [30].



" HEATING WITH COILS AND PLATE ELECTRODES

Tissues with high electrical conductivity {(fe. muscle)

_tend‘to'heat'up moreithan those with low conductivity (je.

fat) when 1nduct1ve coupl1ng 1s used This occurs beoapse

‘v.

the appllcators produce E f1elds whlch are usually parallel

ﬁto the. fat-muscle 1ntertace.;.Boundary condltlons at the'

interface are such that,

19

™ where E&f is the tangential i

mme

7‘tangeﬁtial"field'-ih the hﬁecle 4 [figure ‘h2.1],  The

\

o conduct1v1ty of the fat 1s lower than that 1n the muscle so

-the amount of power dep051ted in the fat is lower than that

in the muscler This can be expressed as,

[N

where Pe' is ‘the power dep051ted «n the fat Py, is the power

de osited in the mu cle,'d 1s the fat conduct1v1ty,~and '
p £ _

'&m‘ls the muscle conduct1v1ty ' From equatlon 19 we have

[ N
Y

v, . o . i \

Since <o, we'have P <P .

\iﬂﬁtherfat and Eﬁ is the

»_”jtzdt'

e £ 21
P o . . ‘
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" PANCAKE COIL APPLICATOR

C

. SKIN

FAT |

" Figure 2.1 E ~ fields 1nductively coupled
type hyperthermia appllcator.

! ®

into tissue by coil
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The - rationaie‘-'for_ the.fhigh heat production:'by Q
capacitI§e|applicators in relatively low loss fat has : been i
- e : o S o :
simply 4llustrated, as follows, by Christensen and Durney ?
[16)s. ' - S ‘
Conszder two long capac1tor plates w1th fat and muscle'

hdlelectrlc layers between them (Flgure - 2.2). ' From

Maxwell s equat1ons we have

co

. >
' Vxﬁ = -5 + at(EF‘)
Bt

> : <>
= oE # jweE
' ‘.

ut

N J . : ' ~. N R : .
where an e . t1me dependence is assumed for E, and O 1is the

. e > .
‘d1e1ectr1c .cohduct1v1ty whlch contalns all loss terms. !

'Tak1ng the d1vergence of both 51des g1ves
V';.(c + j,we)-ﬁ =

Using. GaUSS’ theorem and the usual plllbox argument ,across

~‘the’ boundary in Flgure 2 2 [51 p 95],';t can be shown that

el o me s el
gt TSP o 22
n  is the normal r.m.s. electriC'field.in'the fat, E,, is

. the normal r,m.s.velectrlc f1e1d in the muscle, € ism‘the__'n

permittivjty\ in che,fat and €,, 1s\the permltt1v1ty in the -~

~muscle. In the fat the average power - absorbed per' unit

‘volume P is

:/6.4 l‘ :.. P‘ =‘o—'l-£ l‘2 . ‘ - - 23




CAPACITOR PLATE ~ -

Y

|2 SR

“nf

CAPACITOR PLATE = -

o - L
N .

. -Figuré 2.2 E - fields tapacitively Cbuplédvinto-tiséue byA

parallel plates.



where 0} is the conduct1v1ty in the fat. Similarly; iu the

muscle P, is

m}m ‘%Jf) ) \7\:\%{ :

28 .

where . O 1s the conduct1v1ty in the muscle. "The ratlo:

describes the amount of power absorbed in a unit volume of

~

fat relatlve to a un1t volume of muscle. »Fromnequatlon '22 -

’wehav_er"»',-‘~ R DU RPN P
nflz_.lcmlz

'IE,nm'- | |Ef]2

lr

-~

At a frequency of 27 12 MHz we have for fat and muscle  .ﬁ

""ge'n; -113 3405 82, € =20. 0- 37- 23, G =1, ognos/m and ., -o 612 -

fs/m [16] Thus, '

‘Vy'which'indicatesfmore.heatihg'iu'mUScie”for e

3 o . ' A SR Sl we

my
|
34
N
(o]

nf Tnm

25 .

26

=0.02 27

O



However, - _
‘l'ﬁ'f,l?' [113-§405.82|%2 : / ’ \
. T = ————————— = 392,37 29
, [E_ |7 |20.0-37.23[*" T
_Therefbre;
"g'".Pf . :ﬁ. _ L R
- —=(0.02)(392.37) = 7.85 . 30 .
S netae.s i _ .

29

m

Or, the:efisbmoré heat in the fat than in the muscle.



MEGAERA: THE_FINITE DIFFERENCE APPROXIMATION

8 o

The following sectlon, content and notatlon are drawn

30

~

from %he work of Hlebert [30]
/ : . . . . . - . . .
MEGAERA uses a. finite difference approximation
'solve the current continuity equation . ‘
V- (0V¢) = 0
In two dimensions this eqﬁation'ie:

803y 4+ 2 0%, .
dx  9x dy 3y :

PR 4

to

31

32

- For_vthe first term in jeqn..‘32;$tne :finite difference ' .-

’rapproximation is: R SR

| e e o o
»_“_oi R TS A AL T B TR U0 . TN 0 P18 B
=52 T 2 —yie Y—E—) - ) ()}

2

hythyt 20 T R 2 Ry

where .  6; and .¢;are the conduct1v1ty and potentlal at ‘the

O
. th § L th
1" location, and n\\\ls the dlstance between the i

:,the- (1+1)t .location [Flgure_.2.3].w;A slmllar equatlon

exlsts for the second term in eqn. 32. ’

£ : D

and -

.
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The area of interest .is divided Up into numerous

‘rectangular  blocks with centres deflned by 'di,j)

coordinétes. Each 'block~?is‘ assumed to be combietely .

‘ -homogeneoUs with" regard to - eleotriéal and thermal

31

propertles.__If one_mapplles__the__two dlmen51onal~-f1n1tc

dlfference equatlon to. gr1d block number (i, j) and the fOUP.

nelghborlng grld blocks [flgure 2. 3] sn equat1on Of~ the

formA
- i,J¢1.J+1 i, J¢i+1,3 A ,j¢i,j+ci,j¢i—1,j+Fi,‘¢i,j'—1 0 _ %
results,zwhe;e . v R N
Ry o= oy 3+1 )/{k.(kj+k. P
8y 5T (c i+1,3 1,3 )/{h (hy+hy 1)}
. = <R, .=§. .-C. = g
s TR0 Ci,j_-,Fij R >
€43 =.(ci_1,.+q. .)({h (hi+hi P
<= (o k 'k +k, )}
F (o )/{ (ij"l)-

i,j ijl

 and ks_ isibthe"distance' betneen'Athe‘ (1,3) Lnd (1, 3+1)

':positions. TheSe'five equations;,BSﬁ'ln f1ve unknowns are

solved to’ flnd the coeff1c1ents 1n equatlon 34,

‘An equat1on 51m11ar to eqn. 34 is found for each gr1d
block in 'the domaln. ' The resultlng system of equat1ons
forms a matr1x whlch MEGAERA solves w1th the a1d of -

"‘1terat1ve relaxatlon method known as the Alternatlng
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Fig‘ixrel 2.3 Grid ‘Bloc.k'__spaci’ng and nuﬁbering used by MEGAERA. :



Direction Implicit Procedure, . o B

At the boundary between an 1nsulator in grld (1 1,3)

and a dlelectrlc'uin gr1d block (1 J) ithe: boundary :

33

_;a_;condition,

R R ﬁ = 0 _ T 36
whete’nris-the-no}mal, is satisfled’by_setting‘ S O

37

P

‘."1—'1,3 Ty

TIf' gr1d block (1—1 j) 1s an’ electrode then ¢bq,, 1s known

and a modlflcatlon is made to 1ts coeff1c1ent to allow fopj' -

the assumed 1nf1n1te conduct1v1ty. When grld block (1-1,JY

-h s a dlfferent conduct1v1ty than block (1 j) 'the‘boundaryw"gﬂh

' cond1tlons

o

‘.'and :

TRy

,are'utiliaedﬁto.modify the coefficients. o

‘ h’b. ,
- As prev1ously noted the average heatlng rate produced

by a 51nu501dally varylng electqlc f1e1d Is glven by



When evaluat1ng ‘theg temperature distribution';inside a
d1e1ectr1c ‘the only heat transfer. meéchanism ‘taken into -
;\l,account _by' MEGAERA‘ is conduction;' whilewconvection and

radiation biay | 'part"when 1heatingbgan 1mmersed agarh"

u—nw—cylnnderAmthelrn_eﬁfect_ cred:.

not penetrate far 1n water and convect1on does not'”take
place in the agar gel at ‘the temperatures used.. The-water

bath 1s suff1c1ently large that 1t can be approx1mated by _‘

fan' 1nf1n1te heat 51nk : Water jets are used to d1rect a

flow of sallne over “he agar surface so convectlve effetts )

between the agar and and water bath can be 1gnored
e T R . |
P T PEE N Lo R

- The equatlon used by MEGAERA to model heat production

—r

and flow 1s:

o veaomy solElr . e

- o

where M is the volumetrlc heat capac1ty 1n J/ Cm’ k 1s the

Py

thermal conduct1v1tx in w/m C T 1s the temperature 1n°C

' and t s t1me~ 1n~ seconds _ ”jThe f1n1te dlfference

\

_ . a :
approrlmatxon for the spat1al portlon of eqn.,41 is 51m11ar

34

to that for the current cont1nu1ty equatlon. -Eor ;example,.gffff-'

’ the term
P (kar) .2 L(ki+113 krll)( 1+1,1%% 15'- S e
va Bx» 'h'i+hiff'1' 2 | i hi
T ki 1 j i ~Taog R
RO I e )( Jh ’J>} TR

.z , D=y



Boundary conditions are handled in a manner analogods to ..
- the electrical caSe. mhe; t1me derxvatlve ‘in 41; is‘

evaluated“u51ng the forward dlfference approx1matlon A ,
- . ~ i v

oM M, @™ gty R ?
el TP T o

&
W

""""" A"
"bwhere n refers to the number of the tlmestep and At s the
g 51ze of the tlmestep The heatlng rate term 1n egn. 4 P 1s

calculated u51ng the current contlnulty eq%§t1on for the

f1n1te d1fference equatlom

.—_-a;..ao_’,.,-,—’—-———-&h
L.

The thermal f1n1te dlfference equatzonltisﬂ solved by d-' -
"Au51ng 'the Alternatlng D1rect1on Impllc1t Method.’ ThlS
method is. used for parabol1c partlal dlfferentlal equat1ons ‘

whlle the prev1ously ment1oned Alternatlng D1rect1on“

Imp11c1t Procedure is used to solve elllptlc equatlons.ﬂy

;
.Using the above methods and approx1mat1ons Megaera is

able . to 51mulate r f heatlng.; The. power of the program 15,  .

|

-its‘ ablllty to 51mulate the heatlng produced by any shape
or comblnatlon of electrodes. The accuracy of thls program

,jis demonstrated in follow1ng sectlons and used exten51vely

i

to model d1£ferent electrode conflguratlons.

l
1
Sy,
i

N



" METHODS - AND MATERIALS

VOLUMETRIC' HEAT CAPACITY MEASUREMENT OF AGAR . .

N
A-l&

The temperature of~ a ,(2 6+O 05) cm dlameter | by‘;

(3 6+0. 05) cm’ long agar cyllnder was’ measured then placed

‘g

in a thermos conta1n1ng (230 0£3. 0) (of heated water'

(Flgure ~3.1). The thermos was capped w1th styrofoam whlchA
-Vwas securely taped in' place. '-A.'wood handled st1rr1ng”
;"‘paddle and a thermocouple extended through the styrofoam-
~cap. into. the' heated water.f A Fluhe '2190A D1g1tal

Thermometprwf was? connected :to~ the copper constantan

_thermocouple. Water bath temperature was mon1tored over: a'
7period.fof4 t1me to determ1ne the amount of energy absorbedtJ

"by the agar and the amount lost through fthe' calorlmeter.“

j¥?ﬂW1th the /yolume ‘of -agar. and amount of energy 1t absorbed'

7 S S e
known the volumetr1c heat capac1ty C could,be_calculated;'
. 5 < . i ‘ . . . ! . . , .

PR

Tiehe
L Ly
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P o . . .
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v

5 Figure 31 'Ap-p'airétué used for hezt capacit'y mea‘sgreme_gté. ’

oo



_ Thermal Conductivity Measurement

.

fToccalculate ‘the‘ temperature “distribution in r.f.

38«

heated 'agar the thermal condpct1v1ty k had to be measured

ThlS was done us1ng a measurement chamber belonglng to the:

i

»Un:ver51ty of Alberta Applleo Electromagnetlcs Group
‘ o

. Two'(15.240r3)'cm diameter :cylindrical »seét1ons ;of‘“

‘agar d1electr1c (0;9% NaCl; reagent'grade ano 3% agar by
weight dlssolved "iﬁ tdiStilledu'water)v‘were _ sandwrched
,_betweenJ.three brass dishs?n(Eigure;3.2).. The‘upper'agar:
vyslablvwas;‘tl;15£0J03) cmv'thick ‘and ‘the : lower f'slab

(3‘5540 Oé)v cm thick The upper brass d1sk conta1ned an'

ele-trlc heater c01l and a copper constantan: thermocouple.f

Between the two agar slabs was a th1n brass dlSk conta1n1ng

"

Al ﬁhermocouple ‘.'The lower brass d1sk contalned ‘a -

. oetween the brass dlsks and agar were llghtly coated w’th

- p5111con‘ Thermal Compound #120 8 (Wakefleld Englneerlng

:Company) to ensure good heat transfer. | Plast1c- £ilm was

7<fwater-flow- heat sink and a thermocouple Contact surfacesr -

"wrapped .around the, 51des' of' the' agar slabs to3retard f’53~

evaporatlon. The agar and brass d;sks were 1nsulated by 10
flcm of styrofoam top and bottom and a m1n1mum of 13 cm of
Styrofoam on the 51des.: For added support and 1nsulat10n
'_the whole chamber 'as contalned jga t1ghtly f1tt1ng

'plywood“box.; v
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Power " was supplled to the- upper brass disk'bvia an,
HP6439B  D. c. Power Supplyv (F‘igure 3.3). & Kelthley 168" '

Auto-ranging’ DMM and a Un1versal AVO Meter (10‘ amp scale)

40

_“_u_were“_used._to~measureuvoltage and- current respect1vely. A

L
<

\(. . . . . . ) . LI .
'temperatures.‘ : R S L o I
. ; ! : ' ’ ' ;

The mlddle brass dlSk allowed temperature measurements

to be made between the heat source and heat s1nk “In thlS o

way three thermal conduct1v1ty measurements could be made

~.;fatv:theg same t1me . Measurements of k with the thin agar.f

'_vslab the th1ck slab and both slabs 'together compensated

e

'-for convectlon along the sxdes of the agar.

[

'1MThe\Fourier:heat-conduction equation- [27]

-,“gﬁé:e,f_? Q- 1nput power (Watts) .;.',

de surface area of agar cyl1nder top (m )

x= thlckness of’the ‘agar slab (m)

T, temperature“of the heated*agar,facer(5C)

Tﬂﬂbdth—temperaturedo‘ ‘the cooled agar face (e C)

;“}5ff:-j’_k thermal conduct1v1ty (Watts/m C)

'fdyas”USed to evaluate the thermal conduct1v1ty of the agar. .

R

Fluke -2176A Dlgltal Thermometer ‘uas“'used to  measure.
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. Dielectric Measurements '  »

R

g
]

The d1electr1c propertles of the sa11ne bath and égar

42

rcyllnder were determ1ned us1ng a method described by

Bottomley'[7] v A nylon dlsk 6 cm. in d1ameter by hi cm

‘thick, had a 1 cm d1ameter hole drllled through 1ts centre

(Figure,3.4). The hole was - countersunk .on. e1ther end, ‘by.
‘"concentric,' 2 cm d1ameter, holes 0. 35 cm deep ; Two;smalla‘
holes; 1 mm in dlameter, vere drll ed in opp051ng sides;'of,

" the. nylon d1sk throcgh 5tod the central chamber. ‘These

T

’holes were fltted w1th 19 gauge hypodermlc needles and’ ldﬁ

M

'“’;ccf‘syrlnges . The measurlng cell was or1ented so that the

’ isyrlnges were at the top and bottom of'the dlsk The lower“,t

?TSlenge 1n1t1ally held the flUld to be measured and the top‘V

l.

{1;syr1nge acted as an- overflow reserv01r and dra1n ‘for-vair.

_bubbles ~Non- l1qu1d samples »had to be carefully cut tol

"»szze for the cell LT S

Moo

;ivA' 51lvert'plated- copper: dlsk 2 cm in d1ameter, WaS; .

“.Tplaced in each _countersunk hole_;and, held,'in~ placeh_hy*; h.“
T‘zstyrofoam ;&ptks 'and plastlc' tle¥straps.d..The_¢area of -

'contact between,,th nylon ;ana* electrodes E uaSgﬂ made,l'

’waterproof w1th Dow Corn1ng H1gh Vacuum Grease.‘ Short.pv“

'fnw1res (5’mm long)‘ were soldered tb‘vthe' electrodes Tand:7

»connected through an HP00601A component mount1ng adapter to"'

. an HP4815A Vector Impedance Meter (Flgure 3 5) .Ereguency'{
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was‘msnitored‘with a Fluke 1900A Multi-Counter. Tne sample
-temperature was. monitored with .‘a copper—constantan
thermocouple, in contact with the ground electrode,‘ and a

-Fluke 2100A Dlgltal Thermometer.

" The cgnducti?ity'and-relative dielectric constant of a ..
sample,in tne.cell can be shown‘td be [Appendix #41

” o

g = __zcosd
R(z —2wLEsin¢+w L ‘)
‘and R
)
' R wLpﬁzsin¢‘ R 1
Er = {w(z‘_—ZmL zsing+w°L %) "(.__Cofcp) e L
S N o

"where, . -6-the sample conductivity S

z=the magnitﬁde of the measured impedance
"¢fthe phase angle of the'vecter impedance

L
N

\ ceil'eonStant
"u) the angular frequency
L -the probe 1nductance'
- Co-the empty cell capac1tance
i r”':ijc“—the probe capac;tance  :‘
| | nxkr-the sample relat1ve dlelectrlc constant

 }€5-the.perm1tt1v1ty of free‘space: };'4, ‘ e

,.
5
11

The cell was callbrated by measurlng the 1mpedance 'of

;'low conduct1v1ty llqu1ds, w1th known dlelectrlc propertles..

L}
L2,



A frequency of less than 5 MHz was used so that L'(Ebout‘10:

nH) could be neglected. In this caﬁe'ithé"simpiified

‘expressions

46

- could béf'u3éd@:_ i vszi 051n¢)ﬁuz was. plotted
giving a btfaight 11ne

»y%infercept of -(C0+C)/€ f (Flgure 3.6 ands%ables 3 1 and

3.2). Values of (e 1) '=6.11x10" *F and. (Co4C )=2.73 pF -

were obtained.

: -1 ;
A vslope of (5 L) and a
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PLOT OF e_.vs, -Efgi FOR 'LOW CONDUCTIVITY MATERIALS IN

Ty

' DIELECTRIC MEASURING CELL .
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RELAT[VE PERMITTIVITY

T-304”

.

30 4

154

e

» Hethyl alechol

6

.From ﬁot:omely : Slope=l. -6.108x;0129/s‘f

- . gk N
" i=1.849x1072n 15 ghe
“cell constant.. -
y-intgrcep;j-(ccw. )
[
. o.
oo m=28.866
(C°+CP)-4.726 pF ‘
B =the capacitance
of the HP probe /plus
.:he'emp:y,cell,, ’

v T 0

: . R 5 .,' v . ) ’ L .10’..‘
-(SIN¢)/ (w2) (10712 sec/a). B

',FiGURE'3.§f'} o

o



- v o w;m“::’}
-+ TABLE 3.1 Calibration Fl_ui'c_i_s_‘Forn Diele(_:tric Measﬁring.:_Cell

DIELECTRIC . |  FREQ.(fHz) . | e _[30]* | 2B GagTizy |

METHYL ALCOHOL - [ 1.0 . | ~31.0. | . 9.705

e e | s | 9usa

7ETﬁANCL(9$Z)1"7’f' ?Qf:~-1.d.. . :’ BP 24{5v7'  ."_f9.043'

ERERSUR R A 7 S R K VAN

'ISOPROPYL ALCOHOL | . 1.0 . - -f 2001 | - 7.860

10000 | 2000 7726

‘n-BUTYL ALCOROL | 100 | amael s | 7.437

B T [ EAE BT 0 S IR DT S

B 0 ERRTRNRIE £ T SURE VTN PR SN P

(]

’*AT 25°C | o . - ‘. oy g i
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leemperature Distributions

AV : : . . : © o

An agar cylinder (039%* NaCl, reagent grade, and 3%

v

49

. .!of \th“e'.

“agar, by welght d1ssolved in dlstllled water) 10 jcm ‘in

diameter by 3’ cm thack gwasi 1mmersed in 300 11tres of

‘sallne solutlon (0 9% NaCl by - welght dlssolved ,'tap"

';water) contalned An a’large polyethylene tank The.saline

and agar were found to have 51m11ar dlelectrlc propertles.

..

eThe._conduct1v1ty of the saline at 3 75 ‘MHz was measured to

be" d —(2 O1+0“03) S/m. ‘Fofﬁ agar -the conduct1v1ty gwas

v L . 5 : R
o Q'a =(1 99+0 03)“._/ .. From 'publlshed llterature _the‘

' relative'permitti”

4'MHa, ‘were estamated be E éa'= 80+2 [31 32] , The

51m1lar1ty 1n electrlcal propert1es permltted good coupllng

S
g,

,‘,rif._absorptlon to any 1rregular1t1es 1n"th { agar shape.ﬂ

k

’-Sallne prevente%ﬂ salt leachlng from the agar keptfthe'

"tfdlelectrlc hohogeneous, and acted as a heat sznk to cool_

-,

'a.;thej agar surface. The cyllnder ‘was thermally 1nsulated on'”

its top and bottom faces by styrofoam caps 'which ,reduc%du
-Jheat loss except 1n the radlal d1rectlon. The caps were:
’wrapped' plastlc f11m and sealed .w1th Dow Co&n1ngj

fSllacone Sealer to keep water absorptlon from compromlslng.-

%

’thelr 1nsulat1ng ab111ty A plex1glass ;g;ﬁp held the agar';

‘f;cyllnder. and._styrofoam _caps¢_securely vbeloy vthe sal;ne:

.dQFfécé‘(Figp}eh3f7)f: - v"-‘vf.“ . P _“i?.'

tyes of the agar and ;sallne,» at 3. 75,

tr{f to the agar and decreased the sen51t1v1ty of,»
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The 1rrad1at1ng electrodes were each‘1 cm w1de* by 15

A’l‘
¢

b
%;L‘$cyllnder. The B-field d1d not vary greatly 1n the ax1al

'eleotrodes produced an .E- f1eld in the‘ 3 cm hlgh agarp

51

o SR
'”am. hlgh and made from flat 51lver;plated copper.' Tall‘&

L

R ‘}’

: DN v . st -.-*’1 ] ‘
'a"ésngported by nylon pﬁsts,‘? ‘“cOuldn be made w o revolve

!"”"- A "
PR T

; ﬁ"aro‘und the, »»fagar‘

R ’

“-‘f,_-;st‘atldrj‘ary.g Amprlz
i

,,.-\\‘ 5 I
-7, *electrode“rd1§§ance

e

(Flgure 3'8)»&"

fkw{PJIJ‘R‘F power was prov1ded by an HPG15A Test Osc1llatorj“

~"Id1rec ion (Append1x #3)K' Th1s perm1tted‘ two'hd1men51ona1,

“H;Asf‘flationﬁ of the heatﬁhg to bermade.f The electrodes were
rosc1llatory smanner, - or held

from' the agar surface could be varled-

M“speed of OSClllathn as well‘ as.

D .

and ampllfled by ‘an Electronlc Nav1gatlon Industrles Incag;

»_;} V B (xS . s ) ! .
'”"‘ENI‘ A- 300 ‘R. F Power Ampdlfler . The " oscrllator,‘was\

“h p0wered through a GmaLab 600 Tamer.7' A Decca kw4109'

v A ‘..

Supermatch yas _used ito»,match the ampllfler to the load
) - 'i' - 3 o :
(Flgure 3 9) “'Low frequency match1ng ‘was . optlmlzed by

I
]

the KW*TQ9 and fthe electrode.'conflguratlon used at

(3 7510 02%5 MHz." Frequency was monlto;pde,w1th a¢>Fluke
' S SR .

1900A Mult1 Counter. _J;bf v fk?, LT
e, i vh" .

LA e .
a Temperatures were medgﬁred at plne p01nts 1n tge agar

s w, i

. : ;9 . .
o and one~1n ‘the” water bath Copper constantan thermocouples

(1 mm dlameter) ‘a Fluke 2190A D191ta1 Thermometer and

. % . \% .

& Fluke*” Y2100 Thermocouple Selector> weref used to make
E‘ﬁr ‘ Q ~.\‘« \ v} :

. tempeﬁbtuﬂe measug§ments..¢The thermocouples were or1ented

v
.‘,'. y : b’ g “e ‘_ .
, . AR o . . “ o
. g e - oo .
L e B o . N
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]
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st ‘}A‘
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"® Figure 3.9 Apparatus used to maintain saline ba?h temperature l i o
B and heat agar cylinder.“_ » k '
'. — . . . - " . ‘\I \-‘. ! \:‘
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- perpendicular to the E- f1eld to. m1n1m12e current 1nduct10n,"

' and artlfactual heat1ngv They vere 1mplanted .to“'a depth

m1d way down the lengthxof the agar cylunder and along two

ﬂ’radlal llnes perpendlcular to. eachwother.v one l1ne;was set;’

g“. parallel to the statlonary electrode E-field' (Flgure 3. 9)

" 'The water bath and agar -were maintained~ 'at/ -a

"U-WZA

"temperature Yo (22 1+0 1)°C by'a%

‘-pump/heater The Brlnkman Vw sﬂ'controlled by the,.Fluke

21904 through ‘a. relay,'form1ng~a feedback loop 'A water

Lbath temperature ]USt above room temperature was chosen 'td

rlwvman IC 2 water bath

B av01d the need for a heater/refrlgerator un1t ’lWater jetsvf'

_located bes1de each electrode d1rected the flow of saline -

over the surface-qf the agar to a1d,coollng.f

3

'With thermocouples . in. place ' and the digital -

-thermometer sw1tched ;off; theJagar has-irradiated,for'10
m1nutes at an output @power_ of- 200+10 Watts 'fThe‘ r7f

\

hampllfler was then turned off and all ten’ temperature sites

) 5,,. Y

3mon1tored over -a pprlod of about .6 mlnutes.
w '?d_?'.x" -~ ‘ ) L, R '/' -
Ty '.‘;j! R ;;-[-«-'

sy .
A B

2 c M

:~'m3§£¢br flttlngtf computer' program jwas"used' to

.extrapolat x:“’the -cooly gs.curve data .f'or ‘each thermoc‘buple;

.back to‘

the tl.lge t.he rh?

gave. varlous statlstlcs to*ﬁhdlpate the rellablllty of fach

\\,

'extrapolated p01nt (FlgUbQ“’? ?0 and Table _3}2), “The

curﬁe*fattlng program was used to avo1d : E)H S

4“_- ? ’ R

rwas termlgated [23] The programv
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126.417084
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’ "lmov1no. electrodes,;‘computer;jprogramS'-were,written'whiéh“

any«blas in plottlng the coollng curves. | ThlS procedure

was repeated for several dlfferent orlentatzons between the

electrodes and thermocouples.‘ Then the agar .cylinder‘ was7

cut«iin haﬂf to determ1ne more accurately the p051t10n of

56

, o % . '.' . .. . '-,
.used statlc electrode temperature: distributions .a5= data

.’gaverage tEmperature over a spec1f1C‘rad1us and arc length-]

“mlnutes of exposdre to the r.f.

»éach nermocouple. These data were then used to plot the

IRTEs TR
e

_ temperature d15tr1but1on 1n51de the agar cyl1nder after 10

Data p01nts ’obtalned "aef above resulted in a fazrlymlf'

"é”:

,tempera%ure vs. angle were made ‘for varlous rad11 from the

“'centre of theﬁuagar phantom (Flgure 3 12) ‘From‘ these‘

B M

1&0

1.ﬁcurves temperétures at p01ntsﬁm$achIWere‘not measurea couldi:

-

data could be obtalned for 1mproved plotﬂproductlon.;
S R N :

P‘

~

: To predlct temperature distributions" reSUiting_’from

N ““

(Appendlx ‘n#l) These programs'tcalculated af welghted

T e

N .J

zused The arc length corresponded the orb1t of“jthe,’f
electrodes and the calculatlon cons1dered the varlatlon 1nf;
temperature ,along 1@5 length »:F6r7-5the ' measurements ;f‘

‘rcons1dered here the arc length was +40° or: 80° total

»

1n51de 'th _'agarr\ Rad11 .of°-0 1 2 3 4, and 4 85 cm“were'

coarse temperature d1str1but10n (Flgure'43;11l;.‘ Plots ofpf7d

_be estlmated 'In thlS way a denser‘-fleld oOf temperature pf )
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Th?; welghtlng functlons used. to calculate the average
temperaturee were based on the. electrode motlon. ' ThlS
resalted fromk the fact that the temperature 1ncrease at an

‘glven\poxnt was 1nversely proport10nal to the speed of the‘
::::celectrodew_past.thatmp01ntP_MInnother_words~the~temperaturem_muﬂ_u;
” increase varled proportlonally with. exposureA time to ah_ﬁ
partlcular E “field. | B PR S ;h
thsSuning that the‘electrode.speed Qaried' sinusoidaliy -
from‘-Oﬂ m/s %5 the beg*nn1ng of 1ts sw1ng, to some max1mum
at’ the centre of the sw1ng, and back to 0 m/s at the end of

1ts sw1ng the foﬁlow1ng welghtlng functlon would result- .

‘T=0. 0470T°+o 0501(T +T.1)+0 0614 \

46 L
(T2+T.z)+0 0941(T3+T.3) +0 2709(T,.+T.4) Ry
where, ;T~the’ averaged temperatdre;~'in WC; &hich3ﬂou1d_

" occur at “the centre of an 80° arc‘
‘<T°—the temperathre?‘ln,°c measured at the centre.
q‘._t:f. ‘v'; of the arc.ui' = | | |
- :Tn;—the“temperatures, . °C‘ measufed at *(10xn)° o

respectiveLy, from the centre of the arc.‘ 3
n=0,1,2,3, or 4:- J RIS __

" Thev constants in - equatlon 344u3_are 1nverse1y

proportlonal 'tbv the }veloc1ty of the electrodes over that

sum of the constants over one entlre ..w'j
< . ) . 3& ) B X : . N

p01nt in the arc.

G
E



‘_arc is normallzed to ‘unity. By applying ﬁﬁe welghtlng

funct1on to the statlc electrode temperature data a plot of-

J)

ptemperatures (wh1ch would result from electrodes w1th av'

I4

| 51nu501dally varylng speed) was obtalned

N Ve

«;radlal llnes (Flgure 3 3);?f

-
PP .

: Water re51stance and play 'in _fh :-electrode ‘moving
assembly prevented a true s1nu501dal varlatlon in electrode
speed from .occurrlng " The electrode speed varlatlon-

‘ closely resembled a flattened 51nu501d or, half c1rcle --For

A

the c1rcular speed varlatlon the welghtlng functxon was

\T 0. 0811To+0 0832('1’ +'r_,)+o 0905 o v*

(T2+T4)+O 1088(T3+T_3)+ 0 1770(T‘:+T.4.) |

nThe‘ flattened sinhsoid was approx1mated by averaglng thef‘

c1rcular and 51nuso1dal functlons.A Th1s we1ght1ng functlon[_

L e e a
S Y :

T 0. 0641To+0 0666(Ty&Ty)+0 0760

f:ﬂp lj* A (T2+T1)+0 0'~(T3+TG)+ o 2240(Tu+1.)_"

K
-4

Temperature d dlstrlbutlons ~tcalculated u51ng théfg

data vas, measured in. the agar along 0°'i‘59}.90ﬁ;_and .1359}‘

L

‘..-: )

1weight1ng functlons were compared w1th measured data.dfThe i‘f:¢7‘
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'ﬁ’- '7

)

whlch temperatures were measured

135° /-

Flgure 3 13 TOp “view of agar cylinder showing radlal lines along'

A\

3 LECTRQDEI- -



g Great care ‘had, to l‘be taken~tonensurefthat the agar'
'phantom d1d ‘not move durlng 'set “of;. measurements.i'
Further, ‘the phantom had to be carefully p051tloned so that‘

it was: concentrlc w1th the electrode ax1s of rotatlon. If -

 the phantom moved 'off ‘centre :thef statlonary electrode.'

‘heat1ng data would not be’ useful ‘ As the electrrdeS"moved

llthelr ~dlstance_ from the phantom would change. -Thls onld” i,"

Y R,

a

cause a- change 1n the E f1eld w1th electrode p051t1on whlch:

UL

ﬂfelectrode'temperature maps.. As a result only temperaturé’

..,'

",‘would 1nva,1date tﬁ%l technlque used ‘t produce statchl.
= e ) , . -,;

| patterns obtalned from electrodes' mov1ng‘-along';a,path ,'

*rcondentrlc Wlth the phantom vere used R

Non concentrlc. electrode -'motion”-could -have’ been

g

con51dered 1f,prov151on was made for rotatlng the }phantomfitl
-Care : would have «'tot»?bé ~taken“3to hensure' that vthev’v:
fthermocouples d1d d t;”move‘v1n51de tth‘f'agar;pf Completeij
',Ltemperature maps of the 1n51de of the agar would have to be:
1_made for many electrode p051tlons.. These maps could thend
‘prov1de the data necessary to predlct the mov1ng electrodeflu

temperature dlstrlbutlon.: Computer 51mulatlon of the abovew

’

'fcase- would requ1re 'numerous Megaera runs to 51mulate the

'~~lvarloug electrode p051tlons. Thxs ent1re am6unt oﬁ, datav

‘ A

:'wOuld then be averaged together and welghted accordrng to

A /

'7'_the5 electrode» speed oh produce a, mov1ng fefgctroded

x>

b.

._;temperature map

"'.‘.-"‘?"}v;f- i

. (_}"" i
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gy The'noh-concentrjc electrode motion could _prove useful 53'2

w1th regard to mov1ng and shap1ng an 1nternal hot spot in
agar. It - was not examlned in thlS work prlmarlly because
"~',l o -"XJ © o
" of ‘the 1ncreased cost in computer ‘t1me that would have
i ,

wmmmresulted.wummlnw—addltlon-m—theuwgeometry~_o£-the—~problem—~———————

1nd1cates that concentr1c electrode movement would‘ resultv='t
. .
“in:ﬁa hlgher centre temperature to peak temperature ratio.

x@"{‘ .

v@,,than non- concen*rlc motlon. Further ‘the 1nhomogene1tyv.of'; S

humansd would be such that accurately shaplng and steer;ng

P

an r. f 1nduced hot spot would be ne\rly ‘1mposs1b1e._d'$o
the— concentrlc' motlon ‘case would be of greatest 1nterest
for produc1ng deep heat1ngr1n a c11n1ca1 51tuat10nv w1thout o

Joverheat1ng superf1c1al tlssues. :;‘_'f‘. -; L mes
‘\ . . B .\ . . N f\ . . . 'Q‘ . ) -



A }: - v ,
d I_ 4 ."’ . . v ‘v‘ N "‘
‘ S . 1 Core o
‘:_.,_,r- - v . * : S "-;:-, -y ..'
ATy X : el ok .
5 e . ? . S A N E TS .
. S - . . ‘ . SRS
-wp'?7'*7 A 3 5 kg male cat -was \anaesthetlzed (Nembutol)
. "/m"" . B \.’,» ~"¢:.v_, v ' :", o
around*_the_—lowerﬁwhalf“~of"—1ts torso~-A—m1dl1ne—+%ij_~:
-;, a. ey (A ! L O
1%5151on ‘was madé ﬁn %he‘ ventral surface and the g
kldney exposed.aby dlssettqon; The rlght renal artery and
,..; ' o o
ve1n were tledVOff to, stop blood flow to h kldney f ln,‘ o
AN thls way tpe k1dney roudhly modelledxa sol1d tumor. A stab
')" f/& L
.Qr wound was hadb jpst helow,,th anlmal s r1ght shoblder
Y . ) [{ L I
‘u blade. Copper §heathed copper conseantan‘ ﬁherlccou less_;;'u
were passed through ﬁhe* wound f?o ‘the
. N Le Ty .

»

wf‘ Thggmocouples : were f embeéded a‘ ths§e

Jhtersectlng a@e c¢ntr2’ax1s of he‘ cat _ ‘f
kldney.,. ghermocouples w;re alédé pf é’af alon@ a. L »;
"a perpendrculaiﬁﬁto; th1s.;,;AswL{'h" .aerx possdble, . e . 3;
»/theréfcou;les ’were hept'perpendlcul irto ghe E-tield. rhé_,',,ﬁvﬁ

1nc151on was- closed usgng 3- 0 s?%k and‘ waterpf%ofed fwhih,}'"
vasellne.‘m;i\'cyllndrlcal cloth harness held_the anlmal

Uprlght W1th‘Ft9 head abGVe the sallne..'TQea harness_ held : ,%w.'

:‘7 R T e : PR :
‘As the Cat between Lthe rrotatlng electrodes and kept the i o
o ' - . ' IQ.__

an1mal S torso cyllndrlcal The electrodes were eaoh 2 zdhff'
;3tw1de }by 4 c h1gh and made from sllver plated COpper.»_Thef'_l,'t

o
.
~

oo i b N ' R T S e
u,;an1mal ;w_ approiﬁmately 12 em dlameter ~and7wuthe EER

electrodes about 14_ cm’ from 1ts q(f—‘— To av01d produc1ng

,the sallne batﬁ was ‘maintalned at f:fﬂj
‘37 5 C.,f,The. anlmal - was - 1rrad1aﬁ@d for. 20 mlnutes at an. '
»q.“___ T <-"._.,€4\‘ ‘ t‘: ,‘(, ‘.- S

hypotherm)a 1n the ca

‘A



&Jtput power o; (250+10) w ts. "F‘.‘.l-e,ct'fodevs_ ‘.d,r"bit,e_a azound
e the cat 1n"&n osezllatqu manner thr.oi_\gh‘ an’ arc of 80°. @

»
.l-" “.- T, ¢

edyas witﬁl the agar. EERERRCRA

o Temperatgrves were m"
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B T AV T SR
... 4 MEASUREMENT OF VOLUMETRIC'HEAT CAPACITY OF AGAR.
'\, u .. & ) / T g‘}‘ b 4 ”"',,.ng)@ e .‘;'.. . '( .
) 37\ * ._‘. N A :

. "u
~

‘ Da ta__eobta med_t_f rgm_t-_v oJ. ume t r. 1c_ - heat

\".

i measurements ' _ré- sh"own 1ﬁ' “Table.’ 4\.1 | 9The ' waterw - was‘.

B ».\v i e : . [
- K e

, 1nd>traliy t * (66 ‘33"0 1)"C 'and M&l’ﬁej agar cyllnder at T
Lo “' é . #." T )
‘(20 1+0 1) c. . When’ theaagar was led. 1n t.ge calorrmeger

» 3

i . th 'é". wat&s; temperature began ‘%xponentially:” P

o

k_ S

“ [Flgure 4 1J Afté’ 1%00 secvondsu ‘v’tvhj'”e‘ @erature bega‘&"

. D 9,4
. .decreasmg l;n@@ly; expo&fntml decreas%‘ was th@
W TR e
. result of e&ergy, absorptlog by the _a%zar.-.‘ Ener@y leaklvrig -

N3 . .i .
3, LT e K AR
“fﬁo‘m the_’“. calorlmeter producé@* the ' l1ne“a;- portlon. gy o

N S

extrapola%ﬁg the rstr@alg - portlon of ‘the cu,r%e to t=0 .
. 2 »I_ vy .. .7 . 4 '.

seconds’“ th“ " loss of heat throug“h*the calorlmeter cou,ld be

: Y
“a@'counted 4fbr.‘ Fi’gure 4 1» 1nd1cates : hat the - water 2as
; ¥ "'decreasecg ,

R ." "‘@. "

,'(-3 5+’0 fZ.) C __as % result ' aga‘r .tconVersely

NI : ~ I e TR DAY SR
;_-‘tha ‘w;ar 1nt:rea (422;02)°C as '._a__r-'e.su'lt of‘v ‘ they water. BT e
The total amount of energy absorbed by the agar was C e ) o
SR ' Co uﬁz, T T

N . e 7'_‘\ .'. e ) . L ] RS
e -WL/'U““’5(3.510;2)FCx(230JQ$§;0fam%(BOS:f%;S)cal. |

T i L S
S AR ~=(805i3368)ca1¥4.184~q/ca1=(3q§831iq41.4)g,gQ’~ft'-

- I e a
§ .'Heat capacfty 1s the amount of energy ( 0 absorbed by a0

.1. A

"ma,-ter.la-l d1v1ded by the change 1n temperature ( C) of the
L w, .’Q} . . ' A
‘;r_.;ma_ter'ial...- SQ, the- heat capac1ty for the agar was
PR .. .;‘7 i . . N . \ v -
"c;(33ss.1#14?§Zad/(42u710;2)°Cé(7é;9£3.7)a/fc
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. B " . " L . . s
The volumetric heat capacity, used by Megaera,. .i_-s""t*hq‘h'ea_t

B .. . ;' Vo ] R ) v . ’-"v . - ) .
capacity ofithe material per upit volume (m3). For - the

agar sample used, this gévq'aﬁiqi‘qmetric .hg.aa'ti.qapag:ityv of
K : ' SRR ‘ :,.z.v.""" .

. . zﬁ, \-." s - . . o . . .
o € =(78.9%3.7)3/°Cx(5.2+.03)x10 ‘m7

- =(4.120.4)x10¢3/°C'm* -
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‘“;caltulated was’“anversely propoqglonal eto’ the agar slab L

"r‘{ used to ilnd the thermal conduct1v1ty er a "O O cm"‘th;ck ?Zf: e

Fdr thi?(i 1520-. O3)cm thlck sfab of agar u91ng;the data 1n,1 :"

"
[

: ?q
Lvalueg cb

mlned for_";

Inaccuraiy

1ncreasxng 'slab th1 kness.,

ST

-

sllce mwmggar and 1mperfect 1nsulat1onp

preglslon w1th whlch the” thermal conduct1v1ty~ could bet

e ‘,‘ "'\’b\‘ ’ S L. o H

‘thicknessm ThlS was a result of uncertalnty ih-'the"slab-'

: i L . ) \ ., ) .> I- A
tchkness. To- arrlve at. a reasonable approx1mat1on for the o (,,
thermal conéﬁct1v1ty of the agar regre551pn- anal&519'“was-: RS

- PR
A Lot

slab (Flgure 4 3) ‘_[ S ‘;”; ° \
-{;‘ The stralght vlihefgraph.in figute 4:3-waa'detefmined'ff 3

usmg ey, LT
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TABLE 4 2 Temperature mé!bured at three sites in agar cylinder
for given voltage and- current . BRI

- sITE *

C . e ) E T,
‘*  TEMPERATURE (°C)i§“

© 7 Yoltage = (3;50516.005) v;f‘

“Current

Lk $ee Figure 6 2

= f

g TABLE 43
'“Ff"t: thickn ses ofgagar

'\;’:

hermal conduct}vity,

a. 740. 01) A Tewc L i

e 'AGAR THICKNESS (cm) | 3

o U

& (/a0

| 1.15%0.03 °

‘.- —4.‘ ;:'""‘J, A‘ )
0.1 #40.52£0.03

"3.55:0.03

e “Sb¥55+o 015

28.3:0.1  |"0.5520.01

Y ” - »

' 23
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Arrangement of matenlals and apparatus 1n§}de the
“.thermal conductlv1tyrmeasurement”thamber : -
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o s e " 'a szzy - Exey
. S Al - . ) . . .n (Xx)

x-c o B . "b - nZX}’ - ZX);X Lo ' ' a
P f nZxZ e (Ix)Z. - e

whe&; n= 3 and For a 11ne of the .

)

form y%a+bx, ,the_‘ﬁérms

L

%JY;XQ and xy Bgven 1n Table 4 4 ~From the abOVe,.f"gfp:i‘,')

A ] ” . ) .- ‘,-'YJ i - T ) e
. e . el 0Ty . o - ’ L 7
SRR e o a=0.51 ‘ Co L
- ‘ . o » e . »”

thermal conduct1v1ty for agar'was found to be,,‘€;'¢,~ﬂ:  A

Fiy
S . E Ce T T
. N ‘ ' ‘ -

.k=,_\(o':‘51,+'o..‘o-4r).W/m.oc.f TR
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ELECTRICAL CONDUCTIVITY MEASUREMENTS
: 'Saline solutions:of known molarities and, . dielectric .

'-j:.prbperties were 'used 'to' determiné ‘the accuracy of the ﬂ.":?{“

: éaelectrzc—peasurlng cellu

_The cell__proved_naccurate“_for

%' measur1ng ’the cgpduct1v1ty but .not t§e~perm1tt1v1ty of
hlﬁhly conductlng solutlons. Lble 4 5] ThlS  ya‘.fmost

nced $§ lower freQUenples and ﬂiﬁ; solut:ons wlth SR

i fL’

. . . : .
. : .

| The sourﬁe °f tﬁfk errér 1ay in*;th?rﬂ;‘ o

= 5, éqzw ccurately measure ugry small R

'.ﬁﬁESe angles;g Th1s ﬂed~t6 é largé amounb of uq&prtaﬂnty,_ ﬁ}_f?

PR ) v e
- T

: AL g
or. 1ack of prec151on,; 1n the permlt , Ity meas%rements.

. SR 9, ol ’ s, : ,-\7‘ ,'4‘-""
?ﬁﬁf*The q§l“ &n Ué%d to calculate ,fh perm1tt1v1ty ‘was. far

¥

LR

LI L SR, # G YRR
SR R e T e !__‘ ‘_ S %

f_',,-.j',”":f._.é,f‘i?nif'f‘i .?'c_)j_:;')';='0‘i*0'1;7[4-5‘ . IR
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S N NS
S 1 .sin(0.5%)=0.00873

cos(1.0°)=0,99985 - L
'cos(0.5°_)=0.99\996 - | o~ ‘

A 0. 5o change 1n angle produced a %Q% change 1n\'the value

.‘\

of the s1ne functlon.‘ The ‘same change in angle produced a
0 01% change in the c051ne funct1on. Clearly, equatxon 46
‘W1th its 51ne dependance on ¢ - should be more sens1t1ve to .

varlatlons in small angles than equat1on 45

. . .-
R v

v
~

The water bath, used in the r.f, heating ekperiment

had a molarity of about\\ﬂ 15 ,iand the s1gn1f1cant
: measurements made at 3.75 MHz.; Thls comblnatlon produced a
phase angle‘ which ‘was unacceptably small lfor_:accurate
perm1tt1v1ty measurements. As a result extrapolat1ons of-
- publishéd values vere used to est1mate ‘bf relatlve,
permittlvity' of the water bath and agar, as. 81+2 (31, 32]

ConduFt1v1ty measurements were qu1te acceptable.

/

b

" The COnductivities' measured ;for the agar and water .

N baté;proved to be very con51stent glv1ng average values of‘

= S - ' -1 "1
A | % (2.01¢o.o3)9 n

. . . N é

-~ o =, 99+0 03)Q 1m 1 ff Coe ' .
S agar ) | o

m/ h

These two values would be expected f//‘ very similar . as



———‘measured——conductIVTt1es—ﬁwere—_hlgh——for—~—normaI———sallne~

ions could easily ‘diffuse into, :or out of, the -agar

br1nglng it into equilibriumf with"the bath [32]. The
' 7

solutions.' This’ was expected as tap water was used -in the

~

bath. Further, the exper1ments were performeq dur?ng early

spring which,.‘in Edmonton, means the,water had a higher

impurity content than usual.. As long as tﬁe conductivities

of the bathl ana agat were measured the broblems posed by

using tap water :were deemed - .acceptable. This was

especially true in view of the difficulty in obtaining and

<

maintaining’large quantities of distilled . water. \\As an

N

added“bonus colonies of bacteria and mold-were unwilling to .
grow on agar immersed in the tap water. With distilled

water inlthe)bath'blackvpatches would become visible on the

-
agar after a fﬁw days.

~—

'Fcr Avefy pocr conductors the large phase angle would

s

leadcto an unreliable conductivity measurement™ and an .

accurate perm1tt1v1ty measurement 4Dielectric'measufements

on mater1als, and at_ frequenc1es, wh1ch gave a'phase angle

around 45° would produce the most accurate conduct1v1ty and'

'permlft1v1ty.

A\

'

tan= 11745 ..

V/%The wavelength of 3.75 MHz r.ft.in the agar.was

/

From the above data the loss tangent for?the'agar was

79



X = (1.16+0.04)m

il

With tan 6 >>1{'Lan§;/;ﬁé ‘agar. cylinder much less than a

80

. wavelength across, the quasi-static approximation could: be

used,

-



TEMPERATURE 'MEASUREMENTS IN THE AGAR’

. . B

81

e

One , source of uhéertainty' with the ' temperature
_measurements was that resulting from curve fitting and

_extrapolation. The statistical error associated . with

fitting curves to the cooling data and extrapolating back

fq the time the r.f} was .terminated was _evaluaged using.

)

[55]
2_yqo2 = ks
= (EX=IYT 1,.x
S5 R Ut ED
: \
. . . . \\
where, o . )

'y—thngmasured ;emperatufe, ‘ a
?—the ﬁemperagg;e bredicted by curve ﬁftting,

" x-the time of each measurément," |

x-the avérége'bf éhe times;the témperétﬁres were

\

B N\

measured, . \
. N ‘ .

n-the. number of -data points obtained for each

‘curve.

TYpicélly this error ' never exceeded *0.15°C for any data -

point (Figure 4.4). Drift in ‘the power source - (:5%),

)

variations :in agar radius (#3%), and error inherent in-the

\

use of copper-constantan thermocoupléﬁ (:0;1°C) were . three
other hajoﬁrf' sou;des<' Qf. error. Maximum drift in
temperature data takéhbffom'the céntrg of thé agar phaﬁfom
amounted to no mo;é,than i4%,v This was more indicati§¢.of

"
, . =



£1vU0
do3) sap

~

0bF uoam3aq mnﬁuﬂnuo mmwouuomam 10J 2a® PIysEp pue mmvouuomﬁw ,
Tiels 103 a1e S9UYT PITOS mmm?;u om3 wo330qQ) |UIT STyl o3l aeynorpuadxad pue (saAand on3y
ouuowﬁw usam3aq £1302171p soanjeiadway Surmoys IapuypILd umwm cﬂ a1r3oad mnﬁumummama q ¥ TANO1d
3 - ?uv 4ONVISIQ TVIQVY

[44

&4

ﬁmu .

(0,) MWOLVEIIEL

92

PLT




the reliability and accuracy of the measZrements'“than the
sum of all previously mentioned;uncertainties._' '
o g /.

- 83

Drift in the digital thermometer was 1n51gn1f1cant3
over the course of the experzment. The resolut1on of the‘

Fluke 2190A was'limited to x0.05°C. . i

The water bath temperature was controlled to w1th1n'

- %0.1°C for each experiment. The volume of sa11ne was great'

enough that no temperature inorease due to r.f. absonptron“‘r

was detected.

Uncertainty "in thermoéoUple position was rendered
insignificant'by laterally slicing the agar cyllnder to

be done w1th

find the thermooouple holes. This could no

the cats. Handllng -of the animals »would

9

41kely have'
sh1fted Vthe‘ thermocouple p051t1ons a con51derab e amount.

This uncerta1nty was estlmated to be about +0 5 cm for most
v o

" points. oy o _ - ’ \\\

[ N

_In,-additionvi to_ thevv,aboye tiuncertainties, “the
measurements made' in - live cats suffered from anotner
problem} "Tnermooouples ‘in .tne‘ cat were - not alwafsx
perpendlcular “to the_ E:field %ence an'unknown“amount.ot“

error could have ‘been 1ntroduced

e




/ . MEASURED TEMPERATURE DISTRIBUTIONS

The = temperature distribution - produced 'by stationary .’

84 -

'electrodes,eeach (1.9520. 05)cm from the ,agar ’surface,. is

shown in Figure 4. 5 Fﬂgure 4.6 1nd1cates the relatlve:p
locatlon of thé electrodes to produce this d1str1but10nt‘
plus x and y ‘axes for reference purposes. As expected"“

there are two symmetrlcally placed temperature peaks, oneg.v,

_near . each electrode.; The peaks« occur. Jabout 1 cm deep
¢ %

1n51de the agar because of the cool saline bath. "If~ the f'

sal1ne was replaced by a thermal 1nsulator the temperature

, peak would be much larger, occur at the adar surface,‘ and

.decay : exponentlally toward the centre. Clearly;' the
advantage’ of‘usrng a cool bath or  bolus is apparent vfor
‘cooliné superficial‘dielectric or tissue.

TwO 1dent1cal statlonary electrodes placed about 2 cm

from the: subject ‘would be unsatlsfactory for hypertherm1a

therapy‘ There are. two temperature peaks produced one of

- which. could over_,heat healthy .tissue. whlle a tumor was

being treated mith the other (Flgure 4.7(a)). The solution -

'would be to use one very large electrode, (Flgure 4 7(b)) or

else asymmetrlcally spaced electrodes (Flgure 4. 7(c)) The

.

v-latter case  was examlned in. a. mannér similar to the
‘5ymmetric electrode case.

-
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ELECTRODE
i
i

~HOT SPOT,
I?LECTRODE_. y

o]

o N o

. - O\ .
o =~ '\} ELECTRODE .

~TUMOR © ~ - .
| @ //ff\‘_§\\;/*\\

A . . - : . )
- FIGURE 4.7 .Hot.spots'prodgﬁeﬁfinsa/ﬁielectric by various electrode

' configurations. .‘»/ o ' h o
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The temperature dlstr1but10n 1ns1de an agar cyllnder

'\

1rrad1ated w1th one electrode (2.0+0.1) cm, and the .other

!

&].oio.zs) cm, from 1ts surface (F1gure 4.8) is shown in

ﬁigure;_J;J

8

produced with th1s conf1gurat1on._ For a shallow tumor thlS
would be a super1or appllcator to ‘the symmetr1ca11y placed
electrode : type. There would be no danger of produc1ng an

unwanted hot spot on the -far electrode side of the subject.

-~

The asymmetric el%ctrodes ‘produce a'slightly'lower'

peak - temperature (0.2°C less) than the. symmetrlc electrodes

‘

and ag 0. 9°C lover centre temperature. Far less energy is

belng dep051ted in the agar whlle llttle change is made fn S

the“ peak temperature.. Obv1ously the asymmetr1c electrodes

are very efflc1ent with . regard to. heatlng a shallow tumorj

e
and not 1mp051ng an unduly large heat Load on the pat1ent.v"

7

fhere~;jﬂ only .one large temperature peak
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MEGAERA SIMULATIONS .

4

A considerable amount of labour'*wés involved in

producxng each of flgures 4, 5 and 4.9. To expedlte matters

91

-Megaera was used to s1mulate the temperature distributions

in - r.f. 1rrad1ated , agar. ) ,?he‘ effects of: varying

exper1mental parameters were qu1ckly seen“‘with. computer'
51mulat10n.' -To “validate the ‘use of Megaera in place of

,actual experiments comparisons were made between measured

and'calculated“temperaturerdistributions. » o

Results of symmetrlc electrode s1mulatlons made 'using
‘Megaera- are shown in flgure 4. 10 ' Flgure 4. 10 (a) and (c)

7are the max1mum and m1n1mum temperature 11m1ts calculated

[

by Megaera‘ when uncerta1nt1es in measured power‘ thermal]

and; electr1cal _ conduct1v1t1es, - electrode e spac1ng,

,temperaturé measurements, and \olumetr1c heat capac1ty are

«

*taken into account Frgure_4 10 (b) is the actual ‘measured
'temperature)proflle. The measured profile Sits well within
the' maximum ~ and minimum 'limits.'.' The ) temperature‘

'dlstrlbutlon is very sen51t1ve to electrode spac1ng,,power,~

‘and” heat capac1ty  As a result " the maxlmum "and m1n1mum

ftemperature l1m1ts are w1dely spaced

C e

' A close'.approx1mat1on:‘tor:the measured temperature

-proflle is- obtalned from Megaera when the follow1ng



\ PLOT OF TEMPERATURE vs. DISTANCE IN AGAR

(a)-Haximam

_ (e)-Minimum

(b)-Measured '
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FIGURE 4.10. Tempe ture profile measured in agar with high and low '

 limits calculated by Megaera.
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.
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parameters are used (Figures 4.11 and 4.12),

O water bath -1.98 S/m .

\
\ ag agar- 96 S/m e

\\ G —4.1x10¢ J/ C n?

- 93

\ k=0 _47_w/m°r '

&

‘p cyl1nder thlS assumption of no f1eld spreadlng in the axial

Power-12.6 W (see Appendix‘#2)
- ‘ . . ‘ _ .
Electrode distance from agar surface-1.85 cm

»

Lt

These Qalues are ‘all within the‘-measured bounds /of

“uncertainty. Temperatures near the centre of the agar 'are

calculated h1gh by Megaera because the program assumes

1nf1n1tely long electrodes. At the centre of the‘ agar,

dlrectlon could amount u; a 7% .increase h1 temperaturg

(Appendlx #3) ‘The | pﬁor fassociatedf'with' using a two

dlmen51onal model decreases closer to the electrodes.. Thls

" trend is ev1dent in flgure 4,10 and 4.11 and’could account

for the g}oad‘temperature peaks predicted by - Megaera. " In

.

ol
OO

:\\\\-

addition the.therm*’_conduct1v1ty is likely h1gh resultlng,

'1n low temperature gradlents in the calculated data.

~
.

‘Changing the _poSition of.the surface"used by Megaera

to calculate the current.integral:nproduces..variations .in

calculated - temperatures' of wup to 0'15 . Hence;fa $0.1°C

e

v_uncertalnty was assumed ‘for all temperatures calculated by

Megaera.‘ The+0 1°C uncertalnty takes 1nto account a
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possible programming error npot the error associated with

using an approximate means of calculation.

A

~Within cerﬁgin limits, as'outlined'above, Megaera is:

capable of accurately simulating: heating in an  agar

»

96 .

cylinder —exposed to T.f. (3,75 MHz or lower) energy from

symmetric electrodes.

‘Asymmetric electrode simulations were also. made using
Megaera.- The  results showing the maximum and minimum

temperature limits are shown in figure 4.13 and 4.14 (a)

" and (c). - Figure 4.13  (b) shows 'the measured x-axis
temperature profile and figure 4.i4'(b) shows the measured

"'y-axis profile.' In figure 4.13 the measured"balues lie

well within the simulated maximum éhd minimum limits. The

simulation does not show the very slight temperature
~increase in the distant electrode side of the agat. ' This
could be the result of using a high ‘thermal " éonduptivity

which would tend to smooth out temperature peaks. Also,

the température peak was so small, practiCally 'wi£hin'4the’

bounds of ‘expkrimental error,  that  round-off = and

approximation error _could ‘have deleted it from . the

|
“simulation results.

‘Along the

- tempeféture priofile sits between the.maxﬁmum_and minimum_

calculated limits. The high measured readings at the 4.0

y-axis  (Figure - 4.14) the measu:edv
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‘and 4.8 cm distances indicate that the thermal conductivity

used in the simulation was too high,

Figure 4.15 (a)  shows the meaSured"asymmetric

Aelectrodé:temperature profile. ‘along  the x~axis. - Figure

4.15 (bL__shows the analogous_ profile as predicted by

~Megaera w1th

J ,. -.l_c water bath -1.98 S/m
O gar=1-96 S/m
.G, 4. 1%10° J/ C m’
| k- O 47 W/m°C
Power-13.94 W | :4‘ - S : °.
‘Near electrode\distance¥1.85 cm:

Far electrode distance-6.8 cm

4 o
\

.These two temperature profiles along'the x-axis are . very

close to one another. Figure 4.16 also 5hows how close'the

: ' - L . L : : _
measured and simulated temperaturd{proflles are -along the

y—agis}‘ The-highicentre;temperatures in the simulation are

"~ likely due'to the two'dimensiomal' approximatiom'4(Appendix.

#3) The steep temperature grad1ents in the measured plot_"

N
- and the lower peak temperature 1n the 51mulatlon '1nd1cate

that 'the thermal conduct1v1ty measured .for the~agar;is

' high As w1th ‘the symmetrlc electrode case, hoWever;' the
’plots are suff1c1ently close w1th1n exper1menta1 11m1ts to

show that Megaera can closely s1mu1ate th1s klnd of " heat1ng

(F1gure 4.@7).
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the ' data obta1ned u51ng 'statlc_

produced the temperature dlstrlbutzon 1n flgure 4 18.

‘s1mulated temperatures

were

temperatures albng-» eihOf, ;45°

“(?igure'4 19)

(Flgure 4, 20) whlle the tempera;ures along the 45°

4 21). and 90° (Flgure(

".

\g re51stance 1mpeded electrode mot}on-,enough

speed | var1atlon represented a
semq—c1rcle,grather than a perfect sinusoid.

" A c1rcular varlatlon 1n electrode speed

4.23»

temperature dlstrlbutlon 1n ,Flgure

the temperatures

. measured (Fégure 4., 20)

radlal

(F1gure,_ 4. 21) ndf’ 90° (Flgure 4»22)

: assumpt1on of a’ czrcular

a good{‘one‘ produc1ng

i
3

. 5"

VR

Applylng the 51nuso1dal mot1on we1ght1ng

symmetr1c
and 90°’

4.22) llnes were too h1gh

;flattened'

»;Along
'.are*ﬁery‘ciose toi
The same holds truefalong~the.

radials.

function' to

electrodesf

103

The. -

-compared___to.__measured'

radlal l1nes

Temperatures along the 0° 11ne vere too low" '

(Flgure
Water

. 80 that

sinus01d,. or

resultsiin‘the.'

.those actuallyiV

var1at1on 1n electrode speed _is:.

.

r\

\\J

thex

450
Q-The‘;

th"'O’ -

'results very close to the - measured~--"

A ﬁlattened SlﬂUSOld can be approxfmated by averaglng;sb.w.H

'ﬁ

fthé‘ and s1nu501da1 wexght1ng

c1rcularv

temperature d15tr1but1on whlch results\ls shown 1n Flgure o

N

\\

funct1ons.‘]

Thevwv
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PLOT OF TEMPERATURE vs.' DISTANCE IN AGAR

TEMPERATURE . (°C)

O ~MEASURED
D -SINUSOIDAL

A -CIRCULAR = o 2

‘X ~FLATTENED SINUSOID. N

DISTANCE (cm) . ..
FIGUKE 4.20 ,Tgmpefaturé ‘praofile along 0° radial.

.\.
AN



A

' PLOT OF TEMPERATURE vs. DISTANCE IN AGAR

\ 77 O-MEASURED
0 -SINGSOIDAL

107

TIPNPERATURE (OC) .

22

ACIRCTLAR™
% -FLATTEXED SINUSOID

¥ DISTANCE (cm)

.FIGI_.JREA:‘Zl viTempeJ.:ature p}ofile' aibng 459 'radi.al;:v



PLOT OF TEMPERATURE vs. DISTANCE IN -AGAR
' : ' - O-MEASURED
O ~SINUSOIDAL

.108

. A=CIRCULAR—_

TEMPERATURE (°C) :

22

~N .
w -
S R

oL ) ' " . X -FLATTENED SINUSOID

T |

DISTANCE (cm)

FIGUREA.-ZZ Temperature p.fq'file _alorig"BOO, radial., -
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4.24. Along' the 0° radial the temperatures are slightly
low’(Figure 4. 20) " Along the 45° (Figurei 4.21)  and 90°

_QKFlkure 4.22) radlals the temperatures are sllghtly h1gh

|

The preceding\evidence' indicates- that the circular

110

electrode—speed Varlatzon most closely resembles the actual_'

L

electrode speed. W1€h1n experlmental 11m1ts the flattened

sinusoid we1ght1ng functlon also,approx1mates the measuredv

- temperatures, though not as well as the c1rcular funct1on.v

PE | |
'Temperature patterns for mov1ng asymmetrlc electrodes

'._have’,also" been calculated wusing theg three .‘averag1ng

functions.  These profiles are compared as with' thev

Asymmetrlc electrodes, to temperatures measured along radzal-

l1nes in the agar. ‘These radlal l1nes are at 0°l 45‘,,90°,

and 135° (Figure 4. 25) Very llttle temperature;.variation

occurs . over arcs-centered on the 180° radial line so this

data is not included for comparison. |

Figure 4~26 ,shows the temperature dlstr1but1on whlch;__ff

m_would occur 1f the asymmetrlc electrodes travelled wlth a

‘191nu501dally varylng speed _ Along :the‘~0°_,rad1al; the

T predlcted temperature prof1le 1s too low compared "to ﬁthe.

(=2

measured profile (Flgure 4. 27) As, w1th the symmetrlc-

!

' travelllng w1th ‘a  slower peak- speed~ than ‘the sxnu501d

assumpt1on would indicate. Hence, the electrode speed

¢

'electrode case, this’ shows that ‘the actual 'electrodes ;are_”
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{
ELECTRODE
- (1.95£0.1) cm
I'.'
X-AX1S © . ]
. e ‘ , s .
i
-
' SALINE b
\
/ \
L N\ .
e TN
N
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FIGURE 4. 25 Placement of numbered thermocouples in agar cylinder-
' (top view) L : v , o
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PLOT OF TEMPERATURE vs. DISTANCE IN AGAR = .V

114

ey

TEMPERATURE (°C)

o -M}:Asvr':zn )
o -SINUSOIDAL

" A -CIRCULAR )
X -FLATTENED SINUSOID

a

. 'DISTANCE (cm) : -

FIGURE 4.27 Tempefature profiles along 0° radial, .



[

'yariation.isdlmore. closely approxlmated by a flattened>
sinusoid - Along the. 45° (Figure 4}28)'and,90' (Figure

L4, 29) radlals the tempedatures }are- slightly higher ‘than

’bthose measured. Along the 135° rad1al (F1gure 4. 30) the -

.measUred ¢ and’ calculated temperature prof1les _'are

E essentxally ‘the same regardless of: welght1ng factor used i

i
115

The temperature dlstr1but10n result1ng from a c1rcular

varlatlon in asymmetrlc electrode;speed 1s shown 1n F;gure,;_-

.u4;3l Thls motlon proouces a temperature proflle along the“

i 0° radlal (Flgure 4, 27) Whlch is: sllghtly h1gher than the

measured proflle. Along the 45°, 90°' and 135°, rad1alsf,

-(Flgures 4 28 4.30) the temperature proflles are close to'

"thelmeasured.profiles.:"

.

'The'b temperature ' diStribution resultlng from “then

4.32.° .Calculated profllesAalong the 0° _4_5°,, and 135°°

':lflattened 51nu501d weighting functlon is. ~shown hin 'Figuref;"

Cs

radlal lwnes (Fzgures 4, 27 .4;25; and 4 30) are very close ;.4ﬁ

to' the: measured ,ONés. for thls type of mot1on. Along the'"u

£

'”90° radlal (Flgure 4. 29) the calculated proflle is h1gh but:;%d

w1th1n experlmental error compared to the measured proflle.

The measured temperatures in _Flgures 4 27 4.30 ate‘;j,,x-i'

often ;found -to be lower than the calculated temperatures.

.ARound off errors 1n the computed and measured values 5could .

‘account for some of thlS._ A compar1son of the temperatures

RN
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TEMPERATURE (°C) -

O-MEASURED .~

D2SINUSOIDAL : =
A-CIRCULAR - -
X -FLATTENED SINUSOID -~ . .= T

.

- FIGURE 4.28 Temperature profiles along 45° raddal. = =

p,IsmNét (cm) :
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measured at the centre of thelﬂagarb phantom»7for - the
{stat1onary -and orbiting electrode cases revealed a
d;fference in power absorption whlch could account for much

7‘of'the'discrepancy,"During‘the mowing asymmetric electrode

-measurements sl1ghtly less povwer was absorbed than’ during-
‘the stat1onary electrode measurements.' This was the result
of an 1nab111ty to accurately ma1nta1n the power output &toh.
‘eth phantom.v The temperature d1fference was)too small
probably about 0. 05°C to be plcked up w1th °the equ1pment
'used. Nontheless,"a borderllne measurement llke 23 85°C
(f;e;” Flgure 4 27) mlght have been gB,Q»F‘ wlth xsllghtly,
'morev powerf ~ These i war1at1ons ‘are.wwell_ withinptthe

: experimental error‘alreadw outlined. | | .

o
3

F1gtres 4, 27 4 30 show that the calculated temperature
‘proflles are all equlvalent to the measured proflles w1th1n
- experlmental bounds _6: ‘uncertalnty Con51 tent trends,.
'however, show that .th ' flattened 51nu501d and c1rcular

r’fwelght functlons produce better results than the s1nu501dal

-
—

'functlon.f

'fhep averag1ng programs HTAVE 3 HT%VE 4 and HTAVE 5
(séé Append1x; #1) ‘uses the 51nu501dal c1rcular, , and\.
yl-flattenedf 51nu501d 'weidhtlng funotlons: to calculate the:
d; mov1ng e‘ectrode temperature dlstrlbutlons.'v_The results,‘

when Acompared to measured values, show that these programs

‘can accurately slmulate mov1ng electrode temperatures by
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- o . '
S . : ' .

" . using static electrode data.



 SIMULATED VARIATION OF APPLICATOR PARAMETERS

o

The precedlng sect1ons establlsh the va11d1ty of us1ngt'

: MEGAERA and the- HTAVE programs to sxmulate stat1onary and _

123

vtmov1ng electrode heatlng. ~Th15 prov1des a- -means of

\

observ1ng the effect on the temperature dlstribution, of _.i

alterlng varlous parameters.

Flgure 4 33 results from u51ng tw1ce the power ‘asi in -

: Floure 4, 12 w1th all other parameters the same.' The change

in centre temperature,‘

"AT. =T - 22.1 % .
Pe T e A

'.AT -the change in the centre temperature (°C)

B 1s about 100% hlgher than 1n Flgure 4.12.»: Srmlgarly ‘the ‘

~change in peak temperature, i

AT =T -.22.1°% - -
p p ¥

where, .

é—the hzghest temperature ( C) occurrlng 1n the

phantom.a

'f* AT the change in peak temperature (° C)

;/'

'1s about 100% hlgher.' These results are expected in v1ew -

the temperature ( C). at the centre of" the agar'v

Sl phantom. ' ﬁ’h 5f:f=;5.x 23”‘{ . ;/‘“



124~

AR A

4 .2 y
1zt

g’

1722 ‘122

.umzon °

a.—u mo._”3u u&muxm

Y

uswﬁm ur. mm‘ mumumamumm omes ,wﬁms =0ﬂu=ﬁuuwﬂv mu:umumaawu vmum.%—o.mmu mm ¢ m&puu.m

TR ST

1Rt get

00"

9°se* 9
d H

L0 TR ¢ 1 ‘

-1

L

g2z

(X1

T siee

02

P N.,N.No.

e

1oz v

vezritez

122

ezt .




, , \” B ' 125
of the doubled input power. However, th‘_is'linear relation
is not obtained at h\igher pow_er lewels. cad \

ST o o " o =

Figure 4.34'results from using thg same parameters as'

——in-Figure— 4 A2- except——that——»the~——power——~1s—»\——set—-»—-four—~t‘1me5*—“‘“—f—”w
hlgher to 50.4 watts. The temperature peaks occur at about
the same p051tlons in each case. A'rrls ‘296% hlgher -and -
A'T _:is> 311% h1gher than in. Flgure _4.12; k ThermaL
conductlon into the water bath prevents ATP and AT from,.A
be1ng l1nearly proportlonal to the power used

-

The effect of varylng the water bath temperature nis‘f
v'shown '1n Flgume 4 35 mThe parameters used are the same as
",:1n F1gure 4, 34 except that the sallne bath temperature 7is.

- assumed to be 10° C The temperature peaks are. in the samet'd
pos1tlons as w1th the 22 1°C bath but ATP 1s 17.‘*5% ' lower"l

‘while ATC is" on‘y 1. 8% lower._" ThlS demonstrates 'the'"_;

'1mportance of\hav1ng a coolmng water bath A substantlal“"

decrease Cin superf1c1al temperatures can be achzeved_\~

o ' i R

w1thout 51gn1f1cantly affectlng deep temperatures.

: !

: thi'g'ur-‘e-' ‘4 36 results from usmg the same paramelter‘s .as
'1n Flgure 4 33 _e)‘(ce_pt that the sal1r_1e _bat_h‘ elect}rlcal | _‘
'conduct1v1ty‘ -is : *set. be fiv'e times : h’i‘g’he‘r.‘: 1']The“' '
temperature changes AT and AT are- both ab'out 47% lower
than -in_,_' Flgure 4 33 Th1s demonstrates the 1mportance of

us1ng a bath or bolus, wh1ch prov1des an electrlcal match
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‘to the 1rrad1ated d1e1ectr1c. ‘Matched'impedances result in
max1mum power transfer.

SN L -

Rigure 4.37 shous aéain‘the&effect:of having a massive -

impedance mlsmatch ' In this" :case7f-the  electrical

. conductlvxty ot" the bath\is/assumed ‘to be about n1neteen
t1mes lower than 1n F1gure 4, 33. The AT,, is 75% lower fand_"‘
' the A7. 80% lower than An the matched 51tuat1on. : -
: Fzgurn 4.38. demonstrates the effect of pos1t1on1ng the-
:'electrodesl 3. 55 cm - from the agar 1nstead of 1 85 em. fThe
: ATP 1s reduced by -56% and the AT by 41%. - ’I.‘he.. smallerl
”drop in Z‘T.1mp11es that. sllghtly 1mproved deep heat1ng may
"result from thls con‘1guratlon over that 1n Flgure 4 33
LN : ' L ‘ ' '
hThe ¢chan§e.‘l' temperature1 d15tr1but10n produced by
uSlng\proéresslvely. wlder electrodes- is 1llustrated p \
;Flguresv 4.39. 4;44;l. ‘ produce these_;flguresvfthev
dxparameters ar sl1ghty dlfferent from' tHOSe used torn_
"Flgures 4. 12 or 4 33. As a result, they cannot be d1rectlykﬂ_.
- compared~ toV those flgures.h Takenk between themselves,p»

- however, Flgures 4 39 4 44 serve to demonstrate the trend

oo produced by w1den1ng electrodes.,

i FigUres‘ 4'39 and 4 40 show the temperature pattern

“ .
"produced us1ng 1 cm w1de electrodes. Temperature peaks are

. h;gh and,close to theusurtace. The centre temperature 1s
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. cm wide statlonary symmetric electrodes._~,
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low resulting in large therma_l_-:grad'ienlts. ‘Figures 4.41 and
S g - AR ad 54 |

e pattern ‘resit'\lt'ing'i from 2 cm wide' Eelec'trodes'.
a 'Temperature' peaks occur sl1ght1y deeper ‘than w1th the 1 cm

7electrodes. The ATp is 8.5% lower with the 2 cm electrodes

-—5./

and the ATC is. 12% hlgher. A smoothmg effect 15 seen to
.occur 1n the temperature dlstr1but1on when w1der electrodes”'
~are used. This effect is also demonstrated in F1gures 4. 43~t
‘and'4"44}'_These‘51mulatlons assume-4.cm wldev‘electrodes.;ﬁj
‘Aga1n, the temperatUre' peaks are broader and occur: about
~0 5 cm deeper than in Flgure 4 39 The AT 1s 26% lowFr

' ‘than w1th 1 cm w1de electrodes and the AT 1s 22% hlgher.

| -For ppoducmg deep hearmg th1s levelllng 'effect most |

. . o . ' ‘ "'- . .
: useful e “v“ - -

ngher - centre . temperatures ar produced by ,' w1de. _

s electrodes because the fleld between them 1s more unlform. :

'Thls s1tuatlon“ ‘.s; roughly analogous to comparmg the'_“-

- B- fleld between ‘two p01nt 'charges w1thvthat between two:aiib
léznf1n1te 11ne charges. The electrlc fleld around p01nt‘1
_]charge -var1es w1th the 1nverse square of the dlstance from
'_?the charge.v In the case’ of an *1nf1n1te-\11ne :cha?ge ?the-
electric f1eld b 1nverse1y1proportlona1 to the dlstancef_ﬁ»f:‘
b.fﬁromﬁitt, Consequently the fleld between the 11nes does not"
“‘varwf as'!much as that between the‘two p01nts., Thls is
'clearly seen in F1gures s>:  to 4'44‘.t55 the electrodesa

become more llke lmes of =*--ge rather than po;nts-.
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- S L N A
A \trend exists whmch‘xndlcates that, for statlbnary
ate ‘ atipha

ﬁelectrodes, deep heatlng is most effectiwely producedl by

hdu51ng‘ large. electrodes,,- When us1ng submerged electrodes

'hcare must be taken to ensure that the r. f power ampllfrer

'*is;‘_notfb loaded down by ‘the low 1mpedance ‘of- 1arge1~

‘139

B

L electrodes. _A matchzng network can be used to protect ‘the'_

'.f;f?l amp11£1er.,' However,l'there could be a problem with

| .. most of the power being d1s51pated in: the matchlng network:~‘

“.and'not the-load ThlS results 1n 1neff1c1ency but may not

be 1mportant 1f suff1c1ent power is avallable.

B . .

. Hav1ng establlshed that ‘jh‘f temperature 'peaks get

di'smaller and the centre temperatyre h1gher as the electrodes

get 'wlder, 1t 1s log1ca1 to. see 1f the centre temperaturevf

~can’ be maxzmlzed\ln thlS wayr;

oy
U e o
R

"; Figure 4, 45 was produced u51ng the same parameters as

A

('
!

_4 39 'to_' 4 44 o wlth _an.7-1mportant exceptlon.d ;Peak?

'fv temperatures were»}slightly' hxgher. (1'3%)', than '-those;

'nﬂd1551pated between the w1de electrodes, and less -elsewheref S

vfgsame Wldth as the agar phantom.- Changes 1n the temperature{

“fd1str1but10n were. similar to those encountered rin; Flgures K

;Flgure 4. 33 except that the electrodes were set to be ‘thefﬁf

W_ﬂencountered with'j/ggrrow electrodes.» More poweri~wasf.w~?

hﬁinl thé sal1ne bath than '1n the narrow electrode case.“f_fﬁl

;Further, the agar phantom essentlally ,f111ed"the ‘space- |

‘Qbetween_tbe elecdtrodes. ThlS led to relatlvely hlgh
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| t‘temperatures throughout the agar., Thé -temperature‘ peaks

T were 'hlgh because,_they 'occurred over 1 cm deeper in the

y

‘ﬂ_be_obtalned._zﬂ-r_mas_J3 A% hlgherA_than__thh the;_narroy

- 4,46

: agar than in:Figure 4.33. Thzs m1t1gated the effect of ‘the

'cooling bath on the»peaks‘and allowed_h1gh temperatures to

141

'electrodes.f' Stronger f1e1ds., and ‘smaller-v internal

' ' R i ,' . ' B
,temperature grad1ents, as prev1ously ment1oned, _were-

s .
?

'respon51ble for th1s result.

To make the f1elds 1ns1de the agar even.‘more uhffo£m~-

A
heathg from 23 7 cm w1de electrodes was samulated (Flgure

A'_centre of the’ phantomu The peak was qu1te low compared to

"the cdntre temperature in. F1gure 4. 45 but h1gher than 5'he

‘“the result‘of much of the power belng d1551pated “the

_sal1ne between the w1de electrodes.

Thls produced one broad temperature' peak pin ‘the g

,centre temperature in. Flgure 4. 33 The low temperature wasv

For; deep heatlng purposes the, magnitudei of ;hé..

A . . : ,

’3,mcentrally produced .'ho- spot'- i [-unimportant.7 ‘Higher

Cnh

'«stemperatures can be obtalned 51mply by usiﬁé* mbre'1poﬁer.

T;fzs produced deep w1th1n the agar and not near the urface.'

V‘

{>what 1s 1mportant 1s the fact that the greatest temperature

For stat1onary electrodes the over51zed appl1cator produced

’

-the most de51rable temperature pattern for deep heatzng

- K . E— ’ . : . A
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ROTATING ELECTRODES R 1.,

To improve deep heating orbiting electrodes can be

143

used . Thls—-effectw~1s~—clearly shown—in F1gure 44 1he =

".solld lines correspond to the temperature proflles measured

: along the x-axis (a) and the y- a£1s (b) for. the statxonary

-electrode case. fFl ’4.6) ‘\The dashed l1nes (a)

P

.”;Aand (b) 'are the p? fi

‘:and 4 9)_»h In ~each ':elect odes_are”(1.95i0.1);cm

o TV

:through an angle of +40°, Or an 80° arc, for, these f1gures.

| tv,from the agar surface.fj The orbitingi electrodesh'travel-

: ©

Th1s movement produces a’ AT]>wh1ch is 30% lower _than,.the

statlonary electrode ‘case “with gno change ”in' the AT_.

.

4

Spread1ngtthevr,f fleld exposure over ‘the surface ‘of .the"'t;_w

i

phantom"produces lower broader, sllghtly deeper peaﬁy"

11 temperatures than found w1th statlonary electrodes.
. - v - B l).“ B : .\ .

‘4lh ‘ effect produced by orb1t1ng electrodes can be‘m

. Qmax1mlzed by maklng the electrodes revolve- completely dp”

'fcontlnuously around 3 e. phantom. Flgure'44r47p,is_’the
”751mulated result of u51ng such revolv1ng electrodes.wr Data

';:from; F19§re 4 5. 1s used along wlth an aVeraglng Pfogfam t°‘,‘:"

-fproduce Fagure 4.47, Temperature peaks are annular reglons‘;'

l'_whlch ha\{e ‘a ATP 41% lower than the statlonary electrode

case (Flgure 4. 5) The AT;,1s the same as ﬁlth stat1onary

‘ PP
TR
o

C R

S
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-

rzns1de the agar where as: the stat1onary electrode peaks areJI

only 0.9 cm deep. 'f?]f‘

— o
W,

: » o

. F1gure 4 48 based on data from Flgure 4 9, shows thev

electrodes;gl Further, thé annular peak ‘isj 2 2 cm deep-

145

\ .

f‘*ﬁM“expected"temperature d15tr1butlon from revolv1ng asymmetrlc

electrodes.ﬁ The temperature peak 1s an annular feglon Wlthl" I

a AT_ 59% lower than in the statlonary electrode case.ﬁfﬁr”

-VThzs large dropr\occursw because the temperatures'f,are‘;‘-

' 'averaged over :o temperature' peak 1nstead of two as 1nfrﬁ,}f

lf'Flgure 4 47, There is no. change 1n the centre temperature;

.ilnstead of 1 T cm thh statlonary electrodes (Frgure 4 9)
. . . \/ B o _ T (‘/‘ Jo y .

/! .
I

ER Th temperature peak occurs 1 5 cm deep w1th1n the agar»d';tg N

Applylng h' revolv1ng electrode program to the dataﬁdfi-'":

Cin Flgure 4. 45 results in F1gure 4 49 ﬂﬁe temperaturefgff»"

’kf‘wcentral temperature peak qu1te substant1al hav1ng;f

l

zfrelatiVely steep temperature' gradlents ‘us1ng 4her same -

o

vcentre of the agar phantom. Unllkeh Flgure,:4r4é' thls"'

]peak 1s no longer an ahnular reglon but a. broad peak in thei_i”h

'h5amou®t "ofﬂ power.:_i‘The, revolv1ng 9 7 “electrode_foh

'fconflgurat1on appears to be the best ch01ce _forl produc;ngh-

-

”Tfﬁdeep heatzng 1n a 10 cm d1ameter agar cyllnder...iiv

| :;The model _.1nd1cates that,,fth'v“5best'rlelectrode-“

RS 45

R conf1gurat1on -f§;~j produc1ng deep . hyperthermla useSilr

h:"electrodes wh1ch areffh{, ame w1dth as the heated subject.

R I

A
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g“ﬁlsogv thei§éIéc£rodgsj.shou16, be symmetricallyz °place67*';

gy T . L . - o
‘vt;r" A ) . - : i R
‘ B , . - . "

‘..rélative to, 'and revolve continuously around, the subject,



(HYPERTHERMIA IN. A LIVE. ANIMAL

N B
- a
-

c .A‘temperature 'profile obtained inside a"liye'_catv

149

NI
irradiated with orb1t1ng symmetrxc electrodes is shown in

‘.‘Figurefggso. Due to a lack of r.f. power the- temperatures

: were .quite low. "The"salinef bath and match1ng network -

~absorbed a significant amount foﬁﬁLthe‘:eneth from fthe,;

electrodes. Blood: flow ‘may, have freduqed :much of -the

@|temperature increase wh1ch would have occurred;s HFStiﬁéﬁf""

}temperaturer 11ke1y - 1nfluenced the ~flnal temperagnte

' for longer than 20 mlnutes would probably have 1ncreased

l:the core temperature bg? the cat could have awakened

L
oon

K

¥

.un1£orm. The sk1n temperature was about 38 3°C due to 'the'

'yse QQf a heatlng pad durlng surgery and gradually fell toHV

r1at10n -in

- s,
about 37. 4 C deep 1ns1de the anlmal This<;f

9_‘" L \\

"distribution.’ amlme could be takeh“ tof E&low- the

'fbecause of the danger of the anaesthet1c¥

. ’-‘w_..

_.animal‘s body temperature to reach a unlfﬁrm steady state

)

The"initial~ temperature 1n the cat. was not actually'

wear1ng off ‘”Afi:

'-coolerb-water~-bath was not used even.- though»1t would have‘j

y,,.. Lo

~ucontrolled the subqvtaneous ,fat- temperature becauserithe~”'

Qr

~danger \505 produclng hypothermza in' the ‘anaesthet1zedy

'

'an mal ;' The small temperature increase . exh1b1ted by the

Ty

t1ed’ off kldney sc probably due_ to surrounding blood .

",.a

\"lvessels act1ng as heat351nks and a low 1n1t1al

6
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.temperature;,'"The"temperature peak whzch occurred at the

a-"ho

. part of the kldney furthest from the eleqtrode was found 1n

two cats: wh1ch were treated A probable explanatzon was

'the lack of coollng bloodflow in thlS regzon.' R

The'f peah | temperature."inz the ~fat ‘(40}59Cf7$fbr'

1stat10nary electrodes was est1mate ﬁ”? vmq the differencea

~between mov1ng and statzonary electrode data ‘in the agar

(Flgures 4 5 and 4. 23) '_Th1s ”was‘ luke;Y 'ag. onServat1ve?'

~amount. . "f' L o ' v



‘DISCUSSION." .~ . .y
. . . 3 . . R . » v ‘i,‘ L , . ‘ ,. .
~  EVALUATION. OF ELECTRODE, CONFIGURATIONS

R

. T . Lrw e

.i‘

A flgUre 'of' mer1t ‘yhieh : could | deecrihe'}’aﬁy.3;

hyperthermla j_ appllcatorv,< ie,g theyl"target héaningl

s

g specxf;c;ty_;

AT
target

T S
non- target maximum S
~(where, . .

T

:t@ﬁd ‘AT . -the temperature thange_bredutedw at . the’

. target j
4target_Site,v

:A'T . B '“:vv-the grea'est temperature.*

non-target maximum

b‘:_change produced 1n the d1electr~%;
e et "“ ’, 3

YV;f?f:_' .gthan the target 51te.

_fIdeally the target heatln%(spec1f1c1ty 7 should be greater T

, than one.f‘Thls woald 1mply that the target or tumor,‘{ie?ﬂgaﬁﬂ~nf

t a s1te other

,hotter than an} othér part of the 1rrad1ated body. 'Hence,ﬁ”

-. -

: therapeutlcally s1gn1f1cant temperatures could be obta1ned~§’

'Tfatxlthe tumor 51te wlthout: rlsk tdfi damaglng any otheruw

dftiseues* ﬂ .‘f:fT3y¢

T,

A value fhr’?}%df one4 r_'Slightly‘ iéSs,‘ for an

IR . L.i

, applzcator heatlng -agar . ;coulgg still 1nd1cate <af usefulh

T W

B dev1ce.‘f Vlgorous blood flow~ healthy tlssue couldtf

- 152



- .

__produce lowerftemperatures'than implied“bg"the' agar.. or

&y

s1mulat10ns while» sluggish .circulation in a tumor could

produce hrgher temperatures. 'As'a'\result an appl1cator

with an'?‘lln agar or 51mulatlons could concelvably produce-.

153

g ann>| in a lzve subject ,;' o :{“f;r‘t'_'., ﬁfyf

Pla1nly : the symmetrlc 1e1ectrode appllcator. wh1ch

, produced the temperature dlstrbbutlpn 1n Flgure 4, 5 'would

’ glve an'7<| unless: a tumor happened to ex1st at the 51te of

g*tumor, there{ #buld always

eeach temgerature peak Whlle the second temperature peak

N

rnk healthy t1ssue would 11kely be smaller than that 1n the_jp'u‘ |

;'ifof 7overh§at1ng

r'”

healthy tlssue. S ;fsfi;ﬁ

A more. pract1cal conf1gurat1on )Would ‘use'_asymmetrlc,rh’”

“'f'electroges (F1gure 4 9) The asymmetry could take the form-

4

'..

fdtemperature peak as in Flgure 4 9. As long ’aSj'thef tumor

'fthls type of appllcator though Some steerlng of the hot

pos1t10ned properly th1s type of appl1cator could be.

\

. *'v B o : %’
Lﬁﬂvery useful Deep heatlng would be beyond the ab111ty f

-

e .

yspot could be accompllshed by varylng the bath temperature,

electrode 51ze,A electrode dlstance, and by mov1ng the

”,fof dlfferently spaced electrodes, as used 1n thlS case,l:orﬁfqt

,dlfferent 51zed electrodes. Elther case would produce one‘ SIS

. £ .

' T:-._‘electrodes.,“"-l-lowever the results would be_ d1ff1cu1t ftdf@ﬂ'

S

predrct espec1ally 1n an 1nhomogeneous human and'the hot

e

spot would grow large and dlffuse as depth 1ncreased Thls



_:- large hot spot would negate the need fdr steering.

,
N

- Very féw- appl1cators 'are' capable 'of heating deep :

R

seated 1ung tumors. iFor these tumors-anfapplicator with'an

154 .
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(CENTKE = l

PP

"
work Tt should be noted”that the ?Lsﬂrne f1gures based on

.I-,
“\ ‘.

is’ requlred ‘ Table 5.1 11sts IcﬁNTRZ values for -

most of th@electrode conflguratlons con51dered 1n thls ARSI

o Lo
Megaera 51mulat1ons are l1kely to be sl1ghtly hlgh due to

the two d1men51onal nature of the program. o ‘~_ . rf'
’ » “ B ' . 0}‘

e "f. i S S <:>,«

|
. O .
~ The electrode; conf1gurat10ns ' which produced - an
SO o

?cenrae 21 were the 23 7 cm statlonary symmetr1c electrodesv

and the 9 7 cm revblvzng symmetr1c. electrodes. 'pI each_k_~

-fagar phantom. . Fleld flspreadlng L could : reduce these

B3

Ju_etemperature peaks inj a three dlmen51on 51tuat10n but the

o L 5@&
chNTRE' value would probably change very llttle. -k??ﬁt-

s{fwould reduce the need for accurately a1m1ng the hot spot.:

tumor w1th poorr-

"ltemperature peak reglon'would tend to heat up substantlally

Y an 1nhomogeneous human.-'”

-

v7because _f dlfflculty 1n accurately p051t10n1ng it 1n51dep

bhood flow xs1tuated anywhere in the

: ,ucase:;the' temperature peak occurred in the centre of the Coe

”1temperature peaks' were broad ‘and’ relat1ve1y flat Thlsi*‘-f

. more than -its surround1ngs;~: From th1s p01nt of viewa ..

i'psmallz sharply peaked ,hot spot ‘would be vunde51rable_pd



TABLE B 1

SUMMARY OF TARGET SPECIFICITIES (n) FOR VARIOUS APPLICATORS

b
Meunrhe Figure # \ | Description - .T e S "‘ 5
0.49 4.5 1l cm wide stationary symmetric lectrodes,
é; R ) measured data ' - - -
“-0.33 q4-9 _ 1 cm wide stationary asymmetric electrodes,‘
BT SRR measured datak
. 0.55 4.12 . 1 cm wide stationary symmetric:electrodes;fi . 'vJ?'vf
SR : simulated . - s
. T LA T ' e
1 0.38 C4.17 - ¢ 1, em wide stationary asymmetric electrodes,
' T simulated R . . '
0.71 _4{13 1 'cm wide symmetric electrodss, sinusoidal
e S e speed variation orbiting +40~, simulated _
-~ 0.68 - 4.23 -1 em wide symmetric elgctrodes, circular speed
R ; variation orbiting 407, simulated T
0.69 - . 4.26 7 71 em wide symmetric electrodes, flatten d
- c e " sinusoidal speed’ variation orbiting +40
: ‘-simulated ' . e
',.Ot5. ‘4-26. ‘1 em wide asymmetric electrodes, sinusoidal L e
a S speed variation- orbiting +4O , simulated L
0.47 4.3l .1 cm wide asymmetric electrodes, circular
L SR speed variation orbiting 407, simulated
. 0.48 4.32 ﬁ ch wide' asymmetric electrodes, flattened- ‘ 11 @@ﬁ
A sinusoidal speed variation orbiting 40 SR
N 51mu1ated g. B T : Se .
O o RO L i . R o .
S 0.5707 0 - 4.33 1 cm wide statidnary symmetric electrodes,i G
L . 25.2 watts; simulated S R
v"?0;§7:‘ A1>4r34j‘. 'ilucm_wide stationary symmetric electrodes,g” R
: - - . .50.4 watts, simulated I s
‘0,68‘ ' 14;3$b7"'; l‘cmiwide stationary symmetric electrodes,j EX
B “ 50.4 watts, simulated 10 c bath
0.58 4.36 . 1 cm wide stationary symmetric electrodes,x“:
- . 25.2 watts, simulated,’ 5 x ob th/ ,
‘A ' {% - ‘ : PR J
5 | roo L sl



Ay 156
- o i.o : .",‘ X '
2 " S,‘ TABLE 5.1 (continued) - ) , L v
.alncédwéh'Figure“#»__ S | Description . i v |
0.54 4;37"7 1 om wide atationary symmetric electrodeb, ' - ;ﬂ'
N Vo %' 25 2 watts, simulated U / 19 ; SR
0,75 _ 4.38 . 1'cm wide stationary symmetric electrodes,”“
7 W, K ©25.2 watfs, simulated, electtodes 3. 55 cm
“ o from agar . :
i ~0.90 - 4.45 - 9.7 cm wide stationaryxsymmetric electrodes,
. - o 25 2 watts, simulated '
', >1.0 4;46* 23 7 cm wide stationary symmetric electrodes,,
o 3 25 2 watts, simulated oL : X
;‘2;0;83: | :‘ 4.47 lﬁcm wide rotating symmetrfc electrodes,.
A ' ' 25 8 watts, measured data, fotation through
- : _ 73607 . ) B SR
.0.80 . 4.48 1em wideﬁrotating asymmetric electrodes,
PR R 25. 8 watts, measured data, rotation throughl 4
. 360 ‘ o a : E \\)» ‘
zd{O 449 97 cm wide rotating symmetric electrodes,

.25, 8 watts, simulated data, rotatign thIOugh/f
360 T o B

[T
&0



Figure ' 4.49 shows a temperature dlStrlbUtIOn wh1ch 15

'more deélrable than t?at in Fxgure 4, 46 The temperatures

o

a;e muah “higher for the same amount of power whlch shows o

that the thlnner electrodes are more effxcxent . More poyer

is dlS$1pated in the agar w1th 9. 7 cm electrodes than wzth

23,7 cm electrodes. _Us:ng the ;revolV1ng- electrodes'.the.
‘ temperaturel hpeak lls not oas‘ flat :asl-w1th the w1der
Tlstatlonart electrodes., Thxsvmeans a’ higher-wproportxon of

power' 15 bezng depos1ted in the centre of the agar phantom

,than near the surface. The temperature peak could be made 3 T
fisteeperﬁ&by us1ng a cooler sallne bath ThlS 15 borne out'
'Lby comparxson of 7ct~n3£ values for Flgures 4. 34 and 4,35,

",":USe of‘.! a - 10°C bath mcreased '7C£~Tﬂe grom 0. 57 to 0"6'

tThe need for havfﬁb a. bath or bolus for . matchlng‘ punpagé‘“ -,h‘

Ve -

’-i h-well demonstrated ~ih» Flgures '4 33,‘ 4 36, and¢4 37.0

/
g

L Chang:ng the electr1cal conduct1v1ty of (\,9w bathn elther i
: .’substantlallyJ lowers 765~?RB\(F1gure 2 37)

w _. ‘
has llttle S

V”Zleffect on 1t (F:gure 4. 36)l} In'aach of Flgures 4. 36 :ana\~f

& »

>'4 37 less power ﬁs depos:ted i *the agar than wheh there 1s-

@‘an electrlcal matth between‘ the’ bath and agar (Flgure
s i T
. .%4.33). -vIncrea51ng the spac1ng between the electrbdes also;lﬂg

AN
~—

1ncrea5es Vceurne as 'i : Flgure' 4 38 (1 e 7cgNrR5e=0 75 R
»Jnstead yof 0. 57 for Flgure 4 34) he prlce pa1d here is"
hfless eff1c1ent use of power.‘ Slmply u51ng electrodes vthe'vk
H?esame WIdth as the SUbJeCt be1ng heated (F1gure 4 45) glves: h
s much hlgher 7crNTRE (‘?CENTRE =0.9) and temperatures _than

"chang1ng :electrode spaC1ng.. The 1mprovement that results

Tk R TR SRR ,-.,..‘..a'ﬂ-_;;- ’ S



. from Orbitlng or"tevblving the electrodes' around thew

'Phantom fis clearly shown 1n Table 5. 1,f pot the symmetr1c~i'

'_‘EIeCtrodes }?Cs"rnefls 0. 49 fforvﬁ statlonary 3 electrodes: e

\

.(Fmgure 4, 5) and 0. 83 for the revolvlng elect:odes (Fxgure“'

S 1'582

L 4.47), $1ﬂ£larly for aSymmetr1c eleCtrodes ?CENTnC is 0. 33 B

-fo:.»the; statlonary - case (Fxgure 4. 9) e nd 0 8 for-the"‘;*“

: fevolvihg.caSev(Fzgure‘,4e48). ‘.»hg‘ I“Crease.'ln 7ce~1g5 :

efbecause "of7  orbitihg‘.e1éctrodes 1s dependent thgif'

”varlatlon 1n temperature arounq the agar pha tom.  In‘féct;
3 - ' o

because *the“_temperature eontours,are;vg;y ‘close to being

Cre g e o R o
circular . in Figure 4. 46"mOVing> electrodes  w-uld. have

‘ _viftﬁal1y no effect on the temperature d1str1but10n Th1s‘ o

‘fﬂresult PlUS that Wlth the w1de1y Spaced electrodes (Flgure:‘
C4.38) argues:4aga1nst ﬁfh Utlllty of LeVeen s movzng*'wh

“'electrode hyperthermlaA appllcator [38] [fThef reSults,

1e1nd1cate that llttle beneflt would be derlved by movlng theg;;f

Ty

't wldely spaced electrodes about.
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i
t
b
Ve
1

CLINICAL CONSIDERATIONS

B

‘:The advantages eoff"using orb1t1ng electrodes with

_ surface cool1ng and d1electr1c matchlng ’are. apparent for

W

1vftemperatures.-;,.‘;,*yﬁwf 5

;7ﬁ[conszderat10n

'T;are used they should be as wlde as- the object be! g heated

iUnllke agar the human body has a. layer of poorly conductzngf

)

E ﬁheatzng deep tumors. In add:tlon 1f parallel electrodesd-f'

tat just below the skin whlch tends Tto overheat " in . high

1 surface, or near surface,,temperatures the most.' Comb1n1ng¥j'”
orbltlng electrodes. .wlth» adequateﬁs surface coollng,“

uffﬁc1ent1y wlde electrodes, and enough power h1gh coref,e

,

1' "'4‘ ' :
oo

A‘Q‘ -

Inv a’ c11n1ca1 Settlng more oower could be <madei"

:d7avallable to overcome the 1ntr1nslc 1neff1c1ency _of thls

"rCOUpllng med1um (Sallne) because 1t 1s lossy and acts as 'alm’

F%rtu1tously orbztlng electrodes reduce‘{'

dua?ures could beﬁf obtalned ﬁ W1th tOIErable’nf £

'system | Large vamOUﬂtsbf | poweri‘can be absorbed by the“"'E

heat s;nk ] Cllnlcally thlS power loss 1s not 51gn1f1cantf5f”

,fas temperature dlstrlbutlon not eff1C1ency 15. ﬁh Prlmaryfaf“5'
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.
. coNcLustoNs - oo
: LT — o
SR e
t
f,,*.? - , .
LR

w‘;’.The temperature d1str1but10n data clearly shows ‘thevﬁ”

;.advantages f. us;ng mov1ng appllcators to produce deep; o

AL ’ YL R P
L1ve anlmal experlments have not- yet demonstrated deep )
:1ntérnal heatlng Moremgr f.upowe:, or a smaLler anxmal

’appl1cators.-»T”-":ld~li’“*.:-V

;hyperthermla. " Further, ,_a 5 coollng ' bolu5' whlch
‘l'electr1cally matched to the SUbjeCt and electrodes as wlde‘
.88 the subject are Wﬁmportant., Thls shoufd allow hugh'd

Vtemperatures,,to; be’ obtalned deeply wlthout overheatlhg

thave ‘AQ much better chance‘.0£ bezng heated wlth;uthe;

 ‘app11cators descrlbed above(than w1th the u5ual statfom}fy

-Qscoupled w:th al cooled sallne bath should pnoduce betterlt

o em erature dlstrlbutzons. S L Q,¥; . vf.- s
’é p R TR ; R S A oE - —
O N ..{ o LS ) o - N

>fo:t both movung and statlonary electrode casesh

| bolus has been found to produce deep heatlng w1thout h1ghf*5

.....

iy,

In sumﬁgty,.r f heatlng of agar haS‘ beep;:
s

'én;;:m Ay

R

‘;4model an appl:cator uslng rotat1ng electro&eﬁthﬁe same?

v
kY

TR S
'superf1c1al temperatures. _;‘y f,': O "“1 ﬁ%;f-,

‘su:fgoe'materialv Cl:p1cally th1s means that deep - tumorS'fu

‘“{wzdth -the subject and a cooled electrlcally matched__ft
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SINUSOIDAt ELECTRODE SPEED VARIATION

REAL_R(216),TH(216),T(216),TA("160)

 N=216

'REAka,10)_(Rf;),TH(I),T(I)"1=1,N)

- 10 FORMAT(2F5.2,F6.2)

DO 20 I=1,160

- TA(1)=0.04704+T(M)+0.05007% (T(M-1)+T(M+1))
#+0.0614 1% (T(M-2) +T(M+2))+0.09409% (T(M-3)

'*+T(M¥3))+0}2709r(§(M—4)+T(M+4))

PRINTS0,R(M), TH(M) , TA(1).
50 FORMAT(3F7.2)

IF(M.EQ.23) GOTO 30

A' /' ) o - v
—" . 1IF(M.EQ.50) GOTO 30

IF(M.EQ.77) GOTO 30

.+ TF(M.EQ.104) GOTO 30
.}B(M;EQ.A31) GOTO 30

. IF(M.BQ.158) GOTO 30
" IF(M.EQ.185) GOTO 30
IF(M.EQ.212) GOTO 40

Q=M;1v,

GO TO'20 L

30 MeM+O

20- CONTINUE

40 CONTINUE

' STOP
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 FIGURE A.1.1

END
$ENDFILE
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CIRCULAR ELECTRODE SPEED 'VARIATION

LY

REAL R(216),TH(216),T(216),TA(160)
N=216

READ(5,10) (R(I),TH(I),T(1),1=1,N)

10 FORMAT(2F5.2,F6.2) ’
s | , .
DO 20_:={,160 |
TA(I)=0.0811%T(M)+0.0832% (T(M=1)+T(M+1))
++0.0905% (T(M-2)+T (M+2))+0. 1088%(T(M-3)
*+T(M¥3))+0.177*(T(M-4)+T(M+4)) |
PRINTSO0,R(M),TH(M) ,TA(I)

50 FORMAT(S;7.2) - . >
IF(M.EQ.23) GOTO 30

IF(M.EQ.50) GOTO 30

IF(M.EQ.77) GOTO 30

IF(M.EQ.104) GOTO 30

. IF(M.EQ.131) GOTO 30

IF (M.EQ. 158) GOTO- 30

IF(M.EQ. 185) GOTO 30

IF(M.EQ.212) GOTO 40

M=M+1

GO TO 20.

30 M=M#9  *

20 CONTINUE

40'CONTIN8E - .

STOP
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- END

$ENDFILE

 FIGURE A.1.2 S
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v

FLATTENED-SINUSOIDAL ELECTRODE SPEED VARIATION

REAL R(216),TH(216),T(216),TA(160)

N=216 |
' READ(5,10),(R(I);TH(I5;T(I),1=1,N)
10'FORMAT(2F5.2,F6.2) ’ |
~ M=5 ' .
.DQ 20 1=1,160
TA(i5=0.66407*T(M)+0.066635t(T(M—1)fT(M+1))
£+0.075955% (T(M-2) +T(M+2) ) ¥0. 101445% (T (M-3)
*+T(M+32)+0.22$96*<T(M—4)+T(M+4))
 PRINT50,R(M),TH(M) ,TA(I)
50 FbRMAf?BF?.?).‘ |
- IF(M}gQ.z3)fGOTo'30 -
IF (M.EQ.50) GOTO 30 | |
IF(M.EQ.77) G010, 30 |
. IF(M.EQ.104). GOTO 30 i . e
IF(M.EQ.131)'GOTO 30 - "" P
IF(M;EQ.tss),Go:o 30, Y | | |

IF (M.EQ.185) GOTO 30

IF(M.EQ.212) GOTO 40
M=M+1
' Gd'To 20
30 M=M+9 |
207¢0NTiﬁUE T
40 CONTINUE |

STOP



#

/END

. $SENDFILE

* .
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FIGURE A.1.3 |



. APPENDIX 2.

CALCULATION OF POWER' ABSORBED BY LOAD?

(.

Knowing the Iimbédance across the matching network in

~5¢rie31with the logg and. the impédance of the load alone

thé\ p6Wer; dépdsifed ,in the agar can be calculated. iA'

~

circuit representation for the r.f. heating apparatus used.

in this project is shown in Fiqure A.2.1. o
. 9‘
From Figure A.2.1 ’ B -

z;#Zzlsq£p°Jl

. and by measurement . I g

2,=89/70.=(30.44+383.63) L
thérefore};

2,=(19.56-383.63) N1

The power cdissipated across 2:+Z, “qu approximateiy 200

Bl e

Watts. Therefore o » .

- ~ 1=P/V=200 W/100 VZ0°=2 Amps Z0°

_> : : : 2

vhere '1° is the current in the circuit, V is the voltage .

t . - . .
~across the two 1loads Z, and- Z;, and P 1is the . pover

deposited in the two loéds.‘ So the power dissipated in Z,
(the agar cylinder and saline solution) was
182
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Z .
=3 1" s
AAY, -
) Kw-109 ' s
. By
. ; w'
50 Q ' £
N | . . N -
. LOAD g'z.
é. . ) B
" ) R.F. GENERATOR
\\
N ' A

a

. FIGURE A.2.1 Equivalent circuit for hyperthermia applicator : -

»
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. Pa%l*R,=121.76 Watts -

_One -tenth og;thelagar,‘saline bath, énd ‘elect:odgs. were

W

N .t . - . a 3 ' ’ l-
. considered for all simulations so an applied power of 12.18 .-

Watts was used. - . . o o \
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v . _FLECTRODES~__ i
R _;/,f””;;;;LATING BOUNDARY
~DIELECTRIC ||~ —DIELECTRIC— |- DIELECTRIC

g FIGURE A.3. 1 Electrode - insulating boundary configuration for
uniform current, density

INSULATING BOUNDARY
p
_ELECTRODES E
‘ . i\ .(v
’ " 'DIELECTRIC

_VFIGURE AL 3. 2 Electrode - insulating boundary configuration fbr
B non-uniform current density " : S



APPENDIX 4.

PERMITTIVITY - ANb CONDUCTIVITY, DERIVATIONS FOR DIELECTRIC ‘

s .« . MEASURING CELL[7)

S a

‘The equivalent 1circuit 'seen by the HP4815A vector
,1mpedance meter is shown in F1gure A, 4. 1. Rﬁ is the probe’
res;stance, LP the probe 1nductance, CP is the probe

capacitance, Co is the empty cell capac1tance, C 'is the.
6 SR S Lt 4 -
capac1tance "with the specimen ‘inserted and R is the

: measured re51stance w1th the spec1men 1nserted. .Define

' C.=C+C+C
t p o

."

“to 51mp11fy the followlng calculat1ons. ﬁp'is-tyﬁically'ki; fﬁ“

Y T

0.311150,1t can:be ignored. Therefore the 1mpedance of thevt‘ :

circuit is -

R2C

3 R . LR
£ TR%WC + 30l - TR7gTC, )

o N ‘:‘

i
¥

"fwhere ;fis..the, angular 'frequehcy of the applled 51gnal

' From Flgure A 4. 2 the 1mag1nary éﬁé real components ;of iﬁ

ljf;can be spec1f1ed by R S o ‘”3h o
.' . | o ‘ . . . | mRZCt v. j-.‘ - ':‘Ic . ..
| zstng = Wby - WRZZCF .. b
'y
.
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. FIGURE A.4.1
apparatus

Eqdivéiént circuit for dielectf;é meééﬁring.',f

-0

M ,
) . |
v
_‘.[""""""""‘- ;;; { o
. ): ) ;
» v
v . . .'|‘ . - "
e 4 - [
™ |z Z;
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o |
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; | ! o
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I S : :
:”RE'|ZI N

FIGURE A.4.2

Imaginéry»and reél gdmpghent§:of complex 1mpe§5née C

T
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" and
R _ ) o 2

| 200%¢ = TIR%WTC 2
‘ -t

e
~

where z=|v_Z.| and ¢ is ‘the phase angl‘é of_..?'. From 2 ._ N

+

.,\\ . . L
R L
zcos¢ )

14 R ? =
N R m‘ct

’

Sub’stitu‘ti“ng_ 2 into .1 givés‘, A

c e Tigging = oL - WRC_zcosd A

' Substituting 3 into 4 gives

[

L g ' I o
o . zsind = MLb,"(RZcos¢'-~zzpos?¢) :

'S0

L w2 - 26L zsing + 2%

.,zqos¢ ——

~ The f_ce'l;l“'-t:onst’arjt for the 'mé'asuririg'.'chémbet'- is” "‘éié-fined_’4 as ..

i
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Substituting 6 into 5 gives .
LWL % - 2wL_zsind + z?) : S
- p' = P P ) _
‘ zcosd ~ R -
\.
\ e . 1
or =\ : . _ ] » .
A —— e
NI T ('L % - 2wL_zsind + z°) i a
) p P ) . “
Now from 1 and 2 o ;
/v ‘ ’ ' ) .
S /
‘ S wRZCt ' :
mLp - zsing = T:ﬁyarazz 4='wRCtzcos¢
/ ,
- : . )
or N
wRC, zcosd = wL_ ~ zsind
. £ L S
'A so ) . - : ..
. : T
L T wL_ - zsin® - ‘ o _,/ :
o o ?t B wWRzcOS$ o _ 8
~ "-Substit‘:uting 5 into 8 gives h
. wL " - zsin
S C. = ‘ p - Zoind
t w(w’L 2 _ 2uL zsind + z2
o - B - B \ P . -

By definition .

~ R C =C+C+C.
' _ -t . p. 0.



SO

" ;;N‘t)zsin¢‘
"p <

¢ T +‘BZL;?'4 2mLpzsin¢) -y(cp‘+ Co), .Q

ASubstifuting 6 into 9 g

ives

191

\ ‘ ‘ ‘ mLp'; zsing. o o 1
S I € = - ——
r {m(z7 + w‘Lpz - 2wLpzsin¢) (Cp<+ Co)}leo 10
t o :

|

For frequencies 'belof

approximated by

.and

Cesing oo [ a1
e_ = -2 :
. T ...{ wz ,f;(cp,fzco)}zeo

5 MHz L <<'1 so 7 and 10 can. be

7 D U

|

12
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