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Focal hyperthennia as mduced by RF radiation of simulacra with embedded tumors and as induced
by EM fields in a model of a human body

Kun-Mu Chen and B. S. Guru

Department of Electrical Engineering and Systems Science, Michigan State University, East Lansing, Michigan 48824

-) In the first of two studies5listributions of rates of EM energy absorption were observed in simulated
biologica l bodies with embedded tumors. Part- and whole.body simulacra as irradiated by EM fieldsthat ranged in frequency from 15 to 500 MHz exhibited differentially greater heating of tumors .
Reduction of tumor conductiv ity resulted in enhancement of tumor heating. In the second study,
a model of man was observed for induction of EM fields by I to 500-MHz energy. Greater rates ofenergy absorpt ion occurred in regions of smaller cross sections and in tissues with lower conduc-
tivit ies .

I .  FOCAL HYPERTHERM IA INDUCED BY RF 1.2. Theoretical method and its accuracy.
RADIATIONS

In this stud y, we considered a biological body of finite
1.1 . Introduction, size with an embedded tumor. The body is partially or

wholly radiated by EM energy in the HF-VHF range .
One of the promising therapies for cancer is that of Physicall y, the tumor is assumed to be a local region

hyperthermia in combination with chemotherapy or with a conductivity that differs from that of the sur-
ionizing radiations. When the temperature of a tumor is rounding tissue. The first step of our study was to
raised a few degrees above that of surrounding tissues , determine the internal electric field inside the hetero-
accompanying chemo- or radio-therapy has been found geneous body as induced by the applied EM field. After

• to be effective in treating the tumor [Overgaard, 1976; this quantity was obtained, the SAR was determined.
Suit and S/twa yder, 19 74;Robinson et a!., 1974] .ln the For convenience in reduction and reporting of SAR
combined therapy of mali gnancies , the objective is to data , we have normalized rate of energy absorption
find a noninvasive method by which to heat the tumor (W) to volume (the cubic meter) instead of mass (the
without overheating other parts of the body. kilogram). Since the cubic centimeter of biological

In this paper , we report on at tempts to discover materials closely approximates one gram of mass , our
effective means of inducing hyp erthermia by HF and SAR-datum can be interpreted as the watt per megagram
VHF EM fields in tumors that are embedded in simu- (W/M g), or the milliwatt per kilogram (mW/k g).
lated biological bodies. We found that effective local EM The theoretical method used in this study is based on
heating of the simulat ed tumor depends on ( 1) the type a tensor integral equation [Livesay and C’he,z, 1974J .
of irradiation , part or whole body; (2) the location of The method is briefl y outlined.
the tumor in the body; (3) the frequency of the EM If a finite biological body of arbitrary shape , with
field ; and (4) the conductivity of the tumor relative to permittivity e(r), conductivity of a (r) and permeability
that of surrounding tissues. ~~~ is irradiated in free space by an electromagnetic wave

First , we considered focal appl ication of HF and with an electri c field E ’(r) , the total induced electric
VHF fields to a sinwlated biological body with an field E(r) inside the bod y can be determined from the
internal tumor. We studied the distribution of the following tensor integral equation:
specific absorption rate (SAR) of the EM energy in
the bod y when the tumor conductivity was varied. 11 + r ( r ) / 3 j we 0j E ( r )
We found that  if the tumor were located in the central , , , , (I )
part of the body, a part-body irradiation with a uni- — PVf~r(r )E(r ) G(r ,r )dV = E (r)
form , HF or VHF electric field could induce a higher
SAR in the tumor , resulting in selectively greater heating where r(r ) = o (r) + /~~(e(r) — fo), e0 is the free.space
of the tumor. The local hyperth ermia induced in the permitt ivity ,  the PV symbol means the principal value
tumor could he enhanced if the tumor ’s conductivity of the integral , G(r ,r ’) is the free space , tensor Green ’s
was lower than that of surrou nding tissues , function , and V is the body ’s volume.

Next we investi gated the scheme of local EM heating If the body is partitioned into N subvolumcs or cells ,
by increasing the local conductivity of the tumor , and E(r) and r(r) are assumed to be constant within
as suggested by /: cker 1197 5 1. Our study indicates that each cell , equation ( I )  can be transformed into 3N
Increasing the conductivity of the tumor  will not in- simultaneous equations for E , and E at the centers
crease the absorption of energy by the tumor if the of N cells by the point-mat cfving methoá. These simul-
applied field is in the l lF~VHF range of frequencies. taneous equations can be written into matrix fo in i as

27



28 CHEN AND GI JRU

EGXX J 1G~ J EGX , J  [E~ J [E~’I Figure 1. To this body, a uniform electric field (E 1 ) ut
- 

. I V/rn (maximum value) in the HF-VHF range is ap-
[G
~ I [G 5, I [G 

~ 
I [E 5, I = — [E~,’J (2) plied , from top to bottom and over the area of tumor.

‘ - with a pair of plane electrodes. For the numer ical calcu-
[GZX ] [G5 I [G

ZZ I [E L I [E,’J lation , one-half of the body is divided into 27 two-cm
- cubic cells , which are numbered as shown in Figure I .

The [GJ matrix is a 3N by 3N matrix , while [ E]  and The other half of the body is symmetrical to the first
[E l ] are 3N column matrices that express the total half. In this division of cells , the tumor occupies th e
electric field and the incident electric field at the centers 13th cell and the image of the 13th cell in the other half
of N cells. The elements of the [GI matrix have been of the body. l’he uniform electric ticld E’ in the x
evaluated by Livesay and c/ten [1974] . Therefore , with direction is applied through out the 10th , the 13th and
a known incident electric field Ei(r), the total induced the 16th cell and to their images in the other h al f of
electric field E(r) inside the body can be obtained from the body. Thus , E’ is applied across the top and bottom
equation (2) by inverting the [GJ matrix . The induced of the body over an area of 4 by 2 cm exclusivel y an d
current density is then determined from J = rE , and the E’ is zero over the rest of the body. Our aim was to
rate of energy absorption from P = 1/2 ol  E I 2 determine the distribution of SARs in this simulated

The accuracy ot this method has been verified theo- body with a tumor for several frequencies of radiation.
retical ly by a convergence lest as described by Livesay The’ first case to be considered is for the frequency of
and C/ten [1974] and experimentally by an experiment 15 MHz. At this frequency, the conductivity of the
conducted on a scaled model that contains a solution of body is assumed to be 0.62 S/tn and the dielectric con-
saline [Guru and C/ten , 1976] . stant , 150. The conductivity of the tumor is arbitrarily

assumed to be one half of that of the surrounding tissue
1.3. Part-body irradiation of a simu!acrum with a tumor. (0.3 1 S/ni) and its dielectric constant is assumed to be

the same as that of the surrounding tissue (150). While
We consider a biological body with dimensions of 6 by this assumption of a lower tumor conductivity is arbi-

6 by 12 cm and with an internal tumor of 2 by 2 by 4 trary, one may conjecture this condition as being due
cm embedded in the center of the body as shown in to a sluggish blood supply to the tumor , or this con-

~
~~ ~ — 12cm~~~~

6 ctt !7 ~~~~~~ 
- --

61 [Tumor 

_________

BI%~~ C~~ / t~~~~~e 

~~~~~~

Flg. 1. A simulated biological bod y (6 py 6 by 12 cm) with an embedded tumor (2 by 2 by 4 cm)
Irradiated by a uniform electric field (E ) of 1 V/rn (maximum value) at frequency (J) across the top
and bottom of the body and over the area of the tumor. The uniform electric field is maintained by
two parallel-plate electrodes. One half of the body Is divided into 27 two.cm cubic cells. The tuqior
occupies the 13th cell and its image In the other half of the body, The uniform electric field E’ In
the x direction Is applied throu ghout the 10th , the 13th and the 16th cell and to thei r Images In the

other half of the body.

I -~~ ~~~~~~~~~~~~~ 
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dition may be achieved surgically by blocking arterial noted that this factor is not only a function of the
circulation to the tumor after perfusing it with a fluid conductivities of the tumor cell and of the neighboring
of low conductivity. It is noted at this point that we cells but also depends strongly on the frequency of the
have also considered the cases of the tumor conductivity applied electric field and on the body ’s geometry .
being the same or higher than that of the surrounding Next , we consider the case when the tumor ’s con-
tissue. The findings of these eases are discussed later. ductivity is 0.8 times that of the surrounding tissue ,

• The distribution of SARs for this particular case is (0.496 S/rn), while all other parameters are the sam e
determined by the method described in the preceding as those shown in Figure 2. Under this condition , the
section and the results are given in Figure 2. It is ob- distribution of SARs in the simulated body with the
served from Figure 2 that at the tumor , the SAR reaches tumor is shown in Figure 3. In comparing Figure 3 with
a maximum value of 150.9 pW/ m3 (I W/m 3 = mW/k g if Figure 2 , one observes that the increase in the tumor ’s• the specific density is equal to 1), while the immediately conductivity causes a decrease in the tumor ’s SAR from
neighboring cells , the 10th and the 16th cell , have an 150.9 pW/rn3 to 103.7 pW/ m 3 , while SARs in the sur-
SAR of 44.8 M W/rn 3 . Over other parts of the body, rounding tissues are only changed slightly. It is noted ,
only a small SAR is observed. This is expected since however , that the SAR in the tumor is still more than
other parts of the body are not irradiated by the applied twice that in the immediately neighboring tissues.
electric field. The interesting observation is that even We have also considered the cases of the tumor ’s
though the immediatel y neighboring cells , the 10th and conductivity being the same , 1.2 times , or twice that of
the 16th cell , are also irradiate d , the SARs of these cells the surrounding tissue. The tumor’s conductivities for
are only 0.3 times that of the tumor cell. This means that these cases are 0.62 S/rn , 0.744 S/rn and 1 .24 S/rn , and
while the tumor is being heated intensively, the immed- the results for these cases are summarized in Figure 4.
iately neighboring tissue is only heated slightly. The physi- One observes that as the tumor ’s conductiv ity is in-

• calexplanat ion ofthisp henomenonisas follows:based on creased , the SAR in the tumor tends to decrease while
Maxwell ’s equa t ion , V [ (o+ / we)E J = 0, the total that in the immediatel y neighboring tissue remains rela-
induced current in the x direction is continuous through tively unchanged. The important point is that even if
the 10th , the 13th and the 16th cell. Since the resistivity the tumor ’s conductivity is considerabl y higher than that

-‘ of the 13th cell is twice that of the 10th arid the 16th of the surrounding tissue , the SAR in the tumor is
cells , the SAR of the 13th cell should be higher than still higher than that in the immediately neighboring
that of the 10th and the 16th cell by a factor of 2 as tissue. This phenomenon is mainl y due to the tumor ’s
based on simple estimation. However , the body is of location in the central part of the body where the
finite size and a careful theoretical quantification will current induced by the electrodes reaches a maximum
predict the factor to be about 3.37 instead of 2. It is value in a standing wave pattern. It is understandable

- that if the tumor is located near the body ’s surface , the
result will be different. A study of a more general case,
which deals with a tumor in an arbitrary location within

SARa I 
SA Rs

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
150 o~ 04% 5/rn

l ig. 2.  Dist r ibution ot SARs inside the simulated biological 
- 150

body of Fig. I when the frequency (/3 of the applied electric
field (E’) is 15 M H z . the amplitude of E’ is I V/ rn , th e con-
du ctivity of the body (a) is 0.62 S/rn . t he conductiv ity of th e Fig. 3. Distribution of SARs inside the simtj~lsted bào logica l
tum or (a t ) Is 0.31 S/rn , and the dielectric constant of the body bod y of Fig. I when f  = I S  MHz , F’ I V/rn x , 0=0.62 S/rn .
and (1w tumor 

~ r1 is ISO . o~ = 0.496 S/rn , and = 150. 
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1’ 15 MHz

• ~: ~~:s;m SAR5 (~uw/m 3 t 
~ ~~~~~~~~~~~~~~~~~~~~~~~~~~

tumor 
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~~~~~~~~~~~~~~~~~~~~~~~~~ 
f 100 MHz

~~~~~~~~~ r~
;
~”.f.J IV/ m ~

I ~~~.~
‘ - ‘ - ! ‘I  1 • 0.89 S/rn

II I I

0 0.3 0.6 0. 9 1.2 1.5 ~t 0.445 S/rn

0 t ( 51m )

Fig. 4. SAR in (he tumor as a function of th e i unlor ’s ton du e— I . 0 . I) ist r it ,ut ion ot SAlts ~nsid~ Ili ~ si t miu lute d biological body
ti vity (a s ) for t h e  easy of ’ 1

. IS M h z , E I V/ i t i ~~~. a = ff 62 of I - i s . I w tten / = 1( H ) MH i .  E’ = I V/nt ~~~. a = 11119 S/tn .
S/rn , and = ISO = 0.445 S/ni . and 72 .

a simulated body, is being conducted at the  pres e lit assu ut t ed t’or the tumo r cell and for the body. In these
time. ti gutes . it is observed tha t  the maximu um s SAR invariably

Figu res 5, 6 and 7 give the SAR dis i r ibu t io ut s  itt t i me occurs at the tu nio t  and the value of the SAR tends to
same heterogeneous body that is part ial ly radiated by increase wi th  the frequency of the applied electric
a uniform electric field oh ’ I V/itt at 30 MHi . at tOO fi eld . The heating of neighhoti n g tissues is also greater
MHz . and at 500 MHz. In each of these exatt ip ks. the at hi gher i’r eqiie t icics .
conductivity of the tutnor cell is assttt t ted to he one- Sonic ot lter results on the SARs in tI m e tu m or and in
half of that of the body and the sante p e r i t t i t t iv i ty  is the surt ot .nding tissue at e st tn mmna r i z ed in Figures 8 and

SA Rs (Mw/ rn3 I SARs I mw/rn3 I

if H:

I - ig . ~ l)ist ri bmi t inn ot SARs inside the sj iiiulitect bu , ’k ,~i sal I u~ . 7. 111sf rit ~u f i , ,n ot SAR s lnsid~ th e simul at ed bit ’Iogit - aI
body of t ig. I witen f = 30 Mi, . F1 I V/rn % . 0 (1 .6 3 S/tu , body of I 1g. I ssIr~n ( = 500 M h z . F’ = I V/ni ~~~, 0 = 1. 45

0.315 SI” . and = I t o . S/rn . = 1) 725 S/rn. and =53. 
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Fig. 8. Specific absorption rate in the tumor cell induced by an applied electric field of I V/rn (maxi-
mum value) as a function of the frequency of the applied electric field for the cases of at/a = 0.5 and

0.8 where 0~ is the conductivity of the tumor cell and ais that of the surrounding tissue,

9. Figu re 8 shows the SAR of the tumor va rying as a tage at lower frequencies is offset because it is more
function of the frequency of the applied electric field ditficult to couple , EM energy into the tumor at lower
for the cases of o~/o = 0.5 and of 0,8, where o~ is the frequencies as indicated in Figure 8. For the case of
conductivity of the tumor and a is that of the body . ce/a = 0.8, the ratio stays around 2 for the frequency
It is observed in Figure 8 that the SAR at the tumor range of 15 to 500 MHz. Thus , for this case , it may
increases more steep ly than linearl y with increasing be more efficient from the viewpoint of energy coupling
frequency of the applied electric field. This implies that to use a 100-MHz field titan a 15- or 30-MHz field,
at higher frequencies , it is easier to couple EM energy
into tumors. However , from the engineering point of 1 .4. A body with embedded region of d,ffenng conduc-
view, it is more difficult to generate a uniform elec- tivitv svhollv irradiated by an EM field.
I n c  field at higher frequencies with simple devices
such as electrodes or parallel plates. We investi gated the feasibility of heating a tumor

Figure 9 shows the ratio of SAKs at the tumor cell within a biological body via whole-body irradiation as
• and at the nei ghboring cells as a function of the fre- suggested recently by E clcer 1 1975 1 .

quency of the app lied electric field for the cases of We consider a biolog ical body with dimensions of 24
o,/o 0.5 and 0.8. For the case of as /a = 0.5 , the by 24 by 18 cmli having a local region of variable conduc-
ratio can be hig her than 3 at 15 MHz and gradually tivity wi th dimensions of 12 by 12 b y 6 cm embedded
decreases to 1.5 at 500 Mi-I,. This means that  at lowe r in the center of ri te body as shown iii Figure 10. A
frequencies . t h e  tumor can be heated intensively with- vertically polarized FM wave of 30 Mh z. wi th  an electri c
out severely h e ati t i g the surrounding tissue. This advan - field of I V/rn (t i t axirn u m va lue) is incident min imal to

_ _ _ _ _ _  
_ _ _  -~~~~~~~~~~~~~~~~ - - ~~~~~~~~~~~~~~

. — —-
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Frequency (MHzI

Fig. 9. The ratio of SAKs in the tumor cell and in neighboring cells as a tunction of the frequency of
the applied electric field for the cases of at/a = 0.5 and 0.8 where a~, is the conductivity of the tumor

cell and a is that of the neighboring cells.

the body. The conductivity of the local region is neighboring cells are nearl y unaffected by the change of
changed from 0.6 S/rn to 100 SIm while that at any the conductivity in the local region .
other point of the body is kept constant at 0.6 S/rn. A From these results , it is evident that the attempt
dielectric constant of 100 is assumed for the local selectively to heat a tumor in a biological body by using
region and for the rest of the body . an electric field of HF range and increasing the con -

We attempted to determine the changes in the induce d ductivity of the tumor is not effective . At higher fre-
electric field , in the induced current density and in the quencies and with other body geometries , the results
SAR in the local region when its conductivity is varied. may be different , as discussed in the next section .
In the nume rical calculation of the induced field, the
body is subdivided into 48 cells with each cell being a 1.5. Experimental verification with scaled nødels iingi-
6-cm cube. Owing to the symmetry in the x-y plane , iated by microwave energy.
only one-fourth of the volume of body is shown divided
into cells. The induced electric field at the center of To verify our theoretical predictions , an experiment
each cell is determined firs t and then the induced was conducted on saline-solution models that were inr ad-
current density and the SAR are calculated. iated by a microwave field at 2370 MHz. The reason for

In Figure JO , the x component (the dominant corn- conducting the experiment at a microwave frequency
ponent) of the induced electric fleW , E~, the x corn- rather than at one in the HF range was due to the size
ponent of the induced current density, ix ,  and the of the available anechoic chamber and other limita-
SAR, P = a/2 (E~

2 
+ E~

2 + E52), at the center of the tions.
cell belonging to the local region are shown as functions Figure I I  shows theoretical and experimental results
of the conductivity of the local region . It is observed on the EM heating of a local region with variable con-
in Figure 10 that as the conductivi ty of the local region ductivity in a rectangular plastic box containing a
is increased , the induced current density, J~, increases saline solution. The box , with dimensions of 8 by 6
initially and then stays constant while both the induced by 2 cm , was partitioned into three regions with the
electric field , E~, and the SAR , P, decrease . Although surrounding regions (region 2) containing saline of
not shown in Figure 10, the value of E~, J~ and Pa t  a fixed concentration (02 = 2.2 S/rn , €2 = 76.22 Co)
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Fig. t O. Theoretical resu lts on the x components of the induced electrical field and induced current
density and the SAR at th e center of the cell belonging to the central block as functions of the con-
ductivity of’ the block , ind uced by a vertically polarized EM wave of 30 MHz at normal incidence.

The conductivity of the rest of time biological body is kept at 0.6 S/rn.

and the central region (region I)  containing saline of In Figure 11 it is observed that as the conductivity
varying concentrations. This box was irradiated by a of region I is increased , the rate of energy absorption
vertically polarized EM wave of 2370 MHz at normal increases initially but then decreases as the conductivity
incidence. The induced electric field in the vertical is increased beyond 8.5 S/rn. This indicates that at
direction , ~~~ was measured at a point (x = 0.5 cm , 2370 MHz there exists an optimal conductivity for
y = 0.5 cm , z = I .5 cm) in region I as the saline con- the local region to gain the most effective EM heating.
centration of the region was increased. The increase The findings in this section are somewhat different
of concentration results in a linear increase of the from those discussed in preceding sections. The dif-
conductivity and some change in the permittivity ference is probably due the heterogeneous body of
of region I .  The rate of energy absorption due to the Figure I I , which is quite different from those of pre-
vertical component of the induced electric field. vious cases in which radiation at a much lower frequency
1/2 aE~

2 , was then determined. The expe rimental was applied. Furthermore , the incident electric field
results were compared with the corresponding theo- is parallel to the boundary of the central region; thus ,
retical results and excellent agreement was obtained , the induced currents in the central region and the

surrounding regions can be discontinuous. Given these

~~~~~~~~~~~~~~~~~

R egion 2 departures , the physical phenomena involve d and the
‘vJriabI e ~~ 

physical explanation provided in Section 3 cannot be
Region 1 1 0 1 y~ri~5t~ 

-
- - - - • 

Region 2 applied.
One is reminded that the main purpose of the experi.

~ 
, n• n

. 13 
Reqlw 21 ~~ • 2 2  S!m ~~~~~~ mental study is to verify the validity and accuracy of a

method that is based on the tensor integral equation

TheO

b~ ’. i 2 3 1  CtI. 
- when applied to a heterogeneous body. The excellent

agreement between theory and experiment as shown inj -t4

Figure i i  serves the intended purpose. The empirical
results of this section also indicate that the rate of

t~~ation of probe 
• 

energy absorption in a local region within a biological
I 0. 5Cm

- 16 body depends strongl y on the body ’s geometry , the d cc-0.5cm trical properties of the local region and other parts of1.5cm the body, and the frequency and polarization of the. t7
4 6 8 10 2 td 16 18 lS~mI applied EM field.

COflhtuct ivity OS Region I
1.6. Conclusion and discussion.

Fig. I t .  Theoretical and experimental re gu lts on t h e  SAKs in
region I as a function of the conductivity in the same region An embedded tumor of conductivity that  differs from
of’ a sa l twater  model , induced by a vertically polarized EM wave that  of surrou rt d ing tissue was irradia ted by a focalized

of 2 .37 GHz at normal incidence, electric field in the HF-VHF range . We found that if the

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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tumor is located in the central part of the body and eulations is shown in Figure 12. The hei ght of the body
under this type of applied field, the tumor can absorb is 177 cm and the body is constructed with 108 cubic
relatively more energy , causing a marked increase of cells of various sizes ranging from 5-cm cubes to 12-cm
tempe rature. This selective heating of the tumor i~. cubes , as shown in Figure 12. The front layer of the
particularly enhanced when the conductivity of the body includes arms and legs , while the back layer
tumor is lower than that of the surrounding tissue; consists only of a half of the upper torso. The incident
however , even when the tumor conductivity is con- EM wave is vertically polarized with an incident d cc-
siderably higher than that of the surrounding tissue , I n c  field (E’) of tV/tn (maxitnum value) directed in
the SAR in the tumor is still higher than that in the the x direction and the associated magnetic field in
immediatel y neighboring tissue, they direction .

We have also studied the differential heating of a local In the numerical calculation , the induce d electric
region under whole-body irradiation in combination field was determined first and the SAR was then cal.
with vary ing the conductivity of the local region . It was culated from the relation of 1/2 a I  E l  2 For the sake of
found that when the frequency of the EM field was in brevity, the induced electric field is not reported itt
the ra nge of I to 100 MHz , an increase of conductivity this paper. Also , the case of horizontal polarization is
of the local region usually resulted in a decrease , instead only briefly addressed , in Figure 18.
of an increase , in the absorbed energy in the target Figures 13 to 16 show the distributions of SARs in
region. For a microwave field , there migh t exist an the human body that is schematized in Figure 12 when
optimal conductivity for the local region to gain the the incident EM wave is at frequencies of 30, 80, 200,
most effective EM heating. However , microwave heating and 500 MHz. By examining Figures 13 and 14 , ii is
would not be effective if the tumor were deep inside observed that for the lower part of the VHF band ,
the body because of lessened depth of penetrat ion. the incuced EM field inside a typical adult body is

It is important to note that while an electric field of mainl y concentrated in the regions of the legs and the
HF-VHF range may not be effective in l eafing a tumor neck. For the upper part of Vt-IF band and beyond , the
with a higher conductivity, a magnetic fIeld of HF range regions of higher SARs can be in the arms , the neck or
may be used to heat this type of tumor. other parts of the torso. In general , higher SARs occur in

In the actual application of EM heating, one may the regions with smaller cross-sectional areas.
encounter overheating of fat or bone , which have lowe r Figure 17 shows the distribution of SARs induced by a
conductivities than that of surrounding muscle. The
overheating may be avoided if the applied field can be
focused at the tumor. In addition , potential burns of _____ _____ 

h-20 cm- i
the skin can be avoided by cooling of the body ’s sur- J I
face by air. f 

I

‘—1 ’ 1 ________ 

-

2. INTERNAL EM FIELDS INDUCED BY VHF AND
UHF WAVES IN A HUMAN BODY : 

2.1. Introduction. . .

In the study of biological effects of EM waves and in :•
medical applications of EM radiation , it is important and
desirable to quantif y the internal fields and SARs that . . I
are induce d in the human body by EM radiation. We
report here some numerical results on a model of the ‘ Back Ia erhuman body as radiated by EM wave s of I to 500 MHz
and of both vertical and horizontal polarization . The
effect due to the electrical heterogeneity of the body is 

12considered and the phenomenon of resonance is also cm
discussed. The results in this paper are considere d to be
more accurate than those we reported in a previous rpaper [Chen and Guru , I976J , which was based on a & -
simpler, homogeneous body . A method based on a ten-
sor integral equation ILivesay and Chen, 19741 as L. —described in a previous section has been used in the ~~~ taye r Side View
numerical calculations. Many other results not reported -p - I Vim ~in this paper are available in another report IChen and
Gun,, l977~ . Some theoretical results are compared
with existing experimental results.

Fig. 12. Geonictry of a simulated human body of 1.77 m high
2 2 Numerical results used i n the theoretical field quantification. The body is divided

into 108 cubic cells of various sizes. A vertically polarized ,
plane EM wave of frequency (f) with an inciden t electric field ofThe model of human body used in the numerical cal- I V/m (maximum value) is incident normally upon the body.

-. --- - - . - . . - - . . . ,.-, — - ..,.~~~. - --- .— .- -. -.- . -- ~. .~-.-. ,- -.-
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Fig. 13. Distribution ot ’SARs inside the human-body model of Fig. 14 . Distribution of SARi inside the human-body model
Fig. 12 when the incident EM wave is vertically polarized , the of Fig . 12 when th,e incidentAEM wave is vertically polarized ,
frequency (17 is 30 MHz , the amplitude of the incident d ee- f=8O MHz , E’~ ° l V / m X , o O.84 S/m , ande,=80.
tric fie ld (E) is I V/rn (ma ximum value), the conductivity of
the body (it) is 0.6 S/rn , and the dielectric constant of the

body (ç) is 100.

80-MHz EM wave inside a heterogeneous human body . I 2 .7

In this example , a region of low conductivity with 0.045 , .

S/rn (and e, = 9.83) such as -lungs, is assumed to be as :o .7  :2 .4 2.4 2.0
embedded in a body with a conductivity of 0,84 S/rn c a ~o

’
.~i(and e = 80). The results indicate a greatly enhanced .:..

SAR ~1c the region of low conductivity . ~~~~~~~~~ 
~ 3l ,1i4

Figure 18 shows both the rate of energy absorption as ~:~‘‘ ~~
.

expressed in terms of the relative absorption area , A,, ~~~
‘
~~
“ --

where ~~ .t 7.4 
~~ 

16.5127

03  ‘4.5 0. 0 5.6

A — 
ra te of ener~ ’ absorp tion/incident power density 

‘
ID C 314 ~I3a ~~ 3

total surface area of body 4.2 Back laye r

SAR5 (mw/rn3)
and the maximum induced electric field (normalized by
the incident electric field), as functions of the fre - ---- 

Mquency of the incident EM waves for both vertical and 
~~ — 

- 21X1

horizontal polarizations and for the frequency range of 2.9 £ • I Vim x

1 to 500 MHz. For the case of vertical polarization , a a’ - i.28 S/rn
major resonance is clearly observed at about 80 MHz and ~~

‘- 
• 5~ 5weaker resonances occur at 160 MHz and 240 MHz. For I .6

the horizontal polarization , only a single weak resonant Front Iay&
peak is observed near 200 MHz.

Some theoretical results are compared in Table I with
experimental results of Gandhi [1975J and in Table 2 Fig. I S. Distribution of SARi inside the human-body model of
with experimental results of Guy et a!. [1976J . QuaIl- Fig . 12 whe n the

1 
incident X.M wave is vertically polarized ,

tatively, the theoretical results compare well with f  = 200 MHz , E = I V/rn x , a = 1 .28 S/rn , and C, = 56.5 . 

- , --~~~~-~~~~~~--~~~~~~~ -~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - ~~~~~-- 
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Fig. 16. Distributi on of SARs inside the human-body model Fig. 17 . Distribution of SARs inside the human-body model of
of Fig. 12 when the incident EM wave is vertically polarized , Fig. 12 with a heterogeneous region of low conductivity and per-
f 5 0 0  MHz , E’ = I V/rn X , 7 1.49 S/rn , and e, = 52.5 . mittivity as indicated by a shaded area in the back layer. For the

heterogeneous region , a 0.045 S/rn , €~ = 9.83; fo r the rest of
the body, a = 0.84 S/rn , C,, 80. The incident EM ,,~vave is

vertically polarized ,f 80 MHz , and E’ = I V/rn X .
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adult as functions of the frequency of vertically polarized and horizontal l y polarized incident EM

waves.

~ 

- -- -
~~~~~

-
~~
-rn- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



- _______________

FOCAL HYPERTHERMIA IN SIMULATE D TUMORS 37

TABLE 1. Comparison of theore tical results with experimental results of GandhI 119751.

Experimental ResultsTheoretical results by Gandhi

Resonant height 
LI). = 0 472 LI). — 0 4of body (L) -

Pesonan t frequency f — 80 MHz f — 65’~.75 MHz
for an adult body (for L — 1.77 is) (for L — 1.75 is)

Effec tive absorption 3.2 3~4
area at resonancea AC CE SS/ON for

‘ 
— —  1IT~5 ~~~~~~~

Hot spots hot spots in ‘~ot spot at r.’~~
_____________________ legs and neck area n ec_k area 

r
*The effec tive absorption area was defined aa [(energy absorption 

I 

~~ 

0

rate/incident power density) / physical—shadow area) by Gandhi, ~~~~

It is different from the relative absorpt ion area defined in this
paper.

BY

U~~~~~~I~1 -~~
4 

~‘

TABLE 2. Comparison of theoretical results with experimental results of Guy et a!. 11976 1 - —---
~~

- -

Theoretical results E~~ . results by Guy et al .**
(figs . 8 and 11 of ref. 6)

30 MH z 8 O M itz —_________

legs (mW/rn3) 12.6 163 54

neck (mW/rn3) 4.5 60 27

arms (mW/rn3) low low low

**Experimsntal results were for 31 MHz EM waves with an incident
electric field of 1 V /rn (nsa value) and for a body of 1.74 is
height .

Gandhi’s data. Our results on the general distribution of Division of Eng ineering Research , Michigan State Un iversi ty .
SARs compare very well with the experimental results - 

E . La nsing, Michi ga n. 
- . . . -

of Guy et a!. which are based on a 31-MHz field. How- t:ck~~. 11. A . )9~~ )~~3iomedicaI app lt cat lons of l-.M radiation ,

ever , the absolute values of SARs deviate by a factor Gandhi , 0. P. ( 1975) . Condition of strongest cle ’iromagnet ic
of 4 to 5 between theory and experiment. The source power deposition in man and animal s. IEEE Trans. Micro-
of deviation is not knuwn at the present time. Wav e Theory Tech. , MTT- 23( 12), 1021-1029. 

-
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