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Focal hyperthermia as induced 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

— 1 e
/ In the first of two studiesgistributions of rates of EM energy absorption were observed in simulated
biological bodies with embedded tumors. Part- and whole-body simulacra as irradiated by EM fields

that ranged in frequency from 15 to 500 MHz e

xhibited differentially greater heating of tumors.

Reduction of tumor conductivity resulted in enhancement of tumor heating. In the second study,
a model of man was observed for induction of EM fields by 1 to S00-MHz cnergy. Greater rates of

energy absorption occurred in regions of smaller

tivities.
R

1. FOCAL HYPERTHERMIA INDUCED BY RF
RADIATIONS

1.1. Introduction.

One of the promising therapies for cancer is that of
hyperthermia in combination with chemotherapy or
ionizing radiations. When the temperature of a tumor is
raised a few degrees above that of surrounding tissues,
accompanying chemo- or radio-therapy has been found
to be effective in treating the tumor [Overgaard, 1976;
Suit and Shwayder, 1974; Robinson et al., 1974] . In the
combined therapy of malignancies, the objective is to
find a noninvasive method by which to heat the tumor
without overheating other parts of the body.

In this paper, we report on attempts to discover
effective means of inducing hyperthermia by HF and
VHF EM ficlds in tumors that are embedded in simu-
lated biological bodies. We found that effective local EM
heating of the simulated tumor depends on (1) the type
of irradiation, part or whole body; (2) the location of
the tumor in the body; (3) the frequency of the EM
field; and (4) the conductivity of the tumor relative to
that of surrounding tissues.

First, we considered focal application of HF and
VHF fields to a simulated biological body with an
internal tumor. We studied the distribution of the
specific absorption rate (SAR) of the EM energy in
the body when the tumor conductivity was varied.
We found that if the tumor were located in the central
part of the body, a part-body irradiation with a uni-
form, HF or VHF electric field could induce a higher
SAR in the tumor, resulting in selectively greater heating
of the tumor. The local hyperthermia induced in the
tumor could be enhanced if the tumor’s conductivity
was lower than that of surrounding tissues.

Next we investigated the scheme of local EM heating
by increasing the local conductivity of the tumor,
as suggested by Ecker [1975]. Our study indicates that
increasing the conductivity of the tumor will not in-
crease the absorption of energy by the tumor if the
applied field is in the HF-VHF range of frequencies.
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cross sections and in tissues with lower conduc-

1.2. Theoretical method and its accuracy.

In this study, we considered a biological body of finite
size with an embedded tumor. The body is partially or
wholly radiated by EM energy in the HF-VHF range.
Physically, the tumor is assumed to be a local region
with a conductivity that differs from that of the sur-
rounding tissue. The first step of our study was to
determine the internal electric field inside the hetero-
geneous body as induced by the applied EM field. After
this quantity was obtained, the SAR was determined.
For convenience in reduction and reporting of SAR
data, we have normalized rate of energy absorption
(W) to volume (the cubic meter) instead of mass (the
kilogram). Since the cubic centimeter of biological
materials closely approximates one gram of mass, our
SAR-datum can be interpreted as the watt per megagram
(W/Mg), or the milliwatt per kilogram (mW/kg).

The theoretical method used in this study is based on
a tensor integral equation [Livesay and Chen, 1974].
The method is briefly outlined.

If a finite biological body of arbitrary shape, with
permittivity e(r), conductivity of o (r) and permeability
Mo, is irradiated in free space by an electromagnetic wave
with an electric field E!(r), the total induced electric
ficld E(r) inside the body can be determined from the
following tensor integral equation:

[1+ 7(r)/3 weo | E(r)

= PV[,7(t)E(x’) * G(rr")aV’' = E'(r) M
where 7(r) = a(r) + jw(e(r) — €o), € is the free-space
permittivity, the PV symbol means the principal value
of the integral, G(r,r') is the free space, tensor Green’s
function, and V is the body’s volume.

If the body is partitioned into N subvolumes or cells,
and E(r) and 7(r) are assumed to be constant within
each cell, equation (1) can be transformed into 3N
simultaneous equations for £, E, and E, at the centers
of N cells by the point-matching methoé. These simul-
taneous equations can be written into matrix form as
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(G 1G,,) [G,, 1] [iE,] [£]
6,1 [G,,) [G,,]] [E)=—|E] @
[G,,] G, [G,,1] |E,] £,1]

The [G] matrix is a 3V by 3N matrix, while [E] and
[ET] are 3N column matrices that express the total
electric field and the incident electric field at the centers
of N cells. The elements of the [G] matrix have been
evaluated by Livesay and Chen [1974]. Therefore, with
a known incident electric field Ei(r), the total induced
electric field E(r) inside the body can be obtained from
equation (2) by inverting the [G] matrix. The induced
current density is then determined from J = 7E, and the
rate of energy absorption from P=1/2 o |E| 2.

The accuracy of this method has been verified theo-
retically by a convergence test as described by Livesay
and Chen [1974] and experimentally by an experiment
conducted on a scaled model that contains a solution of
saline [Guru and Chen, 1976] .

1.3. Part-body irradiation of a simulacrum with a tumor.
We consider a biological body with dimensions of 6 by

6 by 12 cm and with an internal tumor of 2 by 2 by 4
cm embedded in the center of the body as shown in
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Figure 1. To this body, a uniform electric field (E') of
1 V/m (maximum value) in the HF-VHF range is ap-
plied, from top to bottom and over the area of tumor,
with a pair of plane electrodes. For the numerical calcu-
lation, one-haif of the body is divided into 27 two-cm
cubic cells, which are numbered as shown in Figure 1.
The other half of the body is symmetrical to the first
half. In this division of cells, the tumor occupies the
13th cell and the image of the 13th cell in the other half
of the body. The uniform electric field E' in the x
direction is applied throughout the 10th, the 13th and
the 16th cell and to their images in the other half of
the body. Thus, E' is applied across the top and bottom
of the body over an area of 4 by 2 cm exclusively and
E' is zero over the rest of the body. Our aim was to
determine the distribution of SARs in this simulated
body with a tumor for several frequencies of radiation.
The first case to be considered is for the frequency of
15 MHz. At this frequency, the conductivity of the
body is assumed to be 0.62 S/m and the dielectric con-
stant, 150. The conductivity of the tumor is arbitrarily
assumed to be one half of that of the surrounding tissue
(0.31 S/m) and its dielectric constant is assumed to be
the same as that of the surrounding tissue (150). While
this assumption of a lower tumor conductivity is arbi-
trary, one may conjecture this condition as being due
to a sluggish blood supply to the tumor, or this con-

Fig. 1. A simulated biological body (6 ?y 6 by 12 cm) with an embedded tumor (2 by 2 by 4 cm)

irradiated by a uniform electric field (E

) of 1 V/m (maximum value) at frequency (f) 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 tumor

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 throughout the 10th, the 13th and the 16th cell and to their images in the
other half of the body.




dition may be achieved surgically by blocking arterial
circulation to the tumor after perfusing it with a fluid
of low conductivity. It is noted at this point that we
have also considered the cases of the tumor conductivity
being the same or higher than that of the surrounding
tissue. The findings of these cases are discussed later.

The distribution of SARs for this particular case is
determined by the method described in the preceding
section and the results are given in Figure 2. It is ob-
served from Figure 2 that at the tumor, the SAR reaches
a maximum value of 150.9 uW/m?* (1 W/m = mW/kg if
the specific density is equal to 1), while the immediately
neighboring cells, thc 10th and the 16th cell, have an
SAR of 448 uW/m®. Over other parts of the body,
only a small SAR is observed This is expected since
other parts of the body are not irradiated by the applied
electric field. The interesting observation is that even
though the immediately neighboring cells, the 10th and
the 16th cell, are also irradiated, the SARs of these cells
are only 0.3 times that of the tumor cell. This means that
while the tumor is being heated intensively, the immed-
iately neighboring tissue is only heated slightly. The physi-
cal explanation of this phcnomenon is as follows: based on
Maxwell’s equation, V [(a+1we)E] = 0, the total
induced current in the x dlrectlon is continuous through
the 10th, the 13th and the 16th cell. Since the resistivity
of the 13th cell is twice that of the 10th and the 16th
cells, the SAR of the 13th cell should be higher than
that of the 10th and the 16th cell by a factor of 2 as
based on simple estimation. However, the body is of
finite size and a careful theoretical quantification will
predict the factor to be about 3.37 instead of 2. It is

SARs (uw/m>)

15 MHz

1 Vim x
0.62 S/m
0.31 S/m
150

Fig. 2. Distribution of SARs inside the simulated biological
body of Fig. | when the frequency (/) of the applied clectric
field (E) is 15 MHz, the amplitude of E' is 1 V/m, the con-
ductivity of the body (0) is 0.62 S/m, the conductivity of the
tumor (0,) is 0.31 S§/m, and the dielectric constant of the body
and the tumor (€,) is 150.

FOCAL HYPERTHERMIA IN SIMULATED TUMORS 29

noted that this factor is not only a function of the
conductivities of the tumor cell and of the neighboring
cells but also depends strongly on the frequency of the
applied electric field and on the body’s geometry.

Next, we consider the case when the tumor’s con-
ductivity is 0.8 times that of the surrounding tissue,
(0.496 S/m), while all other parameters are the same
as those shown in Figure 2. Under this condition, the
distribution of SARs in the simulated body with the
tumor is shown in Figure 3. In comparing Figure 3 with
Figure 2, one observes that the increase in the tumor’s
conductmty gcauses a decrease 1n the tumor’s SAR from
1509 uW/m? to 103.7 uW/m?>, while SARs in the sur-
rounding tissues are only changed slightly. It is noted,
however, that the SAR in the tumor is still more than
twice that in the immediately neighboring tissues.

We have also considered the cases of the tumor’s
conductivity being the same, 1.2 times, or twice that of
the surrounding tissue. The tumor’s conductivities for
these cases are 0.62 S/m, 0.744 S/m and 1.24 S/m, and
the results for these cases are summarized in Figure 4.
One observes that as the tumor’s conductivity is in-
creased, the SAR in the tumor tends to decrease while
that in the immediately neighboring tissue remains rela-
tively unchanged. The important point is that even if
the tumor’s conductivity is considerably higher than that
of the surrounding tissue, the SAR in the tumor is
still higher than that in the immediately neighboring
tissue. This phenomenon is mainly due to the tumor’s
location in the central part of the body where the
current induced by the electrodes reaches a maximum
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

SARs (uw/m>)

f = 15MH,
' 1 vimx
o= 0.62 S/m
oy = 0.4% S/m
€ 150

Fig. 3. Distribution of SARs inside the simylated biological
body of Fig. 1 when f = 15 MHz, F' =1 V/m X, 0=0.62 S/m,
6, = 0.496 S/m, and €, = 150.
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f= 15 MHz
e L T 1vim
a= 0.62 S/m
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Fig. 4. SAR in the tumor as a function of the tumoy’s conduc-
tivity (@) for the casc of f = 1§ MHz, E =1 V/m x 0=0.62
S/m, and 6= 150.

a simulated body. is being conducted at the present
time.

Figures 5, 6 and 7 give the SAR distributions in the
same heterogeneous body that is partially radiated by
a uniform electric field of 1 V/m at 30 MHz. at 100
MHz, and at 500 MHz. In each of these examples. the
conductivity of the tumor cell is assumed to be one-
half of that of the body and the same permittivity is

SARs (ww/m> )

= ”MHz
=1 Vim X
= 0.63 S/m
ay + 0.315 Sim
g, - 110

Fig. 5. Distribution of SARs inside the simulated biological
body of Fig. | when f=30MHz. E/ =1 V/im X .0 =0.63S/m.
0, =0.3158/m and €, = 110.
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SARg (uw/m?)

100 MH,
1 Vim X
0.89 S/m
= 0.445 S/m
=712

Lig. 6. Distribution of SARsinside the simulated biological body
of Lig. | when £ = 100 MHz. E' =1 V/m X, 0 =0.89 S/m.
0, = 0.445 S/m, and €, =172.

assutied for the tumor cell and for the body. In these
figures. it is observed that the maximum SAR invariably
oceurs at the tumor and the value of the SAR tends to
increase with the frequency of the applied clectric
field. The heating of neighboring tissues is also greater
at higher frequencics.

Some other results on the SARs in the tumor and in
the surrounding tissue are summarized in Figures 8 and

SARs ( mw/m> )

f =500 MH
= 1Vim
g = 1.45 Sim
a, - 0.725 Sim
€ =53

4
X

Fig. 7. Distribution of SARs inside the simulated biological
body of Lig. 1 when £ = 500 MHz, Ef =1 V/m X, 0 = 1.45
S/m. 0, =0.725 S/m. and €, =33
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1 s 10

frequency (MHz)

Fig. 8. Specific absorption rate in the tumor cell induced by an applied electric field of 1 V/m (maxi-
mum value) as a function of the frequency of the applied electric field for the cases of 0,/0=0.5 and
0.8 where o, is the conductivity of the tumor cell and 0 is that of the surrounding tissue.

9. Figure 8 shows the SAR of the tumor varying as a
function of the frequency of the applied electric field
for the cases of o,/0 = 0.5 and of 0.8, where o, is the
conductivity of the tumor and o is that of the body.
It is observed in Figure 8 that the SAR at the tumor
increases more steeply than linearly with increasing
frequency of the applied electric field. This implies that
at higher frequencies, it is easier to couple EM energy
into tumors. However, from the engineering point of
view, it is more difficult to generate a uniform elec-
tric field at higher frequencies with simple devices
such as electrodes or parallel plates.

Figure 9 shows the ratio of SARs at the tumor cell
and at the neighboring cells as a function of the fre-
quency of the applied electric field for the cases of
o,/0 = 0.5 and 0.8. For the case of o,/0 = 0.5, the
ratio can be higher than 3 at 15 MHz and gradually
decreases to 1.5 at 500 MHz. This means that at lower
frequencies, the tumor can be heated intensively with-
out severcly heating the surrounding tissue. This advan-

ta§e at lower frequencies is offset because it is more
difficult to couple EM energy into the tumor at lower
frequencies as indicated in Figure 8. For the case of
o,/0 = 0.8, the ratio stays around 2 for the frequency
range of 15 to 500 MHz. Thus, for this case, it may
be more efficient from the viewpoint of energy coupling
to use a 100-MHz field than a 15- or 30-MHz field.

1.4. A body with embedded region of differing conduc-
tivity wholly irradiated by an EM field.

We investigated the feasibility of heating a tumor
within a biological body via whole-body irradiation as
suggested recently by Ecker [1975].

We consider a biological body with dimensions of 24
by 24 by 18 c¢m having a local region of variable conduc-
tivity with dimensions of 12 by 12 by 6 ¢cm embedded
in the center of the body as shown in Figure 10. A
vertically polarized EM wave of 30 MHz with an electric
field of 1 V/m (maximum value) is incident normal to
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Fig. 9. The ratio of SARs in the tumor cell and in neighboring cells as a function of the frequency of
the applied electric field for the cases of a,/o=0.5 and 0.8 where 0, is the conductivity of the tumor
cell and 0 is that of the neighboring cells.

the body. The conductivity of the local region is
changed from 0.6 S/m to 100 S/m while that at any
other point of the body is kept constant at 0.6 S/m. A
dielectric constant of 100 is assumed for the local
region and for the rest of the body.

We attempted to determine the changes in the induced
electric field, in the induced current density and in the
SAR in the local region when its conductivity is varied.
In the numerical calculation of the induced field, the
body is subdivided into 48 cells with each cell being a
6-cm cube. Owing to the symmetry in the x-y plane,
only one-fourth of the volume of body is shown divided
into cells. The induced electric field at the center of
each cell is determined first and then the induced
current density and the SAR are calculated.

In Figure 10, the x component (the dominant com-
ponent) of the induced electric field, E,, the x com-
ponent of the induced current density, J,, and the
SAR, P = 0/2 (Ex* + E,* + E;*), at the ceénter of the
cell belonging to the local region are shown as functions
of the conductivity of the local region. It is observed
in Figure 10 that as the conductivity of the local region
is increased, the induced current density, J,, increases
initially and then stays constant while both the induced
electric field, E,, and the SAR, P, decrease. Although
not shown in Figure 10, the value of E,, J, and P at

neighboring cells are nearly unaffected by the change of
the conductivity in the local region.

From these results, it is evident that the attempt
selectively to heat a tumor in a biological body by using
an electric field of HF range and increasing the con-
ductivity of the tumor is not effective. At higher fre-
quencies and with other body geometries, the results
may be different, as discussed in the next section.

1.5. Experimental verification with scaled models irrad-
iated by microwave energy.

To verify our theoretical predictions, an experiment
was conducted on saline-solution models that were irrad-
iated by a microwave field at 2370 MHz. The reason for
conducting the experiment at a microwave frequency
rather than at one in the HF range was due to the size
of the available anechoic chamber and other limita-
tions.

Figure 11 shows theoretical and experimental results
on the EM heating of a local region with variable con-
ductivity in a rectangular plastic box containing a
saline solution. The box, with dimensions of 8 by 6
by 2 cm, was partitioned into three regions with the
surrounding regions (region 2) containing saline of
a fixed concentration (0, = 2.2 S/m, €; = 76.22 €,)
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Fig. 10. Theoretical results on the x components of the induced electrical ficld and induced current

density and the SAR at the center of the cell belonging to the central block as functions of the con-

ductivity of the block, induced by a vertically polarized EM wave of 30 MHz at normal incidence.
The conductivity of the rest of the biological body is kept at 0.6 S/m.

and the central region (region 1) containing saline of

varying concentrations. This box was irradiated by a
vertically polarized EM wave of 2370 MHz at normal
incidence. The induced electric field in the vertical
direction, E,, was measured at a point (x = 0.5 cm,
y = 0.5 cm, z = [.5 cm) in region 1 as the saline con-
centration of the region was increased. The increase
of concentration results in a linear increasc of the
conductivity and some change in the permittivity
of region 1. The rate of energy absorption due to the
vertical component of the induced electric field.
1/2 oE,?, was then determined. The experimental
results were compared with the corresponding theo-
retical results and excellent agreement was obtained.

Region 2
& | = variable T Region 1
Region 1 { ¢ - variable Region 2
@8) &
E, .12 &, &
~ 13 Reglon 2 @y 2.2 (Sim
e § =237 Gux
T -u
§ 1&«‘(
£
& —— Theory
S b ~o~ Exp.
s Location of probe
& x = 0.5cm
S o y - 0.5¢m
b z < 15cm
174 ———
4 6 8 10 12 14 16 18 (S/m)

Conductivity of Region 1 ( 07y)

Fig. 11, Theoretical and experimental results on the SARs in

region 1 as a function of the conductivity in the same region

of a saltwater model, induced by a vertically polarized EM wave
of 2.37 GHz at normal incidence.

In Figure 11 it is observed that as the conductivity
of region 1 is increased, the rate of energy absorption
increases initially but then decreases as the conductivity
is increased beyond 8.5 S/m. This indicates that at
2370 MHz there exists an optimal conductivity for
the local region to gain the most effective EM heating.

The findings in this section are somewhat different
from those discussed in preceding sections. The dif-
ference is probably due the heterogeneous body of
Figure 11, which is quite different from those of pre-
vious cases in which radiation at a much lower frequency
was applied. Furthermore, the incident electric field
is parallel to the boundary of the central region; thus,
the induced currents in the central region and the
surrounding regions can be discontinuous. Given these
departures, the physical phenomena involved and the
physical explanation provided in Section 3 cannot be
applied.

One is reminded that the main purpose of the experi-
mental study is to verify the validity and accuracy of a
method that is based on the tensor integral equation
when applied to a heterogeneous body. The excellent
agreement between theory and experiment as shown in
Figure 11 serves the intended purpose. The empirical
results of this section also indicate that the rate of
energy absorption in a local region within a biological
body depends strongly on the body’s geometry, the elec-
trical properties of the local region and other parts of
the body, and the frequency and polarization of the
applied EM field.

1.6. Conclusion and discussion.
An embedded tumor of conductivity that differs from

that of surrounding tissue was irradiated by a focalized
electric field in the HF-VHF range. We found that if the

q
|
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tumor is located in the central part of the body and
under this type of applied field, the tumor can absorb
relatively more energy, causing a marked increase of
temperature. This selective heating of the tumor i
particularly enhanced when the conductivity of the
tumor is lower than that of the surrounding tissue;
however, even when the tumor conductivity is con-
siderably higher than that of the surrounding tissue,
the SAR in the tumor is still higher than that in the
immediately neighboring tissue.

We have also studied the differential heating of a local
region under whole-body irradiation in combination
with varying the conductivity of the local region. It was
found that when the frequency of the EM field was in
the range of 1 to 100 MHz, an increase of conductivity
of the local region usually resulted in a decrease, instead
of an increase, in the absorbed energy in the target
region. For a microwave field, there might exist an
optimal conductivity for the local region to gain the
most effective EM heating. However, microwave heating
would not be effective if the tumor were deep inside
the body because of lessened depth of penetration.

It is important to note that while an electric field of
HF-VHF range may not be effective in heating a tumor
with a higher conductivity, a magnetic field of HF range
may be used to heat this type of tumor.

In the actual application of EM heating, one may
encounter overheating of fat or bone, which have lower
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
the skin can be avoided by cooling of the body’s sur-
face by air.

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 quantify the internal fields and SARs that
are induced in the human body by EM radiation. We
report here some numerical results on 2 model of the
human body as radiated by EM waves of 1 to 500 MHz
and of both vertical and horizontal polarization. The
effect due to the clectrical heterogeneity of the body is
considered and the phenomenon of resonance is also
discussed. The results in this paper are considered to be
more accurate than those we reported in a previous
paper [Chen and Guru, 1976), which was based on a
simpler, homogeneous body. A method based on a ten-
sor integral equation [Livesay and Chen, 1974] as
described in a previous section has been used in the
numerical calculations. Many other results not reported
in this paper are available in another report [Chen and
Guru, 1977]. Some theoretical results are compared
with existing experimental results.

2.2. Numerical results.

The model of human body used in the numerical cal-

culations is shown in Figure 12. The height of the body
is 177 cm and the body is constructed with 108 cubic
cells of various sizes ranging from 5-cm cubes to 12-cm
cubes, as shown in Figure 12. The front layer of the
body includes arms and legs, while the back layer
consists only of a half of the upper torso. The incident
EM wave is vertically polarized with an incident elec-
tric field (E?) of 1V/m (maximum value) directed in
the x direction and the associated magnetic field in
the y direction.

In the numerical calculation, the induced electric
field was determined first and the SAR was then cal-
culated from the relation of 1/2 ¢|E|?. For the sake of
brevity, the induced electric field is not reported in
this paper. Also, the case of horizontal polarization is
only briefly addressed, in Figure 18.

Figures 13 to 16 show the distributions of SARs in
the human body that is schematized in Figure 12 when
the incident EM wave is at frequencies of 30, 80, 200,
and 500 MHz. By examining Figures 13 and 14, it is
observed that for the lower part of the VHF band,
the incuced EM field inside a typical adult body is
mainly concentrated in the regions of the legs and the
neck. For the upper part of VHF band and beyond, the
regions of higher SARs can be in the arms, the neck or
other parts of the torso. In general, higher SARs occur in
the regions with smaller cross-sectional areas.

Figure 17 shows the distribution of SARs induced by a
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Fig. 12. Geometry of a simulated human body of 1.77 m high

used in 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 incident electric field of
1 V/m (maximum value) is incident normally upon the body.
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Fig. 13. Distribution of SARs inside the human-body model of

Fig. 12 when the incident EM wave is vertically polarized, the

frequency (/') is 30 MHz, the amplitude of the incident elec-

tric field (E?) is 1 V/m (maximum value), the conductivity of

the body (0) is 0.6 S/m, and the diclectric constant of the
body (er) is 100.

80-MHz EM wave inside a heterogeneous human body.
In this example, a region of low conductivity with 0.045
S/m (and €, = 9.83) such as lungs, is assumed to be
embedded in a body with a conductivity of 0.84 S/m
(and €, = 80). The results indicate a greatly enhanced
SAR in the region of low conductivity.

Figure 18 shows both the rate of energy absorption as
expressed in terms of the relative absorption area, 4,
where

_ rate of energy absorption/incident power density,

4, total surface area of body

and the maximum induced electric field (normalized by
the incident electric field), as functions of the fre-
quency of the incident EM waves for both vertical and
horizontal polarizations and for the frequency range of
1 to 500 MHz. For the case of vertical polarization, a
major resonance is clearly observed at about 80 MHz and
weaker resonances occur at 160 MHz and 240 MHz. For
the horizontal polarization, only a single weak resonant
peak is observed near 200 MHz.

Some theoretical results are compared in Table 1 with
experimental results of Gandhi [1975] and in Table 2
with experimental results of Guy et al. [1976] . Quali-
tatively, the theoretical results compare well with
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Fig. 14. Distribution of SARs inside the human-body model
of Fig. 12 when the incident EM wave is vertically polarized,
/=80 MHz,E'=1V/m X, 0=0.84 S/m, and €, =80.

[’J 16.5
BT

Back layer
SARs (mw/m>)

f = 20MH,
E=1Vmx
o= 1.28 Sim
€, 5.5

Front layer

Fig. 15. Distribution of SARs inside the human-body model of
Fig. 12 when the, incident f,M wave is vertically polarized,
f=200MHz,E'=1V/mXx,0=1.28 S/m, and €,=56.5.
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Fig. 16. Distribution of SARs inside the human-body model
of Fig. 12 when the incidgm EM wave is vertically polarized,
f=500MHz,E' =1 V/m X, 0=149 §/m,and €, =52.5.
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Fig. 17. Distribution of SARs inside the human-body model of
Fig. 12 with a heterogeneous region of low conductivity and per-
mittivity as indicated by a shaded area in the back layer. For the
heterogeneous region, 0 = 0.045 S/m, €, = 9.83; for the rest of
the body, 0 = 0.84 S/m, €= 80. The incident EM wave is
vertically polarized, f =80 MHz,and E' =1 V/m x.
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Fig. 18. Relative absorption area and relative maximum induced electric field in the body of a 1.77 m
adult as functions of the frequency of vertically polarized and horizontally polarized incident EM
waves.
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TABLE 1. Comparison of theoretical results with experimental results of Gandhi [1975].

Theoretical results

Experimental Results
by Gandhi

Resonant height
of body (L)

L/Xo = 0.472

L“o = 0.4

Pesonant frequency
for an adult body

f = 80 MHz
(for L = 1.77 m)

f = 65075 MHz
(for L = 1.75 m)

Effective absorption
area at resonance¥*

3.2

34

Hot spots

hot spots in
legs and neck area

hot spot at

neck area

ACCESSION for
NTIS
Doe

*The effective absorption area was defined as [(energy absorption
rate/incident power density) / physical-shadow area] by Gandhi.
It is different from the relative absorption area defined in this

paper.

UNANNOUNCTD
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TABLE 2. Comparison of theorctical results with experimental results of Guy et al. [1976] -

Theoretical results

f ’ |
Exp. results by Guy et al.** |

30 MHz 80 MHz

(figs. 8 and 11 of ref. 6)

TRIRITIN AV I 4D ITY pANE
DISTRIBETION /AVAT 4Br ITY CODFS

legs (umW/m>) 12.6

163 54

neck (mk‘/m3) 4.5

60 2

arms (mH/m3) low

low low

**Experimental results were for 31 MHz EM waves with an incident
electric field of 1 V/m (rms value) and for a body of 1.74 m

height.

Gandhi’s data. Our results on the general distribution of
SARs compare very well with the experimental results
of Guy et al. which are based on a 31-MHz field. How-
ever, the absolute values of SARs deviate by a factor
of 4 to 5 between theory and experiment. The source
of deviation is not known at the present time.
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