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This is the final report: on the research proqr-am,

"Quantification and measuremoent of internal electromagnetic

fie)ds induced in finite biological bodies by nonuniform

electromagnetic field," supported by the Army Research Office

under Grant DAAG29-76-G-0201.

The purpose of this research program was to develop a

theoretical method based on the numerical solution of a tensor

integral equation to quantify the internal EM fields induced

H in finite, heterogeneous biological bodies by nonuniform

impressed EM fields. An experimental study was to be conducted

J' •to develop and study implantable EM field probes which can be
used to measure the internal EM fields induced in simulated

biological bodies with a high degree of accuracy.
Most of the originally planned topics have been completed,

and the study has also led to a new area of EM local heating

for hyperthermia cancer therapy. Major topics of this program

are (1) implantable electric field probes, (2) the interaction

A! of near zone field of an antenna with human body, (3) theoretical

and experimental studies on the induced EM fields inside human'Ii bodies, and (4) EM local heating for hyperthermia. Significant

findings of each of these topics will be briefly described
be low.

1. BRIEF OUTLINE OP RESEARCH FINDINGS
1.1. Implantable Electric Field Probes

An ideal probe for measuring the electric field inside a

finite, heterogeneous biological body should possess a constant

calibration factor; probe effective length and equivalent

impedance must therefore be independent of its location in the

body. In order to understand characteristics of such a probe,

an idealized spherical probe, insulated by a dielectric layer

and immersed in a finite, lossy-dielectric body was studied

theoretically and experimentally. Anilytical expressions for

"the effective diameter and equivalent impedance of the probe

were obtained. Theoretical results indicated that the variatiou

of these parameters with probe location was minimized by coating' 1



the probe with a relatively thick, low-permittivity dielectric

layer. This conclusion was verified by experimental impedance

and electric field measurements. In this study, limitations

of using electric field probes were also found. Details of this

study have been published in IEEE Transactions on Microwave

Theory and Technique, Vol. MTT-26, Vol. 8, 599-607, August 1978.

In a separate effort, we have also developed a practical

E-field probe with an interference-free lead wire system. The

structure of this probe system is shown schematically in Figure

1. In this system, the section of lead wires adjacent to the

probe is constructed with two series of lumped resistors of

3 K. The function of these resistors is to minimize the

current induced on the lead wires by a strong electric field

which is perpendicular to an irradiated conducting body surface.

If this current induced by the surface electric field is not

minimized, it will become a dominant noise component of the

probe output signal. With these lumped resistors, the lead

Li wire system becomes essentially interference-free. The probe

itself is made from a zero-bias microwave diode (IA 40234)

manufactured by Microwave Associates. The probe and the lead

wire system are encased in a plexiglass stick with the help of

epoxy glue. The probe is very rugged and inexpensive and its

dimension is about 1 cm. We have used this E-field probe to

measure the indued electric fields in various experimental

models filled with phantcri biological materials. Characteristics

of this probe were reported in the 1978 International Symposium
on Biological Effects of Electromagnetic Waves held on July 31 .

to August 8,1978, in Helsinki, Finland.
I

1.2. Interaction of Near Zor3 Field of an Antenna with Human
Body

When a human body is in the proximity of an antenna, the

situation leads to two problems. The problem of EM fields

induced in the body and its potential biological hazard, and

the problem of the proximity effects of the body on the performance

of the antenna.

EM Our first study on the coupling between nonuniform near-zone

EM fields of a small, thin wire antenna and a finite biological

2



body was conducted based on a simple assumption of sinusoidal

antenna current. Results of this study have been published in

IEEE Transactions on Antennas and Propagation, Vol. AP-25,

No. 6, 863-866, November 1977.I

To improve the accuracy of theoretical results, a new

numerical method based on two coupled integral equations for

the induced electric field in the body and the induced current
on the antenna was developed recently. Based on this methodI
the antenna and the body were considered as a single coupled

system which was driven by a generator connected at a certain

location on the antenna. New results have been generated and

they have been presented at the 1978 IEEE International Antenna

Symposium held in. Washington in May 1978. Samples of these now

results are shown in Figures 2 and 3.

In Figure 2, theoretically predicted antenna impedances, as

a function of antenna-body spacing, are compared with corresponding

measured impedances for an antenna of half-length 6.25 cm

(0.125 wavelength), and a saline solution model of 25x6.25x1.56

cm. A generally good agreement between theory and experiment

was obtained. This indicates the validity and accuracy of ourI
new numerical method for solving two coupled integral equations
for the antenna current and the inducad electric field insideI
the body.

Figure 3 indicates a comparison between theoretically-

predicted and experimentally-measured induced electric-field4

distributions in the same body of half-height 12.5 cm irradiated

at 600 MHz by a quarter-wavelength (12.5 cm) mcnopole antenna

at 4.5 cm spacing. A phantom-model body with the indicated

electrical parameters was used for the experimental study.

Electric fields induced in the body were measured using an

implantable electric-field probe. Predicted fields induced

in the two columns of cells comprising one quadrant of the

body are compared with measured fields in this figure; both

tabular and graphical comparison are indicated. Again the

theoretical predictions conform very closely with experimentally

measured data. i
L 'svjX~f).~~flflild.,..L..~~3



1.3. Theoretical and Experimental Studies on the Induced EM

Fields Inside Human Bodies

A numerical method, called the tensor integral equation

method, developed by our group has been used to quantify the

internal electric field and the specific absorption rate (SAR)

of EM energy induced inside human bodies irradiated by EM waves

of up to 500 MHz. It was found theoretically that the induced

SARs inside the body depends, among many factors, strongly on

the body geometry and the frequency and polarization of incident

EM wave. In many cases, hot spots are induced in narrow regions

of the body, such 1s the neck, Ile]gs and arms. Numerical results

based on a simple model of man were published in IEEE Transactions

on Microwave Theory and Techniques, Vol. MTT-25, No. 9, 764-756,

September 1977. Later on, another set of numerical results based -"

on a realistic model of man was published in the Journal of

Microwave Power, 12(2), 173-183, November 1977. Some sample

results are shown in Figure 4.

To verify the theoretical results generated by our group

on the induced EM fields inside the human body, we have conducted

an experimental study to directly measure the induced electric i
field inside a phantom model of man with the implantable E-field

probe as shown in Figure 1. A qualitative agreement was obtained

between theory and experiment. The main cause of discrepancy

between theory and experiment was believed to be due to numerical

inaccuracy which could only be improved by subdividing the body

into many more subeells. It is felt that even though our published

theoretical results on the induced EM fields inside a human body

may not be very accura.te, they are sufficient for practical

applications. An example showing the comparison between theoretical

and experimen.;al results on the induced electric fields inside

a phantom model of man is given in Figure 5.

1.4. EM Local Hleating for Hyperthermia

A study has been conducted to investigate effective methods

of inducing hyperthermia in the tumors embedded in animal and

human bodies by utilizing EM fields. Biological bodies with

tumors were exposed to the part- or whole-body irradiation with

4
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a uniform electric field of the HF range, the part-body

irradiation with a microwave in the waveguide system, and the

whole-body irradiation with a UHF EM wave in the air. The

effective local EM heating of the tumor was found to depend on

(1) the type of EM irradiation; part-body or whole-body, (2) the

frequency of the EM field, (3) the type of applied field;

electric, magnetic or electromagnetic, (4) the location of the

tumor in the body, (5) the conductivity and permittivity of the

tumor relative to that of the surrounding tissues, and (6) the

heat dissipation from the tumor. A scheme of utilizing a

non-uniform EM field to achieve an effective local heating was

also investigated.

Results of this study have been published in the following

papers: (1) "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," Radio Science, Vol. 12, Vol. 6(S),

27-37, Nov.-Dec. 1977; (2) "Hyperthermia in animal and human

bodies induced by EM fields," Journal of Bioengineering, Vol. 1,

531-539, 1977; and (3) "Hlyperthermia by loczl EM heating and

local conductivity change," IEEE Trans. on Biomedical Engineering,

Vol. BME-24, No. 5, 473-477, September 1977. A sample example

of our results is given in Figure 6.
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zero bias microwave diode
receiving probe / (microwave Associates, MA 40234)

-.,--resistor (3 K Q)

plexiglas s
stick

thin high resistance
wires

Figure 1 A non-interferring, electric field probe for
measuring the induced electric field in a biological
body.
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