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ELECTROMAGNETIC COMPATIBILITY CONFERENCE 
FEATURES BIOLOGICAL INTERACTIONS 

The Sixth Symposium and Technical 
Exhibition on Electromagnetic Compati
bility was held from 5 through 7 March 
1985 in Zurich, Switzerland. This meet
ing, organized by the Institute for Com
munication Technology of the Swiss 
Federal Institute of Technology Zurich, 
was sponsored by the Swiss Electrotech
nical Association. A large number of 
international groups cooperated with the 
sponsors and organizers in putting on 
the symposium. Among them was the Union 
de Radio Scientifique International 
(URSI), whose Commission A Working Group 
on Measurements Related to the Interac
tion of Electromagnetic Fields with Bio
logical Systems offered a workshop deal
ing with practical problems arising in 
quantifying the radio-frequency exposure 
of biological material. 

Electromagnetic compatibility (EMC) 
is a significant military and civilian 
problem--and one that is increasing an
nually as electronic systems become 
smaller and smaller, move closer togeth
er, and radiate more powerful signals. 
Radiated emissions of printed circuit 
boards, logic circuits, cables, etc., 
pose special problems in the design of 
naval vessels and aircraft. In general, 
little attention is given to interfer
ence with biological structures when 
electronic equipment is designed, the 
major emphasis being placed on achieving 
compatibility with other electronic 
equipment. While it is true that the 
signal sensitivity of electronic equip
ment appears to be greater than that of 
most highly organized biological struc
tures, there is increasing evidence that 
sensitivities exist in biological sys
tems that allow them to respond to ex
tremely low intensities of electromag
netic fields. With this in mind, the 
EMC community is now beginning to ad
dress this issue, and the sessions at 
this symposium were designed to provide 
an integration of these principles into 
the framework of the EMC engineer. 

Mr. James C. Toler, a professional 
engineer at the Georgia Institute of 
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Technology Experimental Research Sta
tion, was invited to chair the session 
on EM Wave Interaction with Biological 
Systems. This report will deal mainly 
with papers presented in that session. 

Hazards of EM Fields 
The first paper in the session was 

given by Dr. Q. Chen of the China Avia
tion Research Institute for Standardiza
tion, Beijing, China. This paper, which 
dealt with hazards of EM fields (both 
pulsed and continuous wave) and safety 
thresholds, suffered a great deal be
cause of the language barrier. Chen had 
a lot of data which. was very involved 
and which could not be dealt with ade
quately through "reading" the paper. 
However, some of the results that he 
obtained were quite interesting. His 
paper dealt with functional relations 
between EM field power density and LDso 
and EDso of animals. He has done some 
unique analyses of experimental data on 
the effects caused by the change in in
tensity of EM fields between 2 and 3 GHz 
to animals (rats). Using statistical 
methods, he attempted to derive a safety 
threshold for hazards of microwaves to 
humans based on what he saw for the 
animals. He came to the conclusion that 
the threshold was very similar for 
humans as for the rats. 

Chen used pulsed waves (PW) at 
3 GHz and continuous waves (CW) at 
2. 480 GHz. Using fairly large numbers 
of animals, 250 for PW and 96 for CW, he 
measured the behavior and several physi
ological parameters of the rats, taking 
anal temperatures before and after the 
exposures, which varied between O and 50 
minutes. Deriving several regression 
equations, he then did linear correla
tion checks and went on to apply these 
to groups of workers that were exp9sed 
to either pulsed-waves, continuous
waves, or had no exposure to micro
waves. 

In general, Chen reported that he 
found that essentially all physiological 
parameters showed significant differ
ences between the groups exposed to 
microwaves and the one not exposed. From 
his analyses, he concluded that pulsed 



waves have a greater effect than contin
uous waves and that the incidence of 
pathological findings relates directly 
to the intensity and exposure time of 
the energy. Not too surprising. 

While this paper was very difficult 
to follow during its presentation, it 
did give some insight into the approach
es of the Chinese in dealing with this 
area of human safety. 

Stationary Magnetic Fields 
In direct contrast, the next paper, 

given by Dr. Thomas Tenforde of Lawer
ence Berkeley Laboratory, was a study in 
clarity and didactics. His paper dealt 
with the effect of stationary magnetic 
fields on ionic conduction processes in 
biological systems. Based on the fact 
that the Lorentz force exerted on moving 
electrolytes (charged particles) leads 
to interactions between an applied sta
tionary magnetic field and the electri
cal conduction processes that occur as 
part of several biological functions, 
Tenforde and his group have looked for 
alterations in the properties of several 
biological systems during the applica
tion of stationary magnetic fields up to 
2 Tesla (1 Tesla [T] = 10,000 Gauss). 
He reported on their experiments using 
sensitive electrical recording tech
niques to detect and measure alterations 
in the cardiovascular, nervous, and 
visual systems. All of these systems 
are very "electrical" in nature and 
depend highly on ionic conduction mech
anisms in carrying out their functions. 

In order to understand Tenforde' s 
approach, it is necessary to recall how 
the Lorentz force acts on moving elec
trolytes. The Lorentz equation simply 
states that the force, F, experienced by 
a charge, q, moving with velocity, v, 
is: 

F = qfE + (v x B)] (1) 

where E and B are, respectively, the 
electric field intensity and the mag
netic flux density, and (v x B) is a 
vector cross-product. Tenforde applied 
the Lorentz force law to ionic conduc
tion processes such as the bulk flow of 
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blood and the propagation of nerve im
pulses and used simple models of magnet
ic field interactions that could be 
tested experimentally. He and his group 
studied the magnetic field effects on 
ionic conduction processes in the cir
culatory system, on bioelectric proper
ties of isolated neurons, and on the 
electrical response of retinal cells to 
photic stimulation. 

Effects on the Cardiovascular Sys
tem. From equation (1), it has long been 
known that an electrically conductive 
fluid (such as blood) flowing in a 
laminar fashion through an electrically 
insulated tube (such as an artery or 
vein) in the presence of a magnetic 
field will develop a potential. The 
detection of this potential is the basis 
by which electromagnetic flow meters 
measure blood flow. In addition, it has 
been shown than an induced electrical 
potential associated with pulsatile 
aortic blood flow in the presence of a 
large magnetic field could be detected 
in the external electrocardiogram (ECG) 
at the locus of the T-wave signal. Over 
the past few years, Tenforde and cowork
ers have actually reported on a number 
of additional properties of magnetically 
induced blood flow potentials they have 
found in their laboratory (Gaffey, Ten
forde and Dean, 1980; Gaffey and Ten
forde, 1981; and Tenforde, Gaffey, 
Moyer, and Budinger, 1983). 

Tenforde told of his experiments 
with baboons, and other large animals 
such as monkeys and dogs, in which they 
observed a superimposed electrical po
tential in the ECG that corresponded to 
the locus of the T-wave. This corre
sponds temporally to the opening of the 
aortic valve during pulsatile ejection 
of blood from the left ventricular 
chamber of the heart. The augmentation 
of the T-wave signal that is observed 
during magnetic field exposure is com
pletely reversed when the field is re
moved. According to Tenforde, this 
aortic blood flow potential can be 
detected in the ECG of these animals at 
field levels above approximately 0.1 T, 
and is a linear function of field 
strength up to 1.0 T. At higher field 
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levels, the total electrical potential 
at the T-wave locus in the ECG increases 
more rapidly as a function of magnetic 
field strength. 

Theory predicts that the magnitude 
of a magnetically induced blood flow 
potential should vary linearly with the 
diameter of the blood vessel and, there
fore, should be greater for large ani
mals than for small ones. Indeed, Ten
forde .was able to show that this is the 
case. Using rats and juvenile baboons, 
for instance, he showed that in a 1.0-T 
field the average increase in the T-wave 
signal amplitude, resulting from a su
perimposed aortic blood flow potential, 
was about 75 microvolts for rats and 
about 176 microvolts for the baboons. 

Effects on the Nervous System. Es
timates have been made, using equation 
(1), of th~ magnitude of an applied mag
netic field that would be necessary to 
measurably distort the ionic conduction 
currents in an isolated neuron. Accord
ing to these estimates, it would take a 
stationary magnetic field of at least 
24 T to give a magnetic deflecting force 
that is equal to 10 percent of the 
strong electrical force imposed by the 
local electric field of the nerve mem
brane. Therefore, it certainly would 
not be expected that the maximum field 
level of 2 T produced by conventional 
iron-care electromagnetics could meas
urably perturb the ionic current pat
terns during neuronal impulse propaga
tion. Tenforde and coworkers have re
cently confirmed this theoretical expec
tation. They used sciatic nerves of frog 
(Rana pipens) and exposed them to large 
stationary magnetic fields. They could 
find no evidence of an effect on either 
the amplitude or conduction velocity of 
these nerves during exposures from 4 to 
17 hours. In addition, they found no 
effect on the evoked potentials in the 
sciatic nerve preparation. 

Likewise, when they studied the 
effect of a stationary magnetic field on 
the duration of the absolute and rela
tive refactory periods that follow the 
passage of a maximal action potential, 
they found no effect on this period. 
This was true whether the field was 
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applied parallel or perpendicular to the 
nerve. 

Finally, Tenforde reported on be
havioral studies in mice exposed to a 
1.5-T field for 3 days. There did not 
appear to be any effect of the field on 
memory retention, locomotor activity, or 
sensitivity to a neuropharmacological 
agent (pentylenetetrazole). Thus, con
trary to some other studies reported 
recently in the literature, the central 
nervous system does not appear to be 
very sensitive to a static magnetic 
field, at least up to 2 T. This series 
of experiments does not address nor 
answer the question of the likelihood of 
nonlinear effects at levels below 0.1 T. 

The Visual System. During exposure 
to pulsed magnetic fields at frequencies 
below approximately 100 Hz, humans 
usually experience a flickering illumi
nation in the visual field due to the 
production of magnetophosphenes. This 
phenomenon has not been reported during 
exposure to a stationary magnetic field, 
however. There are two potential inter
action mechanisms between these fields 
and cells of the retina that are in
volved in the visual response to light 
stimulation. First, as pointed out by 
Hong (1980), the outer segments of the 
photoreceptors are subject to orienta
tion in a stationary magnetic field as 
the result of their large total diamag
netic anisotropy. Second, the initial 
photoisomerizati:on event elicited by 
photon absorption in the retinal photo
pigments is followed by a series of 
ionic fluxes that lead to excitation of 
the retinal neurons and, ultimately, of 
the visual cortex via a complex neural 
pathway. Tenforde believes that this 
second component of the phototransduc
tion process could be influenced by 
stationary magnetic fields as the result 
of the Lorentz force exerted on ionic 
conduction currents. 

In one series of experiments, Ten
forde and his group made in vivo elec
troretinogram (ERG) recordings using 
cats (Pelis domestiaa) and monkeys 
(Macaca) exposed to stationary magnetic 
fields with strengths up to 1.5 T. 
Oscillographic ERG recordings were made 



of the negative A-wave (receptor field 
potential) and the larger positive 
B-wave (postsynaptic potential) follow
ing a series of light flashes of varying 
intensity. They found that acute expo
sures to magnetic fields up to 1.5 Thad 
no ef feet on either the A- or B-wave 
amplitude in the ERG recordings from 
either cats or monkeys. Tenforde be
lieves that these finding with animals 
are consistent with the observation that 
stationary·magnetic fields have no meas
urable effect on the visual processes of 
humans. Their experiments are continu
ing in this area. 

Therapeutic Techniques 
The next paper reported on an 

interesting combination of therapeutic 
techniques: high pressure oxygen (HPO) 
and magnetostimulation. Dr. N. Dekleva, 
a medical specialist in general surgery 
from the Clinical Hospital Center of the 
Medical Faculty, Belgrade, Yugoslavia, 
spoke about the use of these two tech
niques in reestablishing antibiotic bac
tericidal action. Dekleva's hospital is 
near a main highway, and his team of 
surgeons sees a lot of trauma cases, 
which often are followed by infections 
caused by anaerobic bacteria. Dekleva, 
it seems, had a theory that bacteria 
which had become resistant to antibiot
ics might be rendered less resistant in 
the presence of HPO and pulsing magnetic 
fields. 

It was not clear from Dekleva's 
presentation just what part he thought 
the magnetic fields played in altering 
the sensitivity of bacteria to anti
bodies. That the HPO should affect the 
action of anaerobic bacteria is rather 
straightforward. However, a number of 
clinical cases were presented in which 
it seemed that the combination of HPO 
and magnetic fields alters the course of 
severe infections. In several cases, 
bone that had resisted healing was found 
to heal after these therapies were ap
plied. This is noi surprising in light 
of the thousands of cases of the suc
cessful treatment of pseudoarthroses and 
other nonunions with pulsed magnetic 
fields. 
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Dekleva' s technique, it seems, is 
now to treat with HPO and magnetostimu
lation all serious traumas that involve 
broken bones with open wounds. After the 
danger of anaerobic infection is past, 
he stops the HPO but continues with the 
magnetostimulation in order to speed the 
healing of the broken bones. He present
ed no evidence to indicate the degree of 
acceleration he thought he was achiev
ing. Reports by others working in this 
field, however, have indicated that we 
can only expect a 10- to IS-percent 
decrease in the total healing time for 
fresh fractures. There may be some 
synergistic effect with the HPO and mag
netic fields--something that perhaps 
should be investigated. Dekleva did 
feel that the magnetic field (perhaps by 
acting on bacterial DNA) helped to re
establish bactericidal action of anti
biotics. A lot of work remains to be 
done, as Dekleva admits, before the 
truth or mechanism of this can be 
established. 

Microwave Power Dissipation 
Dr. A.J. Berteaud, of the Centre 

National de la Recherche Scientifique 
(CNRS) Laboratory of Physics in Thiais, 
France, gave a paper in which he out
lined some of the mechanisms of micro
wave power dissipation in living tis
sues. He presented some recent results 
on the variation of dielectric constant 
for ion free solutions and mixed ion
protein solutions. He then discussed 
microwave power dissipation in macro
molecules with polar elements, with 
particular emphasis on vibrational 
modes, and finally, possibilities of 
specific interactions with cell cyto
plasm and membranes. 

As Berteaud pointed out, a lot of 
research has been directed at various 
aspects of the interaction of electro
magnetic fields with living tissue at 
different levels of organization. It 
has been determined that EM heating is 
significantly different from that caused 
by other modalities--for example, by 
infrared. Several interaction mecha
nisms seem to be responsible for the 
specificity of EM thermal conversion, 
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and there is a characteristic dependence 
on frequency for different substances. 
The experiments conducted by Berteaud 
and his collaborators were designed to 
examine in detail some of these depen
dencies in several types of systems. 

First, he reported on studies of 
the hydration of proteins and ions, done 
by A. Michel, F. Henry, M. deVillardi, 
and M. Delmotte of his laboratory. They 
compared two types of solutions: ionic 
solutions (Na, K, and Ca) in concentra
tions ranging from O to 200 mmol/L and 
mixed ion-protein solutions with human 
albumin and lysozyme as proteins. This 
is the first time that anyone has re
ported dielectric measurements on hy
drated proteins and ions together in the 
vessel, a situation that more nearly ap
proximates living tissue. 

After verifying the linearity of 
the permittivity (E') variation as a 
function of ion concentration in pro
tein-free solutions and in mixed so
lutions, they made precise measurements 
of the changes in E 1 at three different 
concentrations, 0, 100, and 200 mmol/L. 
Essentially, they found that the quan
tity of bound water associated with ions 
or with proteins was not additive when 

. these were mixed together. The total 
quantity of bound water, as measured 
dielectrically, was always smaller than 
for separate electrolyte or protein 
solutions. Berteaud postulated that 
there is a mutual dehydration of ions 
and proteins when they are mixed in 
solutions. If this result is useful in 
interpreting the ionic permeation of 
biological membranes, it is also impor
tant to take it into account when 
ele~tromagnetic wave absorption is 
considered. The results of the CNRS 
group actually indicate that the absorp
tion associated with the bound water 
molecules (in the range of some 100 MHz) 
is actually lower than that which could 
be calculated from the separate absorp
tion contributions of bound water mole
cules · linked with ions and proteins, 
respectively. 

The result of this . study is con
sistent with the experimental findings 
of Schwan and Foster (1980) which indi-
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cated that, in the microwave region, 
there is no significant difference be
tween the relaxation frequency of living 
tissue water and that of pure water. 

Berteaud also reported on studies 
of microwave energy absorption in macro
molecules. This relates to another pos
sible specific mechanism of absorption 
of microwaves due to vibrational modes 
within these molecules. It is postulated 
that any interaction that enhances the 
amplitude or mixing ability of the 
vibrational modes can change the confor
mation or alter the functional reacti
vity of the macromolecules. As is well 
known, Prohofsky (1975), Eyster and Pro
hofsky (1977), and several others have 
made mode calculations that show that 
energy absorption can take place in 
helical DNA by resonant interaction of 
the microwave field with its vibrational 
modes. Recently, US Office of Naval Re
search contractors--Dr. Chris Davis 
along with a graduate student, Glenn 
Edwards, and Dr. Mays Swicord of the US 
Food and Dr~g Administration (see 
Edwards, Swicord, and Davis, 1983)-
found that the microwave absorption of 
DNA in aqueous solution can be very 
large and depends on the chain length . 
They made absorption measurements on 
purified E. coli DNA with various chain 
lengths in the 8- to .12-GHz frequency 
range. The observ.ed resonant frequen
cies appear to be consistent with a 
model involving acoustic excitation of 
the double helix, and, surprisingly, the 
damping generally associated with the 
surrounding aqueous solution did not 
occur in their experiments. 

In the case of the CW energy, the 
excitation of vibrational modes of bio
logical macromolecules in solution can 
only be effective if the incident energy 
is of the same frequency as the corre
sponding mode frequency as the corre
sponding mode frequency. In the case of 
pulsed energy, the interaction between 
the macromolecules and EM fields becomes 
much more complex. Macromolecules always 
contain a number of polar components of 
varying chain length. When macromolecu
les are exposed to EM fields, the degree 
and intensity of the interaction becomes 



a function of the modulation frequency 
and seems to be independent of the car
rier frequency. 

Berteaud reported on a study that 
was based on the assumption that if one 
could know the absorption frequency 
spectrum of a macromolecular system and 
the frequency spectrum for given pulsed 
waves, it should be possible to describe 
the interaction intensity. While no one 
has yet been able to measure the fre
quency spectrum of most biopolymers, 
Jullien and Valot (1985) in Berteaud' s 
laboratory carried out experiments with 
synthetic macromolecules as models. In 
this study, they exposed a film-forming 
polymer, such as polyurethane, to either 
CW or pulsed waves with varying modula
tion frequency and duty cycle and com
pared the absorption capacity. They used 
the same average power (30 W) throughout 
and expected to find the temperature 
change in the film to be independent of 
the pulse modulation frequency and the 
duty cycle if the film absorption capac
ity was a continuous function of the 
wave frequency. 

However, as Berteaud reported, they 
found this was not the case. Their re
sults showed that the amount of energy 
absorbed, as measured by the temperature 
changes in the film, was a complex func
tion of the pulse modulation frequency 
and the peak power of the incident 
waves. In other words, the same average 
power (30 W) gave very different tem
perature changes for CW and for pulsed 
waves with peak powers ranging from 600 
to 2500 W. 

Berteaud and his coworkers conclud
ed from this study that the absorption 
of EM waves by synthetic macromolecules 
is highly dependent on the modulation 
frequency due to dipolar interactions. 
Since biopolymer structure is generally 
more complex than that of synthetic 
polymers, it is expected that there will 
be less difference in the intensity of 
the relaxation spectrum of biological 
macromolecules and that they will actu
ally be more efficient in their absorp
tion of pulsed waves than of continuous 
waves due to the relaxation of a large 
number of polar components of various 
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lengths. More work must be done to show 
that these resonant absorptions are 
actually present in living systems as 
they appear to be in vitro. 

The final study presented by 
Berteaud was one actually carried out in 
conjunction with a group at the Pasteur 
Institute in Paris. I reported on this 
project in ESN 38-8:420-422 (1984) fol
lowing a visit to Paris last year (see 
the appendix, page 9). In brief, the 
purpose of the study was to determine 
whether the thermal action of microwaves 
on cellular components is different from 
that due to classical heating. In order 
to do this, Dardalhon et al. (1984) 
studied changes in the microviscosity of 
the cell cytoplasm and in the cell mem
brane permeability of chinese hamster 
V79 cells. Changes in the microviscosity 
were obtained from measurements of the 
fluorescence depolarization of fluores
cein molecules produced by enzymatic 
hydrolysis of the nonfluorescent sub
strate fluorescein diacetate (FDA) in 
the cytoplasm. The group also measured 
parameters such as cell membrane perme
ability, cell viability, and change in 
FDA hydrolysis. 

The experimental results showed 
there were no changes in the microvis
cosity of the cytoplasm at low levels of 
absorbed microwave energy. However, 
there was a slight stimulation of the 
enzymatic hydrolysis of the FDA when the 
cells were exposed to low levels of 
microwaves. The stimulation was propor
tional to the power density and was not 
seen when the cells were heated by 
conventional means such as a water 
bath. 

When cells were lysed osmotically 
and exposed to microwaves, this did not 
occur, indicating that the microwaves 
had no stimulating effect on the hydro
lytic enzyme. These findings led the 
group to conclude that the stimulating 
effect is d~e to microwave-induced modi
fications of cell membranes, resulting 
in a change in the penetration of the 
fluorescence marker. This effect is 
only seen at levels above those permit
ted by the currently accepted human 
exposure standard. 
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SAR Measurement 
The paper with the most unusual 

visual effects was certainly that of 
R.G. Olsen of the Naval Aerospace Medi
cal Research Laboratory, Pensacola, 
Florida. Olsen presented a lucid paper 
on the measurement of specific absorp
tion rate (SAR) in a full-size man model 
and actually brought along one of his 
models, which are constructed from plas
tic. He discussed an extensive study 
designed to measure SAR in human phan
toms near a 10.67-m monopole antenna/ 
ground plane system operating at 
2 .101 MHz. He has already published a 
paper on the use of such a model (Olsen, 
1982). 

The measurement of SAR in occupa
tional environments has become necessary 
because of the 1982 American National 
Standards Institute standard C95.l. That 
standard contains an exclusion that 
waives exposure intensity guidelines if 
the localized SAR is less than 8 W/kg 
and the SAR averaged over the entire 
body is less than 0.4 W/kg. There are 
several naval and industrial situations 
in which the provisions of the exclusion 
might be important, such as on the decks 
of ships and around EM heating devices. 
Thus Olsen felt he should determine the 
feasibility of obtaining SAR data in the 
field. 

Olsen told how he constructed a 
68-kg model of a human by sewing togeth
er two pieces of extrusion coated plas
tic material cut in the general shape of 
a human, and filling the resulting bag 
with a muscle-equivalent material. The 
filling material consisted (by weight) 
of 9.69-percent gelling agent (TX-150), 
9.15-percent aluminum powder, 0.28-per
cent sodium chloride, and 80.88-percent 
water. The bag material was actually a 
woven mat of extruded polyolefin ribbons 
covered on both sides with polyethylene. 
The model was nearly watertight and had 
good thermal stability. A parachute har
ness was used to hold the model in a 
standing configuration. 

The EM field generating system used 
by Olsen consisted of a 10.67-m monopole 
antenna (Shakespeare #666), which was 
mounted on the ground at the approximate 
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center of a 30.5-m x 17.5-m wire mesh, 
which created a ground plane. The ground 
plane consisted of 15 rolls of fencing 
that were electrically connected to form 
a nearly flat conductive surface at the 
base of the antenna. The radio frequency 
(RF) energy at a frequency of 2.101 MHz 
was fed to the antenna from a nearby 
building. He used a coupler at the base 
of the antenna for tuning purposes, 
and the reflec~ed power was on the 
order of 2.5 percent of the forward 
power. 

Olsen reported that he determined 
the SAR at a given location by inserting 
an RF-transparent temperature probe 
(Vitek Model 101) into the model to a 
depth of 1 cm. With the model facing the 
antenna and at a distance of 1.22 m, the 
output of the Vitek was recorded for 
several minutes to determine if the tem
perature was stable at that point. If it 
was stable, the temperature was recorded 
every 60 seconds for 300 to 600 seconds 
to establish the preexposure baseline. 
Then the antenna was energized for 300 
to 600 seconds and the temperature re
corded every 30 seconds during this 
period. The slope of the curve of tem
perature versus time was then determined 
by a linear regression analysis. Olsen 
then calculated the SAR as the product 
of the materials specific heat of the 
model (3767 J/kg C0

) and the net in
crease in slope of temperature during 
exposure. 

The average SAR was measured in 
this manner at seven locations through
out the body: head, neck, shoulder, 
chest, wrist, hip, and ankle. The head, 
neck, and ankle regions were higher than 
the mid-region of the body such as the 
hip and chest. 

The sewn-bag human model was used 
over a period of 10 days in conducting 
the experiment and apparently held up 
rather well, with only small signs of 
degradation. The internal temperature 
of the model was found to be very stable 
as long · as it was shielded from direct 
sunlight and strong wind. Thus Olsen 
feels this type of model is potentially 
useful for obtaining SARs in the field 
environment. He also mentioned that the 



model can be used in the sitting posi

tion. 

Scattering Effect of Safety Glasses 
The final paper in this session 

also dealt with a model of a human. This 

paper, given by Professor D.W. Griffin 

of the Department of Electrical and 

Electronic Engineering, the University 

of Adelaide, Australia, dealt with an 

image-plane type model of a human head. 

The objective of the study, as reported 

by Griffin, was to determine the scat

tering effects of metal-framed safety 

glasses on microwave fields impinging on 

the head in the region of the eyes. 
With as much interest as there has 

been on microwave cataractogenesis, it 

is quite surprising how little thought 

has gone into the possible perturbation 

of the field by such things as metal

framed safety glasses. As Cleary (1980) 

has pointed out, the true measure of the 

cataractogenesis hazard is the energy 

absorbed directly by the eye. Yet, while 

microwave cataractogenesis is one of the 

most extensively studied exposure ef

fects the influence of such variables as 

frequency, field polarization and direc

tions of incidence on the distribution 

of microwave energy near and in the hu

man eye h.ave received little attention. 

Griffin and his coworker, Dr. N. 

Davias, suspected there might be signif

icant scattering of incident microwave 

energy because the me·tal frames include 

closed-loop sections extending to the 

ears. They thus developed a very sophis

ticated system for determining the ef

fect of such safety glasses and tested 

it at 2 to 4 GHz (Griffin and Davias, 

1984). In this paper Griffin spoke of 

the extension of this study to 12-GHz 

microwaves. 
Griffin and Davias sliced the head 

and shoulders of a full-size mannequin 

along a plane passing through the center 

of the forehead and nose. One half of 

this split model was then placed in the 

center of a ground plane. This mimicked 

the full model so far as electromagnetic 

behavior is concerned. The fields near 

the eyes were then measured by intro

ducing a monopole antenna normal to the 

ground plane across the top of the nose 
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and past the pupil of the eye. With a 

knowledge of the response pattern for 

the monopole in the absence of the 

model, it was simply a matter of taking 

the difference to get a measure of the 

effect of the model on the resultant 

fields to which the monopole responded. 

Adding the glasses then gave a new 

response, which was likewise determined. 

Using computer control, the orien

tation of the model was changed with 

respect to the incident field along the 

x and y axes. Two different polariza

tions of the incident wave were also 

used. 
It was clear that for measurements 

with a monopole antenna that extends 

past the pupil of the eye, introduction 

of metal-framed glasses causes an 

increase in the intensity by up to 5 dB 

for one field polarization and up to 

20 dB for another. This was true for a 

wide range of frequencies and orienta

tions. Griffin's data clearly indicated 

a need to give more attention to the 

matter of glasses and goggles when con

sidering the exposure of human eyes to a 

microwave field. 

Conclusion 
Following the presentation of the 

papers, the chair, Mr. Toler, summarized 

the high points and pledged to involve 

the EMC community more in the area of 

biological compatibility through future 

sessions such as this one. 
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APPENDIX: FRENCH USE FLUORESCENCE POLAR
IZATION TO MEASURE MICROWAVE-INDUCED 
HYPERTHERMIC EFFECTS 

This appendix is a reprint of an 
article that appeared in European Scien
tific Notes, 38-8 (1984), 420-422. 

During the past few years there has 
been an increase in the use of electro-
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magnetic (microwave and radio-frequency) 
energy to treat cancer by the induction 
of hyperthermia in the tumor. Occasion
ally, hyperthermia is used alone in 
cancer therapy, but the most general use 
is in combination with chemotherapy or 
radiation therapy. Not all tumors are 
amenable to hyperthermia treatment, and 
the success rate varies considerably. In 
general, though, fairly localized, 
well-defined tumors with a good blood 
supply respond best. 

In treatment with hyperthermia, it 
has been found that the temperature of 
the tumor tissue must be raised to a 
level of approximately 42.5 ±0.5°C in 
order to significantly reduce the tis
sue's resistance to drugs or radiation. 
One reason that electromagnetic energy 
(EME) has been used to induce the hyper
thermia is that it can be directed to 
the tumor target with minimal heating of 
surrounding normal tissue, especially 
tissue lying between the tumor and the 
surface of the body. In cases where 
hyperthermia alone is used to kill the 
cells, it has been found that, at a. 
given temperature level, EME is more 
effective than other methods, such as 
infrared or hot water. The cause of 
this EME specificity remains a mystery, 
though there is much speculation about 
changes in membrane permeability, cellu
lar metabolism, and the like. 

One attempt to solve this mystery 
has been made by Drs. M. Dardalhon and 
D. Averbeck (Institut Curie, Paris) and 
Drs. C. More and A.J. Berteaud (Centre 
National de la Recerche Scientifique 
[CNRS], Paris). In what appears to be 
the final research project in bioelec
tromagnetics sponsored by the French 
government, this team has studied the 
effect 'of 2. 45-GHz microwaves on mammal
ian. cells using fibroblasts of a Chinese 
hamster lung tumor (V79 cells). 

More than one cellular target, 
including cytoplasmic organelles and 
membranes, is likely involved in hyper
thermia-induced cell death. Therefore, 
the Institute Curie-CNRS team decided to 
investigate changes in the degree of 
fluorescence polarization related to 
changes in the microviscosity of the 



cytoplasm and mitrochondria, as well as 
changes in enzymatic hydrolysis and cell 
permeation of an-intracellular fluores
cent marker using the method of Cercek 
and Cercek (1972). The method is based 
on polarized light excitation of fluo
rescein molecules following their pro
duction in the cytoplasm by enzymatic 
hydrolysis of nonfluorescent fluorescein 
diacetate (FDA). The preferential exci
tation of the fluorescein molecules 
serves as a probe for the physical state 
of the cytoplasmic organization. The 
fluorescence as well as the kinetics of 
enzymatic hydrolysis were determined by 
an automatic and computer-controlled 
spectrofluorimeter specially designed 
by More and Berteaud (1982). 

Da'rdalhon and her colleagues com
pared the results obtained with the 
fluorescence polarization technique with 
those obtained on cell viability measur
ed by the method of trypan blue exclu
sion and those obtained on cell survi
val, i.e. , on the . colony-forming ability 
of the cells. For comparison with class
ical hyperthermia and to determine 
whether observed changes · were due to 
specific microwave responses, they used 
a high-precision (±0.05°C) thermostated 
waterbath. A microcomputer controlled 
the precise kinetics of the rise in 
temperature and reproduction of the 
temperature profiles obtained with 
microwaves. 

Using microwaves at 2.45 GHz at 
power densities from 125 to 200 mW/cm 2 

and 30-minute treatment times, the re
searchers were able to show that at 
temperatures below 40°C there were no 
significant changes in the degree of 
polarization of the emitted fluores
cence. However, a slight stimulation 
was seen in FDA's enzymatic hydrolysis, 
which increased at higher power densi
ties. When the cells were treated at 
temperatures above 42°C and for exposure 
times of 35 minutes, the degree of 
polarization increased markedly, whereas 
the enzymatic hydrolysis of FDA de
creased rapidly, possibly due to changes 
in cellular enzymes, or membranes, or 
both. It was postulated that these 
changes were likely of thermic origin, 
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since they disappeared if the cells were 
cooled during microwave exposure. The 
microwave-induced hyperthermia also pro
duced cellular lesions that were rela
tively stable and not easily reversible. 
That is to say, the observed changes in 
polarization do not depend on the time 
interval between the microwave treatment 
and the measurement of fluorescence 
polarization, at least for time inter
vals up to 90 minutes. 

At temperatures below 40°C the re
sponse of samples treated by the water
bath were similar to those treated by 
microwaves, except that the slight stim
ulation of enzymatic hydrolysis of FDA 
appeared to be absent. At temperatures 
above 40°C, the response of the samples 
treated by the waterbath was less than 
those treated by the microwave energy. 
This may have been due to the fact that 
the amount of thermal energy absorbed by 
the two techniques is somewhat differ
ent, everi though the measured tempera
tures are the same. The waterbath sam
ples had no loss of heat to the environ
ment, whereas the microwave-treated ones 
were able to diffuse part of their 
energy. This is a characteristic problem 
in such an experiment. As yet there is 
no way to exactly mimic, and thus accur
ately compare, heat input due to EME. 

When the researchers analyzed the 
results as a function of specific ab
sorption rate and corrected for heat 
loss, it was evident that the observed 
changes in the degree of polarization 
and in enzymatic hydrolysis were very 
much comparable in the two parts of the 
study. 

The research team measured the 
capacity of the cells to exclude trypan 
blue in an effort to determine if the 
observed changes were related to cell 
viability (i.e., the colony-forming 
ability of the cells). They found a 
close relationship between the decrease 
in enzymatic hydrolysis and the capacity 
of the cells to exclude trypan blue. 
This finding would seem to indicate that 
changes occur in the cell membrane and 
are accompanied by changes in FDA hy
drolysis. The membrane-permeability 
changes were examined by measuring the 



fraction of fluorescein that left the 
cytoplasm and went into the solution. 
Permeation of fluorscein was shown to 
increase when cells received an absorbed 
energy of about 100 J/g, corresponding 
to a temperature of 48°C. This increase 
occurred sooner after microwave treat
ments than after treatments with the 
waterbath. 

Cell survival was slightly lower in 
cultures exposed to microwaves as op
posed to those that were given hyper
thermia with the waterbath. The changes 
in cell survival were seen at slightly 
shorter treatment times and at slightly 
lower final temperatures than the 
changes in the degree of polarization 
and in enzymatic hydrolysis. 

These studies by Dardalhon and co
workers suggest that the microwave 
energy acts on enzymes, or membranes, or 
both. The notion that membranes are 
affected is also supported by the close 
correlation between the decrease in 
enzymatic hydrolysis and the decrease in 
cell viability. 

The French government has decided 
to halt support of this type of funda
mental research (see 0NR, London, report 
R-8-84). This project is just one of a 
number in bioelectromagnetics that have 
been carried out in the country over the 
past two decades. However, as in other 
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areas, priorities change, and for the 
time being, such research projects are 
not among the chosen few. This is unfor
tunate because the project is a good 
example of one providing spinoffs into 
other areas. There is little doubt that 
the techniques used here will provide 
additional knowledge about intracellular 
mechanisms and intracellular membrane 
function, both of which are important in 
several areas of research conducted and 
supported by the US Navy. The CNRS 
laboratory headed by Berteaud (actually 
located in Thiais, a suburb of Paris) 
was the backbone laboratory for physical 
measurements and instrumentation. With 
loss of EME funding, Berteaud will 
direct the talents of his group in other 
directions. 
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