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EDITORIAL NOTE

The papers included in this printed version of the Proceedings of the Sym-
posium on the Biological Effects and Health Implications of Microwave Radia-
tion were submitted by the authors as written versions of the papers presented
at the Symposium. The discussions are verbatim transcriptions of presentations
made during the Symposium. Time limitations for publication, unfortunately,
did not permit this material to be edited by the speakers. Editorial changes in the
transcriptions and in the papers were restricted entirely to minor modifications
for consistency of style in an attempt to accurately preserve the sense of the meeting.
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PREFACE

The primary goal of the Symposium on the Biological Effects and Health
Implications of Microwave Radiation was to provide an indication of the present
“state of the art” in this area. This necessitated the inclusion of much of what has
been known for many years, as well as material that is perhaps too new or specula-
tive in nature to be properly evaluated at this time. It is important, however, that
these areas of uncertainty and controversy be presented, openly discussed, and
that opposed views be contrasted in order to achieve a more realistic picture of the
biological effects of microwaves.

Since there is presently a great deal of uncertainty concerning the effects of
low-intensity microwave and radio-frequency radiation on the mammalian central
nervous system, a concerted effort has been made to include a comprehensive
presentation of various aspects of this problem. The majority of the CNS effects on
humans have been reported by scientists from the U.S.5.R. and Eastern European
nations and it is most unfortunate that, with the exception of Dr. Karel Marha
from Praha, Czechoslovakia, these researchers were not present to express their
views and discuss their findings at this Symposium. It is most fortunate, however,
that reviews of the reported findings of the U.S.S.R. and Eastern Bloc scientists
have been included in this Symposium. The difficult and somewhat vexing task
of reporting on the results of scientific investigations one is not personally involved
in is-fully recognized and the contributions in this area are a much appreciated
and significant contribution to the Symposium. Hopefully, the questions raised
by the dissemination of this information will provide the necessary stimulus for
more definitive work in this area in this country.

The rate of progress in the unravelling of the unknown factors in microwave-
exposure effects will undoubtedly depend to a significant extent upon the develop-
ment of new concepts and methods for the quantification of microwave and radio-
frequency fields. To this end, an attempt has been made to unveil new measure-
ment parameters as a possible means of reducing the uncertainty presently en-
countered in this field. The need for improvements in the presently existing meas-
urement techniques is underscored by the complex nature of the electromagnetic
fields encountered in the vicinity of nonradiating microwave and radio-frequency
devices which increase the difficulty of power-density measurements.

The related problem of measurements standards and standardization of the
methods of reporting microwave or r. f. exposure parameters used in biological
research is of great concern since, at present, the intercomparison of the data of
different investigators studying similar biological effects is in many cases rendered
difficult if not impossible. The discussion of the present situation and suggestions
for remedies for these difficulties presented in the course of the Symposium will
hopefully serve as an impetus for the development of the necessary standards.

Underlying many of the difficulties encountered in the understanding of the
biological effects of microwave and radio-frequency radiations is the lack of basic
mechanisms of interaction that could, for example, help to explain the reported
CNS effects of low-intensity electromagnetic radiation. This difficulty is certainly
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vi PREFACE

not unique to the biological effects of this particular type of radiation. It is, in
fact, frequently encountered, since our knowledge of the structure and function
of biological systems is at present not adequate enough to enable us to fully under-
stand the unperturbed state, much less the effect of stressors on complex bio-
logical systems. The theoretical approaches to the understanding of the basic
mechanisms of microwave interactions presented in this Symposium will hope-
fully provide a basis and a direction for a more complete future understanding of
such effects.

S.F.C.
Department of Biophysics
Medical College of Virginia
Virginia Commonwealth University
Richmond, Virginia
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SYMPOSIUM ON THE BIOLOGICAL EFFECTS AND HEALTH
IMPLICATIONS OF MICROWAVE RADIATION

CHAIRMAN’S REMARKS

S. F. CLEARY

Department of Biophysics, Health Sciences Division,
Virginia Commonwealth University, Richmond, Virginia

The Symposium on the Biological Effects and
Health Implications of Microwave Radiation is an
outgrowth of an idea presented to the Department
of Biophysics of the Virginia Commonwealth Uni-
versity by the Division of Biological Effects, Bureau
of Radiological Health, United States Public Health
Service. It is not difficult to appreciate the need for
a Symposium devoted to this subject since there is
a growing need for a better understanding of the
biological effects of microwave radiation.

We have attempted, in this cooperative effort
with the Division of Biological Effects, to assemble
as complete a picture as possible of the various
aspects of the subject matter and we feel most
fortunate in having elicited the contributions of
many of the foremost scientific authorities in this
field. It is most likely that controversies will arise
during the Symposium as a natural consequence of
the incompleteness of our present knowledge con-
cerning the biological effects of microwaves. It is
to be hoped that such controversy will provide a
stimulus for the attainment of greater insight and
further knowledge in this field.

WELCOME

WILLIAM T. HAM, JR.

Department of Biophysics, Health Sciences Division,
Virginia Commonwealth University

As many of you probably know, we have within
the past year become a part of a new University
known as the Virginia Commonwealth University
of which the Medical College of Virginia is now the
the Health Sciences Division. Our first president,
Dr. Warren Brandt, was unable to be here this
morning and he has asked me to welcome you in

his place. Dr. Brandt will be here for the banquet
on Thursday night and he will speak to you and
meet with you at that time. Virginia Common-
wealth University, and specifically our Department
of Biophysics feels very honored to have this dis-
tinguished group of scientists at this Symposium.
As you all know this Symposium on the Biological
Effects and Health Implications of Microwave
Radiation is being co-sponsored by the Bureau of
Radiological Health, United States Public Health
Service, and we are very proud that the Bureau
has asked the Department of Biophysics to work
with them on this Symposium. I would like to say
to begin with that my younger colleague, Dr.
Stephen F. Cleary, is entirely responsible for setting
up this Symposium in Richmond with the help, of
course, of the Public Health Service. I think he
deserves a great deal of credit and I certainly have
little more to say except that not only are you
welcome but we ourselves are proud to have such a
distinguished group of people visiting us here in
Richmond and I hope this will be a very successful
Symposium. I might mention that the Department
of Biophysics and for that matter any other de-
partment at the Medical College of Virginia is
only a short distance from the John Marshall Hotel.
If any of you should wish to visit any of these
departments you are very welcome to do so. If any
of you are interested in visiting the Medical College
or seeing any of the activities that are going on
there please let me or Dr. Cleary know and we will
be very happy to arrange it for you. I hope this
will be a successful conference and let me say again
that we're very proud to have you.

INTRODUCTORY COMMENTS

S. F. CLEARY
Department of Biophysics, Health Sciences Division,

Virginia Commonwealth University, Richmond, Virginia

I would like to give a few of my own impressions
concerning the significance of the Symposium.

1




2 BIOLOGICAL EFFECTS AND HEALTH IMPLICATIONS OF MICROWAVE RADIATION

I feel there are many questions in the minds of
many people regarding the biological effects of
microwaves and we hope that some of these will
be answered during the course of this Symposium.
Certainly we can’t expect that all of the questions
will be answered but I think that we will do well
to put the questions before the group and consider
them in the light of the information presented by
the Symposium speakers.

One question that I think is quite important is
whether or not we fully understand the thermal
effects of microwaves. Certainly we know that
microwaves can produce thermal damage such as
cataracts and there has been a lot of work on
thermal effects and I raise the question of the com-
pleteness of our knowledge in this area. Do we
really know all there is to know about the thermal
effects? Another question I think is of great im-
portance is whether or not there are frequency
specific effects of microwave radiation either on the
cellular level or molecular level. There again seems
to be evidence for such effects but how significant
these effects are in terms of biological damage is
uncertain. Another question that I feel is quite sig-
nificant is the question of peak power versus average
power. There are indications that peak power is a
significant parameter in considerations of biological
damage yet I don’t think we know enough about
this yet to evaluate such effects. A very interesting
and important consideration is the effect of micro-
wave and high frequency radiation on the human
central nervous system. Behavioral effects of micro-
wave radiation, even though they may be of a
reversible nature, certainly are of significance in a
biological system and such effects should therefore
be further investigated.

A consideration that I think will become more
important in reference to the future microwave and
radio frequency environment is the biological effect
of simultaneous exposures to multiple radiation
frequencies. Are such effects additive? Are there
significant interactions between biological effects
and specific combinations of microwave and radio
frequency radiations? Another very important con-
sideration is whether or not microwave effects are
cumulative. Low level exposure (<10 mW/cm?)
certainly has not been shown to be very damaging
to biological systems in the studies that have been
reported in this country. I would like to be able to
conclude that this indicates there are no cumulative
effects of microwave exposure at low levels, yet I am

not so sure that this is a valid statement at this
point. Have we really looked for the proper effects?

The significance of the exposure to the alternating
magnetic field component of the electromagnetic
wave 1s not completely understood at present.
I think we certainly need to look into this further
to determine if in fact the magnetic field component
of the electromagnetic wave is of significance in the
production of the biological effects of microwaves
and radio frequencies. It has been generally as-
sumed that the magnetic field is not as significant
as the electric field. Have we possibly overlooked
magnetic field induced effects? There are no stand-
ards for exposure to alternating magnetic fields and
this may require additional research before we can
definitely assume such standards are unnecessary.
Another problem worthy of great consideration is
the measurement problem. There are at present no
measurement standards set for biological research
on microwave or radio frequency effects. Standards
are necessary for intercomparisons of the results
obtained by researchers in this area. We should
come to some agreement as to what field parameters
should be measured and reported in the literature.

What are the genetic effects, if any, of microwave
or high frequency radiation exposure? Although
there are at present no strong indications of genetic
effects, can we dismiss such effects from further
consideration? In order to answer questions such as
this there is, in my opinion, a great necessity to
obtain more information on the basic mechanisms
of interaction or microwave and high frequency
radiation with biological systems on all levels of
organization including the molecular, cellular, organ,
organ system and organism. We certainly have
difficulty interpreting the results of studies in the
absence of an understanding of basic mechanisms.
For example, the possible effects of microwaves on
the central nervous system present a difficult situ-
ation since neither basic mechanisms of CNS func-
tion or microwave interactions are presently well
understood. Basic research on such mechanisms
should be of great value in determining whether or
not non-thermal microwave effects are in fact of
any significance.

These are just a few of the questions that I feel
should be considered and I am hopeful that in the
ensuing discussions other questions will be brought
up so that we will have the problems before us to
aid in determining the future research needs in the
area of the biological effects of microwaves.




FEDERAL RESPONSIBILITY IN RADIOLOGICAL HEALTH

JOHN ]. HANLON, M.D.

Assistant Surgeon General
Deputy Administrator
Consumer Protection and Environmental Health Service
Public Health Service

As one who claims no expertise in the field, it is
my understanding that, with respect to knowledge
about the effects of microwave radiation, many of
those present today have been in the vanguard in
this very specialized area of concern. Hopefully, the
time spent here will stimulate additional ideas and
impetus for venturing further in a region filled with
many unknowns which must be carefully evaluated
both as to their nature and their implications for
man’s health.

In reading testimony about microwave radiation
during Congressional hearings on the Radiation
Control for Health and Safety Act of 1968, I was
impressed by the frequent use of such phrases as
“no systematic work has been done” ... “no one
knows if” ... “we do not know if there are other
harmful effects” ... “our present knowledge is
limited,” and so forth. The testimony pointed up
the great need for additional, well-controlled micro-
wave research and the need to develop better stand-
ards in order that we might have a sound basis for
regulating microwave producing devices.

You, of course, have been familiar for many
years with the questions and the problems that are
posed by such phrases. In referring to them, I am
merely laying the groundwork for making it clear
that the Consumer Protection and Environmental
Health Service of the Public Health Service antici-
pates important contributions to result from this
Symposium. Therefore, we view this three-day
meeting as a potentially very fruitful intellectual
exercise on matters affecting a special aspect of
consumer interests and the environment. We hope
that you will provide important value judgments
which will make a positive impact on the activities
of the Service’s Bureau of Radiological Health in
its day-to-day administration of the Radiation
Control for Health and Safety Act of 1968—known
as Public Law 90-602.

It might be of some value if I briefly reviewed
our responsibilities under the Act. The legislation
empowered the Secretary of Health, Education,
and Welfare to develop and administer a radiation
control program for protecting the public from un-
necessary exposure to potentially harmful radia-
tion—ionizing, nonionizing, and particulate; and to
sonic, ultrasonic or infrasonic waves emitted by
electronic products. The delegation of the broad
responsibility for administering the Act was made
by the Secretary to Mr. Charles C. Johnson, Jr.,
the Administrator of the Consumer Protection and
Environmental Health Service. Thus, while our
Environmental Control Administration and its
Bureau of Radiological Health are involved with
administering the law on the immediate operational
level, the Consumer Protection and Environmental
Health Service itself is nonetheless vitally involved
in meeting the responsibilities of the Act.

We have the responsibility to ‘““assure effective
protection for every American against controllable
hazards to life in his environment and in the products
and services which enter his life,” We have a genuine
concern for the total well-being of the individual, a
person who is not merely a mathematical or statis-
tical integer, or part of an anonymous herd, but a
personality, needing protection from potentially
harmful situations about which he frequently has
little if any knowledge, and against which he more
often than not has no means of protecting himself
and his family.

What I emphasize is that, in this Symposium as
well as in every approach to defining and resolving
problems in man’s environment, we must come to
grips with more than the hypothetical and the
scientifically interesting. As the recent maiden
issue of Bioengineering News states very pertinently,
pure science must now join applied political science
in order to have any true relevance for the world of

3




4 BIOLOGICAL EFFECTS AND HEALTH IMPLICATIONS OF MICROWAVE RADIATION

the present and future. We must be prepared to
apply our new knowledge promptly to prevent or
to overcome specific threats to man’s health and
well-being.

Viewed from another vantage point, most of us
are skillful and professional practitioners in one or
another discipline. In areas other than that in
which we have our competence, we may be ex-
tremely naive and fearful. We need to consider the
concerns of people who are not knowledgeable
about our disciplines in the same manner we would
want them to consider our concerns about the
mysteries in which they have special competence.

I do not wish to give even the impression of
speaking gratuitously. If my language seems to
have acquired a faintly didactic quality, please be
tolerant, for my intention is merely to underscore
how seriously we in the CPEHS take our responsi-
bilities under Public Law 90-602, the Radiation
Control for Health and Safety Act of 1968. The
legislation places a much larger responsibility upon
us than might superficially appear. It goes well
beyond developing and administering a radiation
control program per se. The Act requires that we
“plan, conduct, coordinate, and support research,
development, training, and operational activities to
minimize the emissions of and the exposure of
people to, unnecessary electronic product radiation.”
Another part of the Act directs that we shall “collect
and make available, through publications and other
appropriate means, the results of, and other informa-
tion concerning, research and studies relating to the
nature and extent of the hazards and control of
electronic product radiation . ..”

There is a2 much longer list of responsibilities
which have been given to us under the Act, as well
as a number of mandated studies which include the
evaluation of the effectiveness of current radio-
logical health protection programs, the development
of “practicable procedures for the detection and
measurement of electronic product radiation,” and
the determination of “the necessity for the use of
non-medical electronic products for commercial and
industrial purposes.”

These are but examples of the many studies and
actions required of us by the Radiation Control for
Health and Safety Act. Taken as a whole, the Act
is very extensive in its coverage, and was designed
to enable the Secretary to meet almost any situation
that might arise with respect to developing and
administering a program to protect our people from

unnecessary exposure to radiation. The point is
that, whether or not one agrees with the broad
nature of the Act’s mandate, it is the responsibility
of the Federal agency involved, the Consumer
Protection and Environmental Health Service and
its Environmental Control Administration, through
its Bureau of Radiological Health, to administer
the Act and to recommend to the Secretary the
establishment of performance standards for radia-
tion emissions whenever it is determined that such
standards are needed to protect the public’s health.

At this point, I should like to turn your minds
calendar back for a few moments. As you probably
know, the interest and responsibility of the Federal
Government in matters pertaining to radiological
health did not begin with passage of the Radiation
Control for Health and Safety Act of 1968. It is
true that up to that point no Federal agency had
true regulatory authority in the field of radiation
protection, apart from the authority held by the
Atomic Energy Commission, until enactment of
the 1968 legislation. But many years ago we saw
the beginning within the Public Health Service of
concern and action for the protection of the public
from unnecessary exposure to radioactivity. The
first step in that direction was the establishment of
a Radiation Energy Unit within the Public Health
Service in 1947. Ten years later, in July 1958, the
Surgeon General created the Division of Radio-
logical Health within the Public Health Service.
Then, a decade later, in January 1967, the program
became the National Center for Radiological
Health of the Bureau of Disease Prevention and
Environmental Control. Finally, as part of the re-
organization of the Department of Health, Educa-
tion, and Welfare in 1968, the principal agency of
the Federal Government for discharging the Gov-
ernment’s responsibility for radiological health,
except for the specialized role of the Atomic Energy
Commission, became the Bureau of Radiological
Health of the Environmental Control Administra-
tion, within the Consumer Protection and Environ-
mental Health Service. The latter is one of the
three components of the Public Health Service, the
others being the Health Services and Mental Health
Administration and the National Institutes of
Health.

It sometimes comes as a surprise to realize that
nearly a quarter of a century has elapsed since the
Public Health Service’s first radiological health
unit was formed. In those days, a proper, and
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sometimes exclausive, concern was with fallout.
When a former Surgeon General, Dr. Luther L.
Terry, and Dr. Donald R. Chadwick, then Chief
of the Division of Radiological Health, coauthored
a two-part article on “Current Concepts in Radia-
tion Protection” in the June 23, 1962 issue of the
Journal of the American Medical Association, they
began by saying that “the resumption of atmospheric
nuclear tests by the Soviet Union last September
(in 1961 that is) and by the United States in April
1962 has renewed official and public concern over
radioactive fallout in” the United States. The
scope of those two articles on current concepts in
radiation protection was reviewed within the con-
text of the fallout problem.

We have passed far beyond that limited approach
taken in 1962. But it must be admitted that from
the viewpoint of the Federal Government, research
into and understanding and control of, problems of
radiation protection have not moved ahead as
quickly as the technology which has produced the
sources and devices which produce the emissions
with which the Radiation Control for Health and
Safety Act is concerned. It now appears obvious,
for example, that our industrial productivity is
placing major emphasis on the development of
electronic products for the home and industry that
will, on the one hand, make life easier and provide
more time for leisure, and on the other hand open
up new economic vistas and long-range possibilities
for industrial development. We have not been
nearly as assiduous in assuring that electronic de-
vices that are developed are as safe as possible
under any condition of operation. Under such
circumstances, it is the necessary role of the Federal
Government in radiological health to make certain
that the concept of total user safety be incorporated
into design specifications. I do not think that a
society, a culture such as ours, can accept a phi-
losophy that proposes anything less than that. It
would be little less than suicidal for a responsible
Federal agency to consider, much less adopt, a
point of view that is not geared to protecting the
consumer or the user of a device capable of produc-
ing unnecessary radiation, or emissions that are not
essential to the task for which the device was de-
signed. After all, who can be expected to protect
the public as a primary responsibility in radiation
matters if not the Federal Government? We would
be interested in learning of a really practical al-
ternative,

Let me hasten to add that we do not for one
moment minimize the significant role played by
radiological health programs at the local and State
levels. For many years, those agencies were about
the only enforcement arm of the Federal Govern-
ment’s radiological health program. We had no
other and we remain indebted to them. Nothing
that can be said or may be said about the sig-
nificance of the Federal responsibility for radio-
logical health can diminish the past contributions
or blind us to the importance of the future role of
the State and local radiological health agencies in
cooperation with the Federal Government, es-
pecially under the Radiation Control for Health
and Safety Act.

It is obvious, however, that technological and
social circumstances have passed the leadership
role to the Federal Government in terms of au-
thority to act. There is a rationale for this that is
obvious: the problem, standard setting and their
enforcement must be dealt with on a nationwide
basis, the sources of the problem are interstate in
nature as well as international, and the coordination
of the bulk of the effort and underwriting of re-
search can probably only be done with Federal
funding, plus whatever funds industry may add.

The challenge which confronts the Federal
Government in radiological health matters may be
gauged in terms of the present size of the electronic
products industry, domestic, commercial, and in-
dustrial devices; the rate of increase in size of the
industry; and the multiplicity of products that can
produce unneeded radiation. The nature of the
problem may be illustrated, for example, by the
case of microwave ovens for home use. The industry
is in its infancy. It must direct its appeal to several
generations of housewives all of whom were raised
to believe in the efficacy and efficiency of the gas
range and the electric stove. One cannot easily con-
vert oldtimers to new concepts. But the housewives
of tomorrow will have no such psychological re-
straints. In adulthood they are likely to look upon
the microwave oven, for example, as being as
essential to their kitchens as were the gas range
and electric stove to their mothers. From a most
practical viewpoint, it is the women of tomorrow
who are of particular interest to the microwave
oven industry. They are also of interest to the
Federal Government. We want to be certain that
electronic products for the home being built upon
today’s and tomorrow’s technology will be as safe
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as the most carefully developed performance stand-
ards can make them. It is the unavoidable responsi-
bility of the Federal Government to make certain
that steps to assure such complete safety are taken
today.

Naturally, you are concerned with a much broader
approach than consumer interests when you con-
sider the question of biological effects and health
implications of microwave radiation. This is neces-
sary and understandable. You cannot afford a
limited or parochial point of view. For one thing,
any potential problems posed by any one micro-
wave consumer device occupies only one small
part of the spectrum of possible hazards.

There are, we realize, many applications of micro-
waves and many areas of their use other than in
the home. Among these are in communication and
in tracking for aerospace and defense purposes,
industrial heating, and perhaps power transmission.
Nonetheless, although this Symposium may have
taken place without the stimulus of the require-
ments of the Radiation Control for Health and

Safety Act, your deliberations, the record you de-
velop, and the suggestions you make for the future
that derive from this Symposium will be viewed in
terms of their implications for the health of the
individual. We in the Consumer Protection and
Environmental Health Service do understand that
an effective radiological health program goes far
beyond the home and may affect activities that
have heretofore been outside civilian-oriented radio-
logical health activities. For that reason, therefore,
we are also very much interested in the total con-
tribution which this Symposium will make to our
present knowledge and the guidance you will offer
us for future efforts in developing required per-
formance standards for devices that emit unneeded
microwave radiation.

In closing, let me assure you of my satisfaction
in being here and of the fact that our interest
extends beyond my words. We will be indebted to
you for the results of your deliberations during the
next three days.




PHYSICAL CHARACTERISTICS OF MICROWAVE AND OTHER RADIO
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INTRODUCTION

The biological effects and health implications of
exposure to microwave and other radio frequency
radiation have been under investigation for more
than a decade by various investigators in many
countries. In order to critically evaluate the re-
ported results, it is essential to understand the
physical characterstics of such radiation.

First, it is necessary to understand that the
behavior of microwave and other radio frequency
radiation is radically different from ionizing radia-
tion (x-rays or nuclear radiations). The photon
energy of microwave radiation is so small that
there is no ionization when it is absorbed in living
organmsms. It follows, therefore, that conclusions
drawn from ionizing radiation research are not
applicable to the microwave case; and when such
conclusions are drawn they are almost invariably
wrong, )

The biological effects of mierowave radiatien can
be divided into two major categories:

a. Thermal effects where the microwave energy
is converted into heat in the living organism. These
effects can be mracroscopic where whole organisms
or major portions of organisms are participating in
the heat transfer process, or microscopic where a
cellular component such as bound water is vaporized
by the selective application of the microwave
heating.

b. Nonthermal effects are effects which cannot
be directly explained by thermal equivalents. Un-
fortunately, the validity of most of the research
reported as demonstrating nonthermal effects is
highly suspect, and this author is hard-pressed to
accept any of the results to date as being truly
nonthermal.

The thermal effects are always a function of the
actual average power absorbed by the particular

organisms affected and not due to the field density
per unit area within which the organism is placed.
In the case of pulsed microwave exposures the
effect may appear excessive when compared to the
average power absorbed, but this is usually found
to be the result of the individual pulses being long
compared to the biological reaction time. In this
latter case, the effect is a function of the peak power.

The so-called nonthermal phenomena include
molecular resonance where the molecular bonds are
stressed or the cyclic motion of the molecular struc-
ture is enhanced or restricted. Even these effects
can be considered in thermal terms in the same
way as repeated pounding on a metal member at
its natural resonant frequency will cause a con-
tinually increasing excursion until the member
breaks. This type of explanation fits the reported
cases of resonance phenomena if the heating is
considered in terms of single cycles of microwave
energy. It will also fit the nerve excitation experi-
ments if the heating is considered to be in the form
of microscopic selective heating such as the vapor-
ization of bound water in the cells. If we accept
that the vaporization time of bound water could be
as small as one pulse width, the so-called pulse
nerve effects can be explained in terms of thermal
effects.

All reported cumulative effects from “sub-thresh-
old” doses are questioned by this author because,
in every case, the method of establishing the thresh-
old does not withstand critical examination.

The other important area of nonthermal effects
includes the whole gamut of Soviet and Soviet-bloc
clinical and experimental data concerning effects
from field density levels well below the American
Safety Standards. This author has been reviewing
this literature for the past ten years and has yet
to find any report that will withstand critical
examination. Either the exposure level and the
method of exposure are suspect or the clinical re-

7
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sults are hearsay. It must always be kept in mind
that no manager of a Soviet Bloc factory or labora-
tory would jeopardize his position by admitting
that he permitted the legal maximum exposure
level to be violated. Also, it is important to note
that all personnel who work in so-called radiation
hazardous areas work fewer hours than other Soviet
workers. Furthermore, if you attribute some real
or imagined ailment to microwave radiation, you
can get the day off with full pay in the Soviet Union.
Under these conditions, it proves very difficult to
accept the reported results.

FACTORS AFFECTING BIOLOGICAL
RESPONSE TO MICROWAVE RADIATION

The response of a living organism to microwave
energy is a function of a wide variety of factors re-
lated to the physics of interaction between the
recipient body and the source of the radiation. The
factors which affect the magnitude and character-
istic of the hazard are the following:

a. The frequency of the radiating microwave
energy.

b. The power density at the receiving point.
This power density is a function of the absolute
power of the source of microwave energy, the
antenna dimensions and whether or not the meas-
urement is made in the near or far field of the
antenna. ,

c. Reflection characteristics of the surface of the
recipient subject and the characteristics of the sur-
rounding environment in so far as such environment
contributes to the enhancement of the received
signal by virtue of energy arriving from a multi-
plicity of reflective sources.

d. The ambient temperature in which the subject
is maintained.

e. The size of the recipient with respect to the
wavelength.

f. The depth of penetration of the incident
microwave energy which is a function of the fre-
quency and the dielectric and resistivity properties
of the subject.

SKIN DEPTH EFFECTS

Figure 1 shows the power absorbed as a function
of the depth below the surface in a typical living
organism. The units of skin depth for typical living
tissue and the percentage of power absorbed is given

26

* 24
.22
hd

~ 20

'8

UNITS

1.6
L.a
12

1.0
.8

DEPTH IN SKIN DEPTH

[ 2 VRN
T

' L ' A 2 PR
1 2 3 4 S -] 7 8 910
% POWER ABSORBED PER 1710 cm3 TISSUE

Figure 1. Microwave power absorption as a function of the depth
below the surface in a typical living organism.

in intervals of 0.1 cm?® of a volume for a cross sec-
tion of 1 cm? It can be seen that for any given
incident power density the absorbed power per
volume sample would vary from 109, down to
well below 177,

Figure 2 shows the power in the first 0.1 cubic
centimeter and in the tenth 0.1 cubic centimeter as
a function of the frequency or wavelength and the
depth of penetration in centimeters to the point at
which 619, of the 10 mW/cm? power is absorbed.
From this curve it can be seen that the power in
the tenth volume increment maximizes in the region
of 8 GHz and that the total power in each volume
unit at this depth would never exceed 0.42 milli-
watts. Even in the first 0.1 cm?, the power remains
below 2.2 milliwatts at 30 GHz and is less than
1 milliwatt at all frequencies below 3 GHz.
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Figure 2. Microwave power in the first 0.1 cm? and in the tent
0.1 cm® as a function of the frequency or wavelength and the
depth of penetration to the point at which 619, of the 10

mW/cm? power is absorbed.
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REFLECTION EFFECTS

Figure 3 shows the power absorbed as a function
of the relative dielectric constant of living tissue.
For tissue with high saline content the dielectric
constants are well in excess of 20 and the percentage
of power available for absorption from the incident
field density will not exceed 209%,. This implies that
in actual radiated cases (not inside cavities or be-
tween capacitor plates) the available power to be
absorbed for a 10 mW/cm? field density is less than
2 milliwatts and of that 2 milliwatts the absorbed
power in the first 0.1 cm? volume would be less
than 0.2 milliwatts at all frequencies below 5 GHz
and not more than 0.5 milliwatts at frequencies as

high as 30 GHz.
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Figure 3. Microwave power absorption as a function of the relative
dielectric constant of living tissue.

ANTENNA EFFECTS

Antenna effects may be divided into two cate-
gories; when the recipient subject is in the near field
and when the subject is in the far field. The dividing
line between near field and far field is a function of
the dimensions of the antenna and is equal to twice
the diameter divided by the wavelength. In the
near field the bigger the antenna the smaller the
magnitude of the field density for a constant level
of transmitter power. The bigger the antenna, the
longer the near field. In the far field, the bigger the
antenna, the bigger the field density. The bigger
the antenna, the narrower the cross sectional area
for which a given field density is present; the field
density falling off very rapidly outside the beam
created by the antenna aperture.

Figure 4 shows the envelope of near field charac-
teristics of an antenna in terms of the power re-
quired to produce 10 mW/cm? at 40’ as a function
of wavelength and the diameter of the antenna
required to maintain the near field at that distance.
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Figure 4. Envelope of the near field characteristics of an antenna
in terms of the powe (required to produce 10 mW/cm? at 40 ft.
as a function of wavelength and antenna diameter.'D

Figure 5 shows the near field in meters as a
function of the antenna diameter and the envelope
of power density in mW/cm? per 100 watts of
transmitter input power as a function of antenna
diameter in meters. From this data it can be seen
that at 100 meters an antenna of 7 meters woul
have an absolute maximum of field density o
1 mW/cm? per 100 watts of transmitter input.
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Figure 5. Near field of an antenna as a function of the antenna
diameter and the envelope of power density in mW/cm? per 100
watts of transmitter input power as a function of antenna
diameter.

Figure 6 shows the effect of antenna size on the
existence of a potential hazard as measured at 100
meters and 14 meters, respectively, from the an-
tenna, per 100 watts of transmitter power. It should
be noted that as the antenna diameter in meters
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increases, a maximum power density is reached after
which increasing the antenna diameter results in
continually decreasing power density. The beam
angle within which a hazard would exist is also
shown on the curve as a function of the antenna
diameter. This data is furnished for 3 GHz as a
typical operating wavelength.
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Figure 6. The effect of antenna size on the existence of a potential
hazard as measured at 100 meters and 14 meters from the
antenna, per 100 watts of transmitter power.

Figure 7 is the envelope within which the power
density will oscillate as the subject is moved away
from the antenna. This data is plotted for the
situation of 3 GHz, a transmitter power of 100
watts, and a diameter square of 40 m? It can be
seen that in the near field the envelope stays uni-
form after which it drops rapidly with distance.
The inverse square law is only applicable in the

far field.
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Figure 7. The envelope within which the power density will oscil-
late as the subject is moved away from an antenna of 40 m?;
100 watts transmitted power at 3 GHz.

CONCLUSIONS

From the data presented it should be apparent
that measurements made in situations other than
free fields in the far field radiation pattern of an-
tennas are subject to a great degree of careful
evaluation before the numbers produced from the
experiments can be translated into real “hazard”
situations. Ten milliwatts in a cavity means hun-
dreds of milliwatts of exposure in free space. Too
much of the reported research has ignored this very
fundamental fact. It must always be kept in mind
that the absorbed microwave power in the free
field (radiation hazard) is at most a small fraction
of the available power density. v
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where the dimensions are in centimeters.

DISCUSSION

Dr. Cleary: I might start the questioning by
asking Dr. Vogelman if he would comment on the
measurement of lower frequency fields. You pri-
marily restricted your comments to microwaves
but since we are also interested in biological effects
of high frequency electromagnetic fields I wonder
if you would give us some background on measure-
ment problems that are involved in high frequency
fields at wavelengths greater than 10 meters.

Dr. Vogelman: In general what I said about
microwaves applies. The numbers change to the
extent that invariably the wavelength is very large
compared to the specimen so that you are no longer
dealing with fields which are not affected by the
character of the specimen. When you are dealing
with wavelengths of larger than 10 meters it must
be considered that none of the biological specimens
are much longer than 2 meters. As a result, the
specimen 1itself changes the field configuration so
that if you put a measuring instrument in the field
and get a number and then put a specimen in the
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field you get an entirely different field at the bio-
logical specimen. At the present time there is a
great deal of controversy as to whether there is a
way of making the measurement other than the
temperature rise of the biological specimen itself.
That might be a good measuring tool.

Dr. Cleary: Along these same lines would you
suggest that the problem of measurement in bio-
logical research with microwaves and high frequency
fields could at least partially be solved by calori-
metric measurements?

Dr. Vogelman: Yes. If you can do this without
producing an effect on the field. The typical situa-
tion that can arise is that if you put a calorimeter
in the biological specimen say at a depth of 10
centimeters to see what the effect is, that device
will change the characteristics of the biological
specimen.

Dr. Zaret: There were two of your graphs I
would like to question. The one of wavelength
versus penetration and power absorbed. You show
smooth functions. I can not believe that this exists
biologically.

Dr. Vogelman: That is the envelope of the data
rather than all of the wiggles.

Dr. Zaret: 1 did not want to leave that point
unmentioned. Also you mentioned the penetration
of skin in increments of a tenth of a mm. These
measurements were not made on live skin, were they?

Dr. Vogelman: No.

Dr. Schwan: 1 would like to comment about the
depth of penetration. As a matter of fact if you use
the knowledge of the electric characteristics which
1s available and interpret it in terms of absorption
coefficient and depths of penetration you will find
that at low frequencies the depth of penetration
does not increase rapidly as you lower the frequency.
At low frequencies the depth of penetration varies
approximately as the square root of frequency while
at very high frequencies, in excess of 300 mega-
cycles, it varies inversely with the square of the
frequency. This means that typically at one mega-
hertz you have a depth of penetration of approxi-
mately 4 times larger. But even at the lowest
frequencies, for example at 100 ke, the body is by
no means transparent, even though the depths of
penetration are three times larger than at one
megahertz.

Dr. Vogelman: What I thought I had pointed out
before was that as the wavelength becomes larger
with respect to the specimen the depth of penetra-

tion rules that are useful at higher frequencies no
longer apply and this i1s what you are confirming.
If you deal with human specimens that are under
2 meters, when the wavelength is large compared
to two meters your specimen size is small compared
to the wavelength and the microwave rules no
longer apply. You have absorption as a different
kind of phenomena than the skin depth one. I
didn’t intend to deal with that kind of phenomena
at all. I assumed you would.

Question from the floor: Several of us who have
been involved with microwave ovens were a bit
surprised by your graph which describes the varia-
tion of hazard as you enter the field. Almost all
microwave ovens are most hazardous in the near
field in view of the fact that that is where the ob-
server is apt to be. Your statement that this hazard
was uniform with distance surprised us. I wondered
if you could give us some references or some other
work since this is quite at variance with our ob-
servation.

Dr. Vogelman: This data is based on antennas.
When you deal with a microwave oven you no
longer deal with an antenna system and you don’t
have a coherent wave front. For all intents and
purposes the microwave oven is a series of antennas
of no size at all which essentially means that the
near field is somewhere inside the oven and the
field drops off as you go farther and farther away.
On the other hand, if you had a parabolic antenna
the same size as the microwave oven you would
have a coherent wave front and you would have a
near field effect. Any microwave handbook will
show you the near and far field data and I believe
the Proceedings of the last Tri-Service Microwave
Conference had curves of this data.

Dr. Saul Rosenthal: 1 would like to ask Dr.
Hanlon a question. Everybody seems to agree when
you pointed out there was at present no coordinated
program for research to come up with the answers
to all the questions. Is the role of the U.S. Govern-
ment going to be to set up a program of coordinated
research, and if so, when?

Dr. Cleary: Dr. Hanlon unfortunately has left.
He asked me to direct any questions to him to
Dr. Moore.

Dr. Ray Moore: In partial answer to the question,
the Bureau of Radiological Health is doing what
they can in this area through our consultants, our
committees, and other activities. We are trying to
come up with such a program. I will not promise
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you any immediate success in the type of coordinated
program that I know that the questioner was sug-
gesting other than to say that this is one of the
goals.

Dr. Rosenthal: Let me ask another question. A
number of organizations are interested in this area,
for example the Army, the Navy, the Air Force,
and the HEW. When [ talk of a coordinated pro-
gram we have to realize that there is only a limited
amount of money and it would be sort of silly for
each individual organization to go off on its own.
Is that being coordinated in that sense?

Dr. Moore: We are trying to. We do have good
and effective liason and consultation with the other
agencies. We have representatives of the organiza-
tions you mentioned on our advisory committee.
We serve as observers on many of their committees.
The attempt is there. How successful we will be
time will tell.

Dr. Alan Shapiro: 1 have a comment and that is
that at microwave frequencies, when the wave-
length is on the order of the overall dimensions of
the body, I think the concept of depth of penetra-
tion has less significance. In particular in a portion
of the body such as the cranium if you have the
wavelength of the radiation on the order of the
diameter of the skull you can have an induced field
inside the skull which can be highly non-uniform.
In fact the skull acts like a resonant cavity and
there the depth of penetration can be very mis-
leading since the main heat absorption need not be
at or near the surface.

Dr. Vogelman: 1 carefully avoided resonance
phenomena deliberately because the characteristics
are so particularized to the kind of biological speci-
men you are dealing with that it takes a lot of
effort and a lot of time to discuss each one. There
are speakers at the Symposium who are going to
deal with those specifics and I avoided them.

Dr. Shapiro: I wanted to make a distinction
here between resonances. It seems to me that when
you used the term “resonance” you talked about
some molecular phenomena. Here I am talking
about gross cavity effects and the concept of depth

of penetration can, I think, be misleading in a very
sensitive area like the skull.

Dr. Vogelman: You'’re still dealing with energy
that is changed in amplitude by virtue of the depth
of penetration. On top of this you are adding the
resonance phenomena of the physical body and all
you’re doing is telling me that the field is distorted
and I believe it. And I am hoping that somebody
else deals with the details.

Dr. Schwan: We have discussed the subject
matter before and we have published data which
pertain to your question. I shall present data on
two graphs which pertain to that. The relative cross
section, typically of the head or of any object of
biological interest, is indeed subject to resonances.

J. R. Lott, North Texas State University: As a
biologist, I just attended a meeting of the Society
of Biometeorology in Switzerland a couple of weeks
ago and I see that perhaps I am listening to the
same sort of discussion we had there, the main por-
tion of which had to do with standardizaton. As a
biologist we are at the complete mercy of the hard-
ware people. Until these people can get together on
standardized equipment for generating, aiming, and
dimensionalizing in terms that everyone agrees
upon, I think we biologists will be stabbing in the
dark just as we did in lonizing radiation till we
found out what a rad was. I hope that before this
meeting is over some committee will be assigned
the task of standardizing the procedures, standard-
izing terminology, and so forth. Other than that I
think we will be full of words, full of theory, and
sounding nothing.

Dr. Schwan: There are a number of standards
already in existence. I think that we should not
create new standards but modernize existing ones.
As a matter of fact, the standards which exist in
this country, such as those of the American Insti-
tute of Standards, the various military services, and
the standards that are in existence in other countries,
England, Germany, etc., are quite similar. So I
repeat, if we discuss standards we should not
neglect what we already have. We should discuss
whether we want a change and, if so, why.
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I do not intend to discuss in detail the biophysical
principles which pertain to the interaction of non-
ionizing electromagnetic radiations with biological
systems. This we have done in the past, most
recently at the meeting that took place m Surrey,
England, January 1969. I shall cover the field only
briefly but pay some attention to the problems that
have not been entirely satisfactorily dealt with.
I will particularly concentrate on some topics that
are presently of particular interest.

Let me discuss first items that pertain to the bio-
physics of electromagnetic radiation.

Diclectric properties of tissues observed at micro-
wave frequencies.

This area has been very well investigated in the
past. We know today the electric properties of
practically all tissues, and as a matter of fact, we
understand the measured values in terms of struc-
ture and function of the tissues. There are only a
few things that remain to be done and I will indicate
them after I have shown a few typical results.

The dielectric behavior shown in Fig. 1 is typical
for tissues of high water content. A decline in the
dielectric constant ¢ with increasing frequency
occurs at lower frequencies. Above 100 MHz the
curve levels off and then eventually above about
10,000 MHz it drops off again very markedly. The
change of € at lower frequencies is well understood.
It is due to the fact that cellular membranes with a
capacity known to be about one microfarad per
square centimeter of membrane surface affect the
tissue impedance at lower frequencies. In the
plateau region between 100 and 10,000 MHz the
membranes are short circuited and, therefore,
become electrically invisible at frequencies in excess
of some 100 MHz. 1 shall remind you later of the
fact that the curve comes to a plateau as the mem-

branes are short circuited. The second decline of
¢ at high frequencies reflects that biological systems
contain water and that the dielectric properties of
water are subject to change with frequency. Figure
2 shows the specific resistance p of blood as a func-
tion of frequency. The behavior is again typical of
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Figure 1. Dielectric constant € of blood as function of frequency.

tissues of high water content with a small change of
p at low frequencies and a very pronounced one at
high frequencies in excess of 1000 MHz. The sharp
drop at very high frequencies is due to the fact that
the conductivity of water changes very strongly at
high frequencies.

Figure 3 relates to fatty tissue. Fartty tissue, of
course, has a low water content, and the dielectric
behavior of fatty tissues is quantitatively not quite as
well understood as that of tissues of high water con-
tent since the ratio of free and various types of
bound water are not well established. The dielectric
constant data are plotted versus the water content,
with each point reflecting an experimental deter-
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Figure 2. Specific resistance p of blood as function of frequency.

mination. The relationship between water content
and the dielectric constant is apparent. This is
anticipated since water has a high dielectric con-
stant and fat a low one and as the water content of
subcutaneous fatty tissue varies a corresponding
variation in the dielectric constant must occur.
The same arguments apply to the conductivity. In
Fig. 4 the conductivity K is plotted against water
content with a clear indication of the relationship
between water content and microwave conductivity.
We have, of course, results as shown in Figs. 3 and
4 obtained at a variety of frequencies and the re-
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Figure 3. Dielectric constant of fatty tissue as function of its
water content. Frequency 900 MHz.
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Figure 4. Conductivity of fatty tissue as function of its wa r
content. Frequency 900 MHz.

sults are qualitatively always the same with due
allowance for the frequency dependent properties of
water.

There is hardly any need for further work on the
dielectric properties of tissues at microwave fre-
quencies. All that remains to be done perhaps, is to
cast the total knowledge about electrical properties
at microwave frequencies in some simple equations.
It works out quite simply for tissues of high water
content as shown in Fig. 5. Dielectric constant e
and conductivity K, is observed, say, at 1 or 10
MHz and depends on the salt content. X, has
typically about half the value characteristic of
physiological saline solution. Thus from wavelength
and weight percentage of macromolecular com-
ponents in the tissue dielectric constant and con-
ductivity can be predicted at any frequency. The
accuracy of the equations in Fig. 5 is better than
10 percent.

In the case of tissues of low water content, such
as subcutaneous fat and both yellow and red bone
marrow, we are not able, at the present time, to
cast our knowledge in such simple equations. The
reason is that in the case of lower water content
we are not quite sure what the appropriate mixture
formulas are or about the state of water. Various
forms of water are known to be in existence in tis-
sues, normal water as we know it and ‘“bound”
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Figure 5. Dielectric constant € and conductivity K=1/p of tissue
of high water content as function of free space wavelength A,
# volume fraction occupied by macromolecules, conductivity
K, at frequency 100 MHz largely reflects salt content.

water which is attached to the surface of macro-
molecular components. Knowledge of the physical
properties of bound water as found for instance in
fatty tissue is at the present time virtually absent.
Last but not least, it ought to be clearly stated,
that the above reported behavior excludes any
indication of any sort of resonance behavior.

Depth of penetration.

Dr. Vogelman (see this volume) has already
briefly characterized the typical frequency de-
pendence of absorption coefficients and various
related quantities such as depth of penetration as
a function of frequency. I have provided these data
in the past. Absorption coefficients change with
frequency and if one takes all of the results which
are available for tissues of high water content and
expresses them analytically in terms of € and p, one
can do so by formulating two very simple approxi-
mate expressions which are given in Fig. 6. For
wavelengths such that 60 \ is greater than the
product of the dielectric constant ¢ and resistivity
p of tissue, the depth of penetration D varies with
the square root of Ap. That means, in view of the
fairly frequency independent nature of p, that the
depth of penetration changes at low frequencies
f with f712, i.e., slowly. On the other hand, if 60
is smaller than ¢p, the depth of penetration is pro-
portional to (ep)?, and with due consideration of
the frequency dependence of the resistivity p, pro-
portional to f~2 In other words, above approxi-
mately 300 MHz, the depth of penetration begins
to change rather rapidly with frequency. It eventu-
ally declines to a value in the millimeter range at
frequencies above 3000 MHz. The expressions in
Fig. 6 are not experimental ones. They are mathe-
matically derived with due consideration of actual
values of conductivities and dielectric constants
and at the same time they are in excellent agree-
ment with known data. The conclusions that we
need to draw from the absorption coefficient work
are: At low frequencies electromagnetic radiation is

VAP - Y,
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Figure 6. Depth of penetration D of microwaves fof tissues as
function of free space wave length A, dielectric constant € and
specific resistance p. For large wavelength D varies with f0.5
and for small with f~2 (f frequency).

fairly penetrating and changes only slowly with
frequency, while at high frequencies much in excess
of 3000 MHz, the total energy which is absorbed
by the body is converted into heat in the skin. As
a matter of fact, at about 10,000 MHz absorption
coefficients apply which are similar to those for
infrared. Indeed, data which have been obtained in
the infrared region agree quite nicely with the
extrapolated absorption coefficients above 10,000
MHz.

I should say that, in my opinion at least, no further
work is needed with regard to absorption coefficients.

Relative absorption cross section of man.

The third topic of interest pertains to some
questions that have been raised from the floor.
What is the effective cross section of the human
body to microwaves? This problem also has been
studied in our laboratory. Some typical results of
Dr. Anne’s work are presented in Figs. 7 and 8.
Here the relative absorption cross sections of a

5|
£=6
f= 2880MC/s
K= 10 m Mho‘cn

RELATIVE ABSORPTION CROSS SECTION

TS | I |
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Figure 7. Relative absorption cross section of a sphere. The
relative cross section is the ratio of absorbed to incident energy.
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Figure 8. Relative absorption cross section of a sphere. The con-
ductivity of the sphere is 1 mMho/cm while that of the sphere
referred to in Fig. 7 was 10 mMho/cm. Note the stronger
resonances in the case of the lower losses.

lossy sphere are plotted against its radius a. The
dielectric constant of the sphere 1s assumed to be
similar to that of tissue, namely 60, and the con-
ductivity K=1/p is equal to 10 and 1 mMho/cm,
respectively. The relative absorption cross section
has a very low value for small sizes, and it goes
through resonances for medium values of Zza/A.
These resonances are much more pronounced in the
case K=1 mMho/ecm than for 10 mMho/cm. At
higher values of 2ra/\ the absorption cross section
levels out to a value close to 0.5.

The strongest resonance has a value of nearly 10
in the case of K=1 mMho/cm and a value near
3.5 for K=10 mMho/cm. Tissue conductivity values
at 3000 MHz are typically near 25 mMho/cm and
resonance behavior is further dampened. The two
graphs suffice to illustrate the point that the sort
of macroscopic resonance possible for lower K-values
is fairly well dampened out by biological fluids and
therefore, not of any great concern.

All of the work done so far pertains to the overall
relative cross section of man. This cross section is
defined as the ratio of the total energy absorbed by
man divided by the incident energy. It does not
indicate anything in regard to the distribution of
energy inside man or inside the phantoms which
have been used by us to simulate man. There is still
after all a possibility that there may be, given
proper excitation frequencies, selective hot spots

which may be created somewhere inside the body,
even though the relative absorption cross section of
the body does not indicate a sharp resonance be-
havior. I believe that the reported cross section
data strongly imply that we do not have to worry
too much about structural resonances but we should
check this possibility nevertheless, particularly at
lower frequencies where depth of penetration values
are larger, thus enhancing the possibility of states
of resonance. A good deal of this work can be
carried out by calculations for simple shapes such
as cylinders or spheres, provided appropriate di-
electric constants and conductivities are used.
I believe that this, while not an extremely urgent
task, is an interesting task and should be under-
taken to determine whether there can be spatial
resonances which lead to hot spots of energy at

particular frequencies and particular parts of the
body.

NONTHERMAL EFFECTS

Some people feel that a definition is lacking re-
garding thermal and nonthermal effects. I believe
the difference between thermal and nonthermal
effects can be very simply stated. We deal with
thermal effects of microwaves if the microwave
field does not directly interact with the biological
medium but merely heats it, i.e., interacts with the
biological media via the thermal route. In other
words, thermal effects are present if the heat, irre-
spective of its genesis, creates the biological effect
and not the field itself. Nonthermal effects occur
when the electric field or the accompanying mag-
netic field interact either on a molecular or a macro-
scopic level. The existence of nonthermal effects has
been controversial. Many dubious results have
been reported in the field. Starting some 40 years
ago, the old Viennese school was interested in
homeopathic treatment with diathermy and hund-
reds of papers have appeared that purport to report
the existence of nonthermal effects. I think it 1is
important to make sure that whatever work is done
in this area is of good quality and instills con-
fidence. It seems to me to merely expose a test
animal or an enzyme at a particular frequency, or
set of frequencies, and hope for some results is a
shot gun approach. I think the past 40 years have
clearly indicated that the statistical likelihood of
hitting in the dark is extremely remote. What is
needed is research probing into basic mechanism
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which might affect biological systems on a non-
thermal basis, either on the microscopic or macro-
scopic level. I shall now report about some pertinent
attempts in our laboratory.

Field evoked force effects.

We have been interested particularly in one class
of effects, we call them field evoked force effects.
Here we are concerned about the forces which are
evoked by alternating electrical fields, acting on
blood corpuscles, protein molecules, or whatever
else it may be. It is well established that DC elec-
trical fields can evoke forces. Thus, in several
physics texts you can find formulas appropriate for
the DC case. We have been able to extend this work
to the AC case and discuss various manifestations of
field evoked forces. It was an undertaking extend-
ing over 10 years and its results have been published
and reported at several occasions. One outcome of
this work was that we understand a variety of ob-
servations that have been made by various groups
of investigators, as for example, the phenomenon of
pearl-chain formation as observed for the first time
in the 1920°s and, more recently Heller’s observa-
tion of the orientation of unicellular organisms in
electric fields. On the basis of simple physical
principles one can calculate the electrical potential
energy that the particles are subject to. Evoking
then the well known principle that any system will
tend to minimize its potential energy, one is then
able to predict precisely the sort of phenomena that
have been observed, such as pearl-chain formation
and orientation of particles. The outcome of this
work 1s that for biological cellular particles, one
needs fairly high field strength values to obtain a
force effect, say of the order of 100 V/cm. For
macromolecules even higher field strength values
are required. This has to be compared to the tolerance
standard of 10 mW/cm? which corresponds to 2
V/em in free space or 0.2 V/cm in tissue. Clearly,
at 100 V/cm, associated heating becomes excessive.
Thus in the presence of a continuous alternating
field one cannot obtain nonthermal field force
effects at field strength values which are thermally
insignificant.

There is one more problem, however, which has
not been entirely dealt with in our presentations of
the past. It is the question of whether there is a
difference between pulsed fields and CW fields.
Very recently we have been interested in relevant
experimental research. Saito has estimated the

speed with which systems respond to field force
effects. He found that the speed associated with
field force effects varies inversely with the square of
the applied field strength as indicated in Fig. 9,
provided that the field strength is larger than the
threshold field strength E., which is needed to
overcome Brownian disturbance. At lower field
strength, the time constant 7 characterizes the
speed with which pearl-chains break up. In this
case E<Ey, T varies but little with E. Our recent
work was experimental, checking whether the time
constant which characterizes the speed of pearl-
chain formation changes inversely with £? and the
results are in excellent agreement with the theo-
retical prediction; the time constant varies indeed
inversely with the square of the field strength. I
would suspect that what we have observed in the
case of pearl-chain formation is of rather general
validity. After all, the product of E2?T is the total
minimal energy which has been applied in the
presence of a field E to affect the force effect of
interest. It is proportional to the energy expended
on the particles of interest and subjected to the
force effect of interest, where the proportionality
factor is only a function of particle geometry and
electrical properties but not of E and 7. The energy
expended on the particles should be independent of

log T
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Figure 9. Upper left: Field strength dependence of the time con-
stant T which states how rapid a field force effect occurs. Eyy is
the threshold field strength needed to evoke a field force
effect. Upper right: A particular pulsing manner, where 77 and
T, are chosen equal to the time constants with and without
field, will optimize the likelihood of a force effect without
undue concomitant heating (see text). The equations indicate
how in this case only the average energy determines the force
effect.
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T and, hence, E2T should be constant. The conse-
quences of this argument are far reaching as will
be shown next.

We shall prove that as far as any field induced
force effect is concerned, a pulsed field can be no
more effective than a CW field of equal average
power. We apply a pulsed field as indicated in Fig. 9.
The ratio Ty/Ti is given by (Ew/E)? provided we
choose T; and T, to optimize our chances to get a
nonthermal field force effect, and to minimize the
likelihood of heating. We accomplish this by apply-
ing the pulse over a period #, where # is to be
chosen equal to the time constant 7T that is needed
to get the effect. If the time # would be smaller than
T, we could not obtain a force effect, since the time
required for an effect would be longer than the
time of applying the field. And if # would be greater
than 7., needed energy would be wasted to heat.
As the field induced force effect takes place we
switch the field off and then let the system rest for
a period of time #. t; is chosen equal to the time
constant 7; that corresponds to threshold field
strengths; in other words, the time when the force
effect just begins to disappear. Thus, we apply the
field, and the moment we obtain the force effect of
interest, we switch the field off. Then we wait so
long that the effect just begins to disappear but
before it does, we give the system another burst of
energy. Clearly under such circumstances we get
minimal heating and optimal likelihood for a
sustained effect. Under such conditions it is easy to
calculate the average energy as indicated in Fig. 9.
It is, of course, given by E2T, divided by the total
time 71+ T.. Since E is greater than the threshold
field strength, the average energy is simply propor-
tional to the square of the threshold field strengths
no matter how 7; and T. are chosen; i.e., the field
force effect is simply given by the rms value of the
applied field. Since the times # and # were chosen
to enhance the possibility of a field force effect
without unnecessary heating, we conclude that one
cannot increase the likelihood of field force effects
by pulsing. Not much remains to be done in the
area of field force effects. Perhaps the conclusion
that pulsing does not enhance such effects needs to
be checked experimentally. We also believe that the
phenomena of RF-hearing is a field induced force
effect, acting on the total head or on the macro-
scopic sized middle ear structure. It would be of
interest to have this further investigated.

Excitation of biological membranes.

I alluded before to the fact that membranes are
short circuited by currents of high frequency.
Straightforward application of Laplace’s equation
permits the calculation of the potential A7 evoked
across the membrane of a nerve fiber in the presence
of the field perpendicular to the direction of its
axis. The result is given in Fig. 10. Cy, the capacity
of the membrane, has the usual value of about
1 pf/cm?, as is well established in neurophysiological
work. Figure 11 shows the frequency dependence
of the potential AV evoked across the nerve mem-
brane. AV is frequency independent at low fre-
quencies and decreases above a certain cut-off
frequency. The cut-off frequency f, is given in
Fig. 11. fy 1s usually smaller than 1 MHz. Introduc-
ing typical values of p; p,, and Cy one obtains
potentials AY which are about 105 or 10% times
smaller than the resting potential. According to all
modern concepts of neurophysiology about excita-
tion this just cannot stimulate nerves. Let me state
it another way. The electrical field strength which
exists in a nerve membrane is something like 500
kV/em. The field strengths applied by a microwave
field to the human body are infinitely smaller and,
hence, cannot evoke stimulation.
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Figure 10. Alternating potential A7 evoked across a membrane by
a field E, directed perpendicular to the axis of the membrane
surrounded nerve cell. p; and p. specific resistances inside and
outside the membrane, Cy membrane capacitance per cm?
surface area, w angular frequency, R cell radius.

AV
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figure 11. Frequency dependence of AV. At low frequencies
f<fo, AV can be some mV for a field E;=1 V/cm and, hence,
may excite upon appropriate rectification. However, at fre-
quencies f>fo, AV is very much smaller and excitation appears
impossible. The equation for f; indicates a value below 1 MHz.
For further details, see text.

Macromolecular resonance.

There are strong indications that macromolecules
cannot be excited in tissue fluids. On the other hand
their degraded state, resulting from the viscous
damping and the electrical losses of tissue electro-
lytes, has been observed and discussed in great
detail. Much is known about the relaxational be-
havior of cells, tissues, and macromolecules and its
manifestations, frequency dependent dielectric con-
stant and conductivity are well investigated. It has
not so far provided a base for the postulate of de-
structive resonant effects caused by thermally
insignificant fields.

We have shown above that mechanisms which
come to mind are not likely to cause nonthermal
effects on membranes, cells and biological macro-
molecules. This statement applies under conditions
of practical interest, i.e., they pertain to biological
structures in the human body, surrounded by
biological fluids and electrolytes and they pertain
to field strength levels which are not thermally
dangerous and below very approximately 1 V/cm.
However, convincing as these arguments may be,
they cannot rule out the possibility of nonthermal
actions based on principles not yet considered.
Much work has been published in support of this
contention, even though its quality leaves much to

be desired and it has been subject of criticism. Some
of this abundant work was conducted almost 40
years ago, other work rather recently. We do not
propose that additional, poorly conducted work, be
added to this literature body of doubtful value.
But we do propose that an effort is made to dupli-
cate some of this work, under conditions which
inspire confidence. We specifically recommend that
some of the Russian work be repeated in order to
check the validity of the basis of the Russian low
standards of exposure.

STANDARDS OF SAFE EXPOSURE

Present western standards are all in terms of
flux levels. I personally believe strongly in the
validity of the 10 mW/cm? figure in far-field con-
figurations and I have not seen anything to make
me think it was a poor suggestion. In the presence
of more complicated field geometries, of course, the
concept of a flux breaks down. What is the hazard
to a person near the foot of a perpendicular antenna
where only a magnetic field but no E-field exists?
And how do we deal with near-field configuration,
or the hazard in fields resultant from several sources?
I am prepared to present what appears to me the
only rational approach to the problem. Whatever
biological damage results on a thermal basis is, of
course, caused by the currents which are induced in
the biological system of consideration. Let us briefly
indicate what current densities might be significant.
A total body tolerance is implied by the 10 mW /cm?
figure. We assume one side of the human body com-
pletely illuminated, i.e., about 1 m2. Thus the total

Total bady tolerance
10m w/em? X 10%cm?® =100 W

=~imW/cc
Heot generated by current equal if
i% =10 %2107 %— = 3ma/cm®

imA/cm?
>3ma/em?

For f <IOOKc:
For { > 1Gc:

TOLERANCE Current Density
3mA/cm’

Figure 12. Tolerance current density calculation. The calculation is
based on a tissue resistivity of 100 Ohm-cm, typical for the
frequency range between 100 and 1000 MHz. Different values
apply outside this frequency range and necessitate different
tolerance current levels below 100 KHz and above 1 GHz.
For RF- and VHF-range a tolerance current density of 3
mA/cm? is suggested.
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thermal load is about 100 W, or 1 mW/cm?® body
tissue. Now let us simply calculate what current
density 7 in tissues correspond to this. Quite obvi-
ously the product 72 (p resistivity) has to be equal
to 1 mW/cm3 Introducing typical p values, the
current density derived is near 3 mA/cm?. The total
argument is summarized in Fig. 12. At frequencies
below 100 kHz, the figure should be somewhat lower
and for figures above 1 GHz it can be greater than
that value. What I propose with regard to standard
work is to set as a guideline the concept of a minimal
permissible current density induced in tissue. Then
for each field configuration of interest one can dis-
cuss what this implies with regard to external fields.
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HEAT STRESS DUE TO R. F. RADIATION!

WILLIAM WALDEN MUMFORD

Bell Telephone Laboratories

SYMBOLS AND ABBREVIATIONS

C  =heat loss or gain due to convection, in watts

Ensx =maximum evaporative capacity of a standard
man, in watts

E..q =actual heat load on a standard man, in watts

ET =effective temperature, °C

f(W)=heat gain due to absorption of r. f. energy,

in watts

HSI =heat stress index of Hatch, Belding, and
Haines

M  =metabolism, in watts

P =vapor pressure of the moisture in the air, in
millibars

R =heat gain due to radiation in the infrared and

visible spectral regions, in watts

RH =relative humidity

RPG =radiation protection guide for r. f. radiation;
presently 10 mW/cm? for normal environ-

ments
ta =dry-bulb thermometer reading, °C
t,  =Vernon globe thermometer reading, °C
tv ~ =wet-bulb thermometer reading, °C
THI =Thom’s temperature-humidity index
V' =air velocity, in meters/min

W  =r. f. power density, in mW/cm2,

INTRODUCTION

Recently the United States of America Standards
Institute published a standard (USAS C95.1-1966)
relating to the Safety Level of Electromagnetic
Radiation (10 MHz to 100 GHz) with Respect to
Personnel. The sponsors were the U.S. Department
of the Navy and the I.LE.E.E.

The recommendations contained in the standard
are consistent with previously established limits (1),
with two new stipulations. One establishes a time

1 This paper originally appeared in Proceedings of I.LE.E.E.,
Vol. 57, 1969, and is being used with the permission of the Institute
of Electronic and Electrical Engineers.

period of 6 minutes over which the power is to be
averaged. The other is qualitative rather than
quantitative, and states that the “Radiation Pro-
tection Guide (RPG) number (10 mW/cm?) should
be appropriately reduced under conditions of
moderate to severe heat stress.”

It is the purpose of this paper to record the re-
sults of a brief study undertaken to evaluate in a
quantitative way the heat stress due to microwave
radiation. A further objective was to attempt to
establish a simple, reasonable, and quantitative re-
duction factor for the RPG number under adverse
thermal environmental conditions.

SUMMARY

In the following paragraphs, the conclusions are
stated first. The proposed reduction of the RPG
number is based upon the temperature-humidity
index (THI), which is then defined. A simple ap-
proximate formula for the THI based on the tem-
perature and the relative humidity (RH) is pre-
sented.

The proposal is then examined in terms of the
heat stress index (HSI) of Belding, Haines, and
Hatch (2, 4), modified to take into account r. f.
radiation.

Finally, the proposal is examined in terms of ef-
fective temperature (ET), and it is seen to yield a
“safety factor” reasonably independent of tem-
perature and humidity.

CONCLUSIONS
The results may be presented briefly as follows:
Heating by r. f. Power

1. 10 mW/em?: An incident power density of 10
mW /em? will produce heat in a (standard)? person

2 A “standard”’ man is defined later.
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at the rate of about 57.5 W if all the incident power
is absorbed. This may be compared with the basal
metabolic rate of 73-88 W for a person at rest, and
with 293 W for a person engaged in moderate work.

2. 1 mW/em?: On the same basis, an incident
power density of | mW/cm? is equivalent to 5.75 W.
This is less than 10 percent of the average basal
metabolic rate and, hence, may be considered
almost insignificant from the standpoint of heat
production.

Proposed Reduction

With 1 mW/cm? as the lower guide number limit
for hot environments and 10 mW/cm? as the upper
guide number limit for normal environments, the
proposed reduction for moderate to severe heat
stress is based on the THI.

When the THI is 70 or less,

RPG=10 mW/cm?; (1)
When the THI is between 70 and 79,
RPG=(80—THI)mW/cm?; (2)
When the THI is 79 and greater,
RPG=1 mW/cm? 3

In other words, the RPG number is reduced by
as many milliwatts per square centimeter as the
THI exceeds 70. For example, if the THI were 75,
the guide number would be 5 less than 10 mW /cm?,
or 5 mW/cm?

1

)

RADIATION PROTECTION GUIDE (RPG), mw/cm?
o

o
69 70 7I

72 73 74 75 76 TT7T 78 79 80 8I
TEMPERATURE-HUMIDITY INDEX (THI)

Figure 1. Proposed radiation protection guide versus
temperature-humidity index.

A plot of this relationship i1s shown in Fig. 1.
Note that below a THI of 70, the guide number 1s
10 mW /cm?, and above 79 i1t is 1 mW/cm?.

Note also that the time interval over which the
power is averaged remains fixed at 6 minutes. This
is shown graphically in Fig. 2, where the proposed
RPG is plotted as a function of time for various
temperature humidity indices.
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Figure 2. Proposed radiation protection guide versus time for
temperature-humidity indices as indicated.

TEMPERATURE-HUMIDITY INDEX (THI)

The temperature-humidity index was first pro-
posed by E. C. Thom (3), Office of Climatology,
U.S. Weather Bureau, Washington, D.C., and is
considered a significant factor for the evaluation
and monitoring of synergistic stress (11, 12). It
seems to be the most widely quoted of all the indices
that have been proposed to express human comfort.
Thom originally defined the THI in terms of the
dry-bulb and wet-bulb temperatures in degrees
Fahrenheit, thus:

TH1 =04(tdf+lwf)+15 (43)

Changing the temperature readings from Fahren-

heit to Centigrade gives
THI =0.72(ta+t.) +40.6, (4b)

where 15 is the dry-bulb temperature, and %, the
wet-bulb temperature, both in degrees centigrade.
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An approximate expression is derived in the Ap-
pendix to relate the THI to the relative humidity
(RH), thus:

THI =1.442,+0.1 RH+30.6. (5)

This approximate expression is exact when the
RH is 100 percent. At 50 percent RH, the error is
less than 1 percent when the THI is between 70
and 80. At 30 percent RH, the error may be as

high as 3 percent when the THI is 80. Another ex-

pression derived by Kahn et al. (11), which is more
accurate at low humidities, is quoted in the Ap-
pendix.

ASSESSMENT OF THE HEAT STRESS DUE
TO ABSORPTION OF R. F. ENERGY

A general expression to characterize the heat
stress of a particular individual would depend on
the following factors (2):

M =rate of metabolic heat production within the
body

D =rate of change of body heat content

U =rate of heat exchange by respiration

R, C, and E=rates of heat exchange with the en-
vironment by radiation R, convection C, and
evaporation E.

Haines and Hatch (2) conclude that D and U
are insignificant, and proceed to obtain mathe-
matical descriptions of the remaining factors under
specified conditions as functions of globe tempera-
ture, wind velocity, and rate of metabolic heat
production. They ignore r. f. radiation, however.

To avoid the complication of body size, they de-
fine a standard man. To avoid the complex problem
of the effects of clothing, the rate of heat exchange
by evaporation is established for a nude standard
man, completely wetted.

These mathematical descriptions are then used
by Belding and Hatch (4) to propose a heat stress
index (HSI) in terms of 1) thermal load which is
imposed on a standard man, 2) capacity of the
environment to accept the load, and 3) physiological
capacity to meet the demands over a period of 8
hours. The standard man represents a composite of
young, fit, acclimatized men who have been sub-
jects of physiological investigation of the effects of
heat in the laboratory and in the field. He is defined
as having a total body area of 1.858 m? (applicable
to a man about 1.73 m tall who weighs 69.85 kg),

and having a skin temperature of 35 °C. The equiva-
lent surface of the body from which heat is ex-
changed by convection and evaporation is 1.81 m?,
and by omnidirectional radiation 1.44 m? For
unidirectional radiation, such as microwave radia-
tion, the geometric cross-sectional area, or the
projected area, is taken as 1.81/r m2 This is quite
appropriate, since the limbs and the torso of the
human body are not too different from circular
truncated cylinders with axes normal to the incident
radiation (6).

The Belding-Haines—-Hatch HSI is probably as
good as any other index for the purpose of evaluating
the heat stress due to r. f. radiation; it lends itself
readily to a modification that includes the r. f.
heating. It is defined as the actual heat load E,oq
expressed as a percentage of the maximum evapo-
rative capacity Emay.

The heat load includes body heat production re-
sulting from metabolism M, heat loss or gain due to
infrared and visible radiation R, and heat loss or
gain due to convection C. Normally, for comfort,
the heat load is zero. Since M is always positive,
then R+C must be negative:

Eoq=M+R+C=0 for comfort. 6)

By making use of data taken at Fort Knox by
Nelson et al. (5), and by making some simplifying
assumptions, Belding and Hatch relate R and C to

GLOBE TEMPERATURE
t
G

CONVECTION,C- RADIATION, R

AT EQUILIBRIUM,R+C=0

Figure 3. Vernon globe thermometer.
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the globe temperature (when international units
are used), thus:

R4-C=[11.64+1.91(F)127](z,—35) watts, (7)
where

R =heat radiation gain by the body (not including
r. f.), in watts

C =heat convection gain by the body, in watts

V =air velocity, in meters/min

¢, =globe temperature reading (including the ef-
fects of convection as well as heat and light
radiation), °C. It is the air temperature if the
surrounding walls and the air are at the same
temperature and there are no other sources of
radiation; and it consists of an ordinary
thermometer encased in a spherical absorbing

globe (see Fig. 3).

MODIFICATION FOR R. F. RADIATION
If there is a source of r. f. radiation present
Eroq=M+[11.64+1.91(7)2](t,—35)4+f(W, S), (8)

where f(W, S) is the heating in watts due to absorp-
tion of r. f. radiation. It is a function not only of the
power density #, but also of the relative absorption
cross section S of the subject. Here we are consider-
ing the subject to be completely immersed in the
r. f. field, as one might be when exposed to the
radiation from a large radar antenna. Localized
exposures that do not exceed the RPG will surely
result in less insult than total immersion.

Salati, Anne, and Schwan (6) have defined a rela-
tive absorption cross section S as the ratio of the
average power absorbed from the incident field by
an object to the average power incident on the ob-
ject’s geometric cross-sectional area prior to its
insertion into the field. From their theoretical and
experimental work with artificial bodies representing
men, they conclude that values of S between 0.50
and 1.25 may be expected for man in the frequency
range of biological interest, 300 MHz to 10 GHz.
We shall assume an average value of 1.0 for S.
Ordinary cloth fabric clothing will not alter this
appreciably.

Taking 1.81/m or 5.575 m? as the equivalent
surface of the body then yields

f(W, 1) in watts=5.75W, 9

where # is the power density in mW/cm?. Then
(8) becomes

Eroq=M+4[11.641.91(F)*](t,—35)+5.75%. (10)

When E,., becomes greater than zero, the body
starts to dissipate the extra load through the
evaporation of perspiration. By making some
reasonable assumptions, Haines and Hatch (2)
have established empirically the maximum evapo-
rate capacity of a standard man in terms of the air
velocity and water-vapor pressure. It i1s given by
the relation

Eox=3.52(F)0-9(56.3—P) in watts, (11)

where
V  =air velocity, in meters/min
P =vapor pressure of moisture in the air, in

millibars
E ,ox =maximum evaporative capacity when man is
completely wet and at normal temperature.

Hence, the total expression for the HSI becomes

MA[11.64+1.91(F)](1,—35)+5.75 W

HSI= 3.52(7)°-%(56.3— P)

X100. (12)

To illustrate the effect of various factors on the
HSI, a number of plots versus the THI have been
prepared. Metabolisms of 292 W (corresponding to
moderate work such as walking about, with moderate
lifting or pushing) and 176 W (corresponding to light
work such as standing at a machine or bench, mostly
arm activity, with wind velocities of 61 m/min and
6.1 m/min, with and without r. f. radiation, are
given as a function of the RH in Figs. 4 and 5.
Here, the HSI is plotted versus the THI. The plots
in Fig. 4 are for a wind velocity of 61 m/min. It is
evident that the HSI depends rather strongly on
wind velocity, and is not a strong function of RH
for a given THI.

A r. f. power density of 10 mW/cm? is seen to
affect the HSI appreciably at the lower wind
velocities and high humidities when the THI
1s 80.

For example, at 60 percent RH with an air
velocity of 6.1 m/min, our standard man working
at the rate of 293 W when the THI is 80 would
have a HSI of 106. Adding the r. f. radiation of 10
mW/cm? would increase the HSI to 134, an in-
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Figure 4. Heat stress index versus temperature-humidity index
when air velocity is 61 m/min.
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Figure 5. Heat stress index versus temperature-humidity index
when air velocity is 6.1 m/min.

tolerable increase that would result in an increase
in the body temperature if he did not stop working
pretty soon.

It is evident from these plots that the RPG should
be reduced when conditions of severe heat stress
exist. Furthermore, it is seen that, when the THI is
70, the absorption of r. f. power having a power
density of 10 mW/cm? by the standard man doing
moderate work does not cause an intolerable in-
crease in the heat stress.

METABOLISM

RH I0%
~‘ur.\‘?smw 2
RH 60% » 50 \0“‘ ImW/cm
(o)
_70’ 75 80
THI
100 o
\OQ’SmW
- D

THI

Figure 6. Heat stress index versus temperature-humidity index
with proposed reduction in RPG.

In view of this, it seems reasonable to reduce the
RPG from 10 mW/cm? at a THI of 70 to a low
RPG at a THI of 80 in the simplest possible man-
ner. This, in effect, is the underlying principle of
the proposed reduction in the RPG for moderate
to severe heat stress.

LOW RPG FOR HOT ENVIRONMENT

For hot environments (THI>80), 1 mW/cm? is
taken as the reasonably tolerable RPG number. It
corresponds to 5.75 W absorbed in a standard man,
or about 5 (kg) calories per hour. A few comparisons
with familiar activities place this in its proper per-
spective. One peanut can provide the human body
with 10 (kg) calories, so that eating half a peanut
an hour would give 5.75 W. This corresponds to the
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TABLE 1

Globe temperature, wet-bulb temperature, and water-vapor

pressure for THI of 70.75, and 80 and RH of 10.60,

and 100 percent
THI RH(%) t,(°C) t.(°C) P(mb)
70 10 28.4 12.38 3.87
60 22.92 17.88 16.86
100 20.8 20.8 23.98
75 10 33.3 14.44 5.14
60 26.71 21.04 21.08
100 23.9 23.9 29.75
80 10 37.4 17.33 6.41
60 30.48 24.24 26.18
100 27.36 27.36 36.41

work required by a person to climb a staircase at
the rate of about three steps a minute.

For any of the conditions assumed in Figs. 4 and
5, 1 mW/cm? raises the HSI less than 5 points.
Here we covered a rather broad range of environ-
ments, namely, an RH from 10 to 100 percent, THI
from 70 to 80, metabolism from 293 to 176 W, and
wind velocity from 61 to 6.1 m/min.

On the basis of a limit of 1 mW/cm? for a THI of
80, the simplest connection to 10 mW/cm? at a
THI of 70 is a straight line. To further simplify

TABLE 2

HSI when r. f. power densities are 0, 1, 5, and 10 mWW/cm?,
air velocity is 6.1 m/min, and metabolic rate is 176 watts

HSI
W mW/cm?
THI RH(%)
0 1 5 10

70 10 19.15 | 20.76 27.18 35.2
60 —7.75 | —5.62 2.92 13.6

100 —28.1 |—25.5 —15.06 | —2.05

75 10 42.4 4. 50.6 58.8
60 16.9 19.25 28.8 40.8

100 —-3.04 0.128 12.8 28.7

80 10 62.8 64.5 71.3 79.7
60 49.3 52.16 63.3 77.3

100 37.6 41.8 58.7 79.9

TABLE 3

HSI when r. f. power densities are 0, 1, 5, and 10 mW/cm3,
air velocity is 6.1 m/min, and metabolic rate is 293 watts

HSI
W mW/cm?
THI RH(%)
0 1 5 10
70 10 51.8 53.4 59.8 67.8
60 35.6 37.8 46.3 57.
100 24.8 27.4 37.8 50.86
75 10 75.8 77.5 84.0 92.3
60 65.4 67.8 77.4 89.3
100 61.4 64.5 77.2 93.1
80 10 97.1 98.8 105.5 114.
60 106.1 108.9 120.1 134.1
100 123.6 127.9 144.8 166.0

the calculation, the limit of 1 mW/cm? is taken at a
THI of 79 instead of 80 so as to produce a simple
one-for-one reduction in RPG versus THI.?

In order to see how the HSI varies with the THI

TABLE 4

HSI when r. f. power densities are 0, 1, 5, and 10 mW [cm?,
air velocity is 61 m/min, and metabolic rate is 176 watts

HSI
¥ mW/cm?
THI RH(%)
0 1 5 10
70 10 0.23 0.915 3.65 7.1
60 —-22.7 |-21.8 —18.17 | —13.6
100 —40.6 |—39.5 —35.07 | —29.5
75 10 16.0 16.7 19.52 23.0
60 —7.73 | —6.7 —2.63 2.46
100 —27.9 |—26.5 —21.1 | —14.35
80 10 29.8 30.56 33.4 37.0
60 11.5 12.7 17.47 23.4
100 —8.39 | —6.58 0.64 9.68

3 The reviewers have observed that a curve based on a constant
safety factor (below a damaging level) would have to be based on a
more comprehensive index than the THI, and would probably not
be linearly related to it. Figure 9 gives evidence in support of this
observation.
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TABLE 5

HSI when r. f. power densities are 0,1, 5, and 10 mW [cm?,
air velocity is 61 m/min, and metabolic rate 1is 293 watts

HSI
W mW/cm?
THI RH(%)
0 1 5 10
70 10 14.14 14.8 17.57 | 21.
60 —4.22 1 -=-3.3 0.33 4.89
100 —18.0 | —16.9 | —12.5 —6.95
75 10 30.27 31. 33.8 37.3
60 12.98 14. 18.1 23.17
100 —0.39 0.96 6.37 | 13.13
80 10 44.5 45.2 48.1 51.66
60 35.7 36.9 41.7 47.6
100 28.3 30.14 37.4 46.4

for the proposed reduction rate, Fig. 6 was pre-
pared. These graphs repeat the data given in the
bottom three plots of Fig. 5. Points for 5 mW/cm?
and 1 mW/cm? have been added at THI’s of 75
and 80, respectively, in accordance with the pro-
posed reduction of the RPG. The reasonable nature
of the proposal is apparent.

Tables 1 through 5 list the data from which the
curves of Figs. 4, 5, and 6 were plotted.

RPG AS RELATED TO EFFECTIVE
TEMPERATURE

Our first successful quantitative effort to establish
the reduced RPG was associated with effective tem-
perature (ET). This is another scheme for indicating
the thermal significance of environments based on
physiological reactions (7, 8). Test subjects were
exposed to atmospheres with different temperatures,
humidities, and air velocities, and asked to rate
their comparative sensations of warmth and cool-
ness. Nomograms were drawn to determine the ET
in terms of the wet-bulb, dry globe thermometer
readings, and wind velocity. For a wind velocity of
6.1 m/min, the ET is related to the globe tempera-
ture 7, and the wet-bulb temperature #, by the
relation

t,40.210(2,— 1)
t,—ty,+34.4

when the wind velocity is 6.1 m/min.

ET=(34.4) °C), (13)

A nomogram for ET is given in Fig. 7 for 6.1
m/min, and in Fig. 8 for 61 m/min.

We have already seen in (7) that the globe tem-
perature is related to the incident radiation absorbed
by a standard man by the relation

R+C=[11.6+1.91(F)"*](t,—35) watts. (14)

We have also seen that the r. f. power density is
related to the power absorbed by a man, thus:

f(#)(in watts) =5.75#(in mW/cm?). (15)

With these relationships in mind, we are able to re-
late a tolerable r. f. radiation (10 mW /cm?) at a THI
of 70 to the radiation and convection which would
bring the ET to 26.7 °C. Having established this
fraction, which I shall call the reciprocal of the safety
factor, we might then ascertain at other THI’s the
r. f. power densities that would yield the same safety
factor.

Let us look at an example of this line of reasoning.
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Figure 7. Effective temperature chart when air velocity is 6.1
m/min. (Data from Ref. 8.)
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TABLE 6
Safety factors and power densities for THI of 70 and 75 when RH 15 10.60, and 100 percent and air velocity is 6.1 m/min
RH(%) THI ET(°C) At,(°C) (watts) A(R+C) | (mW/cm?) A(#) % W mW/cm? | Safety factor
10 70 21.7
82 26.7 16.71 273 47.3 21.1 10 4.73
75 24.08
81.5 26.7 9.2 150 26 21.1 5.5 4.73
60 70 20.95
81 26.7 15.15 246 42.7 23.4 10 4.27
75 23.98
80.2 26.7 7.22 118 20.5 23.4 4.8 4.27
100 70 20.8
80.4 26.7 14.35 235 40.7 24.5 10 4.07
75 23.9
79.7 26.7 6.38 104.5 18.1 24.5 4.4 4.07
At a wind velocity of 6.1 m/min, THI of 70, RH of
S5 10 percent, globe temperature of 28.44 °C, and wet-
o bulb temperature of 12.38 °C, the ET is 21.7 °C. To
sob- achieve an ET of 26.7 °C, ¢, would need to be raised
- to 45, 15 °C, an increase of 16.71 °C. From (14) 1t
S - is seen that A(R+C)=11.64+1.91(F)12 At,, so that
£ asf- .
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Figure 8. Effective temperature chart when air velocity is

61 m/min. (Data from Ref. 8.)

based on effective temperature. Calculated points are based on
the same safety factor at THI of 70 and 75 for a given air
velocity and relative humidity.
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TABLE 7
Safety factors and power densities for THI of 70 and 75 when RH is 10.60, and 100 percent and air velocity is 61 m/min
RH(%) THI ET(°C) At (°C) (watts) A(R+C) | (mW/cm?) A(#) % W mW/cm? | Safety factor
10 70 20.8
26.7 16.67 442 76.7 13.04 10.0 7.67
75 23.5
26.7 9.7 258 44.7 13.04 5.8 7.67
60 70 19.1
. 16.2 431 74.6 13.41 10.0 7.46
75 22.5
26.7 8.83 234 40.6 13.41 5.44 7.46
100 70 17.93
26.7 15.98 424 73.5 13.6 10 7.35
75 21.75
26.7 8.88 236 40.8 13.6 5.55 7.35
A(R+C)=16.33A¢,. This means that 16.33X16.71, APPENDIX

or 273 W, would raise the ET to 26.7°C; 273 W
corresponds to the absorption of an r. f. power
density of 47.3 mW/cm?. The RPG of 10 mW/cm?
at this THI is 21.1 percent of this. The safety factor
1s hence 4.73.

At a THI of 75, RH of 10 percent, globe tempera-
ture of 33.3 °C, and wet-bulb temperature of 14.44,
the ET is 24.08. To achieve an ET of 26.7 °C, i,
would need to be 42.5 °C, an increase of 9.2 °C. An
increase of 150 W or absorption of 26 mW/cm?
would do this. Now, 21.1 percent of 26 mW /cm? is
5.5 mW/em?, So, at a THI of 75, 5.5 mW/cm? cor-
responds to the same safety factor that 10 mW/cm?
corresponds to at a THI of 70.

Tables 6 and 7 give similar results for humidities
of 10, 60, and 100 percent, and wind velocities of
6.1 and 61 m/min. The points are plotted on Fig. 9,
which shows how the calculated values of 5.5, 4.8,
4.4, 5.8, 5.44, and 5.55 mW/cm? compare with the
proposed standard RPG of 5.0 mW/cm? at a THI
of 75. In the worst case, i.e., #=6.1 m/min, RH=
100 percent, the safety factor for 10 mW/cm? at a
THI of 70 is 4.07. The proposed standard RPG of
5 mW/cm? at a THI of 75 yields a safety factor of
3.6. Whether the safety factor is 3.6 or 4.07 is of
little consequence compared with our concern for
obtaining a simple expression for the proposed

RPG number.

Mankind has long recognized that comfort during
periods of warm weather depends not only upon the
temperature but also upon the humidity and the
circulation of air. Various schemes for devising a
number that relates to our comfort have been sug-
gested (3, 10). Names such as “humiture,” “ef-
fective temperature,” ‘‘discomfort index,” and
“temperature-humidity index (THI)” have been
proposed for these schemes, all of which neglect the
air velocity.

Of these, the temperature-humidity index, first
proposed by E. C. Thom (3), Office of Climatology,
U.S. Weather Bureau, Washington, D.C., under
the less attractive and soon discarded name of dis-
comfort index, seems to be most generally accepted
by the public. It is quoted in radio and television
broadcasts and tabulated in the local newspapers.

This index is obtained by a simple adjustment
applied to the average of the dry-bulb and wet-bulb
readings:

THI =0.72(z4+1,)+40.6, (16)

when #; and #, are in degrees Centigrade.*
Quoting from Thom, “The index gives us a good

4 Thom’s original expression was given in degrees Fahrenheit:

THI =0.4(tss+tur)+15.
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idea of the degree of discomfort. People feel dis-
comfort as the index rises above 70, with over half
uncomfortable with the index over 75. Everyone
will be uncomfortable by the time the index reaches
79, most people feeling the discomfort acutely by
this time. As the index passes 80 discomfort becomes
more serious. When office conditions in the Washing-
ton Metropolitan area are such that the index be-
comes 86 or higher, for example, present government
regulations permit supervisors to give consideration
to the mass dismissal of the employees who are
working under these conditions.”

Whether or not Thom’s THI is really indicative
of comfort or discomfort is a moot point, since it
. neglects air circulation. One is usually more com-
fortable when the fan is on, yet turning on the fan
has not changed the THI in the room.

At any rate, since the THI is quoted so often, it
seems reasonable that we should be interested in
calculating it in a simple way from temperature and
relative humidity. Equation (16) is simple enough,
but the wet-bulb temperature is seldom quoted
although relative humidity 1s. Let us see if (16) can
be given in terms of relative humidity.

Equation (16) may be rearranged thus:

THI=1.444,—0.72(t4—1,) +40.6+15, (17)

where (t4—1,) is the depression of the wet-bulb
thermometer.

To express the THI in terms of relative humidity,
we need an expression relating (t4—%,) and RH. A
first-order approximation may be derived by noting
in the Weather Bureau tables that, at 28 °C (82.5 °F,
which is in the temperature range of interest), a 5 °C
depression of the wet bulb corresponds to 65 percent
RH and that 100—RH is roughly proportional to
the depression, as seen in Table 8. From this table

TABLE 8

RH and temperature difference between dry- and wet-bulb
temperatures (ta=28 °C, 82.5 °F)

(ta—t)°C RH(%) (100—RH)/(ta—tw)°C
2 85 7.5
4 72 7.0
6 59 6.9
8 47 6.6
Average 7.0

we have
(ta—1.)°C= w. (18)
Putting (18) into (17), we have
THI=1.44:,—0.72 (M) +40.6
=1.441;—%440.64+ 272 RH;
that is,
THI=1.44¢,+ % +430.6. (19)

The approximate expression for the THI is exact
when the humidity is 100 percent, regardless of
temperature. At 50 percent RH, the error is less
than 1 percent when the THI is less than 80. At
lower humidities, the error increases, especially
when the THI is 80 or more. For example, when
the temperature is 34 °C and the wet-bulb tem-
perature is 21 °C, corresponding to an RH of 30.2
percent, the exact expression (16) gives a THI of
80.2, whereas the approximate Equation (19) gives
a value of 82.5.

The error at lower temperatures and 30 percent
RH is less. For example, when the temperature is
25 °C and the wet bulb reads 15 °C, corresponding
to an RH of 32.5 percent, the exact expression (16)
gives a THI of 69.4 compared with 69.85 by the
approximate relation.

When the temperature is expressed in degrees
Fahrenheit, (19) becomes

THI=08td(F)+Ol RH+-5. (20)
Kahn, Nelson, Tomberg, and Puller (11) derive

a similar expression, which is more precise at the
lower humidities but less precise for the higher
humidities:

THI =0.73t47,+0.16 RH+-6.4. (21)
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DISCUSSION

Dr. Frey: Dr. Schwan, I feel that I cannot con-
clude whether r. f. energy affects nerves or does not
affect nerves. I do not feel I have sufficient in-
formation. You have concluded that r. f. energy
cannot affect nerves and I must compliment you
on having constructed an elegant mathematical
proof of this. However, this proof is based upon
certain assumptions as to how nerves work and
how they function. Your assumptions are critical
and if your assumptions are not correct then your
whole mathematical structure would fall. Thus,
one might ask whether you can prove the truth of
the assumption that you have gotten from authori-
ties in biology. If these assumptions are true and
we have such knowledge about nerves then possibly
you can tell us how information is coded in the

nervous system, how information is transferred in
the nervous system, and how information is stored
in the nervous system.

Dr. Schwan: I am not aware of any particular
assumptions. The calculation to which Dr. Frey
referred is elementary, to say the least. The appli-
cation of Laplace’s equation, to calculate the
potential, across the membrane is quite easy. With
regard to the membrane capacitance we use a very
substantial body of information to arrive at these
values. There is admittedly an assumption in
assuming that an imposed microwave evoked po-
tential has to be of an order of magnitude not too
small by comparison with the resting potential.
I think I was careful in stating that the present
neurophysiological knowledge, due for example to
the work of Hodgkins and Huxley, Cohen, and
many others going back to Berstein, precisely states
that you cannot excite a nerve unless you get up to
a potential which is not vanishingly small by com-
parison to the resting potential. As I stated before,
if we can prove the existence of microwave effects
on nerves, this would be very, very interesting since
clearly if we can establish this beyond a shadow of
a doubt it would have tremendous impact in neuro-
physiology.

Question from floor: 1 would like to raise a ques-
tion directed at the same issue. I think the question
of an evoked potential or an effect in terms of
changing the resting potential of nerves may be ir-
relevant. Have you considered the possibility of
affecting conduction of an action potential through
change in the state of hydration of ions crossing the
membrane; or through a molecular resonance phe-
nomenon changing the orientation mobility of
particles making up the membrane? In other words,
by changing the conduction velocity one could
change the integrative function of the system tre-
mendously, even though you might not see a change
in the resting potential of any single fiber.

Dr. Schwan: Quite clearly what we must do is to
investigate on the level of the brain as well as on a
macromolecular level in order to achieve an end.
I would like to make a few comments about the
possibility of microwaves interaction with macro-
molecular entities and particularly like to consider
the question of macromolecular resonance. 1 have
mentioned already that a very substantial body of
work has been done by renowned researchers con-
cerned with dielectric properties of proteins, pep-
tides, amino acids, and nucleic acids. All this work
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has been carried out over several decades and it is
well established and well accepted. It can be briefly
summarized by stating that the electrical properties
of macromolecules are characterized by relaxation
effects. In other words, if you measure the effective
dielectric property of a macromolecule as a function
of frequency, then you get a characteristic change
with frequency such that the effects of capacity
decrease with increasing frequency. Mathematically
it can be shown that this relaxation behavior,
where the molecules at low frequency vibrate with
the field but eventually stop vibrating at sufficiently
high frequencies, is a degenerate form of resonance
behavior. In resonance behavior there is a peak in
the response characteristic and in relaxation phe-
nomena the response decreases as in the case where
you excite a pendulum, first in a gas and then in a
fluid which becomes more and more viscous, in
which case you do not get that sharp resonance
peak. There is a switch over from where the pendu-
lum follows the excitation to a state where there is
no longer a strong peak as a function of frequency;
that is relaxation behavior. Now relaxation be-
havior has been observed and carefully studied. It
is due to dipole moments of molecular constituents.
At lower frequencies so-called counter-ion relaxation
effects come into the picture as another relaxation
effect and at higher frequencies we have shown
some 10 years ago, that you get additional relaxation
effects which are either due to partial orientation of
polar sub-units of molecular complexes or macro-
molecules. But spanning the total frequency range
all of the effects are relaxation effects. We under-
stand relaxation effects quite well these days and
there’s no indication of resonance effects. Now,
why isn’t there any resonance? It is very simple since
biological media imposes a very strong restriction
on the movement of macromolecules due to the
presence of water. Water has a high viscosity and
thus the molecule responds analogously to a pendu-
lum suspended in tar. It is the high viscosity of
water which changes the resonance effect to a re-
laxation effect. We might consider a case where the
molecule is so weakly coupled to the water environ-
ment that the so-called rotational diffusion con-
stants do not count anymore and you might set up
a resonance effect inside the molecule. Let me
explain this possibility simply in terms of equivalent
electrical circuits. Suppose you have a high Q circuit;
an AC capacity combination which is characterized
by a high Q or sharp resonance at certain properly

chosen frequencies. Now if you place a low resistance
across the circuit which absorbs energy then you
kill the resonance and you cannot excite your
circuit in a very selective fashion in the presence of
low resistive elements, and that is what you do
with a macromolecule if you put it in water. You
might say you might decouple your molecule com-
pletely so that it is not subject to the rotational
diffusion constant as determined by the viscosity
of water. But, if you decouple them, you have
trouble feeding the energy in and you have trouble
observing from the outside. There is no escape
from this dilemma that I can see.

Dr. John Heller, New England Institute: It is a
pleasure to agree with Dr. Schwan since on past
occasions we have not. In 9 years we have never
seen anything work CW that did not work pulsed.
However, I would like to talk to this preoccupation
with thermal effects that we have heard something
about. To use a 10 mW/ecm? standard is as in-
applicable as the old RBE was in early days of
ionizing radiation. We will present indications to-
morrow that one of the things that r. f. can do is
cause mutations in plants, animals, and human
materials. There is a frequency specificity at which
this happens. We are not talking about heat.

Gene Barron, John Hopkins University: 1 think
in line with Dr. Heller’s comments there was a report
published in about 1961 by a man named Turner
that was essentially a translation of a book by
several Russians in which they indicated that the
Russians’ safe level was 0.01 mW/cm® which is

‘down by a factor of a 1000 from our safe level.

Now this was based on nonthermal effects; physio-
logical changes observed in human beings. Would
either Dr. Schwan or Mr. Mumford care to com-
ment on that?

Dr. Schwan: 1 have for many years made it a
practice to study very carefully the work of our
Russian colleagues. I have met with a number of
them repeatedly about this. I must say that the
publications I could lay my hands on are rather
qualitative and I have trouble evaluating the
quality of the work. I should also like to state
that in personal discussions my personal curiosity
has not been satisfied.

Jim Treach, Motorola: The proposal of a current
density versus a power density seems to be getting
more at the heart of the generating problem or the
source. What type of model would we use to meas-
ure this current density?
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Dr. Schwan: That is very difficult. I suggested
the current density only as a general guide with
regard to the sort of thing that we could do. Let me
quote some typical examples, such as the case
which I alluded to before. A person standing at
the foot of a perpendicular antenna could be in a
strong magnetic field. In this case something very
different has to be done than under other conditions.
In this case typically what could be done is to
make a phantom model of the simplest case, a
sphere. Give it the properties which are typical of
an assumed human body and expose the sphere to
the magnetic field and calculate what currents are
induced by the magnetic field. But depending upon
the field configurations you may have to do some-
thing different. I think there is no escape from it
since the current does the heating and we must
eventually come to grips with the problems in-
volved with different field configurations even
though they may be complex problems.

Question from floor: Would a thermal rise of some
sort or a technique of measuring the temperature
rise of the body indicate the power density or let
us say the contribution due to the magnetic field?

Dr. Schwan: Not necessarily any more than you
would find in a far held where the 10 mW /em? flux
pertains. What I did in arriving at this figure is to
take the 10 mW/cm? figure and 1 asked myself
what is the equivalent heat generation and on that
basis, taking known tissue resistivities, I arrived at
a guideline of 3 milliamp/cm?.

Roger Dickerson, FDA: Mr. Mumford’s paper
involved a rather extensive heat transfer analysis
relating humidity, temperature, etc., with thermal
stress and it implies to me a heat source and a
particular temperature of the heat source, I suppose
specifically the material that is about to be dam-
aged. Since this implies some maximum temperature
in the tissue, do we know at what temperature
damage occurs?

Mr. Mumford: 1 am not quite sure I understand
your question but if I have understood it correctly,
I can state that we all recognize that heat stress
will, if extended for a period of time at high enough
levels, cause a rise in the body temperature. The
body temperature has to rise in order to dissipate
the heat. Our limit that we have proposed is set at
such a level that we do not under ordinary condi-
tions expect a rise in the body temperature.

Roger Dickerson: Let me rephrase the question.
To perform those heat transfer calculations that

we saw the result of, you would have to know the
temperature of the heat source and so evidently
someone decided what this maximum temperature
should be. Perhaps this is body temperature of
98 °F.

Mr. Mumford: For these heat stress index calcu-
lations the temperature of the skin from which the
evaporation takes place was assumed to be 95.5 °F.

Dr. Vogelman: 1 would like to make one comment
on the Russian literature. The Russian standards
are set on the basis of statistics that are generated
through interviews by medical people associated
with people who would normally be exposed to
microwave radiation. It 1s very difficult to deter-
mine whether they have introduced a factor of 10,
100, or 1000 in their statistics as generated in this
kind of interview. There are therefore two things
that are in question. One is how good is the inter-
view and second is what is the correction factor.

I would like to ask Dr. Schwan a question. In
your pulse calculations you have assumed that the
effect requires the repetition of the pulses but as in
the homemade Q-switched laser, one pulse and you
have the hole already—you cannot reverse it. What
about irreversible effects and pulse radiation?

Dr. Schwan: That is a very good question as a
matter of fact and it is worth dwelling on. The
statement that the rms value is only of significance
pertains to field-evoked force effects as I tried to
define them before such as the orientation of macro-
molecule or the alighment of blood cells. Excluded
are all irreversible effects and whatever additional
time constants may go into irreversible effects.
That is the situation regarding high force effects
and about this, frankly, we do not know anything
at the present time.

Mr. Griffy, Columbia Scientific: 1 would also like
to ask a question about this CW versus pulse calcu-
lation. Why is it you use the time #; for the time off?
As I understand that is time necessary for the field
just at threshold and has nothing to do with the
relaxation time of the phenomena when the field is
actually off.

Dr. Schwan: 1 tried to optimize the effect with-
out involving thermal effects, therefore I had to
apply the field for a sufficient time so that the
effect takes place. Any effect requires time to take
place. If you orient molecules you need a certain
time to have it take place. This time is dependent
on field strengths. Clearly if you apply a high field
strength the forces are strong and it snaps rapidly
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into position, and for small field strengths it takes
longer periods of time. So the time was chosen just
to get the effect and no longer. If you apply it longer
you might apply more heat than is needed to get
the effect. We want to minimize the heat develop-
ment.

Mr. Griffy: My question was concerned with the
off time. 1 understand why you leave it on for
time 7,.

Dr. Schwan: As you take the field off it takes a
certain amount of time before the effect disappears.
What you have is a competition between random
thermal forces and the phenomena of pearl-chain
formation, or in Heller's work the orientation of
particles for example. Random thermal forces,
Brownian movement acts after you switch off the

field to eliminate the effect, and thus, if you get
orientation or something like that, it disappears
after a while. Quite obviously you should choose
off time in such a way that you switch back the
field just before the particles start to break apart.

Mr. Griffy: Yes, but I am not clear why this
should be the time # which corresponds to the
threshold field value. It might be a completely
different relaxation time than .

Dr. Schwan: The calculations of Saito and the
recent experimental work by Sharon Kresh have
shown that the time which characterized the
breakup is very close to the time which corresponds
with threshold field strengths. That, of course, has
already been experimentally substantiated. That is
a very valid point in the argument.
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THERMAL EFFECTS OF MICROWAVE
EXPOSURE

The exact nature of the biologic effects of micro-
waves is not completely understood. It has been
shown, however, that microwaves may affect a
variety of organisms, from protozoa to mammals.
Effects may occur at various frequencies and power
densities characterized by responses that involve
reaction of the entire organism to changes at the
molecular level.

Although most of the experimental data support
the concept that the effects of microwave exposure
are primarily the result of local or general hyper-
thermia, there are large areas of confusion, uncer-
tainty and actual misinformation.

It is important, therefore, to review the present
state of the art of biologic effects of microwaves and
attempt to decipher the known and substantiated
from the speculative and unsubstantiated effects, in
order that we may maintain a realistic perspective
on the nature of microwaves and the possible effects
of exposure to this form of energy. Unless this is
done, the tremendous potential of electromagnetic
energy in the microwave range for radar, communi-
cations, biomedical, industrial and consumer use
and applications will be hampered.

A. Biophysical Principles

When microwaves are absorbed by any material,
the energy is transformed into increased kinetic
energy of the absorbing molecules, which, by in-
creased collision with the adjacent molecules pro-
duces a general heating of the entire medium. The
energy value of 1 quantum of microwave (0.024—
4.0X10-% €V) is much too low to produce the type
of excitation necessary for ionization, no matter

! This paper is based on work performed under contract with the
U.S. Atomic Energy Commission.

how many quanta are absorbed. Chemical activa-
tions involving orbital transitions of electrons are
rarely encountered with radiation of wavelength
longer than ultraviolet or possibly visible light (1).

It has been determined that one ionization
occurs on the average for every 34 eV of energy
expended in air. The actual amount of energy
needed to eject an electron from a molecule (ion-
ization potential) ranges from 10 to 25 eV (2). The
extra energy which is expended is used to form
excited molecules. Where large molecules are in-
volved, the energy is distributed through the
entire molecule with too little energy concentrated
at any one bond to cause its rupture. The energy is
removed from the system as oscillation energy
which becomes randomized and is converted to
heat.

For the sake of comparison, it may be noted
that the solar constant or the solar radiation just
outside the earth’s atmosphere is 139.6 mW/cm?
(3). About two thirds of this gets through the
atmosphere so that the typical solar radiation at
the surface of the earth can be as much as 90
mW/cm?, and perhaps more typically around
60 mW/cm? This radiation consists primarily of
infrared, visible and ultraviolet components. Though
the ultraviolet, in particular, has well-known im-
portant nonthermal effects, the total absorbed
radiation acts to heat the surface of exposed skin.

Since the major effect of exposure to microwaves
is thermal in nature, the general effects of hyper-
pyrexia must be understood. The reactions resulting
from temperature elevation in the tissues, no matter
what the cause, are similar to those observed after
exposure to microwave energy of adequate power
levels.

When considering the biological effects of micro-
wave radiation, the wavelength or frequency of the
energy and its relationship to the physical dimen-

35
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sions of objects exposed to radiation become im-
portant factors. It has been determined that for
any significant energy absorption, the physical size
of the object must be equivalent to at least a tenth
of a wave-length at the frequency of radiation.

The human body is composed of various tissues
which may be considered as a transmission medium
exhibiting the characteristics of a complex dielectric
material.

The degree of temperature rise from exposure to
microwaves is dependent on numerous physical and
biologic factors:

1. Intensity or power density; the amount of
heat produced is proportional to the power density
as measured in mW /cm?

2. Duration of exposure; limited, however, by
environmental and physiological factors.

3. Frequency or wave length of the radiation.

4. Size and dimensions of the exposed object.

5. Thermal regulatory capacity of the exposed
subject.

6. Thickness of tissue.

7. Composition of tissue,

The biologic factors in temperature increase are
mainly those related to the ability of the tissue to
rid itself of excess heat. Heat transfer at a given
body temperature is equal to the algebraic sum of
the heat generation due to metabolic processes and
heat loss from radiation and breathing. When heat
loss predominates, normal temperature is restored.
If, on the other hand, heat gain exceeds heat loss,
the body temperature rises to the lethal tempera-
ture for the animal.

B. Biomedical Principles

Detailed information on the thermal response to
microwave exposure is available in several publica-
tions (see, e.g., Refs. 4-21).

In order to present some of the general principles
of thermal effects of microwaves, results of some
studies performed at the University of Rochester
between 1957 and 1965 will be briefly described.

Materials and Methods

Adult mongrel dogs were exposed to 2800 MHz
(AN/FPS-6) or 1280 MHz (AN/FPS-8) pulsed
microwaves. The units were operated at 360 pulses/
sec with a 2-3 microsecond pulse width.

To simplify the determination of the power

density and to aid in the interpretation of data, a
microwave “free space’” room was constructed for
animal exposures (Fig. 1). This room, approxi-
mately 7X7X15 ft.,, was lined with commercial
microwave absorbing material which permits a
maximum of 2 percent of the incident energy to be
reflected from its surface. Power density measure-
ments were made with a Ramcor (R) Model 1200
densitometer. In the exposure chamber, power
density varied between 2X 1072 to 1.2 W/cm?, de-
pending on distance from the horn. The field pattern
was relatively uniform across the animal’s body
during exposure, with the energy at the periphery
differing by less than 20 percent from that at the
center. A double Plexiglas cage was constructed to
confine two animals during exposure, permitting
one to serve as a control. Since the animals were
free to turn to any position, rotation was not
considered necessary.

Dogs were exposed at two power densities (100
mW /cm? and 165 mW/cm?) for differing periods of
time. A small number of rabbits and rats were also
exposed for comparative purposes.

Additional exposures were performed utilizing an
end-fire helical antenna, from a 200 MHz (CW)
generating source, located in an anechoic chamber
42 ft. long by 10 ft. wide and 9 ft. high. The pre-
determined power density was 165 mW/cm?.

Rectal temperature of dogs and rabbits exposed
at 2800 MHz pulsed microwaves was monitored
throughout all experiments, beginning 15 minutes
prior to irradiation, with an electronic thermometer
energized by a thermistor probe covered with

Figure 1. Microwave “free space” room for animal exposures.
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Plexiglas and fixed in the rectum. Exposure was
started when the measured temperature maintained
a constant value. The animals’ responses during the
exposure were recorded. Blood samples were ob-
tained by a single-stab jugular puncture before and
within 1 minute following exposure. The dogs were
weighed before and after each exposure. General
appearance, alterations in behavior and gait, and
desire for water at the conclusion of each exposure
were recorded.

To assess the effect of anesthesia on the response
to microwave exposure, several animals were in-
jected intravenously with pentobarbital sodium
and exposed at 2800 and 200 MHz.

Four dogs picked at random were exposed to 165
mW/cm?, 2800 MHz, while under medication with
pentobarbital sodium, morphine sulfate, or chlor-
promazine, in order to determine the effect of seda-
tion on the response to microwaves. A latin square
experimental design was utilized. At least 1 week
elapsed between exposures.

Results

a. Temperature Response—The thermal response
in the dog exposed to 165 mW/cm?, 2800 MHz
pulsed microwaves at 30 percent humidity consisted
of three distinct phases (Fig. 2). In phase I, initial
thermal response, body temperature increases by
2-3 °F 1 hour after onset of exposure. In phase 11,
period of thermal equilibrium, rectal temperature
stabilizes. This may last 1 hour, during which the
temperature will cycle between 105 and 106 °F. In
phase III, period of thermal breakdown, the tem-
perature rises above 106 °F, continues increasing
rapidly until a critical temperature of 107 °F, or

109 165 mW/cm? 2790 Mc/sec

102 *INITIAL HEATING
*INCREASED RESPIRATORY

DREATE
*DECREASED DEPTH
“PANTING *GOLLAPSE

«THERMAL EQUILIBRIUM *BREAKDOWN IN

THERMAL
EQUILIBRIUM

RECTAL TEMPERATURE ( F)

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85
DURATION OF EXPOSURE (MIN}

Figure 2. Thermal response of dogs to microwaves.
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greater, is reached. If exposure 1s not stopped,
death will occur.

A critical rectal temperature with no equilibration
is reached in 10 minutes in the rabbit and 20 minutes
in the rat when exposed at 165 mW/cm?, 2800 MHz.
The influence of body size on the thermal response
at this frequency is negligible. Fox terriers weighing
4 kg, which is equivalent to the weight of the rabbit,
respond the same as medium sized dogs ranging in
weight from 3 to 20 kg.

Exposure of dogs at 100 mW /cm? for periods up
to 6 hours does not cause a critical rectal tempera-
ture. Initial heating is slight, the animal remaining
in thermal equilibrium during the remainder of
exposure.

At 200 MHz, 165 mW/cm?, the dog equilibrates
later than at 2800 MHz and remains in thermal
equilibrium for a longer period before breakdown.
Body size of the animal does not influence response.
Equilibration is minimal in the rabbit, and critical
rectal temperature occurs within 30 minutes. Rats
exposed for 1 hour do not show evidence of thermal
breakdown.

At 103.5-106 °F, 20 percent humidity, thermal
regulation is adequate to maintain normal body
temperature. Exposure to 2800 MHz microwaves at
this environmental temperature results in increased
rectal temperature, which is greater than that seen
with microwave exposures at 72 °F, 30 percent
humidity.

Temperature recovery assumes an exponential
form for dogs exposed to 165 mW/cm? or 100
Pre-exposure level is reached within
an hour.

In dogs that die during or immediately after
microwave exposure, the liver, gall bladder, urinary
bladder, stomach and lungs are 24 °F higher,
while testes and the anterior chamber of the eye
are 6 °F lower than simultaneously recorded rectal
temperature, 15-60 minutes after death.

b. Clinical Response—Dogs exposed to 2800 MHz,
165 mW/cm? start panting shortly after irradiation
starts. As exposure continues, the rate of panting
increases and may stabilize only to increase again as
the rectal temperature rises. Salivation occurs in
many dogs, the amount increasing with the duration
of exposure. Most animals display increased activity
varying from restlessness to extreme agitation. The
animals are alert throughout the exposure as long
as they are able to maintain thermal regulation.
Marked vasodilatation of the skin and mucous
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membranes is observed during prolonged exposure.
The response is less marked with exposure at 100
mW/cm?. Terminally, (4-6 hr. at 100 mW/cm? or
2-3 hr. at 165 mW/cm?) weakness develops and,
in extreme cases, the dog becomes prostrate. Re-
covery, when it occurs, is rapid.

Exposure of rabbits at 165 mW /cm? produces an
extremely violent reaction. Within 5 minutes,
desperate attempts are made to escape from the
cage. Peripheral engorgement of all vessels yields an
acrocyanotic picture. Forty minutes of exposure re-
sults in death. When rabbits are exposed at 100
mW /cm? for 1 hour, they become prostrate.

c. Hematology—Leukocyte changes in the dog
reflected in distribution of the component cells
indicate specific sensitivities related to frequency,
power density, and duration of exposure. Lympho-
cytes and eosinophiles are decreased after 6 hours
of exposure at 100 mW/cm?, 2800 MHz. Total
leukocytes and neutrophils are slightly increased at
24 hours (Fig. 3).

After 2 hours of exposure to 165 mW/cm?, the
total leukocyte count is slightly decreased. When
the exposure is prolonged to 3 hours, leukocyte in-
crease is observed, which is more pronounced at 24
hours. Lymphocyte and eosinophile changes are
variable, but are decreased immediately or 24
hours after exposure.

d. Effect of Premedication— Anesthetization of the
dog results in an increased thermal susceptibility to
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Figure 4. Thermal response to microwave exposure.

2800 MHz (Fig. 4). Transient equilibration occurs
when the animal is exposed to 200 MHz while under
anesthesia.

Anesthetization of the rabbit and rat, exposed to
2800 MHz, delays the time for reaching a critical
rectal temperature. This probably results from the
lower initial rectal temperature and peripheral
vasodilation of the anesthetized animal. The anes-
thetized rat appears to be more sensitive than the
nonanesthetized rat when exposed to 200 MHz.

Dogs that received pentobarbital sodium, mor-
phine sulfate, or chlorpromazine responded with a
higher rectal temperature than unmedicated animals
(Table 1). The greatest rectal temperature increase,
4.56 °F, occurred in 30 minutes in animals that
received pentobarbital sodium. Chlorpromazine pre-
medication resulted in an increase of 2.5 °F and
morphine sulfate in an increase of 2.13 °F in 30
minutes. The unmedicated dogs had a mean increase
of 1.31 °F from the initial temperature in a com-
parable time period.

When pentobarbital sodium was used, the initial
4 °F increase occurred in 28.8 minutes; with mor-
phine sulfate, 66.3 minutes; and with chlorproma-
zine, 108.8 minutes; compared with 172.5 minutes
in unmedicated dogs.

The rectal temperature of pentobarbital-treated
dogs did not start to decrease until several minutes
after termination of the exposure. Thirty minuces
postexposure, the rectal temperature of these
animals dropped 2.25 °F. Morphine sulfate and
chlorpromazine groups decreased 2.63 °F and
3.63 °F, respectively, compared with 3.75 °F for
the unmedicated dogs.

Temperature changes were minimal for all groups
when not exposed to microwaves. There was no
apparent reaction from previous medication.

e. Effect on Body Water—The interrelationship of




% GHANGE

BIOLOGICAL EFFECTS OF MICROWAVE EXPOSURE

TABLE 1

Thermal Response of Dogs Exposed to Microwaves After Medication Analysis of Variance

Heating Cooling
Maximum °F Time Time
Increase (Minutes) {Minutes)
Initial 30 Min. For Initial 4°F For Initial 4°F
Drug Dose Heating Increase Decrease
Control — 1.31 = 0.47* 172.5 £ 22.0 35.0 &+ 8.45
Pentobarbital Sodium To effect ca. 30 4.56 = 0.47 28.8 &£ 22.0 85.0 &+ 8.45
mg/kg
iv
Chlorpromazine 2 mg/ke 2.50 &+ 0.47 108.8 = 22.0 39.5 + 8.45
im
Morphine Sulphate 4 mg/kg 2.13 = 0.47 66.3 £+ 22.0 51.3 = 8.45

sC

* Mean + Standard Error of the Mean
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hematocrit change, rectal temperature increase and
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Figure 5. Physiologic response in normal dogs exposed to
microwaves 2800 MHz.

weight loss in the dog exposed to microwaves is
llustrated in Fig. 5. Hematocrit change is biphasic.
Shortly after commencement of the exposure, hemo-
dilution occurs followed by progressive hemocon-
centration. A second attempt at hemodilution is
noted at approximately 2 hours, followed by hemo-
concentration. The dog loses its ability to hemodilute
about the time thermal equilibration deteriorates.
At this time, body weight loss is greater than 5
percent.

Dogs exposed at 165 mW/cm? show a body weight
loss of 2.0 percent per hour. At 100 mW /cm?, there
is a weight loss of 1.25 percent per hour, and hemo-
dilution occurs, as contrasted with hemoconcentra-
tion evident at 165 mW/cm?,

f. Adaptation—Adaptation or an increase in the
resistance of the animal is observed in the course of
repeated irradiation (Fig. 6). The temperature equi-
librium phase is prolonged and the animals endure
longer durations of exposure.

g. Burns—Dogs may develop superficial burns
on various portions of the body, but particularly on
the thoracic cage. Five to six days following ex-
posure, the affected skin sloughs, leaving a deep,
clean, noninfected area identical in appearance with
a third degree burn. The central portion appears to
devitalize with development of a process not unlike

dry gangrene. Scarring or keloid development was
not noted.

h. Late Effects—All animals were normal after
exposure. Periodic physical and eye examination by
slit lamp and ophthalmoscope up to 1 year after
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exposure failed to reveal any physiological decre-
ments or lenticular changes.

Discussion

Exposure of various species of animals to whole-
body microwave radiation at levels of 100 mW/cm?
or more is characterized by a temperature rise
which is a function of the thermal regulatory proc-
esses and active adaptation of the animal. The end
result is either reversible or irreversible change de-
pending on the conditions of the irradiation and the
physiologic state of the animal.

The thermal response induced by microwave
exposure in an animal with thermal regulatory
capability comparable to that of man (such as the
dog) is characterized by three phases: a) Initial
thermal response, b) period of thermal equilibrium
and c) period of thermal breakdown.

An excessive increase in body temperature pro-
duces damage indistinguishable from fever in
general. The increase in temperature in irradiated
tissues during local exposure occurs linearly for
short periods (1-3 minutes) and is related to the
quantity of the microwave energy absorbed. With
exposures in excess of 3 minutes the magnitude of
the thermal effect and distribution of heat in tissues
is determined by heat-regulating mechanisms (22).
At the same power density, intermittent exposure
can be tolerated for longer periods than uninter-
rupted exposure because of heat dissipation. The
rate at which the heat is dissipated will vary in
different species depending on heat-regulating mech-
anisms or metabolic characteristics.

An early manifestation of acute heat stress for
the mammal is hemodilution, which occurs during

the first 30 minutes of exposure and before the
body temperature increases. With prolonged ex-
posure, hemodilution is reversed as a result of the
dehydration, and hemoconcentration follows. The
early hemodilution is no doubt due to an influx of
extravascular fluid as a result of the extensive
peripheral vasodilatation (23). The dog exposed to
microwaves shows a similar physiologic response.
Ambient temperature is critical in these experi-
ments, inasmuch as the total water loss in warm
expired air is greatly accelerated (24).

Alterations in leukocyte levels have been reported
after exposure of the body to heat (25), and dia-
thermy (26). Leukocyte levels are also altered by
exposure to 2800 MHz pulsed microwaves, 100-165
mW/ecm?, The decrease in lymphocytes and eosin-
ophiles seen after prolonged exposure to microwaves
(100-165 mW/cm?) resembles that reported to
occur after slow continuous ACTH injection and
may be indicative of hypothalamic or adrenal
stimulation. The suggestion that this effect is a

~» manifestation of hypothalamic-hypophysial stimu-

lation resulting in the well known adaptational
“stress syndrome,” has been questioned by Presman
(27), who suggests that stress in reaction to micro-
waves of medium and high intensities arises from
direct reaction of all skin receptors rather than
heat receptors alone on brain structures, while the
effect of radiation at low intensity involves only
action on brain structures.

The greater thermal susceptibility of dogs to
microwaves while under the influence of pento-
barbital sodium, morphine sulfate, or chlorproma-
zine indicates impairment of the thermal regulatory
mechanism. To what degree microwaves contribute
to this effect is not clearly understood. When
pentobarbital sodium is administered for surgical
procedures, a decline in rectal temperature can
result (28). Hemingway (29) reported a similar
response in investigations conducted in a cool
environment.

The reaction intensity in local irradiation has
been estimated in humans in terms of the point of
barely perceptible pain sensation (30). This hap-
pened when the skin was heated to a temperature
of 4647 °C which required a microwave intensity
(at 3000 MHz) four times higher than for infrared
rays (for the same duration of irradiation). This
difference was explained by the different absorption
and distribution of energy into the tissues from
microwaves of this frequency range as compared
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with infrared. Experiments with shorter wavelength
microwaves (24 GHz) (6) however, showed that an
intensity of microwaves three times lower than
infrared rays produced the same degree of heating
of rat skin for the same duration.

The pain effect from direct irradiation of pe-
ripheral nerve in a cat by pulsed microwaves (2.5
and 10 GHz) has been studied in comparison with
the effect of heating the nerve by infrared and con-
vected heat (31, 32). Regardless of the type of
agent, physiological reactions indicative of pain
sensation (accelerated respiration and heartbeat,
dilatation of the pupils, rise in blood pressure, etc.)
were noted when the temperature of the nerve was
raised to 46 °C.

When animals are subjected to prolonged ir-
radiation by microwaves at high intensity, changes
in tissues and organs such as hemorrhage, burns and
necrosis may develop. This is no doubt the result of
marked overheating of the tissues (33, 34).

The development of skin burns over the rib cage
in dogs exposed to 2.8 GHz, 100 mW/cm? micro-
waves suggests a differential sensitivity of specific
body areas. Because water readily absorbs micro-
wave energy, the distribution of fluid in the exposed
subject is an important factor in the development
of burns. The possibility of a specific effect produced
by reflection from the underlying bone is also
suggested (18).

The extreme manifestation of the irreversible
action of microwaves, or death, has been studied,
but the criteria for lethal conditions of irradiation
have not been established yet with sufficient pre-
cision.

The duration of irradiation by pulsed microwaves
of various frequencies and intensities sufficient to
kill the animal (immediately after irradiation or
some time thereafter) has been estimated (6, 18, 35).

Deichmann et al. (5) investigated the thermal
stress effects of exposure to an interrupted micro-
wave field (simulating the continuous 360 degree
sweeping action of a radar scanner). Using unpro-
tected rats subjected to a constantly rotating
microwave frequency of 24,000 MHz, 300 mW/cm?
(average power density), they found that the ratio
of exposure time to nonexposure time in the field,
as the scanner completed its full circle, was critical
to the length of total safe exposure. The animals
survived 80 minutes of total exposure to the micro-
wave beam during an eight hour period. The animals
had a chance to dissipate some of the absorbed heat

during the nonexposure intervals. Prausnitz and
Susskind (36) have confirmed this with mice exposed
to 10,000 MHz. They suggest that when the mice
are out of the microwave field, the slight latent
period before body temperature decreases, reduces
their ability to dissipate heat if the exposure-
nonexposure cycle is too rapid. This would result
in a situation similar to almost continuous exposure.

Lethality depends on a number of conditions of
irradiation and on the state of the animal. For a
given intensity, a shorter irradiation is required to
kill the animal when the temperature of the body
and the environment is higher (37, 38).

Body temperature may be the determining factor
as to when death will occur. Studies of survival time
of rats in a 24,000 MHz microwave field at different
ambient temperatures showed that all exposed rats
died when the rectal temperature rose to approxi-
mately 44 °C (111.2 °F), regardless of the ambient
temperature. The lower the ambient temperature,
the greater the chance for thermal compensation
and, therefore, the chance for survival (39). ,

There are no substantiated reports of death from
exposure to microwave generating equipment under
normal conditions of operation. Death of a man from
radar exposure has been reported (40), however, no
relationship was established between the death of
this individual, who died of a post-surgical peri-
tonitis, and his microwave exposure. There is no
evidence of adverse effects from exposure to micro-
waves in human beings among the thousands of
individuals who have worked with radar and radar
unit components, even at levels far in excess of the
10 mW /cm? safety level (41).

Summary

The knowledge gained from laboratory experience
concerning the effects of radiation within the range
of frequencies from 500 to 10,000 MHz (60 to 3 cm
wavelength) can be summarized as follows (USAF
T.O. 1967):

Radiation at frequencies below 1000 MHz causes
heat to be developed primarily in the deep tissues
as a result of the penetration of the energy.

Frequencies greater than approximately 3000
MHz cause heating of tissues in much the same
manner as does infrared radiation or direct sunlight.

Radiation at frequencies between 1000 and 3000
MHz is subject to varying degrees of penetration
and 1s absorbed in both surface tissues and the
deeper tissues, depending upon the characteristics
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of the tissues themselves (thickness, dielectric con-
stant, and conductivity) and the frequency of
radiation.

When electromagnetic energy is absorbed in tis-
sues of the body, heat is produced in the tissues. If
the organism cannot dissipate this heat energy as
fast as it is produced, the internal temperature of
the body will rise. The body’s ability to dissipate
heat successfully, depends upon many related
factors, such as environmental air circulation rate,
humidity, air temperature, body metabolic rate,
clothing, power density of the radiation field,
amount of energy absorbed, and duration of exposure
(time).

If only a portion of the body is exposed, the in-
ternal temperature of the portion irradiated may
rise considerably above normal. However, if the
exposure is not prolonged and the areas exposed
have adequate blood circulation, the measured oral
and rectal temperatures may remain completely
normal. Where areas of the body are cooled by an
adequate flow of blood through the vascular system,
there is less likelihood of tissue damage resulting
from abnormal temperature; in areas with relatively
little blood circulation, the temperature will rise
considerably, since there is little means for the
interchange of heat. Consequently, tissue damage is
more likely to occur in those areas where propor-
tionately greater rises in temperature can occur.
Thus the eyes and testes are readily susceptible to
thermal damage, since these organs do not possess
an adequate vascular system for the exchange of
heat. Presently available information and experience
indicate that the eyes and testes are the most
vulnerable to microwave radiation.

The body’s reaction to an abnormally high fever
(hyperpyrexia) is essentially the same regardless of
how the fever is produced, whether it is the result
of hot baths, steam cabinets, heatstroke, diathermy,
or absorbed microwave energy.

CRITIQUE OF BIOMEDICAL INVESTIGA-
TIONS INTO THE BIOLOGICAL EFFECTS
OF MICROWAVES

A. Experimental Design

Quantitation of the biological response to micro-
waves is a complex problem because of the wide
frequency spectrum, the large number of physical

and biological variables and the interrelationships
of these variables.

The factors which have to be considered include:
Frequency, intensity, waveform (continuous wave,
pulsed, and modulated), animal orientation with
respect to source, size of animal with respect to
wavelength, portion of the body irradiated, ex-
posure time-intensity factors, environmental condi-
tions (temperature, humidity), and shielding. The
condition of the exposed subject such as state of
health, restraint, medication, etc. has important
implications. These variables, individually and in
combination, affect the biological response to
microwaves.

Radiation in the millimeter range tends to pene-
trate only a few millimeters into the body, while
radiation of longer wavelength penetrates pro-
gressively deeper; body size, therefore, becomes a
considerable factor in any comparative evaluation.
The inherent thermal regulation ability of the
animal is also a factor in such biological responses.

One of the problems in studying biologic effects of
microwaves, as in all biomedical investigations, is
the selection of the most appropriate animal species
for study. Animals are quite often selected only on
the basis of convenience, economy or familiarity
and without regard to their suitability to the prob-
lem under study. Because of the lack of awareness
and concern in the selection of the experimental
animal, many investigations have no inherent value
insofar as extrapolation to man is concerned and,
in some cases, have led to incorrect interpretations
necessitating expensive, time-consuming attempts at
confirmation or logical application of the data.

Definitive information concerning effects of micro-
waves in man can be obtained by extrapolation from
animal experimentation and comparison with spe-
cific observations following human exposure. Be-
cause of the complex nature of the biologic responses
to microwave irradiation, it becomes essential to
investigate different species of animal under a
variety of exposures before experimental results
can be reliably extrapolated to man. Most of the
earlier investigations of biologic effects of micro-
waves were conducted on static models or small
laboratory animals such as mice, rats, or rabbits.
In numerous instances, the exposures were per-
formed while the animal was under the influence of
anesthetics, sedatives, tranquilizers, or physically
restrained, thus modifying the physiologic or bio-
chemical response.
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Before an investigation to elucidate biologic
effects of microwaves can be undertaken, certain
specific problems pertaining to animal variability
must be appreciated. Numerous physiologic factors
such as interspecies and interstrain variability in
heat regulation and metabolic function must be
recognized. Intraspecies body size variation, with
resultant differences in the coefficient of heat ab-
sorption, cannot be ignored. The effect of previous
medication coupled with the physical aspects of
exposure, such as frequency or power density, as
well as other experimental variables, must be con-
sidered.

B. Effect on the Lens of the Eye

The eye is sensitive to many types of electro-
magnetic radiation. Certain parts of the eye are
more susceptible to particular wavelengths than
others. Longer wavelengths are readily transmitted
through the globe of the eye with little if any
absorption and do not give rise to any deleterious
effects in the lens. Shorter waves, such as those in
the centimeter range, however, can be harmful to
the anterior half of the eye because of absorption
and consequent heating effects (42).

According to Zaret (43), the initial site of the
pathology is not in the lens substance itself, but in
the capsule surrounding the lens at its posterior
surface.

The lens is avascular, and is located at least 2mm
or more from any blood supply, making it much less
effective in dissipating heat as compared with most
other tissues and organs. Since microwave absorption
is associated with the production of heating, this
may be an important factor in the greater suscepti-
bility of the lens to certain forms of electromagnetic
radiation. Another important consideration is the
rather unique method of differentiation and growth
which is present in the lens. The major metabolic
activity, particularly oxidative respiration, occurs
within the layer of epithelial cells located only in the
anterior subcapsular region extending toward the
equator.

Microwaves have been shown to produce cataracts
in a variety of experimental animals (see, e.g., Refs.
44 to0 55).

In several studies, exposure of animals to various
frequencies ranging from 200-5500 MHz at field in-
tensities up to 150 mW/cm? did not produce eye
damage; most of these exposures were whole-body

(7, 17, 62, 63). Lubin et al. (64) reported that lens
changes did not occur in rabbits given 400 MHz
whole-body exposure even if radiation times were
extended to the lethal period. Addington et al. (62)
did not find any eye changes in guinea pigs, dogs,
sheep, or mice, from chronic whole-body exposures to
200 MHz (CW).

Whole-body exposure of dogs to 2800 MHz
(pulsed) microwaves at an average power density of
165 mW /cm? for three hours in a single exposure or
as long as six hours after daily exposures over a three
week period did not produce any lenticular changes
when eyes were examined regularly for several years
after irradiation (18). In these exposures, the dogs
could move around in their cages and their eyes were
not exposed directly to the microwave beam for
prolonged periods of time.

Richardson et al. (51) noted clouding of the lens
after heating of rabbit eyes to 50 °C with 10,000
MHz. With this superficial energy the changes oc-
curred in the anterior segment of the lens, with
clouding of the cornea. Using pulsed or CW, 5500
MHz microwaves, Zaret (65) produced lens opaci-
ties in rabbits after exposure to 390 mW/cm? for
34-37 minutes.

Threshold for appearance of cataracts in the rabbit
after a single exposure to 2450 MHz CW has been
established by Williams et al. (66) to be 120 mW/cm?
for 270 minutes and 600 mW/cm? for 5 minutes
exposure.

Some biochemical changes have been noted when
the eyes of rabbits were exposed to microwaves.
Following microwave irradiation of sufficient in-
tensity to result in early cataract formation, a loss of
phosphatase activity of the lens occurs (67). At low
exposure levels, with delayed cataract formation,
no significant reduction of adenosine triphosphatase
or pyrophosphatase is noted. Rabbits with alloxan
induced diabetes are more susceptible to microwave
induced cataract formation than are nondiabetic
rabbits (49).

In man, Barron et al. (70) and Daily (136) did
not find changes in eyes of persons working with
radar. A case has been reported, however, where a
technician developed bilateral cataracts while oper-
ating a radar unit in the 1500-3000 MHz range,
with exposure to 100 mW/cm? for a one year period
(58). The significance of this finding has been ques-
tioned. Cogan (57) does not believe that the micro-
wave etiology of the cataracts was proven. Kalant
(1) points out that “the lesions described are quite
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unlike those produced by microwaves in all the ex-
perimental studies, and the authors are careful not
to claim that the lesions were caused by micro-
waves, but merely to urge caution.” This “report
gives insufficient information to permit even a guess
concerning the actual intensity of exposure, and it
seems improbable in the extreme that the lesions
described were in fact caused by microwaves.”

Zaret et al. (71) conducted an extensive study on
the frequency of occurrence of lenticular imperfec-
tions in the eyes of microwave workers. A statis-
tically significant difference between the eyes of
microwave exposed and control populations was
noted. Posterior polar lens changes were more
prominent in microwave workers; the number of
defects showed a linear increase with age. Although
an apparent statistical difference in the score of lens
changes between the exposed and control groups
existed, the difference was considered not significant
from a clinical standpoint. According to Zaret et al.
(71), the extent of minor lenticular imperfections
does not serve as a useful clinical indicator of cumu-
lative exposure. A relationship can be established
between the dose of microwave radiation delivered to
the eye and the appearance of cataracts (72). From
repeated exposure at 5 watts/cm?, cataracts were
formed in two months. At 500 mW/cm?, several
months elapse prior to appearance of posterior
capsular opacification; at this level, several years
are required for production of formed cataracts.

Cleary and his associates (73, 74) found that al-
though repeated subthreshold exposures may pro-
duce minimal types of lens changes, it did not appear
to increase the incidence of cataracts in Army and
Air Force personnel following operational exposure.
An analysis of the relative incidence of lens changes
in a sample of microwave workers and a control
sample revealed a statistically significant increase in
rate of accumulation of specific types of defects in
the lenses of microwave workers. It was also noted
that specific areas of microwave work specialization
differ in regard to incidence of lens defects and cor-
relations with microwave exposure parameters. Since
the number of defects increased significantly with
age in the control group as well as in the group of
microwave workers, this process may be interpreted
as indicating lens aging. Occupational exposure to
microwave radiation may be implicated as a stress
that increases the rate of lens aging (74).

Damage to the lens is generally irreversible. Un-
like other cells of the body, the transparent cells of

the lens cannot be replaced by regrowth. When the
cells making up the lens become damaged or die, a
cataract eventually forms. Thus, it is not unusual to
find cataracts developing many years after the oc-
currence of the event which produced the original
injury. Some of the reported early lenticular opaci-
ties or cataracts may simply be due to tumescence
of the lens fibers and is a reversible change. The
mechanisms responsible for microwave cataracto-
genesis 1s believed to be mainly a thermal one in
which the maximum heating effect is produced ad-
jacent to or within the epithelial layer of the lens
(42, 50, 52, 75).

The available information indicates that the
initial effect of microwave irradiation is mainly
directed towards the lens capsule resulting in a
marked alteration in the permeability of that struc-
ture and impairment in metabolism. Studies em-
ploying “C-labeled adenine in lenses from rabbits’
eyes indicate an increase in turnover of the albumoid
RNA fraction which is derived from soluble RNA of
the lens (76). A significant increase in the perme-
ability of the capsule occurs. Such effects appear to
be thermal in nature.

It is quite likely that eye damage effects are re-
lated to frequency. At about 2450 MHz, the tissue
focuses the electromagnetic energy to a point in the
lens area. This is the area in which cataracts can
take place. Below 1000 MHz, the energy is less
sharply focused, and therefore, the hot spot in the
eye will probably occur in the aqueous humor.

Microwave induced opacities in the posterior
cortex may result as an interface effect at lens cortex-
posterior capsule boundary or at capsule-vitreous
body boundary, with concentration of the energy in
the posterior cortex from reflection of microwaves.
Thus the temperature could be higher in the cortex
than in the vitreous immediately behind the lens
where ocular temperatures are usually recorded.

The possibility of cumulative damage to the lens
from repeated subthreshold exposures to microwaves
has been suggested. In a series of studies by Car-
penter and associates (45, 77), exposure of rabbits’
eyes directly to 2450 MHz, 280 mW/cm?, 5 minutes
was the minimal single exposure period which would
cause an opacity. With a “subthreshold” exposure of
4 minutes, opacities resulted when exposures were
repeated at intervals ranging from 1 day to 2 weeks.
Daily 3 minute exposures for 5 consecutive days
caused opacities. Three minute exposures given at
four day intervals resulted in opacities; when the
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interval between exposures was increased to 7 days,
no opacities developed even after 5 such weekly ex-
posures. Carpenter and VanUmmersen (47) note
that the cumulative cataractogenic effect of micro-
waves, ‘“involves initiation of a chain of events in
the lens, the visible and end result of which is an
opacity, and that this chain of events must be initi-
ated by an adequate power density acting for a
sufficient duration of time if it is to progress to the
development of an opacity. If either the power
density or the duration of the irradiation is below
a certain threshold value, then the damage done to
the lens is not irreparable and recovery can occur,
provided sufficient time elapses before a subsequent
similar episode.” Most investigators agree that
there is a critical intraocular temperature which
must be reached before opacities develop. This
temperature, as reported by various authors, ranges
from 45 to 55 °C. Obviously, no cumulative rise in
temperature can occur if the intervals between ex-
posures exceed the time required for the tissue to
return to normal temperature. The cumulative
effect to be anticipated, therefore, is the accumula-
tion of damage resulting from repeated exposures
each of which is individually capable of producing
some degree of damage (1).

It should be noted that in the studies by Carpenter
et al. (45, 77) that “opacities occurred after 60
minutes or longer exposures of the eye to pulsed
microwaves when the average power density was
only 80 mW/cm? but the peak power was 400
mW/cm?2, A 45 minute exposure had no effect. It is
significant that at the end of a one hour exposure
period at this 80 mW/cm? power, the temperature
within the eye had risen to 42.8 °C which is only 4
degrees above body temperature. Also significant is
the fact that this same power has no effect when
applied as continuous wave radiation for a one hour
period. Indeed, daily exposure periods of this power
and duration have had a cumulative effect on the
eye only after 19 such periods. These results point to
the peak power as being an important factor in
causing opacities to develop when the eye is exposed
to pulsed microwaves. Also, using the same time
repetition factors and pulsed waves, but at a level of
40 mW/cm? no cataracts were obtained (45).

According to Zaret (78) these results do not neces-
sarily indicate a nonthermal cumulative effect.
Acute injury of the lens leads first to hydration, and
this is reversible providing no lens protein denatura-
tion has taken place despite the fact that banding,

striations and opacification are evident. Hydration of
lens fibres may last for many days. If the excess
water leaves the lens before denaturation has oc-
curred, no permanent residuum results. If another
thermal injury intervenes, however, at a time when
the lens is partially damaged, there may be a summa-
tion of effect. Baillie (79) used a hypothermic tech-
nique to investigate the postulated nonthermal
mechanism for cataractogenesis from multiple mi-
crowave exposure at subthreshold levels. His data do
not support the existence of a nonthermal cataracto-
genic property of microwave radiation. According to
Baillie (79) the cataracts which developed during
the course of his study can only be explained on the
basis of thermal coagulation of lens protein. There is
therefore, adequate evidence to incriminate heat as
the initiating mechanism leading to cataract forma-
tion during or following a single exposure to micro-
wave radiation. This study suggests that microwave
cataractogenesis 1s, directly or indirectly, a thermal
phenomenon. At subthreshold power levels, there is
still some question regarding the cumulative effects
on the lens. Differences in patterns of peak pulse
levels and off time between pulses may be critical
factors (80).

It should be understood that a cumulative effect
1s the accumulation of damage resulting from re-
peated exposures each of which is individually ca-
pable of producing some degree of damage. Since
this has not been conclusively shown, the suggestion
of cumulative effects 1s untenable.

It is important at this point to define the cumula-
tive effect produced by ionizing radiation to put this
question in its proper perspective. It has been sug-
gested (and there are some experimental data to
support the concept) that injury incurred from ex-
posure to ionizing radiation is cumulative. This
cumulative effect is a manifestation of the irrepair-
ability of a certain fraction of ionizing radiation
injury which has been designated as residual radia-
tion injury. This component of residual radiation
injury is additive with frequency of exposures and is
not dependent on intervals between exposures once
the full recovery potential has been realized (81).

C. Effect on the Testes

The effect of microwaves on the testes is indicated
in several studies (7, 82, 83, 33).

Exposure of the scrotal area results in varying
degrees of testicular damage such as edema, en-
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largement of the testis, atrophy, fibrosis, and coagu-
lation necrosis of seminiferous tubules in rats, rab-
bits, or dogs exposed to 2450, 3000, 10,000, or 24,000
MHz at power densities of about 10 to 15 mW/cm?;
these, however, were simply temperature increases
rather than pathological changes (7, 83, 84, 85).

Testicular effects such as degeneration, and re-
duced sperm production have been produced experi-
mentally at high power densities (>250 mW/cm?)
sufficient to produce a significant temperature rise
(83, 86).

Ely et al. (7) using 2880 MHz, tried to determine
the lowest power density which would produce mini-
mal changes in the most sensitive animal in a group
of dogs. They found 10 mW/ecm? to be the “thresh-
old” for testicular damage, for an indefinite exposure.
When the testes of dogs were irradiated, it was
found that the testicular temperature during ir-
radiation varied from 36 °C to 44 °C. This tempera-
ture was maintained in most cases for 60 minutes.
The authors point out, however, that the damage
observed at such low power levels is slight, almost
certainly fully recoverable, and the response of the
testes to heating from a radar source is similar to
that from other sources of heat. The same effect,
which is reversible, can also be caused by a hot bath
or constricted clothing and should therefore not be
considered hazardous. It is questionable, therefore,
whether such effects should be legitimately con-
sidered as a basis for appraisal of hazard from micro-
wave exposure (1).

Whole-body exposure of dogs to 24,000 MHz (87)
or guinea pigs to 3000 MHz (88) did not affect re-
production. Exposure to 3000 MHz, 8 mW/cm? did
not affect mating of mice or rats (89).

Reports of sterility in the human from exposure to
microwaves are questionable. Barron and associates
(70, 90) found no evidence of fertility changes in
their human surveys. Reports of altered fertility
in man, even with unusually large exposures to
microwaves are not available (91).

The testes are sensitive to temperature elevation
because of their physical location relative to the
body surface and poor ability to dissipate heat by
means of the vascular system. “Any clothing that
prevents maintenance of an intra-scrotal tempera-
ture that is at least 1 °C below body temperature
will significantly lower sperm output. Daily wear of
a well-fitting, closely knit jockstrap results in in-
fertility after about 4 weeks. The better the insula-
tion the more dependable the result. Normal output

gradually is resumed after another 3 weeks without
such interference” (92). Testicular reaction to heat
injury resulting from r. f. radiation appears to be the
same as the reaction to high fever associated with
many illnesses.

Damage to the testes from r. f. radiation is con-
sidered to be completely reversible. Although a con-
dition of temporary sterility and damage to semi-
niferous tubules may occur, the condition does not
appear to be of a permanent nature and will ulti-
mately correct itself. For that matter, temporary
partial sterility can frequently be caused by tight-
fitting clothing which does not permit freedom of
movement and adequate air circulation for the dis-
sipation of heat. Thus, a temperature rise in the
testes approaching that of normal body tempera-
ture can occur, and in some cases this has been
found to be above the minimum temperature thresh-
old for thermal testicular damage. The normal
temperature of the testes is below the normal body
temperature, varies from individual to individual,
and varies in the same individual from time to time,
depending upon age and environment. For even the
most severely exposed testes, it is almost certain that
thermal damage is completely reversible; irreversible
damage because of abnormal temperature in the
human body is not likely to occur, since death of the
individual would result from other causes long before
the occurrence of irreversible damage.

Skillful cytological analysis is required to study
cellular changes in the testes, experimental data
therefore must be interpreted with extreme caution.
In man especially, obtaining testicular biopsies im-
poses practical difficulties (93).

The biological hazard for the testes must be con-
sidered from three aspects: 1) Effect on mature
stored sperm, 2) effect on developing spermatogonia,
3) the effect on the interstitial (Leydig) cells which
are responsible for the secretion of androgenic
hormone.

D. Embryonic Development

There are some experimental data on the effect of
microwaves on development of the chick embryo.
VanUmmersen (94) investigated the effect of micro-
waves on development of the chick embryo using
2450 MHz CW (200400 mW/cm?) and found inter-
ference with cellular differentiation in the absence
of effects on cellular proliferation.

Osborne (138, 139) found that at no stage of de-
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velopment was the chick embryo affected by long
exposure to 200 MHz CW microwaves. In these
experiments the temperature rise within the egg was
never more than 1°C.

Protein denaturation takes place in the neighbor-
hood of 40~70 °C; anything which elevates the tem-
perature to this region can start degradation of cell
structures. The high power densities that were used
in the experiments by Van Ummersen (94) are suffi-
cient to cause protein denaturation on a thermal
basis, since all embryos in which effects were pro-
duced reached a temperature of 55 °C.

(It should be noted, however, that one cannot
compare 200 MHz with 2450 MHz microwaves in
effect on developing chick embryos because of differ-
ences in wavelength and resultant energy absorption
by an object the size of an egg.)

E. Alteration in Electrophoretic, Immunologic
and Enzymatic Activity of Proteins

Changes in the electrophoretic and antigenic re-
activity of human gamma globulin and reduced re-
activity of alpha-amylase have been reported by
Bach (95) and Bach et al. (96). In the study on the
effects on human gamma globulin, exposures were
performed by using r. f. energy in a range of 10 to
200 MHz (most of them in the range from 10 to 40
MHz). Distinct effects attributed to harmonics of 6
MHz were noted, but not explored. Concentrated
exploration for the effect was performed at 10 kilo-
cycle intervals in the range of 13.04 to 13.39 MHz
with the result that pronounced effects on antigenic
reactivity were found at a power density of 13.4
mW/cm? using short duty cycle pulses in order to
produce high electric field strengths. It was noted
that the effect was highly frequency dependent, in
the sense that a strong effect could readily be found
10 to 20 kc away from a frequency at which no
effect was observed. The marked change in the anti-
genic reactivity could characteristically be observed
at field strengths in the order of 25 V/m which
agrees with the extrapolation by Saito and Schwan
(97) on pearl-chain formation. The study on reduced
activity of alpha-amylase (95), was performed using
a kilowatt amplifier with a frequency of approxi-
mately 12 MHz.

No evidence has been obtained in viral, bacterial,
tissue culture or whole animal experiments to show
that these molecular effects can occur in vivo. They
are so far strictly in vitro observations. Whatever

these observations may mean in regard to human
hazard is uncertain (95).

In studies on the effect of radiofrequency waves
and biological macromolecules, Takashima (98)
found that decrease in enzyme activity occurred
only when the temperature in his preparation was
allowed to rise. He concluded that the technique he
employed, namely a 100 watt high frequency genera-
tor CW, 1 MHz to 6 MHz, had only a thermal
effect on alcohol dehydrogenase. In his experiments
performed with DNA, optical density (to detect
strand separation) and viscosity were studied after
irradiation between 10 Hz and 100 kHz; no change
could be detected either in optical density or in
viscosity.

F. Decreased Incorporation of Labeled Amino
Acid Into Liver and Testes

Suggestion of altered protein synthesis and pro-
tein catabolism as a consequence of microwave ex-
posure is based on a study by Janes et al. (99). A
careful analysis of this paper will reveal that a
statement of altered protein metabolism after micro-
wave exposure is not possible.

This study was performed in hamsters subjected
to unspecified microwave power densities, which,
however, were high enough to result in death due to
hyperthermia. There was an apparent decreased
amino acid incorporation in the liver 80 minutes
after exposure, returning to normal at 20 hours.
Protein synthesis in the testes rose significantly
from 80 minutes to 20 hours postexposure.

The authors (99) qualify these results by stating:
The findings of decreased amino acid incorporation
into protein in liver and testes after microwave ex-
posure cannot be equated to decreased protein syn-
thesis without qualification. The mechanism may be
mediated through rise in body temperature. It has
been suggested that hyperthermia results in de-
creased protein synthesis and increased protein
catabolism. Thus a definitive statement of the
mechanism for the altered protein metabolism after
microwaves or hyperthermia is not possible at this
time,

G. Genetic Effects

There is no direct or confirmed evidence of pos-
sible genetic effects due to exposure to microwaves.
Heller and Teixera-Pinto (100) reported r. f. induced
chromosomal abberations in garlic root tips growing
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in water when exposed for 5 minutes to 27 MHz
radiation. This study has been subjected to criticism
since thermal effects were not ruled out convincingly,
leaving the possibility that the chosen parameters
of the applied field caused biologically significant
field induced-force effects (101). As noted by Kalant
(1) “the authors did not state power levels and
operated their instrument on a duty cycle of 0.004
to 0.009. Although the authors described their re-
sults as nonthermal no description is given of the
methods of measuring the temperature. This is a
particularly important omission since the electrodes
were separated by a distance of only a few milli-
meters, much of which was occupied by glass insula-
tion. The volume of water must have been very
small indeed and the cooling relatively rapid on
termination of radiation exposure. Under such condi-
tions, accurate measurement of temperature change
within the root tips must be an extremely difficult
technical problem. In the absence of definite informa-
tion, it would be well to reserve judgment on the
question of whether or not the observed changes are
truly nonthermal.”

Janes et al. (99) also reported microwave induced
chromosome effects in a study using hamsters. The
authors did not designate power density measure-
ments. The hamsters died between 5 and 30 minutes
after onset of exposures with a considerable tempera-
ture rise indicating that a fairly high power density
was used, probably in the range of 100 mW/cm? or
more.

Sigler et al. (102) noted that there was a higher
incidence of children with Down’s Syndrome among
fathers with prior occupational exposure to radar.
This study has very questionable statistical validity
and the conclusions are subject to criticism. It should
be noted that the authors themselves only “sug-
gested the relationship between mongolism and
paternal radar exposure.” Such an associative rela-
tionship has to be interpreted with extreme caution
because of interacting variables, i.e., simultaneous
exposure to ionizing radiation and excessively high
power densities. Also, it is recognized that the ap-
pearance of this congenital malformation is closely
related to the age of the mother, the incidence rising
more than a hundred fold with increasing age of the
mother from 15 to 45 years of age. Because the esti-
mated overall “spontaneous” incidence of Down’s
Syndrome is about 0.15 in all births in Caucasoid
populations, it is exceedingly difficult to relate any
increased incidence to possible exposure history of

the parent unless large numbers of well-documented
cases can be correlated with precisely known ex-
posures; this was not the case in the cited study.

Inferences of apparent genetic effects as a result
of chromosome studies should be viewed with the
understanding that there is extreme difficulty in re-
lying on this type of work since chromosome scoring
techniques are elaborate and require considerable
skill. It is incorrect to suggest that these results are
presumptive evidence of genetic effects of micro-
wave irradiation. Cytogenetic studies are extremely
difficult to perform. In general, these studies are ex-
tremely complex and conclusions made from frag-
mentary studies are fraught with danger.

In evaluating studies on isolated cell systems, it
is often possible to measure changes in molecules
when they are not a part of a living system; it is
not always correct, however, to extrapolate these
findings to living situations where the molecule may
be in a different chemical form and may be sur-
rounded by other molecules with differing sensitivi-
ties or protective capacities (93).

Although chromosome aberrations offer possibili-
ties as early indicators of microwave-induced bio-
logical changes, such effects in tissue cultures may
reflect total response of a specific tissue, but not
genetic injury to the germinal epithelium where it is
especially important. There are several sources of
uncertainty or error in estimating chromosome
aberration frequencies and in using the estimates to
evaluate microwave exposures (see, e.g., Refs. 103
to 105). When cells are cultured in vitro aberration
frequency may vary with time in culture (see, e.g.,
Refs. 104 to 106). There are also many variables in
the tissue culture techniques used in various labora-
tories, which must be taken into consideration when
comparing results. The possible influence of other
agents such as viruses, heat, chemicals, etc., that
are known to produce chromosome breaks should
not be ignored (see, e.g., Refs. 107 to 109). In short,
numerical data representing the various types of
chromosome lesions, like any other type of biological
changes in any type of disease, are significant only
in the context of all other available information
about the exposed individual (93).

It should be noted, that in the field of ionizing
radiation, with the tremendous amount of work
that has been done and the fairly convincing evi-
dence of genetic effects as indicated by mutation
studies in mice, it is still not possible to document
exactly how effective ionizing radiation is in inducing
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mutation in man. The largest group of humans
that is available for study is the offspring of indi-
viduals exposed to the atomic bombs at Hiroshima
and Nagasaki, and as yet, no conclusion on muta-
tional effects of ionizing radiation is possible.

It should be emphasized that little is known of
the ionizing radiation dose mutation relationship
for man, the validity of extrapolating from small
animals to man, the importance of natural muta-
tions in maintaining the incidence of hereditary con-
ditions in the human population, or the relative
mechanisms of selection and elimination of muta-
tions in human populations. Estimates of mutational
risk, such as those described for ionizing radiation,
may be greatly in error in either direction, perhaps
by an order of magnitude. Even in the study of
radiation genetics in experimental mammals there
are many complications which may tend toward
error in estimation of the overall mutational effects
of radiation. These include 1) selection of criteria,
2) the large variation in mutagenic effects, according
to cell generation period at time of irradiation and
3) the radiation induced changes in the nature and
behavior of the biologic material in which the muta-
tion is being measured.

It is of interest that the Soviet investigators, in
spite of their, what appears to us, despairing ap-
proach to microwave effects, do not report genetic
damage.

The effects of microwaves on cells and tissues
should be investigated by reliable techniques which
are sufficiently sensitive to detect cellular damage
over a wide range of power density and frequency.
Such techniques should be as free as possible of in-
teracting variables and should permit valid extra-
polation to the whole organism with its multiple
interdependent, integrated functions.

H. Pearl-Chain Formation

The phenomenon of pearl-chain formation, which
has been alleged to be indicative of nonthermal ef-
fects of microwaves is discussed by several investi-
gators (101, 110).

In considering nonthermal effects of microwaves
the excellent study by Sher (110) should be noted.
He concluded that the ‘“implications for pearl-
chain formation are that on no account can biological
pearl-chain formation occur for particles smaller
than 3 p (diameter) without risking overheating of
the tissues. Particles smaller than about 30 p (di-

ameter) would not form pearl-chains; freely movable
particles of this size are not available in the body.
In conclusion then, it can be said with certainty
that pearl-chain formation will not occur due to
microwave irradiation (by usual pulsed or CW sys-
tems) of human beings who are even loosely observ-
ing the thermal tolerance threshold.”

On the question of orientation of nonspherical
particles, “consideration of time constants lead to
the conclusion that such particles cannot respond to
peak values of the field. It can be said that structures
shorter than 15 u will not be oriented by pulsed or
unpulsed fields which do not overheat the tissues. It
is unlikely that any histological structure exists
which is superficial, sufficiently large and free to be
oriented. Therefore, on the basis of the somewhat
sparse data on orientation it can be said that signifi-
cant biological orientation within human beings or
large animals is very unlikely” (110). In discussing
the study by Heller (111) on the effect of electro-
magnetic fields on unicellular organisms, Schwan
(101) states that this orientation is caused by “the
change in potential electric energy which occurs if
a nonspherical particle is turned with reference to
the applied field.”

Roth (80) in his extensive and critical review
states: The possibility of nonthermal effects has been
the subject of much interest. However, a review of
the literature, which claims the existence of such
effects, fails to be quantitatively convincing. More
research, especially conducted from a more quanti-
tative point of view, is needed to clarify this point. ..
no specific biological effects can be deduced . . .
other nonthermal effects quoted in the Soviet and
American literature are biologically interesting but
have never been clearly shown to be related to
symptoms in man.

I. Soviet Investigations

The possibility that microwaves may interact
with biological material without significant heating
has been suggested by several Soviet investigators
(see, e.g., Refs. 112 to 114).

Although some Soviet investigators describe the
thermal nature of microwaves, the majority stress
nonthermal or specific microwave effects at the
molecular and cellular level. Studies performed in
the United States generally reflect the physiologic
response of the organism to the thermal burden im-
posed by microwaves.
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A considerable body of literature has grown in the
USSR on transient functional changes following
low-dose 10 mW/cm? microwave irradiation studied
by conditional response experimentation. The Soviets
have strongly and repeatedly stressed that the CNS
must be considered as being moderately or highly
sensitive to radiation injuries. Their conceptual
basis for this view is largely centered about Pav-
lovian “nervism.” Very briefly this theory may be
interpreted to mean that the central nervous system
exerts a controlling influence over all types of reac-
tions in the organism, including various local tissue
reactions. Nonnervous reactions are considered as
only of secondary importance because of the basic
controlling role of the central nervous system in the
whole organism. Thus, in considering microwave
pathogenesis, Soviet physiologists have persistently
sought the central nervous system mechanism that
might be responsible for each microwave-induced
phenomenon.

In general, the work of Soviet investigators in
this area is subject to criticism because of limited
statistical analysis of data, inadequate controls and
lack of quantification of the results. Conditional re-
sponse studies intrinsically do not lend themselves
to objective interpretation.

It is of interest to note that one Soviet author
(115) indicates there is evidence that microwaves
may have a biological and especially a neural effect
at field intensities which do not produce measurable
thermal changes although specific, e.g., nonthermal
microwave effects have not been experimentally
verified. He reasons that, since biological objects are
electrically heterogeneous and since microwave-
range electromagnetic fields (EMF) have a known
selective thermal effect on various tissues and organs,
a difference between a microwave effect and a neutral
heat effect is not necessarily due to an unknown
extrathermal factor, but might well be a function of
an uneven distribution of heat in the organism which
could exert its own peculiar effect. The specific ac-
tion of microwave EMF, in Osipov’s view, should
only be understood as a demonstrable transfer of
EMF energy into nonthermal energy. He therefore
feels that the many alleged ‘“nonthermal” micro-
wave effects (113, 116) may well be “microthermal”
effects in the absence of conclusive experimental
evidence to the contrary (112).

These low-level effects reported by Soviet in-
vestigators have not been confirmed outside of the
U.S.S.R. One of the main difficulties in confirming

this Soviet work is quantification. American in-
vestigators have not been able to obtain information
on how these studies were conducted, even though
attempts have been made.

The importance of the difference between the
Soviet and Western views is readily apparent when it
is realized that practical consideration of Maximum
Permissible Exposure is based on the acceptance or
rejection of nonthermal effects of microwaves as bio-
logically significant.

The U.S. Department of Defense and the U.S.A.
Standards Institute recommend the 10 mW/cm?
level whole-body continuous exposure, but Soviet
standards recommend considerably lower exposure
limits, :

One does not know how much confidence to put in
the conclusions of the Soviet investigators. The re-
sults of Soviet experiments do not clearly indicate
whether the changes produced by microwaves are
due to generalized thermal effects or to more specific
influences on particularly vulnerable tissues. The
lack of precise temperature-measuring devices no
doubt plays a part in the assumption of nonthermal
“specific” microwave effects.

Although the Soviets recommend much lower
limits than we do, there is no information presently
available on how the lower limits prescribed by the
Soviets are observed, if they are at all.

Osipov (115) in a review of neurologic responses
to microwave exposure concluded that most subjec-
tive symptoms were reversible and that pathological
damage to neural structures was insignificant. Only
rarely were microwaves found to cause hallucina-
tions, syncope, adynamia and other manifestations
of the so-called “diencephalic” syndrome.

Livshits (117), another leading Soviet investiga-
tor, states the following: During the last 15 years,
disputes among researchers studying the effects of
radiation on the higher nervous activity by the con-
ditioned reflex and zoopsychological methods have
not ceased. In conditioned reflex investigations, it
has been discovered that irradiation induces various
disturbances of the higher nervous activity. It must
be mentioned that such an effect of radiation is
observed only in experiments conducted according to
the schemes used by I. P. Pavlov and his followers.

Among the authors that have investigated the
effects of radiation upon conditioned reflexes in dif-
ferent animals, there is no complete unanimity in
the evaluation of the phenomena that they observed
and the understanding of their mechanism.
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The opinion of certain foreign researchers that the
change in the latent period and values of the condi-
tioned reflex expresses only or primarily a change in
the excitability of the unconditioned reflex centers,
in general contradicts the considerable material ob-
tained in the laboratories of I. P. Pavlov and his
followers. In radiation pathology, in particular, this
question is complex and will require a special in-
vestigation.

Dodge (118), in his review of the Soviet research
in this area, stated ‘“An often disappointing facet of
the Soviet and East European literature on the sub-
ject of clinical manifestations of microwave exposure
is the lack of pertinent data presented on the cir-
cumstances of irradiation; frequency, effective area
of irradiation, orientation of the body with respect
to the source, waveform (continuous or pulsed;
modulation factors), exposure schedule and duration,
natural shielding factors, and whole plethora of im-
portant environmental factors (heat, humidity,
light, etc.) are often omitted from clinical and hy-
gienic reports. In addition, the physiological and
psychological status of human subjects such as
health, previous or concomitant medication, and
mental status is also more often than not omitted.
These variables, both individually and combined,
affect the human response to microwave radiation.”

Very intense microwave fields of up to 10 watts/
cm? applied directly to the head have been shown to
cause deterioration of conditioned reflex activity in
dogs (119). This is hardly a surprising finding, and
adds little to our knowledge since no measurement
of cerebral temperature change was made, and no
pathological studies of brain damage are quoted (1).

Causal relationships of such findings to micro-
wave exposure have not been necessarily always
established. Other work has been carried out study-
ing changes in conditioned reflexes evoked by the
radiation in animals. To the best of our knowledge,
this work has not always been reported in great
detail and has not been reproduced elsewhere (101).

J. Central Nervous System Effects

It is known that an r. f. field can be reinforced in
the region of peripheral nervous tissue causing a
temperature rise, even while nearby muscle and
skin show no measurable temperature effect. When
peripheral nerves are heated above a minimum
level they may trigger spontaneously. Evidence pre-
sented by McAfee (31, 32) convincingly indicates

that it is thermal stimulation of the peripheral
nervous system which produces the neurophysio-
logical and behavioral changes observed. The inter-
action between the peripheral nervous system and
the central nervous system would account for effect
on heart thythm, blood chemistry, etc. as reported
by the Soviets.

An auditory response has been reported to occur
at power levels below 1 mW/cm? of 200-300 MHz
microwaves and is believed to be a direct auditory
nerve response to microwaves (120). It should be
noted, however, that significant though extremely
inefficient rectification of microwave energy may be
possible 7 zivo (121). Thus some of the nonthermal
neurologically related observations can be explained,
especially where one hears pulse repetition fre-
quency.

There is no evidence that this auditory sensation
constitutes a risk of injury. Considering that many
sources of auditory sensation exist in the normal en-
vironment and are not considered hazards, more
evidence of hazard is required.

It is noteworthy that a leading Soviet spokesman
on biologic effects of microwaves has stated that the
changes in the functions of the nervous system pro-
duced by microwaves are not specific (113). As is
known, such changes are produced by any means
of stimulation or variation of the excitability of the
peripheral and central parts of the nervous system.

Hence, we can naturally assume that also the ac-
tion of microwaves under this system is due to
stimulation or variation of the excitability of the
nervous tissues. The elucidation of the physical and
chemical mechanisms of microwaves on excitable
structures involves considerable difficulties, this is
because the physical-chemical mechanisms of ex-
citability of living tissue in general, is still far from
clear.

K. Cardiovascular Effects

Several investigators report that exposure of ani-
mals or man may result in direct or indirect effects
on the cardiovascular system (122, 123, 124, 135).
Some authors suggest that exposure to microwaves
at intensities that do not produce appreciable
thermal effect may lead to functional changes.
These changes are observed with acute as well as
chronic exposures (84, 125, 126).

Increased heart rate has been observed after ex-
posure to power densities of 50-130 mW/cm? for
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variable periods of time ranging from 10-140 minutes
(see, e.g., Refs, 122 to 124).

Slowing of the heart rate is reported by some
Soviet investigators with low, or what they consider
nonthermal, levels of microwaves (see, e.g., Refs.
127 to 129), although others have reported increased
heart rate with low-level microwave exposure over
the dorsal aspect of rabbits (130, 131). These dis-

crepancies reveal several defects in some of the ex-

periments which should be recognized, such as fre- -

quency, power density of microwaves, duration of
exposure, animal restraint and inadequacy of statis-
tical analysis.

Tolgskaya and Gordon (132) suggest that re-
ceptors of the refluxogenic zone of the curve of the
aorta, the carotid sinus, and all layers of the auricular
wall are highly sensitive to microwaves. They ob-
served morphological modification of receptors
after one exposure to microwaves; these changes
decreased with repeated exposures. Levitina (133)
suggests that reduced cardiac rhythm is initiated
through stimulation of the skin receptors.

L. Ionizing Radiation

It is essential that one distinguish between ioniz-
ing radiation effects and those effects produced by
electromagnetic radiation in the microwave range.

Since microwaves do not cause ionization, those
effects resulting from dissociation of chemical bonds,
such as mutation effects, cannot be induced directly
by microwaves as they can be by x-rays. Generally
speaking, the effects of microwave exposure are not
associated with the disturbing effects of ionizing
radiation, including x-rays. The effects of micro-
waves are principally thermal. X-ray irradiation
causes little thermal effect (2).

Reported cumulative effects of microwaves as
indicated by cataract formation in rabbit’s eyes
(77) result from repeated subthreshold doses to
fairly high power densities (>80 mW/cm?) where
insufficient time is allowed between exposures to
permit tissue repair. This effect must be associated
only with near-threshold exposures and has no
general significance. It cannot be extrapolated to
very low exposure intensities as one does in the case
of x-rays.

The benefit vs risk philosophy first propounded
by the Federal Radiation Council in the field of
ionizing radiation is “predicated on the view that
there is probably no threshold for biological effects

from exposure to ionizing radiation.” The recogni-
tion that microwave radiation is non-ionizing, does
not exhibit low-level cumulative effects, and exhibits
a threshold for its hazardous thermal effects has
very important implications. It means that one can-
not simply adopt the philosophy of radiation pro-
tection for x-rays which consists of weighing the
benefits obtained from x-radiation against the risk
involved in exposure.

M. Perspective

A critical review of studies into the biological
effects of microwaves indicates that many of the
investigations suffer from inadequacies of either
technical facilities and microwave measurement
skills or insufficient control of the biological speci-
mens and the criteria for biological change. Assess-
ment- of genetic and neurologic effects are most
difficult because of the problem of differentiation
between magnetic fields and thermal effects of mi-
crowave exposure. Not enough detailed systematic
studies are available to determine the relationship
of response to microwaves with differences in fre-
quency, air temperature and humidity, clothing and
other factors which affect microwave-induced tem-
perature rise. Realistic safety standards for human
tolerance to microwave radiation requires a more
thorough analysis of the interaction of electromag-
netic fields with the human body.

There is a serious philosophical question about
the definition of hazard. One objective definition of
injury is an irreversible change in biological function
as observed at the organ or system level. With this
definition it is possible to define a hazard as a proba-
bility of injury on a statistical basis. It is important
to differentiate between the hazard levels at which
injury may be sustained, and effect or perception.
Safety levels with respect to whole-body radiation
may be different and more stringent than safety
levels corresponding to localized exposures of rela-
tively nonsensitive body areas.

Except for the Soviet bloc literature, there is no
evidence to support a requirement of less than 10
mW/cm?. There is much to be critically reviewed in
the current furor over the discrepancies between
U.S. and U.S.S.R. safety standards on microwave
radiation. One does not know how much confidence
to put in the conclusions of the Soviet investigators.
The results of Soviet experiments do not clearly indi-
cate whether the changes induced by microwaves




BIOLOGICAL EFFECTS OF MICROWAVE EXPOSURE 53

are due to generalized thermal effects or to more
specific influences on particularly vulnerable tissues.
The lack of precise temperature measuring devices
no doubt plays a part in the assumption of non-
thermal specific microwave effects.

Because of their conditional response studies,
Soviet standards are based on effect rather than
hazard levels. The low-level effects reported by the
Soviet investigators have not been confirmed in
this country and there is little effort in this direction
at the present time. One of the main difficulties in
confirming the Soviet work is quantification. Ameri-
can investigators have not been able to obtain in-
formation on how these studies are conducted. There
is no information presently available on how the low
limits prescribed by the Soviets are observed. As
Westin (134) has pointed out, extrapolation to man
“must be approached with great caution until fur-
ther data become available. Until that time the
present exposure criterion of 10 mW/cm? must be
adhered to.”

N. Prospects

Although a considerable amount of work has been
done to characterize and elucidate the interaction
of microwave energy with biologic systems, these
have been more or less of a qualitative nature. Little
quantitative information is available at present.
These studies have resulted in confusion as to the
type and extent of microwave induced injury. It is
essential to realize that there is no universally ac-
cepted single specific biologic indicator of exposure to
microwaves other than the thermal response at
higher field densities. There is no reason to believe
that a single biological test would be a satisfactory
indicator of microwave exposure.

The vast experience obtained in studies on the
biologic effects of ionizing radiation and in space
medicine can, within reasonable limits, be applied to
- all electromagnetic radiation. With these concepts in
mind we can also develop criteria for hazard assess-
ment. Proper investigation of the biologic effects of
microwaves requires an understanding and apprecia-
tion of biophysical principles and comparative bio-
medicine. Such studies require the selection of bio-
medical parameters which should consider basic
physiological functions and work capacity, identifica-
tion of specific and nonspecific reactions, and differ-
entiation of adaptational or compensatory changes
from pathological manifestations. The most valuable

parameters at present are those which, under normal
conditions show self-regulatory properties, such as
body temperature, neuroendocrine, central nervous
system and cardiovascular responses.

Suggestions for studying ionizing radiation (93)
can be applied to the analysis of effects from micro-
wave exposure:

The biological indicators of microwave response
should express themselves in a reasonably short
time.

The technique of measurement preferably should
not require exotic equipment.

The microwave-induced biological changes should
have a high probability of occurring.

The range of normal values for the parameters
selected should be well-defined and should have
a relatively small range of variability. Ideally,
the range of normal values for the individual in
question, rather than the mean for a group,
should be the reference value when evaluating
post-exposure data.

Anatomical studies should be done to look for
morphological changes parallel to functional
ones. Behavioral studies should be done to
assess the degree of gross functional decrement
associated with possible neurologic changes
that may be observed.

Certain questions are highly pertinent to the selec-
tion of subjects for investigation when the central
issue is effects on the human animal.

1. What are we trying to determine?

a. Does exposure to microwaves result in bio-
logically measurable effects?

b. Are these effects harmful (or significantly so)
e.g., are they likely to be more serious than effects
of say, taking a new job in a very hot boiler room or
trying to get a good sun-tan at the beach?

c. What kind of effects are they, e.g., are they
acute and reversible such as sensation of heat, 1st
degree burn; do they have genetic consequences;
are they repairable in whole or in part?

2. What concepts and criteria should be used in
selecting problems to study when the major concern
is man?

a. Which systems would one logically expect to
show changes of microwave exposure?

b. Of these, which ones are likely to show well
defined and relatively narrow ranges of variability
in unexposed animals so that relatively small changes
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will be recognizable as a result of microwave ex-
posure.

3. What approaches are appropnate?

Any approach that provides reliable answers is
acceptable.

The most sensitive criteria for judging the state
of regulatory systems is the variability of physio-
logical indices under conditions of perturbation
rather than their absolute values at rest. Usually
those changes that reflect degree of deflection from
a balanced or steady state in response to a measured
stimulus or alternatively, rate of return to steady
state such as heating and cooling rate of animals
exposed to specific frequencies and power densities
are most reliable indicators.

4. What are the physiological, anatomical corre-
lations between or among animal species that would
bolster rather than weaken one’s confidence when
extrapolating from animal data to man? No single
animal species can represent an ideal model and no
experimental method is universally suited to all
foreseeable uses. It is essential, therefore that a
comparative approach be used in selecting the ani-
mal most appropriate for laboratory investigation
of microwave effects. Such comparative approach
requires identification of similarities and contrasts
in microwave absorption and thermal regulatory
capability in various animal species, if extrapolation
to man is to have validity.

Extrapolating the results of microwave experi-
ments from various species of animals to man has
been done frequently without accounting for inter-
species differences in mass and size, or inherent
differences in thermal regulation. Experiments per-
formed on rodents cannot be used to predict effects
on humans unless the differences in body mass and
thermo-regulatory capability are taken into account.

It is essential in designing experiments that the
experimental subject be maintained in a relatively
“normal” life situation and that restraints, tran-
quillizers or anaesthesia be avoided. Generally,
larger animals are kept under a wider range of con-
ditions than are the small laboratory species. The
advantage of using the larger animals includes ability
to obtain more and larger samples from one animal,
and a single large animal can be studied in more
detail over a longer period of time. The importance
of body mass is also of consequence. Another im-
portant consideration is that work with larger species
in addition to rodents extends our base and provides

a firmer basis for extrapolation of certain findings to
man, because so many metabolic correlations of
body mass such as rate of oxygen consumption,
pulse rate, neuroendocrine function, etc., are directly
concerned in temperature regulation. This is central
to the whole problem of microwave effects.

In general, there is little doubt that biomedical
study of several species is required to provide the
most reliable extrapolation to man. Ideally, one
should choose taxonomically unrelated species to
bring out generalizations, with the realization, how-
ever, that simply to study multiple species alone
will not advance understanding. The main contri-
bution of a comparative approach is not to record
the same phenomenon in as many different animals
as possible, but rather to select intelligently some
that can serve for meaningful comparisons. From a
spectrum of species, basic information on microwave
effects can be acquired which in turn can be used to
elucidate mechanisms of action. It should be em-
phasized, however, that studies on animal models
should be complemented, when ever possible, by
retrospective and prospective studies on man him-
self.

The greatest need today in the assessment of
biological effects of microwave exposure is to
maintain a realistic perspective on the nature of
microwave fields and the possible effects from ex-
posure. The mechanisms by which cell damage is
produced, the biological tolerance of the most sus-
ceptible tissues and safe levels of intensity must be
established in an organized fashion.

Because of the frequency dependence of biologic
response to microwave exposure, it is unrealistic to
extrapolate responses observed at one frequency to
those which could occur at another until more basic
information is obtained at various frequencies. In-
vestigation of the variation of penetration depth
with frequency is important. Consideration should be
given to frequency effects and modulation effects,
e.g., the differences between the effects of CW and
pulsed irradiation.

To make the results of microwave investigations
meaningful, the electromagnetic field patterns, both
in and near the body structure that is exposed,
should be established quantitatively as a function of
frequency, source configuration and source location.

Field effects as opposed to thermal effects associ-
ated with pulsed microwave power are not under-
stood but may be significant. Comparative studies
should be performed to relate near-field and far-field
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responses as well as induction fields or non-radiation
situations that would occur in near fields.

Important problems that have to be resolved are:
the effects of electromagnetic fields on human tissues
and the effects of tissues of complex geometric
shapes on electromagnetic fields. Quantitative stud-
ies should be developed involving electrically equiva-
lent phantom models, thermography, solid state
electronics and computer technology integrated with
sound physiological techniques (137).

The development of adequate and operable stand-
ards requires comprehensible evaluation of informa-
tion obtained from animal experiments and surveys
of individuals exposed either occupationally or while
engaged in military activity. The criteria to be used
in evaluating experimental results of microwave ex-
posure and the interacting variables in such assess-
ment requires the exercise of informed judgment.
Since there is such a clear-cut dichotomy in the
criteria used in the United States and the U.S.S.R,,
these have to be understood and evaluated. Although
the hazard of microwave exposure has not become
an ecological problem as with ionizing radiation,
some consideration should be given to unifying con-
cepts in the development of a realistic MPE for
microwaves.

There is no doubt that the central nervous system
effects must be resolved by quantitative experi-
mentation and good biomedical investigation and
the implications of such effects should be intelli-
gently defined. .

The questions of possible genetic effects from
“low-level” microwave exposure and the resolution
of the controversy concerning thermal, nonthermal
and microthermal effects are extremely important
in the development of realistic MPE and to avoid
placing undue restrictions on industry and the
military.

The problem is how to determine tolerance limits.
The parameters that have to be studied include
physical factors, such as frequency, average power,
peak power, pulse repetition frequency, integrated
exposure time, recovery time between exposures and
biological characteristics of the test species and
their relation to man. Some parameters may be ir-
relevant or of only minor importance compared to
others. The substantial number of suitable param-
eters which may or may not be relevant to micro-
wave exposure hazards dictates careful design of
experiments, if significant information is to be ob-
tained.

Many biological, chemical and physical phenom-
ena have been noted in the past but are as yet in-
adequately understood and explained. Some of these
phenomena, involving mechanical orientation of
particles, or breaking of chemical bonds seem inex-
plicable on the basis of energy available from the
microwave field. Many attempts over the past
several years to devise a working hypothesis ex-
plaining these phenomena have been fruitless. A
thorough understanding of the biological hazards
due to r. f. fields may be achieved by an explanation
of these physical and chemical phenomena which
requires more detailed study of the various observed
phenomena.

An aspect of the work that must be kept in mind
in the planning of experiments on the biological
effects of microwaves is the effect of temperature
increase and a measure of the energy input into
each experimental system. More sensitive instru-
ments for measuring temperatures are required.

It is essential that studies be performed to deter-
mine the minimum exposure conditions which would
produce an effect and the maximum exposure which
will produce a reversible biological effect. We need
to know more precisely what the threshold is for
irreversible changes from microwave irradiation. The
repairability of the biological damage should be de-
termined. A comprehensive study would ultimately
provide limits of exposure which would cause bio-
logical effects which are not permanent. If possible,
experiments should be designed to simulate real-life
situations of exposure. Ultimately, a clear definition
of hazards and its relative importance must be made.
In general, fresh approaches must be used to de-
velop newer concepts and understanding of the
biologic effects of microwaves.

Better controlled work on biological macromole-
cules and cells and their response to electromagnetic
fields is essential to provide an answer to the question
of whether there are nonthermal effects on biological
matter and if they can be harmful. In particular,
with regard to nonthermal effects, more basic work
on the interaction of microwaves with biological and
other particles is needed to find out if the demon-
strated phenomena of “field induced force effects”
can cause harm.

Well-controlled behavioral studies on animals
should be performed. Conditional responses and
their modification due to microwave exposure may be
an excellent tool to study the more subtle effects of
multiple exposures to low-intensity microwaves and
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the possibility that other than thermal effects can
be harmful, but more objectivity is required.

Well-planned, controlled animal studies should be
undertaken. Representative species of animals of
different orders should be used to provide extrapola-
tion factors for predicting the response of man. A
number of microwave frequencies with carefully
calibrated beams should be used. Such studies are
best developed through direct collaboration of bio-
medical and engineering personnel.

Since evidence indicates that the eye and testis
may be among the most critical organs in the assess-
ment of possible microwave hazards, it is essential
that the effects on these organs be critically and
quantitatively evaluated on a sequential basis. In-
vestigation of long-term effects on large enough
numbers of suitable animal species is mandatory.

In conclusion, it should be emphasized that more
sophisticated conceptual approaches and more
rigorous experimental design must be developed.
This will require increased and improved education
and training in the biologic effects of microwave
radiation. There is great need for systematic, quanti-
tative investigation into the biologic effects of the
whole electromagnetic spectrum on a comparative
basis, in well-controlled experiments. This should be
done by using sound biomedical and biophysical ap-
proaches at the various organizational levels from
the whole animal to the subcellular level on an inte-
grated basis with full recognition of the multiple
associated variables.
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THERMAL AND NONTHERMAL CATARACTOGENESIS
BY MICROWAVES
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In 1926, Duke-Elder suggested that lens damage
would occur as a result of irradiation with ultra-high
frequency electromagnetic energy (1). This hy-
pothesis was shown to be correct for microwaves by
the demonstration in experimental animals of lens
opacities following exposure to the radiation (2, 3).
The confirmation and supplementation of these
findings by others (notably: Osborne and Frederick,
(4); Daily et al. (5); Richardson et al. (6); Daily
et al. (7); Schwan and Piersol, (8); Williams et al.
(9); Carpenter, (10)), have made the hazard ot
blindness a problem for those concerned with
medical, industrial, research and other applications
of microwave energy.

The information on microwave cataractogenesis to
date may be summarized as follows. The lens opacity
is usually subcapsular in the anterior or posterior
polar position. Its onset may be immediate or de-
layed depending on the power density and the
exposure time. The delayed opacity may develop
after a single exposure if the exposure is longer than
a particular threshold time which has a specific
value at each power density. The delayed opacity
will develop after multiple exposures when the ex-
posures are shorter than this threshold, if they are
made with sufficient frequency over an adequate
period of time. In general the delayed opacity
reaches its maximum density 7-14 days after a
single exposure or at a similar time after the last of
a series of multiple exposures. Finally, some degree
of regression in the density of an opacity may occur.
(For descriptive purposes an exposure equal to the
single exposure threshold time at a particular power
density will be referred to as a threshold exposure,
and the lesion produced by multiple subthreshold
exposures will be referred to as a cumulative micro-
wave cataract).

The dissipation of microwave energy as heat
during its passage through the eye has been held
solely responsible for the cataractogenic effect.
However, recent reports have suggested a supple-
mentary nonthermal cataractogenic effect to explain
the formation of cumulative microwave cataracts in
certain cases where the measured intraocular
temperature rise produced by each exposure has
been insufficient to account for the lens damage on
a purely thermal basis (11, 12). If this nonthermal
cataractogenic effect exists, it constitutes an im-
portant occupational hazard. Conditions of frequent
minimal exposure can be visualized (leakage, direct
or reflected, from apparatus etc.) where there would
be no thermal sensation to act as a warning.

The following study was designed to determine
whether or not a cumulative microwave cataract
could be produced when the exposures were made
under sufficient hypothermia to prevent the lens
temperature from exceeding normal body tempera-
ture. A cumulative microwave cataract developing
under these conditions would support the hypothesis
of a non-thermal cataractogenic effect of the radia-
tion. The microwave frequency and the power
density incident on the eye were kept constant so
that exposure time was the only variable, The
exposure times were short to minimize heat loss
during irradiation and a random field was used to
simulate reflection from multiple surfaces.

APPARATUS AND METHODS

The microwave apparatus was a 7'X3'X3’
cavity which was energized at a nominal frequency .
of 2.5 GHz as shown in Fig. 1. It contained a rotat- -
ing reflector to prevent the formation of static points -
of focal concentration in the random field formed by
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Figure 1. On the left: the cavity with the microwave generators
(three water cooled magnetrons) located on its upper surface.
The front wall is detachable and can be slid upwards for gaining
access to the interior. On the right: the control console.

reflection from its metallic confines. A preliminary
study using water loads demonstrated that the
field in the working area in the center of the cavity
produced uniform dielectric heating power of 4.5
kW. A further preliminary study using a coaxial
wavemeter, demonstrated that the frequency of the
microwaves in the cavity corresponded to a free-
space wavelength of 12.4 cm.

An aluminum box (2’8”X1/X2’) was placed in
the cavity to shield the body of an experimental
animal from the field. The box had an aperture in
its upper surface and the aperture was covered with
an aluminum plate (thickness, #%'/) which had a
2.5 cm hole bored in its center. The hole allowed
part of the field to leak into the interior of the box.
The power output of the cavity was adjusted so
that the power density inside the box, 2 mm below
the plate, was 5 watts/cm? as measured by calorim-
etry. The box contained polystyrene blocks to
support the animal so that one eye could be posi-
tioned with the cornea 2 mm below the hole in the
plate. Anesthetic gas supplies were led into the

box and expiratory gases were conducted away
from it by tubing passing through the side of the
cavity as shown in Fig. 2.

Fifteen adult mongrel dogs, each weighing ap-
proximately 13 kg, were used. All experimental
procedures were performed under general anesthesia
with positive pressure respiration. The anesthetic
technique has been described elsewhere (13). Full
pupillary dilatation of both eyes was produced in
each animal prior to all maneuvers by instilling
mydriatic drops (homatropine 59, and cocaine 29%,)
into the conjunctival sac. In preparing an eye for
exposure, stay sutures of 0000 braided silk were
inserted through the tendons of the recti muscles
and loosely secured to the plate around the hole.
The sutures were then tightened so that the center
of the cornea was immediately below the hole, in
the plane where the power density was 5 watts/cm?
when the apparatus was energized. In those animals
where hypothermia was used, cooling was produced
by immersing the body up to the neck in ice water.
Water at 40 °C was used for rewarming. Body tem-
peratures were monitored using esophageal and
rectal thermocouples. On those occasions where the
temperature of specific tissues was recorded, a fine
thermocouple needle was used. The hypothermic
technique was varied as required, according to the
clinical state of the animal. This was aided by
estimating the pulse pressure in the groin and ob-
serving the electrocardiograph displayed on an
oscilloscope. When hypothermia was prolonged, the
aortic pressure was monitored using an indwelling
cannula connected to a pressure transducer. Also,
with prolonged hypothermia, the animal’s blood
gases and acid-base state were monitored and main-
tained within normal limits as described else-

where (13).

RANDOM FIELD

Figure 2. Diagram of the microwave cavity containing the alumi-
num box. The position of the hole in the plate is indicated by the
arrows. The opening for the anesthetic gas pipes is on the right.
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A single exposure was made into the right eye in
the first five dogs. The left eye was left untreated
to act as a control. The exposure with the first
animal was 45 seconds. With each subsequent
animal the exposure was increased by 10 seconds.
The eyes were examined by direct observation and
by ophthalmoscopy, every day, over a period of 14
days. At the end of the 14 day period, the animals
were killed. The lenses of both eyes were then ex-
cised, examined and photographed. The threshold
exposure, under the experimental conditions, was
established from this part of the study.

Two thermocouple needles were inserted into the
right eye of the sixth dog. One of the needles was
advanced into the substance of the lens and the
other was positioned in the vitreous humour close
to the posterior pole of the lens. The needles were
firmly secured in these positions by suturing them
to extra-orbital structures. The animal was then
cooled to 22 °C. From similar preliminary studies
this temperature had been estimated as the pro-
tective temperature. (The protective temperature is
that which would prevent microwave heating of
the lens in excess of normal body temperature
following a threshold exposure). During cooling,
the relationship between the general body tem-
perature and the general intraocular temperature of
the right eye was observed. When the protective
temperature was reached, a threshold exposure was
made into the left eye. The various regions of this
eye were then explored using a thermocouple
needle and the intraocular temperatures were re-
corded. The time taken for the maximum intraocular
temperature to return to its pre-exposure value was
also recorded. The animal was then rewarmed sufh-
ciently to allow further comparison between the
general body temperature and the general in-
traocular temperature of the right eye. When
these observations had been made the animal was
killed.

The right eye of the seventh dog was exposed
without cooling using the threshold exposure. The
eye was then explored with a thermocouple needle
and the time required for the maximum intraocular
temperature to return to its pre-exposure value was
recorded.

The exposures with the eighth, ninth, tenth, and
eleventh dogs were respectively 509, 58%,, 66%,
and 75% of the threshold exposure. The procedure
with the eighth and ninth dog was as follows. The
right eye was exposed once at normal body tempera-

ture, then the animal was cooled. When the pro-
tective temperature was reached, the exposure was
repeated on the left eye. Then the animal was
rewarmed and allowed to recover from the anes-
thetic. This procedure was repeated every two or
three days over a period of fifteen days, the total
number of exposures in each eye being seven. With
the tenth and eleventh dog, ten exposures were
made into the right eye at normal body tempera-
ture, allowing sufficient time between exposures for
the intraocular temperature to return to its pre-
exposure value. Then the animal was cooled. When
the protective temperature was reached it was
carefully maintained within a limit of plus or minus
one centigrade degree while ten exposures were
made into the left eye. Once again sufficient time
was allowed between exposures to insure that the
intraocular temperature would return to its pre-
exposure value. When the tenth exposure had been
completed, the animal was rewarmed and allowed
to recover from the anesthetic. The eyes were
examined by direct observation and by ophthal-
moscopy, every day, over a period of 14 days. On
the fourteenth day the eyes were photographed and
the animals were killed. The lenses were then excised,
examined and photographed.

The right eye of the twelfth, thirteenth, and
fourteenth dog was exposed once at normal body
temperature. The exposures for these animals were
respectively 50%, 759, and 909, of the threshold
exposure. The fifteenth dog was cooled to the pro-
tective temperature. Then ten exposures were made
into the right eye using 759 of the threshold ex-
posure at intervals which were sufficient to allow
the eye temperature to return to its pre-exposure
value. The animal was then rewarmed and allowed
to recover from the anesthetic. These four animals
were transferred to the long-term observation
accommodation.

RESULTS

The results of the single exposure of the right eye
at normal body temperature in the first five dogs
were as follows. The 45 second and 55 second ex-
posures produced no visible effect. The lenses re-
mained perfectly normal in appearance throughout
the observation period. The 65 second exposure
produced a fine “feather” opacity in the lens which
appeared on the 7th day. A slight increase in the
density of this opacity was noted over the remainder
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(a) 55 second exposure—normal appearance.

(b) 65 second exposure—“‘feather” cataract.

(c) 70 second exposure—dense cataract.

(d) Control.
(Threshold exposure—60 seconds.)

Figure 3. Lenses excised on the 14th day following a single micro-
wave exposure made at normal body temperature. Photographs
using dark field illumination.

of the observation period. The 70 second exposure
produced a patchy generalized opacity in the lens
which appeared between the 2nd and 4th days. This
opacity also increased in density but in this case a
maximum density was reached on the tenth day.
The 75 second exposure produced a dense opacity
which was evident immediately after the exposure.
This opacity remained unaltered throughout the
observation period. From these findings the thresh-
old exposure under the experimental conditions was
fixed at 60 seconds (Fig. 3). Other findings were as
follows. Photophobia of 2-3 days duration was
noted following the 65, 70, and 75 second exposures.
Diffuse corneal clouding was observed following the
70 and 75 second exposures. The corneal clouding
resolved completely by the 8th day in the eye which
was exposed for 70 seconds. Periorbital edema of
3-5 days duration was also noted following the 70
and 75 second exposures. This was associated with
a small third degree burn of the lower eye lid in the
eye which had received the 75 second exposure.
The burn was excised and the wound was sutured on
the fourth day.

During the cooling and rewarming of the sixth
dog, a close relationship was noted between the
general intraocular temperature of the right eye and
the general body temperature. A maximum tem-
perature of 38 °C was recorded in the left eye of this
animal at the anterior surface of the lens, following
the threshold exposure made at the protective
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Figure 4. Cooling and rewarming charts showing temperatures
recorded in the right eye, esophagus and rectum. The tempera-
tures recorded in the left eye following the threshold exposure
made under hypothermia are shown in the area between the
cooling and rewarming charts.

temperature (Fig. 4). These observations confirmed
that 22 °C was the protective temperature under the
experimental conditions.

A period of 7 minutes was required for the intra-
ocular temperature to return to its pre-exposure
value following the threshold exposure made into
the left eye of the sixth dog (at the protective tem-
perature) and the right eye of the seventh dog (at
normal body temperature). The maximum intra-
ocular temperature in the left eye of the seventh
dog was 52 °C. On the basis of these findings it was
decided that the minimum time between exposures
would be 10 minutes in the experiments on the
eighth, ninth, eleventh, and fifteenth dog.

(a) Right lens (normothermic)—
a dense cumulative microwave cataract.

(b) Right eye (normothermic)—diffuse corneal clouding.

(c) Left lens (hypothermic) —normal appearance.

(d) Left eye (hypothermic)—normal appearance.

Figure 5. The excised eyes and lenses of the eighth dog.
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The effects of the exposures on the eyes of the
eighth, ninth, tenth, and eleventh dogs were all
exactly the same. A dense cumulative cataract de-
veloped in the lens of the right (normothermic) eye
during the observation period. This was associated
with a2 moderate degree of corneal clouding. The
lens of the left (hypothermic) eye was perfectly clear
throughout the observation period. The general ap-
pearance of this eye remained normal (Fig. 5).

The twelfth, thirteenth, fourteenth, and fifteenth
dogs, which form the long-term control for the
study, have been examined at regular intervals to
the time of writing (4 months). There has been no
evidence of cataract and the general appearance of
the eyes has remained normal.

The examination of the cataractous lenses pro-
duced in this study revealed that the opacities were,
in general, patchy and disposed evenly throughout
the cortical area.

DISCUSSION

The cataract which developed during the course
of microwave irradiation can only be explained on
the basis of thermal coagulation of lens protein.
According to unpublished work from this labora-
tory, dog lens protein coagulates at approximately
60 °C. This agrees with results published else-
where (3).

The eyes which developed a cataract as a result
of a single exposure, showed other evidence of tissue
damage. This ranged from changes producing
photophobia to tissue destruction. The minimum
intraocular temperature following exposure in these
cases, must have been greater than 52 °C as this
was the temperature of the lens following the
threshold exposure made at normothermia. There is
therefore adequate evidence to incriminate heat as
the initiating mechanism leading to cataract forma-
tion during or following a single exposure to micro-
wave radiation.

The heat induced disturbance, which led to the
development of the delayed cataracts following
single exposure to the radiation, has not been
identified. It must be an upset in a vital process
because the cataracts appeared after an interval of
2-7 days, at a time when the lens temperature was
normal. An upset in enzyme systems, such as those
involving adenosine triphosphatase and pyrophos-
phatase, may be part of this disturbance (14).

The maximum intraocular temperature produced
by each exposure in the eyes which developed a
cumulative microwave cataract, must have been
less than 52 °C in view of the experimental findings.
As a general body temperature in the range 43 °C-
52 °C is not compatible with life, some upset in the
vital processes of the lens and related structures
would be expected when the eye temperature is
raised to a level within this range.

When microwave heating produces an intraocular
temperature rise which does not exceed 43 °C, the
vital processes of the lens and related structures
should not be unduly affected. If a cumulative
microwave cataract developed under these condi-
tions, an upset in a vital process initiated by a non-
thermal effect of the radiation must be postulated.
If this nonthermal effect were to exist, it would in-
crease as the exposure was increased, but it would
be masked by the thermal effect when the exposure
produced an intraocular temperature in excess of
43 °C.

The exposures which were made under hypo-
thermic conditions in this study were designed to
unmask any non-thermal effect of the radiation.
These exposures did not produce cumulative micro-
wave cataracts.

An investigation on the intraocular temperature
patterns produced under the conditions of this ex-
periment will be presented as a separate study.

CONCLUSION

This study suggests that microwave cataracto-
genesis is, directly or indirectly, a thermal phe-
nomenon. '
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The radio frequency biological hazards which
have received the most intensive attention in the
past have been those due to energy in the UHF and
SHF portions of the spectrum where the predom-
inant effects appear to be thermal. Resonant heating
of the more sensitive exposed organs such as the
eye and testes has been shown to be the greatest
hazard at these frequencies.

In the latter part of the 1950’s serious considera-
tion began to be given to the biological hazards to
human beings in the immediate and near vicinities
of high power HF transmitters. The HF band (3 to
30 MHz) has for many years been utilized widely
for relatively reliable, consistent communications
over long distances. In order to insure a satisfactory
signal-to-noise ratio at the receiving end, in spite of
adverse effects of ionospheric variations, a combina-
tion of high power and high antenna gain is used
for the transmitter. Due to the effects of heavy
communications traffic, which may be considered
as an externally induced increase in an undesirable
noise level at the receiver, and to radio jamming,
the net effect is a requirement that the transmitter
power be increased. The future power levels cannot
be predicted but the possibility for greater and
greater transmitter power must always be taken
into account in planning for future operations. Thus
it is all the more important to study the biological
effects of this radiation in the 3 to 30 MHz range.
To do this a laboratory was set up with facilities
for the irradiation of animals in known electric and
magnetic fields for controlled periods. The animals
were observed during and after the irradiation.
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Facilities were available for microscopic observa-
tion and interpretation of the tissues from the
gastrointestinal tract, for blood studies and for
physical measurements (weight, etc.) of the ir-
radiated and control animals.

LABORATORY IRRADIATION
INSTRUMENTATION

A HF transmitter capable of delivering 200 W
continuously was constructed by Ark Electronics
Corporation. The transmitter operates in the fre-
quency range of 3 to 30 MHz with good frequency
stability. The amplifier output could be either
capacitively or link coupled to the load. The induc-
tion load consists of an air-wound solenoid on a

i-inch diameter Plexiglas form 10 inches long,
which provides a concentrated relatively pure mag-
netic field inside an enclosed animal cage. The
capacitive load consists of a pair of 6-X10-inch
parallel plate electrodes separated by a 6-inch gap
which will generate a concentrated relatively pure
electric field in the enclosed volume. The irradiation
unit was placed in a copper screen enclosure 8 X8 X8
feet. The voltages across the irradiation solenoid
and the plate electrodes were measured and moni-
tored with a Tektronix oscilloscope connected to a
capacitor voltage divider. The voltage pattern on
the oscilloscope indicated a pure sine wave when
modulation was not used. The Q of the coil or of
the plate electrodes with the animal in place was
measured with a Boonton Q meter. The impedance
of the solenoid was obtained and from the rms
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voltage across the solenoid the current was cal-
culated.

The power absorbed by the rat during irradiation
is obtained as the product of the reflected, resistance
of the rat, in series with the inductance of the
solenoid, by the square of the rms current. In a
similar way the power absorbed by the rat between
the plate electrodes is obtained from the equivalent
shunt resistance R produced by the presence of the
rat and the rms voltage across the electrodes by the
relationship P=7#2/R. The electric field within the
volume between the electrodes is given by £=/V/D
volts per meter, where ¥ is rms voltage across the
electrodes and D is the distance in meters between
the two electrodes. The theory and measurements
were checked by successive temperature measure-
ments in a volume of Ringer’s solution placed in the
H field and in the E field. The heating of the solution
in each case agrees satisfactorily with that calculated
from the Q measurements.

EXPERIMENTAL PROCEDURES

The adult male albino Wistar rat was used as the
test animal. Data were obtained on 115 rats. After a
shipment was received the rats were placed in cages
in a well regulated animal room and were left for at
least 2 weeks to stabilize and to eliminate unhealthy
animals. The rats to be irradiated were picked at
random from the rat colony except in those cases
where rats of a given weight-range were needed to
explore the effects of a given parameter.

Several experimental variables were studied in
the 6 MHz and 14 MHz regions. Among these were:

Irradiation Frequency

The objective was to determine the effect of fre-
quency of irradiation on biological parameters of the
rats, for a constant radiation dosage. In this series,
dosage, irradiation time, and type of r. f. field
(electric or magnetic) were held constant and differ-
ences in evidence of biological damage were sought.
There was little significant physiological evidence of
any difference in the effects at the two frequencies
as far as weight change, water intake, or fecal count
are concerned. There was appreciable evidence of
pathological effects at the two frequencies. The
effects were observed in thin tissue section slides of
myocardium, lung, liver, stomach, small and large
bowel, pancreas, kidney, testis, and spleen. Quanti-
tative comparisons between tissues such as these

are very difficult but it appears that the changes
are about the same for 15 watt-seconds per gram at
14 MHz as they are for 35 watt-seconds per gram
at 6 MHz for either type of field.

Irradiation Intensity, Time, and Size of Specimen

Experiments were done to assess the biological
responses when equal total dosages were employed.
It seems axiomatic that a biological effect must be
produced by energy absorbed in the tissues. It is
therefore logical to believe that this factor should
be employed in the establishment of a radiation
safety standard, at least in the 3 to 30 MHz range.
The unit would be watt-seconds or joules per unit
weight. This appears to be appropriate in the HF
band where the RF energy completely penetrates
the body so that all organs are exposed and resonance
heating does not occur. On the other hand the power
density in terms of watts per unit area is not as good
a unit because it does not tell enough about the
total absorption in the body and on this basis is
not realistic. It is clear that a very high amplitude
wave will produce damage after only a very short
elapsed time, measured in seconds. For lower levels
of incident HF power over reasonable periods of
time it is expected that the power integrated over
exposure time (energy) is the important factor.
Our experimental results indicated conclusively a
good correlation of biological damage with exposure
in terms of watt-seconds per gram absorbed in the
rat.

The survival after high field-strength irradiation
was not observed to be dependent on rat size or
weight when the same dosages were given in terms
of the energy absorbed per unit weight.

The effect of extremely low level irradiation for
very long periods of time could not be investigated
by us at this time.

It was noted that the pathological findings re-
vealed less damage in the older and heavier rats
than in the younger ones. The conclusion is that the
older rats had developed physiological systems that
were more resistant to the effects of irradiation.

Electric and Magnetic Field

The effect of type of r. f. field, electric or mag-
netic, was explored. For comparison of these factors
dosage and time were held within narrow limits.
The field intensities used were one or more orders
of magnitude higher than those corresponding to the
far field microwave safety limit of 10 mW/cm?.
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Forty-five of the irradiated rats survived for over
30 days (at which time they were sacrificed) while
the remaining 37 died during irradiation. These were
high intensity fields compared to the microwave
safety limit. Although magnetic field strengths of
0.51 ampere per meter represent the latter limiting
safe H component, a significant fraction of the rats
exposed to fields as high as 200 amperes per meter
survived with little evidence of damage. Corre-
spondingly, the 10 mW/cm? E field component is
195 V/m. A significant number of rats showed no
signs of biological damage (up to 30 days when they
were sacrificed) after being irradiated in electric
fields exceeding 8 k¥V/m, for 5 to 15 minutes. These
fields were applied separately. No attempt has been
made so far to irradiate simultaneously with both
E and H fields.

The mean pathological index from the tissue slides
per unit dose for rats irradiated at 14 MHz was 50
percent greater than that for rats irradiated at
6 MHz, while at 6 MHz in the electric field it was
triple that in the magnetic field. Thus the higher
frequency and the electric field were more damaging.

It was important to study any effects which
might be produced on the blood-forming organs.
Instead of studying the bone marrow directly it
was more meaningful to count the cells per cubic
millimeter of blood. Control (nonirradiated) rats
were used to find the base line and the variability
of the individual cell counts. To get a safer base
line many of the rats were studied before, and then
after irradiation. The following trends were ob-
served. There was little effect on the red cell count
and on the hemoglobin. The white cell count on the
other hand dropped in one day after the irradiation
to about half of its original value. It then rose in a
steady fashion until it reached the preirradiation
value in about 30 days. The platelet count was not
statistically affected.

CONCLUSIONS

In our experiments on rats with HF radiation
using the E and H fields separately it appears that
the appropriate basis on which to compare biological
effects is net energy absorbed by the body. Further
research is under way to investigate the thermo-
dynamic balance equation for the rat. The ultimate
set of recommended levels may thus be a combina-
tion of electric field intensity E, magnetic field
intensity H, and absorbed power # or total energy

absorbed. The last named quantity would be com-
puted. One of the ways to specify dosage would be
in terms of watt-seconds per gram. A time factor
would also be specified.

From tissue slides the pathological damage ap-
peared to be on the order of 50 percent greater at
14 MHz than at 6 MHz. The E field seemed to pro-
duce about 3 times the damage produced by the H
field for the same dosage.

One of the most sensitive indications of damage
from irradiation that we found was the lowering of
the white cell count. This resulted very soon after
rather intense irradiations. In many cases it might
be worthwhile to check the white count in the blood
of individuals who were exposed to high levels of
radiation near antennas emitting high power radia-
tion. Since the cell count has the ability to quickly
reestablish its normal level it is unlikely that it
would show significant change after low-level, long-
term irradiation.

For the type of animals tested (200 to 350 gram
adult male albino Wistar rats) the following order-
of-magnitude levels of E and H fields were estab-
lished as threshold levels of tolerability:

Magnetic field=1 to 10 A/m for exposures not
exceeding 0.1 hour.

Electric field =400 to 4000 V/m for exposures not
exceeding 0.1 hour.

It is realized that it is not valid to make an
analytical extrapolation from rat to man. However,
as a starting point, the threshold levels shown
above may be adopted cautiously to man and to
grazing animals in the radiation field of high power
HF band transmitters.

It has been the sponsoring agency’s basic intent
that we derive an interim standard level (which
would be progressively refined). The time schedule
made it impossible to use larger numbers of rats in
order to obtain better statistical accuracy. A
follow-on program has just gotten under way, for
the fundamental purpose of carrying on the work of
the original program using statistical design and
control of experiments and a correspondingly far
larger number of animals.

In the original program a parallel study of meas-
urements in the transmitter field was undertaken
together with the laboratory work with the ultimate
objective of being able to relate the results of the
two investigations. A clear relationship exists in the
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fact that E and H fields were measured in both
places. The fact that a complicated combination of
E and H fields prevails at the antenna site while
only relatively pure E and H fields were obtained
in the laboratory, militates against directly relating
the two sets of data. Also, the field parameter of
power density (in watts per unit area) and the
laboratory parameter of power or energy (watts or
joules) are not consistent, and this remains an area
for further investigation.
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INTRODUCTION

Our studies on the interaction of microwaves and
biologic systems has centered on studies of rats and
dogs exposed to 2450 MHz radiation. The research
had been concerned with elucidating the mechanism
or mechanisms involved in the death of rats and in
the change in their behavior when exposed to sub-
lethal dosages of microwaves. Specifically, rats ex-
posed to lethal doses of microwaves display respira-
tory collapses 2-3 minutes before cardiac arrest.
After exposure to sublethal dosages, rats demon-
strate hyperactivity and belligerent attitudes toward
the animal handler. Rats exposed to conventional
heating (a hot plate was used to raise body tem-
perature to the same temperatures and at the same
rate as those of the microwave exposed animals)
demonstrated no change in behavior patterns.
Finally we irradiated dogs in whose head a steel
plate had been placed and we attempted to repro-
duce a reported somnorific effect of microwaves (1).

Initially, we assumed that the microwave director
would produce a doughnut-shaped field. In these
studies and others we have become aware that the
position of the animal relative to the director alters
the response. Our studies then became centered in
determining exactly the microwave pattern.

METHODS

Various biological materials, such as a2 combina-
tion of fat and muscle, have been used to map a
microwave field (2). The major disadvantage of
this method, however, is the heterogeneity of the
media. We had initially tried a concentrated albumin
solution but it did not give an accurate reading of
the microwave pattern, due to convection currents
that were produced by the microwave heating. A
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solid medium that was nevertheless sensitive to
temperature changes, appeared to be necessary.

A gel composed of cornstarch and water was
found most effective in mapping a microwave field.
Cornstarch, 240 mg, was combined with 1600 cc of
warm water. If the effects of color were to be studied,
food coloring was placed in the solution. The solu-
tion was stirred and poured into a 6X6X3 inch
acrylic container. The gel was left overnight before
use and was never used more than two days.

CIRCULAR STUDY

RECTANGULLAR STUDY

Figure 1. Containers for temperature distribution measurements.

Two different types of containers were used
(Fig. 1). One had holes drilled so that the ther-
mometers inserted would correspond to the cir-
cumference of the director. The other had holes
arranged so that thermometers would map the
microwave field in a rectangular fashion. The gel
was solid enough to allow thermometers to be fixed
at predetermined places.

The director was a hemispheric reflector Type
“A” (diameter approximately 9.3 cm), which is
reported to have a field pattern the shape of a
doughnut (2, 3). The gel was irradiated for 10
minutes. Microwaves were produced by a Raytheon
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Figure 2. Temperature measuring apparatus (water load) for
microwave generator calibration.

Model CMD4 12.25 cm, 2450 MHz, continuous
waveform generator, reportedly capable of deliver-
ing an output of 125 watts. The generator was
calibrated by a water load (4) consisting of a square
acrylic receptacle with a 100 cubic cm frontal
surface. Irradiations were delivered over a 10 minute
period at 5 cm from the wave director. Tempera-
tures were measured by three thermometers placed
in 500 ml of water (Fig. 2).

Various materials have been proposed to attenuate
microwave penetration (4). To test this hypothesis,
aluminum foil, } inch, grounded, was placed in front
of the gel. The shielded gel was then irradiated.

ANIMAL STUDIES

Once the hottest spots of the director were deter-
mined by the gel studies, rats were selectively
irradiated. Albino male rats were anesthetized with
sodium pentobarbital and placed in a supine posi-
tion. The director was placed 5 cm away from the
chest and the rats were irradiated until death oc-

curred. Shields made of } inch, grounded aluminum,
were selectively placed at different areas of the
body, to ascertain whether certain areas were
heated more quickly.

Electrocardiograms, rectal temperatures and sur-
face temperatures of the neck and the inguinal region
were recorded. The surface measurements were
taken by shielded thermistors.

RESULTS

The water load study showed that the microwave
director was able to consistently produce an increase
of 6.43+1.1 °C equal to 21.33 W (0.1233 W/cm?).
This energy level was employed during the gel and
animal studies. The effective maximum position
(flush) showed 28 effective watts (0.28 W/cm?).
Thermometers placed in an empty acrylic container
did not register any temperature increase.

In those acrylic boxes in which the thermometers
were arranged in a circle of the same circumference
as the director 5 cm away, there was no uniform
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Figure 3. Temperature distribution for circular
array of thermometers.
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Figure 4. Temperature distribution for rectangular
array of thermometers.

circular heating (Fig. 3). Flush on, 3 cm in the
cornstarch, however, there was a uniform pattern,
since the variation of temperature in any of the
thermometers was not more than 0.4 of a degree.
All other measurements showed that there was no
isothermal circle.

TABLE 1

Shielding study at 2450 megacycles.
Aluminum foil, } inch, grounded

Nonshielded Gel ' Shielded Gel

73.5°C ] 15.0°C

Temperatures are those summed from the columns of the
rectangular study.
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In the rectangular study, with the director 5 cm
away, the temperature pattern was such that the
side toward the waveguide was consistently 9°
higher than that at the far side of the box (Fig. 4).
Flush on, however, the highest temperatures were
recorded from the sides of the director (Fig. 5).
These results were reproducible from one gel study
to another.

°r

AT°C 5 MIN, 80% POWER

LAYERS:
— 30Mm
e 2 OM
—-—1CM
——-o0cCM

(BACK VIEW)

Figure 5. Temperature distribution for rectangular
array, flush on.

Since the rectangular study was more sensitive
to temperature increases than the circular study,
the penetration pattern of irradiated gel (rectangular
study) was investigated with the director 5 cn
away. The temperature changes of the rows were
compared to the columns. The top and bottom rows
showed both the highest temperature and highest
temperature increase (Fig. 6). The bottom row
eventually had the highest over-all temperature.
This was true if the temperatures recorded at
different depths were summed. There was always a
sharp drop in temperature in the first cm of ir-
radiated gel.




NONUNIFORM BIOPHYSICAL HEATING WITH MICROWAVES 73

The temperature changes recorded from the
summing of the columns showed that the columns
closest to the coaxial cable produced the most heat
(Fig. 7).

Colored cornstarch (red, blue, black) yielded the
same temperature gain. However, if the initial tem-
perature of the gel varied, then the cooler gel
always registered high temperature gains. These
findings were similar for the noncolored (white) gel.

PENETRATION STUDY (2450 Megahz)
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Figure 6. Temperature variation with depth of absorber at various
positions in the absorber.

Aluminum foil placed in front of the gel allowed
a rise in temperature only 20 percent of that oc-
curring in control situations where the gel was not
shielded (Table 1).

Table 2 shows the effect of shielding the throat of
two albino rats. The results have been duplicated
in 5 animals for each study. The non-shielded

TABLE 2
Comparative effects of shielding the throat

Rat with shielded throat

Time Rectal temp. Heart rate
(min) (°C) (beats/sec)
0.0 37.5 8
1 38.0 9
2 39.0 9
5 40.0 9
6.5 41.0 9
7.0 42.0 10
9.0 44.0 9
10.0 45.0 9
11.0 46.0 10
12.0 47.0 10
13.35 48.0 11
14.00 48.0 1
Rat without shielded throat
0.0 37.5 8
1.4 38.0 8
2.0 39.0 10
2.5 40.0 10
3.0 41.0 10
4.0 42.0 11
5.0 43.0 10
6 43.8 12
7 44.0 10
8 45.5 10
9 46.5 8
10 47.5 7 Death
Temperature without shield
Throat Chest
0.0 37.4 32.7 32.7
1.10 38.0 36.0 34.1
3.38 39.0 37.5 35.2
4.14 40.0 39.0 36.7
5.08 41.0 40.0 36.7
6.00 42.0 41.0 37.4
7.00 43.0 42.0 37.6
9.00 44.0 42.4 38.3

animals displayed greater variations in heart rate
and the surface temperature of their throat was
always greater than that of the chest and even the
inguinal region.
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PENETRATION STUDY (2450 Megahz.)
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Figure 7. Temperature variation with depth of absorber at various
positions in the absorber.

DISCUSSION

The penetration and frontal patterns of micro-
waves have certain direct applications. Although
the use of microwaves as a clinical tool is successful,
its heating pattern has not been successfully mapped.
Rae et al. (2), using 2453 MHz, showed that the
frontal pattern of microwaves was in the shape of a
doughnut. The higher temperatures were not in the
center of the field with the A and B director. These
temperature measurements were taken, however,
after the muscle and fat had been irradiated.
Further, they showed that at depths of 3 cm there
was a 2 °C rise in temperature. Lehmann (5), using
2450 MHz, irradiated a muscle-fat mass and found
that the distribution of temperature was not sym-
metrical. He also showed that the highest tempera-
tures occurred in the layer of subcutaneous fat if it
was 1 cm or less in thickness.

Our results show that with the generator con-
sistently producing about the same amount of
energy, an A director does not produce a uniform
distribution of temperature. Also, monitoring the
circular path of the director is not as sensitive as
making a rectangular study. We could have been
led to the faulty conclusion that a circular pattern
of heating was taking place. In the rectangular
studies, with the director flush against the gel, the
greatest amount of heat was produced from the
sides of the director rather than from the top or
bottom.

In our penetration studies a marked decrease in
temperature occurred I cm away from the director.
It would seem that microwaves when used to ir-
radiate patients are acting mainly to raise the
temperature of the first 1 cm, but actually there is
a certain amount of heating that takes place 3 cm
away. Extrapolating the results from the gel to the
animal studies, it was found that by selectively
shielding certain areas, especially the throat,
animals survive longer than the controls (» <0.01).
Further, surface temperatures more proximal to
the center of the director (chest area) were always
cooler than those of the neck region.

It is clear that placing an object in a microwave
field affects the heating pattern. However, since
somewhat the same hot spots were obtained in both
the gel and the irradiated rat, one may place con-
fidence in using the gel as a potential tool for moni-
toring the microwave pattern. Finally, we have
constructed rat models made of cornstarch, irradi-
ated the models and monitored their temperatures.
Though this work was done on only four phantoms,
the results in every case agreed with the data from
our live animal studies.

The conclusion is reached tentatively that micro-
waves may selectively heat the rat faster on the
neck and also in the inguinal region. High tempera-
tures in the intestines may conceivably trigger in-
creased breathing by exciting thermoreceptors
postulated in the intestine (6). Such sensors could
drive the respiratory center to increase ventilation
and thus increase cooling. Increased heating in the
intestinal region may be responsible for the high
incidence of intestinal ulceration observed in rats
irradiated with sublethal microwave power. The
heating of the throat may explain the observation
that blood entering the brain cannot be cooled as
effectively as blood in other areas of the body.
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SUMMARY

1. A gel composed of cornstarch and water was
capable of monitoring microwave irradiation.

2. The gel is relatively inexpensive and the
results are reproducible. Further, the gel is of such
a consistency that thermometers can be placed in
any area. Hence penetration studies and frontal
pattern studies of microwaves may be undertaken.

3. The gel is not plagued by the problems of
heterogeneity found in the common biological
tissues that have been used to monitor microwaves.

4. Using an “A” director, a doughnut-shaped
distribution of microwave heating was not observed
when the whole radiation field was considered.

5. The pattern of temperature rise was greatest
on the side of the coaxial cable, with the director
two inches away from the acrylic container.

6. There was a sharp temperature drop 