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Space flight inevitably exposes the human
to a number of unusual environmental stresses,
both physical and mental, which can be divided
into three broad basic groups: (1) elements re-
sulting from flight dynamics which include
acceleration, vibration, noise, and weightless-
ness; (2) elements characieristic of outer space
as an inhabitable environment including the
various radiations —ultraviolet, infrared, radio,
microwave, and ionizing, and lack of a gaseous
atmosphere supportive of life; and (3) elements
intimately related to man living confined for a
time in spacecraft cabins that involve problems
connected with isolation as a member of a very
small community, artificial atmosphere require-
ments, and altered biologic rhythms. The monu-
mental personal and coordinated group responsi-
bilities required for success of the flight mission,
extraordinary working conditions in confinement,
novelty of the situation and, indeed, the pos-
sible boredom attendant upon a long flight, are
fraught with potential dangers that can sig-
nificantly increase neuroemotional and psy-
chologic stresses.

The material in world scientific literature in
the field of aviation and space medicine and
biology and related topics since the year 1920
is voluminous; it would be futile to attempt to
review and reference all of it in one volume.
Consequently, the authors of each chapter pre-
pared a critical presentation of the present state
of knowledge on the chapter topic. Information
in each chapter emphasizes fundamental prin-
ciples involved and summarizes laboratory

IX

experiments and spaceflight data. Wherever
possible, the authors reference major publica-
tions with extensive bibliographtes such as
review papers, monographs, and other studies.
The reader is referred to these publications for
more complete bibliographic citations.

Although cach chapter is relatively brief and
concise, it became necessary to divide Volume
II into two parts. In Book One of Volume II,
the topics concern influence on the organism
of artificial gaseous atmospheres, thermal
properties, and altered atmospheric and dynamic
flight factors. Book Two is an examination of
influence on the organism of radiant energy,
psychophysiologic problems of space flight,
methods of physiologic investigations in flight,
and transmission of information.

The extraordinary advances documented here
have directly influenced methodology in related
scientific fields; advancements in aerospace
medicine have been applied to the practice
of clinical medicine. Examples include progress
in knowledge of pulmonary function and respira-
tion tests, biomedical monitoring of the critically
ill, materials for artificial heart valves and pros-
thetic devices, electronic pacemakers, develop-
ment of fiber-optic lighting for endoscopic
procedures, use of high-energy particles and
heavy nuclei in radiobiology and therapy, and
more efficient collection, storage, and retrieval
of medical information.

In a rapidly advancing field of study and
development, the solution of one problem
frequently introduces new and even more chal-
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lenging problems to be explored. Space biology
and medicine is no exception. The authors of
each chapter have identified those areas in
their specialties where further investigations
are needed to solve problems and answer ques-
tions which at present are unresolved.

In the field of space physiology, the problem
of man’s adaptation to weightlessness and sub-
sequent readaptation to the gravitational force
of Earth demands further intensive investigation.
The mechanisms of adaptation and levels in the
organism at which these occur, as well as the
time sequence for retention of acquired adapta-
tion, are phenomena that demand more com-
prehensive and in-depth study. The Skylab
program has provided a tool whereby these
problems and many others discussed in this
volume can be intensively studied in the future.

The preparation of any book would not be
possible without the direct support and assistance
of numerous persons. Our sincere gratitude is
extended to all those who actively participated
in the preparation of this volume. This includes
the authors, and a great number of specialists
who compiled preliminary surveys of the litera-
ture and thereby significantly lightened the bur-
dens of the authors. We wish to express our

deep thanks to the translators whose tasks
were complex and to the reviewers whose con-
structive comments and criticisms increased the
quality of the chapters.

In conclusion, we consider it vital to note the
significant contributions to the general ideas,
policies, and structure of the volume made by

Professor L. D. Carlson and the late Academician
V. V. Parin.

)AL@-(\MW

JoHN P. MARBARGER
University of Illinois at the Medical Center
Chicago, USA

P. V. VAsIL'YEV
Institute of Medical and Biological Problems
MZ USSR

Moscow
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RADIO-FREQUENCY AND MICROWAVE ENERGIES,
MAGNETIC AND ELECTRIC FIELDS

SOL M. MICHAELSON
University of Rochester. New York USA

Ordinarily, man exists in equilibrium within
very narrow ranges of physical influences of the
Earth, such as temperature, pressure, electro-
magnetic radiant energies, and geomagnetic
fields. The advent of space travel has imposed
the problem on man of taking him out of his
normal sphere of environment.

In this chapter, the biologic effects of radio-
frequency and microwave energies as well as
electric and magnetic fields be
sidered in relation to their influences on man’s
functional capabilities. It is unlikely
that these energies constitute a hazard to space
flicht under ordinary circumstances. Neverthe-
less, it is not only of academic interest but also
of practical importance to review what we know
about the influence of these energies on the physi-
ology and behavior of organisms, to provide a
basis for assessment and prediction of how man
will fare in space.! '

will con-

most

PHYSICAL CHARACTERISTICS

A common characteristic of electromagnetic
fields (EMF) in all ranges —from geomagnetic and
geoelectric fields of the Earth to solar radio
emission—is the periodicity of their intensity
changes: daily, monthly, and seasonal. A second
common characteristic of the Earth’s electrical
field and of the atmospheric and radio-emission
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fields is their approximately identical minimum
average intensity in the environments, on the
order of 10-* V/m (for radio emission in the
atmosphere, for atmospherics, and for the elec-
tric field in a water medjum). Along with periodic
changes around this average value, spontaneous
changes also occur (increase in intensity) in the
EMF of the biosphere which vary from doubling
their average level to exceeding it hundreds of
times (radio emission) [211].

In future space operations, in addition to
electromagnetic radiation, individuals may be
exposed to a wide range of magnetic field
intensities and gradients. Regular and irregular
variations, thought to be caused by electric
currents in the upper atmosphere, are super-
imposed on the steady geomagnetic field. Although
electric currents are of a magnitude of several
million amperes, the current density is very low.
Also, the electric field which is intrinsically

' The material in this chapter constitutes review and
evaluation of the pertinent literature by the author, in col-
laboration with Yu. I. Novitskiy. Z. V. Gordon, A. S. Pres-
man, and Yu. A. Kholodov, whose contributions are gratefully
acknowledged.

Additional support for this chapter was provided by Mrs.
Margaret Anderson Bush, who not only typed several drafts
of this manuscript with exemplary patience and competence.
but also assisted in organizing and checking the bibliography.
The author wishes to acknowledge her assistance with ex-
treme gratitude.
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linked with the current system is of an order of
magnitude (10-* V/cm), which apparently is com-
plétely harmless [64]. The physical characteristics
of electromagnetic, magnetic, and electric fields
in space are detailed in Volume I, Part 1, Chapter
2, providing further information.

To provide a basis for understanding the
biologic effects of radio-frequency and micro-
wave energies, review of some fundamental
aspects of electromagnetic radiation is indicated.
The nonionizing electromagnetic (EM) spectrum
encompasses wavelengths from 3 X 10% meters
to 3X10~2nm, the energies of which can be
propagated in a vacuum or through a number of
media (air, water, tissue). Electromagnetic energy
is generated through the change in the state of
motion of an electron, this change being ac-
companied by the emission or absorption of EM
energy. The EM waves vary in space and time,
and the wavelength is inversely proportional to
the magnitude of energy change. The physically
varying qualities are actually a set of quantities:
electric (E) and magnetic (H) field vectors. These
vector quantities are related to each other per-
pendicularly and sinusoidally, and a resultant of
the two vectors is the propagated EM wave.
Measurable quantities which characterize the
waves are: frequency of the sinusoidal activity,
peak-to-peak length between the sine wave
components (wavelength), and energy content.

The magnetic field is a geophysical phenomenon
of unknown origin. The Earth is in a geomagnetic
field imposed from the North and South Poles
of the planet. Other properties of the magnetic
field are its direction, homogeneity, and strength.

The energies of the electromagnetic spectrum
(Fig. 1) [156] are propagated in the form of waves
that act as small bundles of energy with many of
the properties ordinarily ascribed to particles,
which are called photons or quanta. The energies
residing in photons (E) are directly proportional
to the frequency of oscillation of the specific
electromagnetic radiation associated with them
by the formula E=hv, where k is Planck’s
constant. The photon energy measured in electron
volts (€V) and the frequency of an electromagnetic
wave are inversely proportional to the wavelength.

The radio-frequency (RF) portion of the electro-

magnetic spectrum is considered to extend from
0.03 MHz (very low frequency— VLF) to 300 000
MHz (extremely high frequency—EHF). On a
functional or operational basis, frequencies in
the region from 100 MHz to 300 000 MHz (300
GHz) are designated microwaves. The various
RF bands are shown in Table 1. Radio-frequency
energy, when propagated, is categorized into two
discrete modes known as continuous wave (CW)
and pulsed.

TABLE 1.— Radio-Frequency Bands

Frequency (MHz) | Designation Definition
0.03 VLF Very low frequency
0.03-0.3 LF Low frequency
0.3-3 MF Medium frequency
3-30 HF High frequency
30-300 VHF Very high frequency
300-3000 UHF Ultrahigh frequency
3000-30 000 SHF Super high frequency
30 000-300 000 EHF Extremely high frequency
Biophysics

As the frequency decreases, the EM energy
of the emitted photons is insufficient, under
normal circumstances, to dislodge orbital elec-
trons and produce ion pairs. The minimum photon
energy capable of producing ionization in water,
and atomic oxygen, hydrogen, nitrogen, and
carbon, is between 12 and 15 eV. Inasmuch as
these atoms constitute the basic elements of
living tissue, 12 €V may be considered the lower
limit for ionization in biologic systems. Since the
energy value of 1 quantum RF is 0.024—4.0 X 10-6
eV, the type of electronic excitation necessary
for ionization is not possible, no matter how many
quanta are absorbed.

The nonionizing radiant energies absorbed
into the molecule either affect the electronic
energy levels of its atoms, or change the rota-
tional, vibrational, and transitional energies of
the molecules. In biologic systems, absorbed
RF energy is transformed into increased kinetic
energy of the absorbing molecules, thereby pro-
ducing a general heating of the tissue. Such
heating results from both ionic conduction and
vibration of the dipole molecules of water and
proteins [125].
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FicuRE 1. Nonionizing electromagnetic radiation (adapted from Ref. [156}).

The absorption of RF energy is dependent upon
the electrical properties of the absorbing medium,
specifically, its dielectric constant and electrical
conductivity. These properties change as the
frequency of the applied electrical field changes.
Values of dielectric constant and electrical
conductivity and depth of penetration have been
determined for many tissues [260]. The absorp-
tion of RF energy is high and the depth of pene-
tration low in tissues of high water content
such as muscle, brain tissue, internal organs,
and skin, while the absorption is lower in tissues
of low water content such as fat and bone. Re-

flections beiween interfaces separating tissues
of high and low water content can produce
standing waves accompanied by hot spots that
can be maximum in either tissue, regardless of
dielectric constant or conductivity [125].

In considering the biologic effects of RF
energy, the wavelength or frequency of the energy
and its relationship to the physical dimensions
of objects exposed to radiation become important
factors. Absorption of energy radiating from a
source into space also depends upon the relative
absorption cross section of the irradiated objects.
Thus, the size of the object with relation to the

REEP(‘“"”?BUITY OF THE
¢ S LAGE IS POOR
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wavelength of the incident field plays a role [1].
A complete description of RF or microwave
energy-tissue interactions is not possible in this

chapter. Several excellent reviews, however, are
available [1, 106, 125, 157, 185, 221, 245, 253-
256, 260-263, 306].

PATHOPHYSIOLOGIC ASPECTS OF
RADIO-FREQUENCY RADIATION

Systematic research on the biologic effects of
RF radiation was begun immediately after World
War II [282]). The results of these investigations
are available in reports of the “Tri-Service
Program” [189], reviews [50, 128, 187, 199, 245],
books [98, 185, 211, 221, 293], and symposia
proceedings [49, 73]. Glaser [86] has recently
prepared a comprehensive bibliography of the
literature on RF and microwave bioeffects.

Extensive investigations into microwave bio-
effects during the last quarter century show
conclusively that, for frequencies between 1200
and 24 500 MHz, exposure to power density of 100
mW/em? for 1 h or more, could have pathophysio-
logic manifestations of a thermal nature. Such
manifestations would be characterized by tem-
perature rise, which is a function of the thermal
regulatory processes, and active adaptation of
the animal. The end result is either reversible
or irreversible change, depending on the condi-
tions of the irradiation and the physiologic state
of the animal. At power densities below 100
mW/cm?, however, evidence of pathologic
changes is nonexistent or equivocal. A great deal
of discussion, nevertheless, has been engendered
concerning the relative importance of thermal
or nonthermal effects of RF and microwave
radiation.

The results of some in vitro studies have been
considered as evidence of nonthermal effects
of RF radiation. Although some investigators
still question the interpretation of these so-called
nonthermal effects [187, 188, 199, 245, 251, 269,
270], several support nonthermal interactions
between tissues and electric and magnetic fields
141, 185, 211, 221, 232].

The phenomenon of pearl-chain formation is
suggested as evidence of nonthermal effects of
RF. This phenomenon can be seen when sus-

pended particles of charcoal, starch, milk,
erythrocytes, or leukocytes are placed in a CW
or pulsed RF field in the range 1-100 MHz. The
particles become oriented into a chainlike form
parallel to the electric lines of force. For each
particle type there is a frequency range where
the effect occurs at minimum field strength [125].
Apparently some pearl-chain formation is due
to the attraction between particles in which dipole
charges are induced by the RF fields [251]. It is
also of interest that bacteria, planaria, and snails
react to relatively weak electric and magnetic
fields [37].

It is unlikely that any histologic structure
exists in the body that is superficial, sufficiently
large and free to be oriented [269]. The effect
occurs in biologic tissue at field levels where
there will be damaging thermal effects; therefore,
pearl-chain formation has no biologic significance
as far as the human body is concerned [251,
270].

The literature on the biologic effects of radio-
and low-frequency (<30 MHz) electromagnetic
radiation has been reviewed by several authors
[21, 141, 185, 190, 211, 232]. Bollinger [35] has
reported on an extensive biomedical study of
low-frequency RF radiation. Short-term (1 h)
exposures of monkeys to 10.5, 19.3, and 26.6
MHz, under the experimental conditions which
employed 100 to 200 mW/cm?, did not produce
discernible biologic effects.

An acoustic response corresponding to the
frequency of modulation has been reported in
individuals exposed to radars of relatively low
average power [79]. This phenomenon apparently
is not due to direct stimulation of neural fibers
or cortical neural tissue, but rather to stimulation
of the cochlea through electromechanical field
forces by air or bone conduction [108, 276].

Thermal Effects

Body temperature increase during exposure
to microwaves depends on: (a) the specific area
of the body exposed and the efficiency of heat
elimination; (b) intensity of field strength; (c)
duration of exposure; (d) specific frequency or
wavelength; and (e) thickness of skin and sub-
cutaneous tissue. These variables determine the
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percentage of radiant energy absorbed by various
tissues of the body [262, 263].

In partial body exposure under normal con-
ditions, the body acts as a cooling reservoir,
which stabilizes the temperature of the exposed
part. The stabilization is due to an equilibrium
established between the energy absorbed by the
exposed part of the body and the amount of heat
carried away from it. This heat transport is due
to increased blood flow to cooler parts of the
body, which are maintained at normal tempera-
ture by heat-regulating mechanisms of the body
such as heat loss due to sweating evaporation,

radiation, and convection. If the amount of ab-

sorbed energy exceeds the optimal amount of
heat energy which can be handled by the mecha-

nisms of temperature regulation, the excess

energy will cause continuous temperature rise

with time. Fever, and under some circumstances,
local tissue destruction can result [262, 263].

Threshold for Perception

Awareness of microwave exposure is devel-
oped by several mechanisms including cutaneous
thermal sensation or pain. The physiology of

thermal sensation and pain in relation to micro-

wave perception has been reviewed by Michaelson
[190]. The subjective awareness of warmth
could be an indicator of microwave exposure,
and several investigators have established the

thresholds for microwave-induced thermal sensa-

tion and pain in man [54, 55, 115, 259, 304]. The
results of these studies are shown in Table 2;
the data suggest that cutaneous perception

could constitute a warning mechanism to pre-
vent exposure to microwaves at possibly injuri-
ous levels.

Cataracts

Microwaves have been shown to produce
cataracts in some experimental animals, and there
are reports of microwave-induced cataracts in
man. The techniques used and interpretation of
results and conclusions, however, are quite
often equivocal. Careful review of these reports
indicates insufficient quantitation and correla-
tion of pathophysiology with the level of micro-
wave radiation. The literature on this subject is
discussed by several reviewers [39, 128, 178,
187, 188, 190, 195, 199, 200, 245, 272].

Carpenter and associates [45] reported that
single or repeated exposure of rabbits’ eyes to
2450 MHz pulsed or CW can cause clouding
when the lens temperature increases 4°C. The
greater the power density the higher the tem-
perature, and the time required to produce len-
ticular clouding was decreased. Latency time
observed for lens changes averaged 3.5 days.
Baillie [3] determined that lens opacification is
a temperature-dependent phenomenon. Car-
penter [45] also suggested a cumulative effect on
the lens from repeated subthreshold exposures
of rabbits’ eyes to microwaves. The reported
cumulative effect, for all practical purposes, is
accumulation of damage resulting from repeated
exposures, each individually capable of produc-
ing some degree of damage; no cumulative rise
in temperature occurs if the interval between
exposures exceeds the time required for the

TABLE 2. —Stimulus Intensity to Produce a Threshold Sensation*

3000 MH:z 10000 MHz Far infrared
Exposure time (s) Power density Power density Increase in skin Power density Increase in skin
(mW/cm?2) (mW/cm?) temp. (°C) (mW/cm?) temp. (°C)
1 58.6 21.0 0.025 4.2-84 0.035
2 46.0 16.7 0.040 4.2 0.025
4 33.5 12.6 0.060 4.2
20 3100.02
60 1800.0 2
120 1000.0 2

! Data from Cook {54] and Hendler [115].

2 Threshold for pain sensation.

574-271 O - 75 - pt.2 = 2
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tissue to return to normal temperature. The
concept of cumulative effect in relation to micro-
wave-induced cataractogenesis is discussed by
Michaelson [187].

Zaret and associates [313] performed ophthal-
mologic studies among selected microwave
workers and reported no late lens defects pe-
culiar to microwave exposure. They did note a
small, statistically significant increase in pos-
terior polar defects but no decrement in visual
acuity. In other studies, it has been shown that
lenticular markings of a possible congenital
nature may reach a certain magnitude and pro-
gress no further, even when there is no change
in the occupational setting [272]. It should be
noted that the reports by Zaret and associates
[313] are not accepted by the community of
ophthalmologists. The reports, in general, do
not indicate any relationship between the actual
power level and pathology. Analysis of the re-
ports of microwave-induced cataracts [117, 155,
201, 273] permits the conclusion that, as a rule,
the development or detection of cataract coincide
only accidentally in time with the exposure to
microwaves and, it was actually due to other
causes such as uveitis, congenital clouding, or
the like [272). It should also be recognized that
individuals studied in such surveys could have
been exposed to ionizing radiation as well as to
microwaves.

In actual radar or microwave-communication
operation, it is important to note that a technician
is rarely exposed to high-intensity microwaves
for a potentially harmful time, since he would
probably feel the heat due to energy absorption
which would serve as a warning. Apparently,
damage to the lens from exposure to microwaves
may seldom occur (if at all), and only under un-
usual circumstances. Under normal working
conditions, personnel are exposed at levels
representing several orders of magnitude below
the level with which various changes in the lens
are produced experimentally. Exposure to a ro-
tating radar antenna is no practical threat to the
lens, even at high power densities [272]. There
are no experimental data demonstrating cataract
formation associated with whole-animal exposure
[187, 195, 272]. On the basis of present knowledge
of conditions under which experimental micro-

wave cataract arises and its diagnosis and
treatment, it must be acknowledged that none of
the cases of microwave-induced cataracts in man
described in the literature is fully verified.
Well-controlled prospective epidemiologic studies
associated with accurate records of microwave
exposure will be required to determine if occu-
pational exposure to power densities in the range
of 10—100 mW/cm? can result in cataract forma-

tion [272].

Effects on Reproduction

The testes. The effect of microwaves on the
testes has been studied [74, 95, 123, 266]. Ex-
posure of the scrotal area at high-power densities
(> 250 mW/cm?) results in varying degrees of
testicular damage such as edema, enlargement
of the testis, atrophy, fibrosis, and coagulation
necrosis of seminiferous tubules in rats, rabbits,
or dogs exposed to 2450, 3000, 10 000, or 24 000
MHz.

Ely et al [74], using 2880 MHz, tried to
determine the lowest power density which would
produce minimal changes in the most sensitive
animal of a group of dogs. They found 5 mW/cm?
to be the threshold for testicular damage, for an
indefinite exposure. The field intensity required
to maintain a threshold temperature was chosen
from the most sensitive of the 35 dogs exposed.
The threshold temperature of 37°C was the lowest
damaging temperature found in this study. It
should be noted that this was based on a single
animal which may be spurious; sufficient controls
were not used, and, there may have been a normal
incidence of histologic damage in unexposed
animals. The authors point out 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 constrictive
clothing and should therefore not be considered
hazardous. It is questionable, therefore, whether
such effects should be legitimately considered
as a basis for appraisal of hazard from micro-
wave exposure [128].

Whole-body exposure of dogs to 24 000 MHz
[61] or guinea pigs to 3000 MHz [77] did not




RADIO-FREQUENCY AND MICROWAVE ENERGIES, MAGNETIC AND ELECTRIC FIELDS 415

affect reproduction. Exposure to 3000 MHz,
8 mW/cm? did not affect mating of mice or rats
[204].

Reports of human sterility from exposure to

i Barron and
associates [17, 18] found no evidence of fertility
changes in their surveys of humans. There is one
case report of altered fertility in a man from
unusually high exposures to microwaves [244];
without preexposure examination of this indi-
vidual, any causal relationship is tenuous. The
patient, a repairman at a weather radar installa-
tion, frequently performed maintenance on the
radar antenna while the equipment was in
operation; he did not wear protective clothing.
On occasion, while working near the microwave
beam, the patient noted a sensation of warmth.
He was exposed repeatedly to microwave power
densities more than 3000 times the currently
accepted safe level established by the US Air
Force.

The testes are sensitive to temperature eleva-
tion 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 intrascrotal tem-
perature that is at least 1 °C below body tempera-
ture will significantly lower sperm output. Testic-
ular reaction to heat: injury resulting from RF
radiation appears to be the same as the reaction
to high fever associated with many illnesses.

The ovaries. Gorodetskaya [96] has reported
that exposure of 2- to 3-month-old mice to 10000
MHz, 400 mW/cm? for 5 min caused a decrease
in the number of estral cycles with increase
in duration of individual cycle stages. One
month after exposure, the estral pattern was
reestablished.

The mating of normal females and microwave-
irradiated males resulted in a decrease in number
of progeny, lower average weight of offspring,
and increase in number of stillborn. When mated
with normals, microwave-treated females pro-
duced weaker offspring than did similarly treated
males.

Deformed offspring were observed exclusively
from microwave-exposed females. Histologic
studies revealed degenerative changes in the
germinal epithelium. In the ovaries, follicular

crowaves are (uestionable

epithelial cells were degenerated with pyknotic
nuclei. Comparison of changes in testis and ovary
indicate the female gonads to be more sensitive.
Similar but less pronounced changes result from
convectional heating.

In other reports, reproductive studies on guinea
pigs exposed to 3 GHz microwaves [77] and dogs
exposed to 24 GHz indicated no adverse effects
from exposure [61]. Exposure of rats and mice
to 3 GHz (ca. 10 mW/cm?) had no detectable
effect on mating behavior [204].

Timeskova [289] studied the influence of micro-
waves on testicular function, impregnation, the
course of pregnancy, and the offspring of sexually
mature rabbits subjected to whole-body irradia-
tion with centimeter microwaves at 100 mW/cm?
with an exposure time of 15 min. Their rectal
temperatures rose by 3°—4°C. In these experi-
ments it was found that the granulosa cells in the
mature and maturing follicles of the rabbits
degenerated and decomposed. The irradiated
females were difficult to mate and were impreg-
nated only after 6 or even 10 days with the male.
It should be pointed out that 100 mW/em? is an
unrealistically high power density and will no
doubt cause such effects by the extreme
thermalization.

Two female beagle dogs were exposed to micro-
wave radiation of 24 000 MHz at a power density
of 20 mW/cm?. During a period of 20 months,
one dog was exposed for a total of 2631 h (6.7
h/d, 5 d/wk). Another dog was exposed for a
total of 3670 h (16.5 h/d, 4 d/wk). Both dogs
reproduced normally. One animal had a litter of
five (one stillborn) after 1500 h exposure; the
other dog had two litters—five puppies (two
stillborn) after 200 h exposure, and four puppies
(one stillborn) after 1850 h exposure [61].

Although some experimental data indicate
that high power densities can affect the testes
and ovary, it is apparent that these responses
are a result of the heat which develops in the
animal. The experimental evidence tends “to
support the conclusion that the effects of micro-
wave radiation on the gonads are primarily of
thermal origin.

There is little information on the response of
the human female. Rubin and Erdman [246] ob-
served that neither conception nor pregnancy in
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humans was disturbed by therapeutic microwave
diathermy application. Disturbance in menstru-
ation is mentioned by Osipov [217] as one of the
effects of an electromagnetic field on the indi-
vidual, although results of other studies of women
working 3 to 11 years in microwave fields do not
support this report [218].

Effects reported by Marha and associates [184,
185] include: decreased spermatogenesis, altered
sex ratio of births, changes in menstrual patterns,
retarded fetal development, congenital defects
in newborn babies, and decreased lactation in
nursing mothers. They also report an increased
incidence of miscarriages in women working with
microwaves. Because of these reports, adoles-
cents and gravid females are not permitted to
work with HF, VHF, or UHF equipment as a
preventive measure [185]. According to these
authors, such effects occur at thermal microwave
exposure intensities (greater than 10 mW/cm?).
It must be noted that in some countries a far
greater number of women are employed in the
industrial work force than in others; many of
these women work swing shifts after taking care
of their families during the day. The influence of
such interacting variables may have been over-
looked in these surveys. More details are needed
relating work cycle/work shift information of the
affected women, how it affects the menstrual
patterns, and lactation of nursing mothers who
are part of an occupationally equivalent control
population, especially with respect to work
shift. These reports raise the question: What
effects do working a regular job, or irregular
shifts, have on lactation and menstruation in
general? Also: What is the incidence and preva-
lence of miscarriages in the general working
population that is equivalent to the microwave-
exposed group in every way except exposure?

Visceral Pathophysiology

In rats exposed whole-body to 2450 MHz,
100£15% mW/cm?, from 8-15 min for 1-28
exposures, histopathologic examination of the
organs (testis, eye lens, liver, spleen, lung,
kidney, heart, thyroid, and brain) was made.
The only significant observation in the micro-
wave-exposed group was atrophy of the tubules

of the testis. No other significant histopathologic
changes were observed in the microwave-irradi-
ated rats [129]. It should be noted that the
power density was extremely high, especially for
rats.

In a study by McLees et al {179] in which
partially hepatectomized rats were exposed to
13.12 MHz ca 1 mW/g, examination of liver
sections obtained immediately after 28 to 44 h
exposure failed to reveal any definite pathologic
changes. There was no evidence of hepatocyte
swelling or erythrocyte accumulation.

Delay in gastric emptying time has been de-
scribed in dogs exposed to 300—3000 MHz 1
mW/cm? for 30 min [99, 281]. Repeated exposures
resulted in diminution of the effect. Increased
gastric evacuation was noted after partial
denervation of the stomach. Similar results
were obtained in guinea pigs exposed to 3000
MHz, 0.5-1 mW/cm? [281]. In a study of stomach
secretory function, when dogs were irradiated
with 300—-3000 MHz, 1 mW/cm?, secretion of
gastric juices In response to meat was sup-
pressed significantly, especially during the
first (nervous reflex) phase, and its acidity was
lowered [281].

According to Subbota [281], under exposure to
microwaves of low, “nonthermal’ intensity, the
dominant picture is suppression of the evacua-
tory motor function of the gastrointestinal tract.
Since the opposite appears on partial denerva-
tion of the stomach, it must be assumed that
microwaves at ‘“‘nonthermal” levels have a dual
effect on this gastrointestinal tract function:
mediated action (through changes in function of
the CNS) and a direct effect on the organ or its
local innervation. Possible humoral-chemical
changes capable of producing the same shifts
should not be excluded.

Pitenin and Subbota [226] have reported that
local irradiation of the anterior celiac region in
rabbits (which corresponds to the epigastric
region in man) causes selective injury to the
stomach mucosa. After 10 min exposure to 2450
MHz, 110-120 mW/cm?, half the animals de-
veloped gastric ulcers on the anterior wall of
the stomach, i.e., on the wall nearest the source
of radiation. All other tissues through which the
microwave energy had penetrated before reach-
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ing the mucosa remained practically undamaged.
The temperature of the stomach contents did
not rise above 40°-42°C. At still higher radiation
intensities (150 mW/cm? and more), ulcers were
found in practically all the animals.

It appears that the amount of temperature
developed in the visceral organs during 2450
MHz microwave irradiation may be a function of
animal size as well as duration and intensity of
radiation. Imig and Searle [122], and Searle et
al [264] showed that the amount of temperature
developed in visceral tissues during exposure
was inversely related to animal size, being great-
est in rabbits, next in small dogs, and lowest
in large dogs.

Effect on Hematopoietic Tissue and Blood

Analysis of blood changes has been carried
out by numerous investigators because of its
easy accessibility and availability of quantitative
techniques, to study the biologic effects of micro-
waves and RF. Most of the data are based on
studies with rodents, rabbits, and dogs under
controlled exposure conditions, or in man where
field intensities and duration of exposure are not
easily measured.

A number of authors state that the blood
picture is not affected noticeably by RF or
microwaves [17, 57, 169, 233], however, leukocy-
tosis, lymphocytopenia, eosinopenia, alteration
in red blood cell lifespan and bone marrow
function, as well as a drop in hemoglobin have
been reported [87, 118, 119, 120, 198, 247, 249].
The effect of microwave radiation on hema-
topoietic organs has also been studied. Some
investigators have been unable to detect any
shifts [300]. Kitsovskaya [145] observed only a
slight decrease in the number of polymorpho-
nuclear neutrophils. The time of onset and degree
of hematopoietic change may be dependent upon
the wavelength, field intensity, and duration of
exposure [145, 194, 198]. It is suggested that
leukocyte response is related to hypothalamic-
hypophysial-adrenal stimulation due to thermal
stress {193].

A significant decrease in leukocytes and
erythrocytes was noted in rats after 7 h of
continuous exposure to 24 000 MHz, 20 mW/cm?

with recovery in 1 weck; 10 min of continuous
exposure to 20 mW/cm?2; and 3 h of continuous
exposure to 10 mW/cm? with recovery in 2 days
[62].

In mice irradiated with 10 000 MHz at 450
mW/cm? for 5 min, decreases in erythrocyte,
leukocyte, and hemoglobin values were noted
immediately, and at 1 and 5 days. Hematologic
recovery was evident 10 days after exposure.
Convectional heat produced less distinct changes,
with more rapid recovery than when exposed to
microwaves [97]. Leukocytosis was reported in
mice enclosed in a slowly rotating polystyrene
cabin, irradiated daily for 16-19 months at
10 000 MHz, 100 mW/cm2, 4.5 min/d. The rectal
temperature rose an average of 3.3°C after each
radiation treatment [228].

Hyde and Friedman [121] studied the effects
from exposure of mice to 3000 MHz, 20 mW/cm?
and 10 000 MHz, 17, 40, or 60 mW/cm?2 up to 15
min. No significant effect on total or differential
leukocyte count or hemoglobin concentration
was noted immediately or 3, 7, or 20 days after
exposure. There were no changes in femoral
bone marrow other than inconstant, slight in-
crease in the eosinophil series of the exposed
animals which was not reflected in peripheral
blood counts.

Kitsovskaya [145] subjected rats to 3000 MHz
according to the following schedule: 10 mW/cm?,
60 min, 216 days; 40 mW/cm?2, 15 min, 20 days;
100 mW/cm?2, 5 min, 6 days. At 40 mW/cm? and
100 mW/cm?, total red blood cell count (RBC),
white blood cell count (WBC), and absolute
lymphocytes were decreased; granulocytes and
reticulocytes were elevated. At 10 mW/cm?,
total WBC, and absolute lymphocytes decreased,
and granulocytes increased. Bone marrow ex-
amination revealed erythroid hyperplasia at the
higher power levels. The blood did not return to
normal state months after the series of irradia-
tions was discontinued.

Baranski [5] exposed guinea pigs and rabbits
to 3000 MHz pulsed or CW 3.5 mW/cm? power
density for 3 months, 3 h daily. Peripheral blood,
bone marrow, lymph nodes, and spleen were
examined. Increases in absolute lymphocyte
counts in peripheral blood, abnormalities in
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nuclear structure, mitosis in the erythroblastic
cell series in the bone marrow and in lymphoid
cells in lymph nodes and spleen were observed.
Baranski suggests that extrathermal complex
interactions seem to be the underlying mechanism
for the changes.

Budd et al [40] investigated the sensitivity of
the fetal rat hematologic system following in
utero microwave irradiation. Pregnant Sprague-
Dawley rats were exposed one at a time to whole-
body 2450 MHz 100 mW/cm? CW microwaves
at 15 days gestation. Under these conditions, the
rectal temperature of the pregnant rats increased
4.2°C above that of the controls. Hematologic
changes were measured in the pregnant rats at
4 h, 24 h, and 5 d postirradiation (shortly before
the fetuses were removed). Body and spleen
weights, and hematologic changes were measured
in the fetal rats at 20 days gestation. No signifi-
cant differences were found between control and
microwave-exposed pregnant rats in body weight,
total leukocyte count, erythrocyte count, hemato-
crit, or hemoglobin value. Microwave-irradiated
fetuses had significantly lower spleen weights
(P < 0.05), total leukocyte counts (P < 0.01), and
somewhat lower hemoglobin values (P < 0.10)
than controls. No appreciable differences were
observed between microwave-irradiated fetuses
and their controls in body weight, **Fe uptake
in blood, or fetal resorption. The lack of any
effect in the pregnant rat exposed to 100 mW/cm?
or any greater effect in the fetus than that evi-
denced is worthy of note.

Spalding [278] exposed mice to 800 MHz 2 h
daily for 120 days in a closed system (wave
guide) at an incidence level of 43 mW/cm? Body
weight, red and white blood cell count, hemato-
crit, hemoglobin, growth, voluntary activity
and life span remained normal. Ivanov [124]
reported distinct changes in the proportions of
white and red bone marrow stem cells in rabbits
chronically exposed to meter waves at 1 mW/cm?2

In dogs exposed whole-body to microwaves
there was a marked decrease in lymphocytes and
eosinophils after 6 h, 2800 MHz 100 mW/cm?
[195]. The neutrophils remained slightly increased
at 24 h, while eosinophil and lymphocyte values
returned to normal levels. Following 2 h exposure

at 165 mW/cm?, there was slight leukopenia and
decrease in neutrophils. When the exposure was
3 h, leukocytosis was evident immediately, and
was more marked at 24 h, reflecting the neutro-
phil response. There was a moderate decline in
lymphocytes immediately following 2 to 3 h
exposure, with recovery to the preexposure level
at 24 h. Following 2 h exposure, there was slight
decrease in eosinophils which was unchanged
at 24 h. Eosinophil change was negligible at the
termination of 3 h exposure and moderately
decreased at 24 h.

After exposure to 1285 MHz, 100 mW/cm?2, for
6 h, there was an increase in leukocytes and
neutrophils. At 24 h, the neutrophil level was
still noticeably increased from the preexposure
level. Lymphocyte and eosinophil values were
moderately depressed and at 24 h, slightly
exceeded their initial values.

Six hours of exposure to 200 MHz, 165 mW/cm?
resulted in a marked increase in neutrophils and
a mild decrease in lymphocytes. The leukocyte
count was further increased, and the lymphocytes
markedly increased the following day. Eosino-
phils were moderately decreased [195].

Comparison of leukocyte changes over a 60-
day period after a 6-h exposure at 100 mW/em?,
2800 MHz or 1285 MHz, revealed that 1285 MHz
had a slightly greater and more prolonged effect
on leukocyte response. Recovery of leukocytes
and neutrophils to the preexposure level occurred
1 to 2 weeks after 1285 MHz and within 1 week
after 2800 MHz exposure. A 25 to 40% lymphocyte
increase from the preexposure level was noted
from 1 day to 2 years after 1285 MHz exposure.
The reticulocyte count was moderately diminished
during this period. Lymphocytopenia from 2800
MHz was followed by recovery to 95% of initial
value in 24 h and a gradual decrease to 54% of
initial value by 60 days.

Early and sustained leukocytosis in dogs ex-
posed to thermogenic levels of microwaves may
be related to stimulation of the hematopoietic
system, leukocytic mobilization, or recirculation
of sequestered cells. Eosinopenia and transient
lymphocytopenia with rebound or overcompensa-
tion when accompanied by neutrophilia may
indicate increased adrenal function.
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Rhesus monkeys were exposed to 10.5 MHz,
200 mW/cm? for 1 h; 19.27 MHz, 170 mW/cm?
for 4 h, and for 13 consecutive days 4 h each day
at a power density of 115 mW/cm?; and 26.6
MHz, 100 mW/em? for 1 h. Hematolngic examina-
tions which included hematocrit, total white cell
count, differential count, and morphologic evalua-
tions, indicated no obvious effect of RF ex-
posure on the formed elements of the blood.
Hematocrit, total white cells, and differential
cell estimations fell within the range of normal.
Platelet level remained normal, and there were
no changes in the clotting mechanism. Histologic
examination of bone marrow and spleen revealed
no evident pathology [205]. The authors con-
cluded that RF exposure had no effect on the
hematopoietic system.

There are few reports of RF—or microwave-
induced hematologic changes in man. In surveys
of military and industrial radar personnel,
variable hematologic changes have been reported
{17, 18, 57, 110, 160, 170, 203, 275]. Reticulocy-
tosis has been noted in some studies [160, 275].

Barron et al [18] reported an apparent decrease
in polymorphonuclear cells and increase in
eosinophils and monocytes in a group of occu-
pationally exposed workers. In a later report,
however, these authors [17] found the decreases
incorrect, due to variation in a laboratory tech-
nician’s interpretation.

Baranski and Czerski [7] reported on the hema-
tologic examination of a large group of people
occupationally exposed to microwaves. They
concluded that a small drop in the number of
erythrocytes takes place in all individuals ex-
posed to microwaves; incidence is related to
length of employment and degree of exposure.
Various leukocyte shifts occur in the first year
of employment, with normalization later, a
symptom which does not appear in groups having
worked for 1 to 5 years. A tendency toward
lymphocytosis with accompanying eosinophilia
is apparent in persons having worked more than
5 years under conditions of low and medium
microwave exposure. Three groups of leukocyte
changes occur in persons exposed to substantial
irradiation for more than 5 years: most frequent
are absolute and relative lymphocytosis accom-

panied by eosinophilia and monocytosis, or rela-
tive lymphocytosis; next is absolute lymphocytosis
with monocytosis; and neutrophilic leukocytosis
is last. About 50% of persons exposed to micro-
waves show a moderate drop in platelet number.
This poses the question if exposure to x-rays
or other environmental factors may not be the
entity, or at least a contributor, in such findings
[221].

Cardiovascular Effects

Several investigators report that exposure of
animals or man to electromagnetic radiation
may result in direct or indirect effects on the
cardiovascular system [68, 89, 151, 159, 209,
212, 215, 216, 230, 233, 279, 301]. Some authors
suggest that exposure to microwaves at inten-
sities that do not produce appreciable thermal
effects may lead to functional changes, which are
observed in connection with acute as well as
chronic exposures [89, 233].

Disturbances of the blood circulation that have
been described [101] are evidenced by change in
blood flow {241], usually an increase in flow which
is proportional to both the intensity and duration
of exposure [242]; a decrease is observed only
in denervated extremities. These phenomena are
related to vasodilation. Negative results, however,
have also been reported in studies of persons
working with radar [247]. Aberrations in vascular
reactions, such as oscillation of vascular tonus
[75], have also been reported.

Increased heart rate has been observed after
exposure to power densities of 50-130 mW/cm?
for variable periods ranging 10-140 min [56, 186,
279]. Slowing of heart rate is reported by some
investigators with low (or which they consider
nonthermal) levels of microwaves [137, 249, 300,
301]; others have reported increased heart rate
with low-level microwave exposure over the
dorsal aspect of rabbits [235, 236].

Decrease in blood pressure from microwave
exposure has been reported by some investi-
gators [89, 92, 137, 214, 249] while by others, an
increase in blood pressure [56, 176, 224]. Also,
blood pressure rises slightly at first and then
begins to fall [2, 16, 247], an effect which can be
pronounced and last for several weeks following
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exposure. To confuse the picture still more, a
decrease in blood pressure in man and an in-
crease in blood pressure in the rabbit under
comparable irradiation has also been reported
[15, 16]. These somewhat contradictory re-
ports indicate that the relationship is quite
complex and these discrepancies reveal several
defects in some experiments which should be
recognized, such as frequency, power density of
microwaves, duration of exposure, animal
restraint, and inadequacy of statistical analysis
[286].

Subbota [281] has noted that when rabbits
were chronically exposed to 2450 MHz, 10 mW/
cm?, little change in arterial pressure was evident.
However, hemodynamic shifts were quite clearly
in evidence even at 1 mW/cm?2 No hemodynamic
shifts were observed beginning with the fourth
or fifth treatment. When the rabbits were ex-
posed to 50 mW/cm?, the arterial pressure
dropped, then recovered its initial level after
1-2 h. Characteristically, these effects were
registered only after the first few microwave
treatments, and later, as the treatments were
repeated (once every 1-3 days), the arterial pres-
sure change became smaller in degree until
disappearance at the ninth or tenth treatment.
The rectal temperature rise was 1°-1.7°C after
the first exposure, but 0.7°-0.9°C after nine to
ten treatments.

Presman and Levitina [235, 236] reported a
differential effect on the heart rate of rabbits;
the animals were exposed to 2450 MHz (CW),
7-12 mW/cm?, for 20 min. Ventral exposure
resulted in bradycardia (slowing of heart beat).
Irradiation of the dorsal portions of the head
produced an acceleration. In a later study the
same investigators used pulsed 3000 MHz at
a power density of 3-5 mW/cm?. Under these
conditions, irradiation of the ventral aspect of
the animal caused a shift of rhythm in the direc-
tion of acceleration. This effect was far more
pronounced with the pulse-modulated radiation
than with CW. The investigators suggest that
the possible cause lies in the deeper penetra-
tion into the tissue of the modulated waves.
Presman also interprets these data as indicating
an effect on the parasympathetic nervous system
(vagus nerve) during ventral irradiation and on the

sympathetic nervous system during dorsal
exposure.

Levitina [159] has suggested that the periph-
eral nervous system is the mediator between
microwave radiation and its possible effects
on heart rate. Irradiation of ventral body areas
of rabbits with high power density-pulsed micro-
waves resulted in a lower pulse. If the skin was
anesthetized, cardiac rate did not change. The
author concluded that the reduced cardiac
rhythm, as the result of ventral exposure, was due
to microwaves acting on the skin receptors.

McAfee [175] points out how data can be
misinterpreted to be the result of some unknown
effect of microwave radiation, when hyper-
thermal effects are not involved. In cats, when
peripheral nerves are stimulated by 45°C tem-
perature, adrenal medullary secretion occurs
and a rise in blood pressure is developed as
a result of adrenaline secretion [173]. The
halogenated hydrocarbon anesthetics in combina-
tion with injected adrenalin frequently produce
ventricular arrhythmias [132]. If an animal is
irradiated with microwaves and the analeptic
effect is elicited deliberately or accidentally,
a sequence of events will be observed identical
to that obtained by simply injecting adrenalin.
With some anesthetic agents the heart rate
increases in dogs, and in unanesthetized animals
heart rate is modified by an analeptic response if
such response is accidentally produced {173].
McAfee {175] questions whether experiments
on the effect of microwave radiation on heart
rate are carefully controlled for this possibility.
If so, it is not mentioned in the literature.

In rabbits and dogs, whole-body irradiation
(100-200 mW/cm?) causes brief constriction and
subsequent dilation, especially in the veins of
the pia mater [279]. Dogs exhibit slowing of
heart rate with alteration in the electrocardiogram
during 3000 MHz, 5 mW/em? exposure. Brady-
cardia, sinus arrhythmia, retardation of auricular
and ventricular conduction, changes (usually
a decrease) in the P- and T-deflections, and a
broadening of the QRS complex are observed
[301}. More marked and persistent electro-
cardiogram (ECG) changes are noted in dogs
with experimentally induced myocardial infarc-
tion than in normal dogs when exposed to micro-
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waves [301}. Changes in the heart rate, coagula-
tion time, and a fall in blood pressure have been
reported in dogs exposed for 30 min at 5 mW/
cm? 3000 MHz microwaves [233].

Hemodilution is an early manifestation of
any heat stress in the mammal, and it occurs
during the first 30 min exposure prior to tempera-
ture increase. As the exposure is prolonged,
hemodilution is reversed as a result of dehydra-
tion, and hemoconcentration follows. The early
hemodilution possibly reflects an influx of extra-
vascular fluid as a result of the extensive periph-
eral vasodilation. This permits dissipation of
absorbed heat.

Hemodynamic response of the dog exposed to
2800 MHz pulsed resembles that of acute heat
stress as manifested by early hemodilution fol-
lowed by hemoconcentration. As the exposure
is prolonged, hemoconcentration becomes more
evident. Dogs exposed at 165 mW/cm? show
a body weight loss of 2.0%/h. At 100 mW/cm?,
there is weight loss of 1.25%jh, and hemodilu-
tion occurs, contrasted with hemoconcentration
evident at 165 mW/cm? [195].

Functional damage to the cardiovascular sys-
tem indicated by hypotonus, bradycardia, de-
layed auricular and ventricular conductivity,
and decreased height of ECG waves in workers in
RF fields is reported [67, 212, 215, 216].

Drogichina and associates [68] have reported
the clinical observation of persons chronically
exposed to intense radiation, indicating that in
individual cases, the ‘“angiodystonic” mani-
festations caused by chronic exposure to super
high frequency radiation may develop further into
more serious autonomic and cardiovascular
pathologies. These are characterized by a
tendency to angiospastic reactions and cerebral
autonomic vascular attacks accompanied by
pronounced arterial pressure lability and coro-
nary spasms with corresponding changes in
ECG. Osipov [217], however, points out that
these changes do not diminish work capacity,
and are reversible. Although temperature rise
cannot be measured in these individuals, Osipov
feels that this is a reflection of the lack of precise
instrumentation, and prefers to consider these
changes due to microthermal rather than non-
thermal effects.

According to a group of authors, the symp-
toms of chronic exposure to c¢m waves (the
level of vasomotor disturbances) are divided
into three stages [185] of: (a) initial, compen-
sated; (b) gradual changes; (c) where changes
proceed rapidly. The degree of change depends
on intensity and duration of exposure.

It would appear that functional cardiac changes
can result from microwave exposure which,
doubtless, are due to autonomic nervous system
response to thermal effects. It has been noted
that McAfee [173] indicates that thermal stimula-
tion of the peripheral nerves produces the neuro-
physiologic and behavioral changes observed.
Interaction between the peripheral nervous sys-
tem and the central nervous system would ac-
count for the reported effects on heart rhythm,
blood chemistry, and ECG. On the other hand,
Tolgskaya and Gordon [291] observed morphologic
modification of receptors after one exposure to
microwaves, changes which decreased with
repeated exposures. They suggest that receptors
of the reflexogenic zone of the curve of the
aorta, the carotid sinus, and all layers of the
auricular wall are highly sensitive to microwaves.

Central Nervous System (CNS)

The suggestion that microwaves may interact
with the central nervous system by a mechanism
other than heating has been made by various
investigators [89, 90, 141, 162, 185, 201, 211, 221,
231, 232, 236, 249, 291, 300], who stress that the
CNS must be considered as moderately or highly
sensitive to radiation injuries. Their conceptual
basis for this is centered largely about Pavlovian
conditional response studies.?

These reports, chiefly from Soviet and other
East European investigators, are based on a
definition of thermal as those effects associated
with measurable local or whole-organism tem-
perature rise from an equilibrated baseline. Most

2Tt should be pointed out that although the nervism prin-
ciple of I. M. Semenov and I. P. Pavlov constitutes one of the
most important theoretical bases for Soviet medicine in
general, specific studies are based on the theoretical founda-
tion of the special scientific discipline within the frame-
work of which a given effect is being studied, i.e., encephalog-
raphy, biochemistry, cardiovascular pathophysiology, and so
forth. (Personal communication from Professor S. V. Gordon)
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other investigators use the term thermal in a
somewhat different sense, taking into account
that an organism can be affected thermally
without demonstrable temperature rise. In fact,
a rise in temperature means that the functional
reserves of the organism for maintaining homeo-
stasis have been exceeded.

In one of the earliest studies on neurologic
effects of microwaves by Oldendorf [213], evi-
dence was found of focal coagulation necrosis in
rabbit brains exposed to 2450 MHz. The first
report on the effect of microwave energy (in the
cm range) on the conditional response activity
of experimental animals was made by Gordon
et al [93]. In subsequent years, the study of the
nonthermal effects of microwaves gradually
occupied the central role in electrophysiologic
studies in the Soviet Union [211].

Baldwin, Bach and Lewis [4] found that ex-
posure of monkeys to 225-400 MHz was followed
by neurologic signs of agitation, drowsiness,
akinesia, and eye signs, as well as autonomic,
sensory, and motor abnormalities. There were
signs of diencephalic and mesencephalic dis-
turbances; alternation of arousal and drowsiness,
together with confirming electroencephalogram
(EEG) signs. The response depended on orienta-
tion of the head in the field and reflections from
the surrounding enclosure. Rabbits whose heads
were exposed for 30 min to 3-300 MHz showed
increased excitation of cortical and other visual
analyzers [291].

Chickens, pigeons, and sea gulls exposed to
9300 and 16000 MH:z (pulsed) 10 mW/cm?
showed sustained extensor activity of wings and
legs commencing within a few seconds. These
birds showed distress and unsteady gait [283].
Whole-body exposure of chicks to 24 000 MHz
produced staggering gait and muscular weak-
ness [63]. Rats given head irradiation at 24 500
MHz tried to avoid the microwave field, suggest-
ing awareness of a stimulus [136]. The most
conspicuous effects were muscle spasms, tremors,
and clonic convulsions. This stimulation was
capable of arousing a rat from deep surgical
anesthesia. In a study with audiogenic seizure-
susceptible mice and rats sensitive to sound
stimulation, Kitsovskaya [144, 146] found that
the seizure response to noise was suppressed

after exposure to 3000 MHz pulsed microwaves
at an average power density of 10 mW/cm?.

Tolgskaya [294] studied the effects of pulsed
and CW 3000 and 10000 MHz microwaves on
rats at various intensities. Emphasis was placed
on morphologic changes. The more pronounced
morphologic changes in the nervous system
following 3000 MHz than 10000 MHz at 1-10
mW/cm? was interpreted as evidence of a
nonthermal effect. Pulsed waves were more effec-
tive than CW. The greater effectiveness of pulsed
microwaves was also noted by Marha [183].

Conditional responses (CR). Troyanskiy and
Kruglikov [296, 297] exposed rats to SHF fields.
Radiation at thermal (50 mW/cm?) and non-
thermal (10 mW/cm?) intensities affected intra-
uterine development and led to changes in
function of higher centers of the central nervous
system in prenatally irradiated animals. Ex-
posure of pregnant rats at an intensity of 10
mW/cm? accelerated postnatal development,
and made conditional response indices worse
in their offspring. Animals prenatally irradiated
at an intensity of 50 mW/cm? and those derived
from crossing exposed males with nonexposed
females exhibited similar changes such as anom-
alies, deformities, peculiarities of higher nerv-
ous activity [296]. In the offspring of exposed
animals, besides abnormalities and developmental
anomalies, disturbances in the functions of higher
sections of the CNS were also observed in the
form of delayed development and alteration of
electrodefensive and motor-food conditioned
reflexes [297].

Yakovleva and associates [309, 310] reported
that single and repeated exposures of rats to
microwaves, 5-15 mW/cm?, weakened the ex-
citation process and decreased the functional
mobility of cells in the cerebral cortex. Edem-
atous changes throughout the entire -cross
section of the cortex were most often noted.
The greatest number of altered cells was with
repeated exposures at 15 mW/cm? [310]. In
another study with cats, the background bio-
electric activity recorded in efferent fibers of
renal, splenic, and lower mesenteric nerves
under single exposure to 30 mW/cm? increased
in 50% of the cases [309].

Lobanova [165] summarized her findings at
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3000 MHz suggesting two phases are determined
in changes in CR during exposure: an increase
in excitability of the central nervous system,
i.e. a weakening of active inhibition; and a second
phase of weakened excitation, with the devel-
opment of external inhibition. In a later study,
however, Lobanova and Goncharova [166] re-
ported that chronic exposure of animals to RF
in the 155-191 MHz range for 4.5 months at
“low intensity” does not have a marked effect
on their CR.

In conditional response studies in dogs ir-
radiated with 50 MHz to specific zones of the
cerebral cortex, exposure at 7-14 W output
power elicited no response; 20-25 W caused
defensive reactions and deterioration of dis-
crimination [162). Subbota [280] found altera-
tion of conditional response in dogs exposed
to SHF (3000-30 000 MHz). The exposure time
was 1-2 h. The direction of changes in intense
radiation, in the majority of cases, was op-
posite that observed after weak radiation. At
5 mW/cm?2, increased salivation was observed
as a positive CR with relative stability of differ-
entiation. The latent period of CR in the majority
of cases was shortened with 100 mW/cm2 A
positive CR was almost always depressed,
and differentiations were delayed. Tests with
repeated radiation indicated possible adaptation
of the cortex to the EMF. On the other hand,
no disorders of behavior were noted in two female
dogs irradiated whole-body several hours a day
for more than a year with 24 500 MHz microwaves
at 20 mW/cm?; their behavior was normal during
the whole experiment [61]. In rabbits, brief
exposure to 10 mW/cm? VHF (30-300 MHz)
intensified conditional responses to different
stimuli, whereas prolonged exposure produced an
inhibitory effect. Selective sensitivity of the brain
to this frequency was demonstrated by reversible
structural changes in the cerebral cortex and
diencephalon [138].

Promtova [237] pointed out in CR studies the
importance of the initial functional state of the
animals. In healthy dogs, an increase was first
noted in food-conditioned reflexes with differ-
entiation maintained, followed by a phase of sharp
decrease in CR and retardation of differentia-
tions. In dogs with disturbed higher nervous

activity, the action of UHF (300-3000 MHz)
worsened the pathologic state of brain cortex
in the first phase, and normalized higher nervous
activity in the second phase. According to
Subbota [280] under the effect of weak and
intensive SHF fields (300 MHz-300 GHz),
changes in higher nervous activity can occur
in three ways:
(a) because of direct penetration of electro-
magnetic waves into brain;
(b) reflexively, because of stimulation
of the receptor apparatus; and
(c) by a humoral-chemical route.

Activity. Lobanova [164] exposed rats to 3000
MH:z pulsed microwaves, after which the animals
were tested for swimming time. A decrease in
endurance was noted among rats exposed to
power-time combinations ranging from 100
mW/cm? for 5 min to 10 mW/cm? for 90 min.

Cortical effects. Several investigators have
reported that RF or microwave exposure pro-
duces alterations in the electroencephalogram
(EEG) {4, 109, 139, 140, 141, 143, 161, 274, 311)].
Stimulation is often followed by increased am-
plitude and decreased frequency of EEG compo-
nents, or by decreased amplitude and increased
frequency. The general character of the observed
EEG alterations is constant throughout a wide
range of intensities (0.02 mW/cm?®> to~ 100
mW/cm?). In general, the percentage of cases
evidencing alterations increases with increasing
intensity. However, one investigator revealed a
greater percent of responses at 0.02 mW/cm?
than at intermediate intensities [161]. The EEG
responses show a substantial delay which de-
creases with radiation intensity from about 100
s at 0.02 mW/cm? to about 20 s at 10 mW/cm2.
Apparently, the observed responses are unaltered
when visual, auditory, and olfactory channels
are blocked [141, 161]. Comparable neuroelectric
changes have been observed in a strip of cortex
isolated by cutting from surrounding tissue [141].

EEG tracings in rabbits exposed to 3000 MHz
(pulsed) 5 mW/cm? showed slight desynchroni-
zation from the motor region; at 20 mW/cm?,
variations in the amplitude were observed. Rab-
bits irradiated with 300 to 3000 MHz showed
changes in the EEG; 300 MHz had the greatest
biologic effect while 3000 MHz had proportion-
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ately less pronounced effects. Pulsed microwaves
produced a greater effect than CW microwaves.
Rabbits exposed to 40 MHz, 0.1 mW/cm?, show
EEG changes in the cortical and subcortical brain
structures produced by a 3-min exposure [47].
An SHF field (3000 MHz—300 GHz), 40 mW/cm?,
1 min, on the head of a rabbit caused changes in
the background activity of neurons in the
optical cortex of the brain [48]. The SHF field
facilitated responses of the neurons to a flash of
light. According to the author, judging from
morphologic data, glial elements could be more
sensitive than the neurons. Exposure of rabbits
to 300, 577, or 2400 MHz (CW) for 5 min at power
levels as low as 0.02 mW/cm?® resulted in EEG
changes in more than 50% of the animals studied
[109, 141, 314]. Other investigators [8]. however,
reported that rabbits exposed to 3000 MHz (CW)
or 10 000 MHz (pulsed) at 5 mW/cm® showed no
changes in EEG tracings. These reports suggest
that microwave radiation may affect hypothalamic
and midbrain functioning, and strong inferential
evidence exists for an effect on cerebral, cortical,
and reticular system function {286, 311]. Accord-
ing to Gvozdikova and associates [109], the
greatest cortical sensitivity occurs in the meter
range, less in the decimeter, and least in the
centimeter band.

Reviewing the literature on EEG effects
requires awareness of certain deficiencies in this
methodology. There is not always a one-to-one
correspondence between functional state and
character of EEG recording —which may lead to
mistaken interpretation of the functional conse-
quences of changes in the character of spontan-
eous activity as the result of exposure to micro-
waves. Spontaneous activity is easy to measure,
but extremely difficult to interpret [113].

Frey [81] has elicited evoked potentials in the
brain stem of cats by exposure to pulse-modulated
UHF energy. The threshold power density neces-
sary to evoke the potentials was approximately
30 wW/cm? average and 60 mW/cm? peak. Frey
suggests that the potentials were neural rather
than an artifact. Within the carrier-frequency
range used (1.2-1.525 GHz), there appeared to
be a reduction of effect at the highest frequency.
Variation in power density had a distinct effect
on the evoked potential.

Behavioral effects. Justesen and King [126]
studied the behavioral effects in rats exposed in
a closed-space situation to 2450 MHz. Average
power densities approximated 2.5, 5.0, 10, or
15 mW/em?, A major finding was—rate of
recurrence of an iterative (phasic) tongue-licking
reflex increased and then fell off as dose increased
to 14 mW/cm?2. At the high level of 14 mW/cm?2,
invariably there was a behavioral state suggesting
flaccid paralysis. The animal recovered within
5-10 min after removal from the experimental
chamber and thereafter exhibited no behavioral
signs of stress.

Readings from rectal thermometers were taken
immediately before and after 0,~ 4.5, 9.6, and
14 mW/cm? exposures. The 0 and ~ 4.5 mW/cm?
levels were associated with small but statistically
unreliable rises in average temperature after
60 min intermittently presented irradiation.
The ~ 14 mW/cm? exposure reliably increased
temperatures after 19 min intermittent irradia-
tion—and after 60 min two of the animals ex-
hibited temperatures greater than 44°C. The
temperature data confirmed an impression grow-
ing from earlier behavioral observations that
the rat is highly variable in individual thermo-
regulatory capability. Rats were presented 2450
MHz energy as a cue for obtaining sugar water,
but none discriminated the cue. In essence,
Justesen and King [126] found no chronic ill
effects behaviorally or neurohistologically from
fairly long-term intermittent exposures approxi-
mating 2.5 to 15 mW/cm?; although some acute
effects were observed, none was (or is) incom-
patible with the supposition that thermalization
was the only consequence of irradiation.

Nealeigh et al [207] found that exposure of
Sprague-Dawley rats to 2450 MHz, 50 mW/cm?,
immediately prior to running in a Y-maze, sig-
nificantly improved performance. It is suggested
that microwave exposure may produce effects
similar to a variety of CNS stimulants which
act by facilitating consolidation of the memory
trace. In another study by the same investigators,
10-week-old beagle pups were tested in an ap-
proach runway after whole-body exposure to
2450 MHz microwaves, and showed no appreciable
changes in performance and/or motivation.

In the context of behavioral effects, it should
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be noted that beh

avior is not a simple process
and that behavioral effects represent the algebraic
sum of different effects in different systems.
Such effects could be a response to subtle tem-

noavatiara 1t 1
peraturc input signals which may arise in many

body structures.

Effect on learning ability. Conditional response
studies have indicated alteration in learning as a
consequence of RF or microwave exposure [16,
89, 168, 280]. Retrograde amnesia and depressed
learning have been described in rats exposed to
microwaves [38, 127]. The field intensity in these
studies evidently was quite high. Behavioral
effects, nevertheless, have also been demon-
strated with apparently low-intensity fields ac-
cording to the authors [149, 150, 284]. It should
be noted that more precise power density meas-
urements [107] revealed thermally significant
levels in some studies [149, 150]

Subbota [280] noted alternating arousal and
drowsiness effects in dogs subjected to pulsed
UHF fields. Turner [299] has suggested that the
phenomenon of pulsed-energy sleep may be
related to the effects described above. In this
technique, a low-intensity current (0.2 mA) is
applied to the brain between occipital and orbital
electrodes; the current is pulsed at a rate between
1 and 100 pps, with a pulse duration of 0.3 ms.
Under these conditions a sleeplike state (ap-
parently quite similar to normal physiologic sleep)
is observed. In the USSR, pulsed-energy sleep
has been used as therapy for psychopathologic
conditions [286].

Histopathology. According to some authors,
morphological and histochemical studies of the
nervous system show cellular changes following
3000-30000 MHz exposures at 10 mW/cm?
[290, 292, 293]. Degeneration of neurons in the
cerebral cortex and retrograde changes in the
kidney and myocardium of rabbits have been
produced by exposure to 200 MHz. Exposure of
rabbit heads to 2450 MHz resulted in focal lesions
in the cerebral cortex. Whole-body exposures of
rats to 1430 MHz produced lesions of the brain
[213,266,291].

Rabbits exposed to 3000 MHz (pulsed or CW),
5 to 20 mW/cm?, showed evidence of brain injury.
Cells of cortex, cerebellum, and subcortical struc-
tures had deficient tigroid content, vacuolization

in some cells, proliferation of glial cells, conges-
tion of the meninges, and superficial cerebral
cortex vessels were frequently observed at 30
mW/em?. Some red cell effusion and enlarged
perivascular spaces were noted. There were more
pronounced morphologic changes in the nervous
system of rats following 3000 MHz than after
10000 MHz at 1 to 10 mW/cm?; pulsed waves
were more effective than CW [291]. Exposure
of cats for 1 h to 10000 MHz 400 mW/cm?
resulted in injury to cerebral and spinal cord
nerve cells; changes occurred in tigroid substance
and other components of nerve cells [33].
Rabbits exposed to 10 000 MHz (pulsed) 5 mW/
cm? showed no evidence of morphologic damage
to the brain [8]. Exposure of dog head to 2450
MHz (CW) produced no effect on brain or cere-
brospinal fluid [265].

Gordon et al [92] found that “low-intensity”
microwaves produced only slight morphologic
changes in the axon-soma and axon-dendrite
interneuron connections of the cerebral cortex
and in the receptor and interoceptor apparatuses
in various receptor zones (skin, intestinal wall,
wall of urinary bladder, myocardium, and aorta).
In addition to these changes, low-intensity irradia-
tion led to histochemical shifts in the form of
reduction in the nucleoprotein content of various
cells and tissues. These changes were reversible
and disappeared within 3-4 weeks. Further evi-
dence for morphologic change in the CNS
under low-power densities was found by other
investigators [168, 220, 294]. In all these
studies, the morphologic changes noted centered
around rearrangement and atypical appearance
of the synaptic area. Kevork’yan [137] points
out that a “‘gelatinization” of the synapse takes
place during short exposures to UHF radiation,
this effect being reversible.

Tolgskaya and associates [168, 290, 291,
294, 295] have investigated the influence of
pulsed and CW 3000 and 10000 MHz on the
morphology of nervous tissue in rats and rabbits.
In brief, with exposure to 3000 MHz (110 and
40 mW/cm?), severe clinical symptoms of
overheating were observed, often leading to
death. Severe vascular disorders such as edema
and numerous hemorrhages of the brain and in-
ternal organs were morphologically predominant.
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In repeated, but less prolonged, exposure to
high and medium levels, vascular disorders and
degenerative changes in internal organs and the
nervous system were less severe. With repeated
exposures, the animals better withstood succes-
sive exposures. They continued to gain weight,
body temperature recovered quickly afterirradia-
tion, and overheating disappeared [294].

Similar effects in afferent nerve cells of cats
were reported by Pervushin [220]. He used UHF
at intensity levels of 0.5 to 10 mW/cm?, and
30 mW/cm2, for 2 h/d, 1-5 d, and reported par-
ticular sensitivity in preterminal sections of the
afferent cells and in myelinated fibers; the non-
myelinated fibers appeared to be unaffected.

At high field intensities, when death results
from overheating (hyperthermia), the vascular
changes are hyperemia, hemorrhage, and
acute dystrophic manifestations [6, 66, 202,
208]. The changes described are greatest when
in the site of direct irradiation. At lower field
intensities, the changes are of a more general
dystrophic character, and proliferation of
the glia and vascular changes are not as prom-
inent [66]. When the animal is sacrificed within
1 to 3 weeks after exposure, dystrophic changes
are only isolated and there is no hyperemia
[66]. It should be noted, however, after total-
body irradiation, the histopathologic changes
are present not only in the CNS, but also in other
organs: myocardium, intestine, liver, gallbladder,
and urinary bladder [36, 66, 116, 202, 208].
This was shown by Dolina [66] when rabbits were
exposed daily to 3000 MHz CW 40-100 mW/
em? or 220270 mW/cm? for 5-15 minutes. He
found diffuse nervous system and circulatory
system damage.

Some reviewers [188, 192, 195, 199] have sug-
gested that investigations purported to show
neurologic effects at nonthermal microwave
intensities 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.
There is no complete unanimity among the
authors that have investigated conditional
responses in different animals, in the evaluation
of observed phenomena and understanding of
their mechanisms. These studies are complex

and require a special investigative approach
{163].

In regard to the relationship of body tempera-
ture and physiologic functions, it is important to
realize that temperature input signals arise in
many body structures. The following have been
identified experimentally: (a) preoptic anterior
hypothalamus, (b) posterior hypothalamus, (c)
midbrain, medulla, motor cortex, and thalamus,
(d) spinal cord, (e) skin, (f) respiratory tract, and (g)
viscera. All these, except the motor cortex and
thalamus, have been shown to evoke behavioral
and/or physiologic responses to changes in local
temperature [112].

In regard to the sensitivity of neural tissue
to microwaves, it should be understood that the
intensity of electrical membrane potential of
nervous tissue is generally measured in mV.
The membrane potential of animal muscle
and nerve cells is generally in the range of
—70 to —110 mV; animal cells cultured in vitro
may show values as low as —10 to —30 mV;
and protozoan cells have been shown to display
potentials in the range of —30 to —100 mV
[177]. Because of their selective permeability,
electrical double layers are formed at biologic
membranes which cause differences of potential
between both sides of the membrane. Therefore,
the membranes are placed within electrical fields
which are conditioned by electrical double layers.
The power of these fields is considerable, which
amounts to 10° V/cm with a potential difference
of 100 mV and a membrane thickness of 100 A.
For microwave energy to be effective, therefore,
tremendous fields must be exerted to cause any
effects [32]. Microwave fields are only capable
of applying a potential to a biologic membrane
which is many orders of magnitude smaller than
the resting potential and, for this reason, should
be unable to excite or change normal patterns
[254, 255, 256]. A great deal is known about the
excitation of membranes by low-frequency and
DC currents. In these cases, excitation is pos-
sible with current densities of the order of 1
mA/em? in tissue. At higher frequencies, and
particularly at microwave frequencies, higher
current densities are required to cause excitation
if it is at all possible. It is difficult to perceive,
therefore, how microwave fields can affect
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xcitahle biologic membranes at power densities

less than those which would cause thermal effects
[256].
Observations in man. A number of effects in

described [89, 137, 185, 201, 211, 217, 221, 232,
249, 291], most of which are subjective — fatiga-
bility, headache, sleepiness, irritability, loss of
appetite, and memory difficulties. Psychic
changes have been observed that include un-
stable mood, hypochondriasis, and anxiety. Most
of the subjective symptoms are reversible, and
pathological damage to neural structures is
insignificant. Microwaves rarely, if at all, cause
hallucinations, syncope, adynamia, and other
manifestations of the so-called diencephalic
syndrome. It has been pointed out that much of
the work is based on subjective rather than
objective findings [219]. It should be noted that
individuals suffering from a variety of chronic
diseases may exhibit the same dysfunctions of the
central nervous and cardiovascular systems as
those reported as a result of exposure to micro-
waves.

Soviet and other East European investigators
have contributed most of the reports on human
effects of RF and microwave energies; the
greatest emphasis is on effects produced at less
than thermogenic power flux densities (< 10
mW/cm?). According to these authors, the
responses of an organism to microwaves are
directly or indirectly referrable to the central
nervous system [91, 187, 192, 221, 232].

Neurasthenia syndromes. The observed neur-
asthenic effects from electromagnetic radiation
have been organized into categories by wave-
length, organ system, or clinical syndrome. Many
of the reports in man can be classified as:
(a) neurasthenic syndrome, (b) autonomic vago-
tonic dystonia, and (c) diencephalic syndrome
[65]. Drogichina et al [68] report all three classes
of symptoms in personnel subjected to microwave
fields of a few mW/cm2 The basic symptom-
atology and neuropathology underlying all these
syndromes is reportedly due to the functional
disturbance created in the central nervous sys-
tem caused by reported nonthermal mechanisms.
These effects do not result from an observable rise
in body temperature, and are reported to occur

at levels far below those required to produce a
temperature rise. The symptoms are manifested
by weakness, fatigue, vague feelings of discom-
fort, headache, drowsiness, palpitations. faint-
ness, memory loss, and confusion. Such syn-
dromes are completely reversible in most cases,
with little or no time lost from work [217]. In
contrast, other authors emphasize the resultant
time lost from work, and necessary hospitaliza-
tions [90, 91, 158]. One author reported that
physical activity in both organized and un-
organized forms modifies the incidence of func-
tional cardiovascular disorders in radar oper-
ators, but he stresses environmental factors and
job immobility as contributing to the incidence
[71].

Clinical observations of humans exposed to
microwave fields have suggested that motor
effects may be accompanied by sleep disturb-
ances, lower resistance to fatigue, increased
irritability, and memory concentration deficits
[72, 137, 248, 249, 267]. Kevork’yan [137] reported
that workers exposed to moderate intensity
microwave fields are prone to a syndrome that
includes sleep disturbances, memory changes,
and fatiguing rapidly under work requiring men-
tal concentration. Sadchikova and Orlova [249]
also found general debility, listlessness, and
increased irritability in individuals chronically
exposed to low-to-moderate intensity microwave
fields in an industrial environment. They classi-
fied the people according to exposure: (1)
periodic to 3—4 mW/cm?, (2) periodic to less than
1 mW/em?, and (3) constant to less than 0.1
mW/cm2. In group (1), a vagotonic reaction was

.observed with symptoms of bradycardia, and

prolongation of intra-auricular and intraventric-
ular conduction. In those exposed continuously,
group (3), the result reported was an asthenic
syndrome with irritability. The control group,
apparently, was not composed of matched
workers, but of a group of college students be-
tween the ages of 25 and 40.

In regard to the question of neurasthenic
responses, Cohen and White [52] have presented
an extensive review of neurocirculatory asthenia
(NCA) as a clinical syndrome that has implica-
tions in assessing the reported effects of low-
level microwaves. Neurocirculatory asthenia
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presents as a familial disorder with a mean age
of onset of 26 years (range 25-35 years). Twice
as many cases are presented in females compared
with males. The authors relate that onset of the
syndrome in predisposed individuals is usually
precipitated or made worse by emotion-provoking
circumstances, medical illness, unaccustomed
or hard muscular labor (particularly if involun-
tary), pregnancy, and in various situations in
military service. Exact etiological relationships
are unknown, but point toward environmental
influences and familial predisposition.

It is relevant to point out that the effects re-
ported by East European investigators have not
been observed in the West, even at higher ex-
posure levels. It is important, therefore, that
thorough, well-controlled experimental and
clinical investigations be undertaken to determine
the presence of these reported effects, the levels
of exposure at which they occur, and the extent
to which they represent a hazard to the individual.

Olfactory-optical apparatus. Alteration of
olfactory thresholds was found in occupationally
exposed individuals in fields between 30 MHz and
300 GHz, which suggests sympathetic and para-
sympathetic inhibition [82, 87, 88, 130, 167].
Some reduction in the excitability of the olfactory
and optical analyzers has been reported in
workers [88, 167]. Increase in olfactory threshold
[82, 130] and curtailment of chronaxie [130]
have also been reported. Lobanova and Gordon
[167] found lower olfactory sensitivities among
358 workers exposed to microwaves than among
members of a control group. Among experimental
subjects exposed continuously to power densities
up to 1 mW/cm?, the lowest sensitivity was in
those exposed less than a year, or more than 6
years; among subjects exposed periodically to
power densities up to several mW/cm?, the sen-
sitivity decreased with increased exposure time.

Cortical  activity. Electroencephalographic
examination has revealed various cortical altera-
tions. Under the influence of weak, chronic
microwave action, excitability and reactivity of
the cerebral cortex decreased [302]; slow activity
during the alpha rhythm was maintained; length
of the latent period of awakening increased; and
listlessness, sometimes of a paradoxical charac-
ter, occurred [298]. The most pronounced changes

were observed in persons with severe symptoms
from The
character of the changes (generalized paroxysmal
activity), according to the authors [85], indicates
functional damage at the mesodiencephalic
level. Kolesnik and Malyshev [148] reported that
accidental exposure of a man’s head and upper
trunk to 10000 MHz, 10 mW/cm? for 15 min re-
sulted in asthenia and on the EEG he showed
lowered voltage, a rapid beta rhythm, and a slow
theta rhythm.

Sensory effects. Sensory effects have also been
reported in humans exposed to RF. When Grin-
barg [100] applied the electrical field of 50 MHz
energy through electrodes, the threshold for
pain was raised. Sheyvekhman [271], using elec-
trodes to apply the electrical field of 50 MHz
energy for 5 min to human heads, found auditory
threshold changes in the exposed individuals.

Frey [78, 79] has reported that individuals can
detect pulse-modulated electromagnetic energy at
wavelengths of 10 to 70 cm and at average power
densities of 0.4 to 2.1 mW/em?. The reported
sensations were usually auditory in nature and
described as hissing, buzzing, or clicking sounds.
Frey [80] believes that modulation is necessary
for perception of microwaves. There is no evi-
dence that this auditory sensation constitutes
a risk of injury. Considering that many sources
of auditory sensation exist in the normal environ-
ment and are not considered hazards, more
evidence of hazard is required. This phenomenon
is apparently not due to direct stimulation of
neural fibers or cortical neural tissue but rather
to stimulation of the cochlea through electro-
mechanical field forces by air or bone conduction
[108, 276]. Vogelman [307] points out that
significant though inefficient rectification of
microwave energy may be possible in vivo.

Proposed mechanisms of neural effects.
Presman [231, 232] suggests that resonant
absorption at super-high frequencies (GHz
range) could cause transitions of molecules,
especially protein molecules, to excited states.
He also discusses changes in the Na* to K*
gradient across cell membranes, because of
different effects of microwaves on degrees of
hydration of these ions, as well as changes
in cell permeability by the disruption of protein

the action of centimeter waves.
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hydration in the cell membrane. It must be
emphasized that all this is speculative, with no
experimental data given in support [221].
Presman [231] has also stated that the changes
in functions of the nervous system produced by
microwaves are not specific. Such changes are
produced by any means of stimulation or varia-
tion of the excitability of the peripheral and
central parts of the nervous system. Hence,
naturally it can be assumed that the action of
microwaves under this system may be due to
stimulation or variation of the excitability of

the nervous tissues. The elucidation of the

physical and chemical mechanisms of micro-

waves on excitable structures involves con-
siderable difficulties, since the physical-chemical
mechanisms of excitability of living tissue in
general is still far from clear.

MacGregor [180], who reviewed briefly some
of the literature on influence of microwaves
on the nervous system, suggested possible
mechanisms of low intensity microwave in-
fluence on neural function [180, 181]:

A. Direct effects (primary effect on ap-
paratus for neuroelectric ionic fluxes).
1. Direct influence on ionic currents
leading in turn to influence on trans-
membrane potentials in nerve cells.
2. Localized heating.

a. change membrane properties,
thereby disrupt transport pro-
cesses;

b. induce convection currents,
thereby disrupt transport
processes;

c. affect processes of synaptic
transmission;

d. affect processes of excitable
membrane.

3. Chemical or structural change in
components of membrane, or in
apparatus of synaptic mechanisms
or of excitable membrane.

B. Indirect effects.
1. Primary effect on cell metabolism.
a. alter by heating or by structural
change, properties of membrane,
thereby disrupting nutritional
transfer;
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b. cause structural change in an
enzyme or any critical molecule
at any stage of metabolic cycle;

c. alter by localized heating, pro-
cesses of metabolism at any
critical stage.

2. Primary effect reflects stress.

a. neural response to disruption of
any  neuroendocrine  control
system;

b. neural response to disruption of
any physiologic process;

c. neural sensory response to field
directly or to localized tempera-
ture disturbances.

C. Disruption by any physical mechanism
of hypothetical glial or electromagnetic
organic control systems.

MacGregor [181] suggests that intracranial
electrical fields associated with low-intensity
microwave irradiation may induce transmem-
brane potentials of tenths of millivolts (or more)
and that, therefore, such externally applied
fields may disturb normal nervous function
through this mechanism. On the other hand
(already been pointed out), an RF 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. Peripheral nerves heated
above a minimum level may trigger spontaneously
[173].

Schwan [256] has noted that membranes are
short-circuited by currents of frequency above
100 MHz. The electrical field strength which
exists in a nerve membrane is about 500 kV/cm.
The field strengths applied by a microwave
field to the human body are infinitely smaller,
and hence, cannot evoke stimulation.

Many investigators do not accept the possi-
bility of nonthermal neural stimulation, and ex-
plain these effects entirely upon local heating.
Pinneo et al [225] postulated that many so-
called nonthermal effects may actually be specific
thermal effects on certain neural structures.
They examined the thermal stimulation of periph-
eral nerves exposed to 3000 MHz and 10000
MHz microwave radiation and infrared energies.
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Their experiments showed that all three sources
of energy produced the same effects on the
central nervous system. They suggested that
experiments purporting to show nonthermal
effects should be examined with the possibility
in mind that a thermally induced neurophysiologic
response may have occurred.

McAfee [171] feels that the neural effects of
microwave stimulation are due solely to the ther-
mal effects of the radiation and that these effects
arise from stimulation of afferent pathways of the
peripheral nervous system structures. Studies
by McAfee and associates [171, 172, 173, 174,
176} provide convincing evidence that the pre-
sumed nonthermal effects on CNS from micro-
waves are a result of thermal stimulation of
peripheral nervous structures. Studies claiming
CNS effects of microwaves should include con-
trols for possible peripheral nervous system
effects such as those described. These studies
provide an explanation for behavioral effects
in terms of responses evoked by microwave-
induced heating of afferent nerve fibers, and
further demonstrate errors that can be en-
countered when comparing responses obtained by
irradiation of different regions of the animals.
Such experiments and conclusions deserve
careful consideration when physiologic changes
in animals exposed to microwaves are attributed
to specific or nonthermal effects of microwave
exposure.

It is apparent that the reports which claim the
existence of nonthermal effects are equivocal.
Additional research is needed, especially from
a more quantitative point of view, to clarify this
point. Specific effects quoted in the literature
are biologically interesting but have not been
clearly shown to be related to symptoms in man
[245].

Regardless of what the mechanisms are, the
important point is whether or not the effects
attributed to these mechanisms do indeed exist,
and if they exist, to what extent they represent
harm to the organism. The East European investi-
gators obviously feel that the effects they report
are due to nonthermal interactions and warrant
consideration. This is reflected in the East
European standards for personnel exposure.

Standards

To insure uniform and effective control of
potential health hazards from RF and microwave
exposure, it is necessary to establish standards
or protection guides. Similar to most biologic
processes, there is a certain range of levels
between those that produce absolutely no effects
and those that produce detectable effects.
Ideally, effect or threshold values should be
predicated on firm human data. If such data are
not available, however, extrapolation from well-
designed, adequately performed, and properly
analyzed animal investigations is required. In
establishing a standard, it is necessary to keep
in mind the essential differences between a
personnel exposure standard and a performance
standard for a piece of equipment. A more
detailed discussion of microwave exposure
standards is presented by Michaelson [190, 191}
and Schwan [257].

There is no evidence of hazard to man from RF
and microwaves under normal conditions of
operation and exposure. Nevertheless, ‘concern
has been aroused about the safety of personnel
in intense RF fields close to transmitting anten-
nas operating in the MF/HF bands. Such en-
vironments are, in general, of a near-field type
which preclude the measurement of power flux.
In the frequency bands below 30 MHz, the
potentially hazardous environments are generally
within this complex (near-field) region [243].
Since hazard evaluation in this frequency range
is a function of measurement in the near-field,
attention should be paid to the problems inherent
in such measurement.

The first proposal for 10 mW/cm? as a protec-
tion guide for microwaves was made to the US
Navy by Schwan in 1953; it was based on simple
physiologic considerations. The amount of heat
which the human body can transfer to the exter-
nal environment is, under normal circumstances,
about 0.01 W/cm? body surface which may be
raised about tenfold under very favorable circum-
stances. This means that the human body’s
ability to absorb radiant energy without causing a
continuous temperature rise is limited to a value
somewhere between 100 and 1000 W {262, 263].

These considerations, and the extensive body
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reviewed by a committee of the American
National Standards Institute (ANSI) which, in
1566, recommended 10 mW/cm? as
[250]:
For normal environmental conditions
and for incident electromagnetic energy
of frequencies from 10 to 100 000 MHz
the radiation protection guide is 10
mW/cm? as averaged over any possible
0.1 hour period.

tha
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This standard permits a maximum power
density of 10 mW/cm? for 0.1 h or more; and a

maximum energy density of 1 mW h/em? during
any 0.1-h period. This guide applies whether the
radiation is continuous or intermittent and is
intended for the general public as well as workers.
Guides and exposure levels in force todav
appear to be entirely safe. So far, there is no
documented evidence of injury to military or
industrial personnel, or the general public, from
the operation and maintenance of radars and
other RF and microwave-emitting sources within
the 10 mW/cm? limit of exposure. A compilation
of various standards is presented in Table 3.
Rogers and King[243] suggest that under plane-
wave (far-field) conditions the body could endure
an RF radiation power density greater than

TABLE 3.—Recommended Maximum Permissible Intensities for Radio-Frequency Radiation

Maximum permis- Frequency (MHz) Country or source Specifications
sible intensity
10-100 000 ANSI 1966; Canada 1966 1 mWh/cm? for each 6 min
30-30 000 Great Britain 1960 Daily exposure
US Army and US Air Force 1965 10 mW/cm? cont. exposure
10 mW/cm? France (military) 1969 10-100 mW/cm? lim. occup.
100-100 000
. 6000
Min. = XmW/omip
Sweden 1961 occupational
German Fed. Republic 1962
all Sweden 1961 General public
France 1969 prolonged occupat. exp.
1 mW/cm?2 -
> 300 USSR 1965; Poland 1961 1520 min/d
(protective goggles required)
0.1 mW/cm? > 300 USSR 1965; Poland 1961 2-3 h/d
0.025 mW/cm? > 300 Czechoslovakia 1968 (CW) 8 h/d (occup.)
0.01 mW/cm? > 300 USSR 1965 workday
Poland 1961 workday
Czechoslovakia 1968 (pulsed) 8 h/d (occup.)
20 V/m E field 0.06-30 USSR 1965
5 A/m H field
10 V/im 30-300 Czechoslovakia 1968 (pulsed) 8 h/d (occup.)
5V/m 30-300 USSR 1965
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10 mW/cm? (E; =200 V/m) for frequencies in
the HF band and suggest that an electric field
strength of 1000 V/m can be considered the safe
limit for continuous daily exposure to RF radia-
tion in the range below 30 MHz. Schwan {257]
points out, in his review of microwave radiation
and standards criteria, that there are circum-
stances where standards based on flux levels
fail. This happens in the presence of complex
field patterns, i.e., in the near-field of antennas
or in the presence of several fields generated by
different transmitters or by reflecting surfaces.
He suggests that under these circumstances, a
tolerance current density in tissue of 3 mA/cm?
may well serve as a better guide for work-related
exposure in complex fields. This current density
for simple fields corresponds to a flux of 10 mW/
cm? between 100 and 1000 MHz. Therefore,
protection guide numbers may be:

(a) 3mA/cm? for frequencies above 10

MH:z
(b) 1 mA/cm?
KHz to 10 MHz

for frequencies below 10
KHz

In the USSR, maximum permissible intensities
or recommended protection standards, estab-
lished in 1959 (Provisional Sanitary Rules for
Work with Centimetric-Wave Generators, USSR
Ministry of Health, 1959), are based on observa-
tions of reactions reported from low-level ex-
posure to RF or microwaves. These levels are
indicated in Table 3. An intermittency correction
factor of 10 has been proposed for intermittent
radiation when radiating devices are used in
circular- and sector-scanning modes [221]. In
addition, levels of exposure differing by one order

(c) 0.3 mA/cm?

3 Although most East European countries follow the Soviet
standard, Czechoslovakia, since 1968, permits a relaxation
of 2.5 for CW emission, i.e. 0.025 mW/cm? in contrast to
0.01 mW/em? for pulsed systems. In June 1973 Poland
revised safety standards for radio-frequency radiation in the
range of 0.3-300 GHz. The new standards enacted under
Public Law No. 153 permit unlimited exposure of humans
to field intensities of 0.01 mW/cm2, Eight h/d exposure is
permitted for intensities up to 0.2 mW/cm? for stationary
fields and 1 mW/cm? for rotating fields. Exposures up to
10 mW/cm? are permitted for short periods (11.5 s in a sta-
tionary field; 4.8 min in a rotating field). Exposures greater
than 10 mW/cm? are prohibited without approved safety
equipment.

for frequencies from 10-

of magnitude are permissible because of possible
field gradients and limits of accuracy of the
measuring apparatus [90].%

The divergences between US and East Euro-
pean standards are, to a great degree, due to
differences in basic philosophy— differences
which appear in industrial hygiene and basic
scientific research. The standard used in the
US and most other countries is, as already noted,
based on the amount of exogenous heatload
which the body could tolerate and dissipate
without any resulting rise in body temperature.
This tolerance level was calculated to be 10 mW/
cm? for continuous exposure. In contrast with US
standards, the USSR maximum permissible ex-
posures are based on asthenia syndromes re-
ported by workers in the microwave field.

There is no evidence in Western world scien-
tific literature that the present US standard of
10 mW/cm? represents a hazardous exposure
level. If the general philosophy of industrial
hygiene in the United States is considered, that
for every toxic substance there exists a concen-
tration or level below which no injurious effects
will result and that not all effects represent
hazards, this position becomes even more sound.

According to Magnuson et al [182], the indus-
trial hygiene philosophy of the USSR basically
consists of:

(1) The maximum exposure is defined as that
level at which daily work in that en-
vironment will not result in any deviation
in the normal state, as well as not result
in disease.

(2) Standards are based entirely on presence
or absence of biologic effects without
regard to the feasibility of reaching such
levels in practice.

(3) The values are maximum exposures
rather than time-weighted averages.

(4) Regardless of the value set the optimum
value and goal is zero.

Maximum permissible exposure (MPE) values
are not rigid ceilings but, in fact, excursions
above these values within reasonable limits are
permitted and the maximum permissibles rep-
resent desirable values for which to strive rather
than absolute values to be used in practice.

In view of the basic differences in industrial

REPRCDUCIBILITY OF THE
ORICILILL PAGE IS POOR
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hygiene philosophy, it does not appear that the
standards used in the US and USSR are as
irreconcilable as would appear.

Protective Measures

Recommendations for protection against
injurious levels of RF are described in various
publications [94, 154, 221, 229, 239, 240, 268,
312]. These protective meastires are for individ-
uals and groups, by means of protective clothing,
goggles, and shielding materials, and are based

on technical and organizational principles.

EFFECTS OF ELECTRICAL FIELDS

The effects of static electric fields (SEF)
and low-frequency (60 Hz) electric fields, dis-
cussed in this section, are of particular interest.
Reports on biologic effects of SEF have been
reviewed by Novitskiy et al [211], who note that
woodworking, paper, and other
industries, static electric charges are formed and
accumulated from friction of materials with
high dielectric properties. The number of people
working in a static electric field increases as
direct current, super high-frequency electro-
transmission lines (400 to 750 kV) are put into
production. Studies on animals [44, 46, 131, 227]
indicate that SEF, if it does have a biologic
effect, is quite weak and unimpressive. In dis-
cussing the biologic effects of electric fields,
it is important to distinguish between where the
body is in contact with two conductors at dif-
ferent potentials (two-contact case), and where
the body is in an external electric field, insulated

in textile,

from conductors (no-contact case). The latter is
of primary concern in this section. A brief discus-
sion of the two-contact case may be helpful,
however, in understanding the no-contact case.

When the body is in contact with two con-
ductors at different potentials, current flows
through the body. The biologic effects of “‘electric
shock” have been discussed in a number of
reviews [58, 59, 60, 133, 134, 135, 258]. Typical
threshold values for 50-60 Hz currents lasting
a few seconds are given in Table 4. The threshold
for sensation is approximately 1 mA total body
current. At approximately 10 mA the “let-go”
threshold is reached, a level characterized by loss

TABLE 4. —Threshold Levels for Electric

Currents?
Human reaction Total body Current density
current
Sensgation 1 mA 0.1-1 mA/cm?
Let-go 10 mA 0.1-1 mA/cm?
Fibrillation 100 mA about 1 mA/cm?

! Adapted from Schwan [258].

of ability to let go of a hand-held live conductor.
A current of approximately 100 mA through the

torso causes ventricular fibrillation in man
which could result in death [258]. Keesey and
Letcher [134, 135] recommend a safety threshold
of 5 mA for the average person including children.

Organs vary greatly in sensitivity and pathologic
response to electric currents. Organic damage to
the nervous system occurs in that portion of the
brain or spinal cord where the current passes
through. It is not specific and sometimes similar
to that found in other types of cerebral injuries.
Current effects on the skin are twofold: first,
in passing through the skin, electric energy is
transformed into heat which alters the structures
along the path of the current; second, free dis-
charge causes formation of electric sparks which
leads to formation of third degree burns. Death
from electrical injuries is usually due to cardiac or
respiratory arrest. In most instances, cardiac
arrest results ventricular fibrillation.
Respiratory arrest may be due to direct effects
of the current on the respiratory center, or
secondary to hypoxia of the cells of the center
due to inadequate perfusion as a result of the
ventricular fibrillation [76].

At the cellular level, biologic effect is a function
of current density rather than total body current
[84, 258]. A safety threshold of 5 mA would
correspond to a current density somewhere
between 0.1 and 1 mA/cm? [258].

In the no-contact case, an alternating field
gives rise to a flow of current within the body.
Schwan [258] has considered the possibility of
low-frequency fields giving rise to dangerous
current densities in the body. He showed that
current density would be proportional to both
field strength and frequency. His results, in
Table 5, indicate that the field, to cause dangerous
current densities, is two orders of magnitude

from
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TABLE 5. —External 60 Hz Fields Required to
Produce Dangerous Current Densities in the Body?

Current density Field strength

0.1 mA/cm? 1 MV/cm
1 mA/cm2 10 MV/cm
Air breakdown 30 KV/cm

1 Adapted from Schwan [258].

higher than the field strength at which air breaks
down as an insulator, and sparking occurs.

A body of literature, nevertheless, indicates
that there are biologic effects when animals are
exposed to stationary and low-frequency electric
fields. This literature has been reviewed by
Novitskiy, Gordon, Presman, and Kholodov
[211]. A wide range of physiologic effects has
been reported, including changes in blood
indices, heartbeat, and respiration, ranging in
severity up to anaphylactic shock following re-
peated exposure, and to death. Widespread
morphologic changes have also been reported.
Field strengths at which effects were noted varied
from approximately 50—-5000 V/cm, with most
reported field strengths between 200 and 2000
V/em. For the most part, this work is difficult to
interpret, since frequently, field strength and
frequency are not specified, and in many cases
the fields were pulsed rather than continuous
wave.

In sharp contrast to the above-mentioned work,
in a study by Knickerbocker, Kouwenhoven, and
Barnes [147], 22 male mice were exposed to a
60-Hz field of 4 kV/in (1.9 kV/cm) for 1500 h
during 10Y, months. Careful observation failed
to reveal any effect on the general health, be-
havior, or reproductive ability of these animals;
necropsies performed after exposure failed to
show any pathologic effects.

A number of studies carried out on persons
occupationally exposed to high electric fields
[211, 252] describe complaints such as listless-
ness, excitability, headache, drowsiness, and
fatigue — attributed to exposure to high electric
fields. The problem in interpreting such findings
is that it is often difficult to determine which
factors in the working environment are respon-

sible for the observed symptoms, since all are
noted in various occupational settings. Ulrich and
Ferin [303] have suggested irregular shifts
(i.e. night work) and dry air as possible factors
in the initiation of the signs and symptoms cited.

Kouwenhoven et al [152, 153] have studied
linemen, many of whom had spent several years
working on high-voltage transmission lines.
They found no physical, mental, or emotional
effects which could be attributed to exposure to
high electric fields.

In summary, neither animal experimentation
nor clinical studies so far have provided clear
evidence for harmful effect of human exposure
to stationary or low-frequency electric fields.
Until such evidence is found, the obvious
dangers of electrical sparking should determine
the limits of safe human exposure.

EFFECTS OF MAGNETIC FIELDS

A great amount of information has been ac-
cumulated during the last decade on the biologic
effects of magnetic fields. Although all these
works are not of equal value, the large number
indicates the rapid development of this field
[211]. In recent years, summary articles have
appeared discussing questions on magnetobiology
in detail [12, 13, 19, 20, 23, 24, 31, 41, 42, 43,
53, 83, 102, 111, 141, 210, 232].

In traveling to outer space, astronauts will
leave not only the Earth’s gravitational field, but
also its familiar geomagnetic environment.
Fortunately, unlike the
it is possible to create various magnetic environ-
ments in limited volumes on the Earth. With the
aid of special coils or shielding materials, such
systems can be used to study the possible
effects of magnetic conditions along different
paths of future spaceflight trajectories ([83).

The existence of biologic effects of magnetic
fields is now well-documented. Biomagnetic
effects have been reported in a variety of sys-
tems [103, 211] that include bacteria [114],
cell cultures [69, 206, 238], insects [51, 206, 285],
plants [70], and other organisms, as well as mam-
mals including man.

A few physical concepts may be helpful in

zero-g environment,
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understanding biomagnetic phenomena. Unlike
external electrical fields (no-contact case),
magnetic fields easily penetrate biologic materials
so that the entire specimen experiences the field.
In the case of a uniform field, the entire specimen
experiences nearly the same field. In the case
of a gradient field, the field becomes progres-
sively stronger from one side of the specimen to
the other.

Table 6 lists several possible interactions
suggested as significant in causing biomagnetic
effects. There is little direct evidence, however,
to establish the significance of any of these mech-
anisms. In the case of gradient fields, para-
magnetic substances may be attracted toward
the stronger field and diamagnetic substances
toward the weaker field; this phenomenon is
not possible in uniform fields. In the case of
alternating magnetic fields, indirect effects may
be caused by magnetically induced electric
currents.

TABLE 6.— Possible Mechanisms for Biomagnetic
Effects?

Type of reaction Reacting agent

Transient free radicals
Membranes

Neuronal function
Hormone secretion

Interaction

Diffusion
Semiconductor effects
Rate changes

Bond angles distortion Enzyme-substrate
Rotational polarization Specific reactive sites
change molecules

Rate change Quantum proton tunneling in

DNA (genetic code effect)

Segregation Paramagnetic and diamagnetic
substances (gradient fields)
Induction Electric currents (alternating

fields)

! Adapted from Barnothy [13].

Relatively little is known about the specific
eftects on man of high- and low-intensity mag-
netic fields. Past studies in magnetobiology have
been directed mainly toward determining the
effects of magnetic fields that differ from those
of the geomagnetic field in animals, plants, and
simple chemical systems. Review of this material
is available [42].

Since man has evolved in the Earth’s geo-
magnetic environment, it is plausible to assume
that removing him from this environment could
have detrimental effects {83). Very few human
exposures to a magnetically quiet environment
have been reported. A certain amount of ex-
perience, however, has accumulated during
ordnance work inside degaussing coils. A health
survey of personnel exposed to an almost mag-
netically quiet environment during most of their
working days for seveéral years revealed no ail-
ment traceable to this unusual environmental
exposure [22]. Effects are summarized in Table 7.

TABLE 7. —Effects of Magnetic Fields on Man!

Magnetic field Time Effect on man?

Alternating Visual sensations — phos-
phenes

Nonchanging—up| 15 min No sensation in part or

to 20 kG entire body exposure
5 kG less than No aftereffects
3 dfyr
man-!
1 After Beischer [26].

2 Taste and pain sensation caused by interaction with fillings
of teeth sometimes described.

Animals have been experimentally exposed to
very high fields. Beischer [25] exposed mice to
uniform fields of up to 120 000 gauss * (G) and to
a field of 45 000 G with a gradient of 7000 G/cm.
Exposures were for 1 h. No changes were ob-
served in either growth rate or hemogram for
8 months after exposure. More detailed experi-
ments were carried out with squirrel monkeys
in high fields. Changes were noted in the monkeys’
electrocardiograms [27, 28] and electroencephalo-
grams. Kholodov et al [142] have also reported
changes in the EEG of rabbits exposed to fields
of 800 oersteds (Oe). In terms of health hazards,
the significance (if any) of these changes in ECG
and EEG has not been established.

4Field strengths are commonly given as flux density (B) in
gauss (G) or as field intensity (H) in oersteds (Oe). For pur-
poses of this chapter the two measures may be considered
numerically equivalent.
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According to Beischer [26], in prolonged
exposures (days to weeks), effects apparently
are due to the gradual accumulation of physical
and biochemical imbalances. Several effects
reported in animals exposed to moderate fields
(1000-10 000 G), for several days to several
weeks, include growth retardation, hematologic
changes [10], morphologic changes [14], and
delayed wound healing [105]. It has been sug-
gested [9] that these effects may be due to in-
hibition of mitosis, and that rapidly dividing
tumors might be especially sensitive to the
effects of magnetic fields. Experiments with
tumor-bearing mice have given promising results
[9, 11, 104], and the possibility of using magnetic
fields in human cancer.therapy should be given
serious consideration.

The evidence of possible mutagenic effects of
magnetic fields is mixed. Close and Beischer [51]
found no genetic effects in Drosophila exposed to
fields up to 120000 G for as much as 1 h. Mulay
and Mulay [206] also failed to observe genetic
effects in Drosophila exposed to fields of 100 to
4000 Oe during one to three generations. On the
other hand, Tegenkamp [285], also working with
Drosophila, reported mutations and deviations
in sex ratio in the offspring of flies exposed to
fields up to 520 Oe for 24 h. Thus, the question
of possible genetic effects remains unresolved.

Evidence that man can tolerate short exposures
to high magnetic fields without apparent ill
effects is indicated by workers in various physics
laboratories in the US who were accidentally, or
in the course of their work, exposed to up to
20000 G for as long as 15 min. The only sensa-
tions noted to occur while in the field were taste
sensations and mild tooth pain reported by some
workers with metal fillings. No aftereffects were
reported [22]. Individuals exposed to alternating
fields have reported visual sensations, termed
phosphenes [22, 211], which are considered an
indirect effect due to induced electric currents.

A set of safety standards for human exposure
to magnetic fields has been recommended by the
directors of the Stanford Linear Accelerator
Center (SLAC). The standards, shown in Table 8,
reflect the results of animal experimentation and
careful observation of personnel at the Center
who were exposed to magnetic fields.

TABLE 8. —Safety Standards for Magnetic Fields
Recommended by SLAC

Exposed part Extende(g) periods Shol'(tm ;ilg;iods
Whole body or head 200 G 2000 G
Arms and hands 2000 G 20000 G

Novitskiy et al [211] have reported on a study
by A. M. Vyalov of 1500 workers occupationally
exposed to magnetic fields. They spent 20—60%
of their workdays with their hands in fields of
350—3500 Oe, and their heads in fields of no more
than 150—250 Qe. A number of general symptoms
was reported, including headache, fatigue, low
blood pressure, and decreased white blood cell
count. A set of specific effects to the hands of a
number of the workers, also reported, included
sweating of palms, high skin temperature, sub-
cutaneous edema, and shedding of skin from the
palms. As a result of this study, Vyalov recom-
mended the safety standards shown in Table 9,

TABLE 9. —Safety Standards for Magnetic Fields
Recommended by A. M. Vyalov?

Exposed part Field Gradient
Whole body 300 Oe 5-20 Oe/cm
Hands 700 Oe 10-20 Oe/cm

! Adapted from Novitskiy et al [211).

which do not differ greatly from the SLAC
standards for exposures of long duration. The
lower value for maximum hand exposure in the
Vyalov standard is probably a result of the
aforementioned hand symptoms.

Very Weak Magnetic Fields

The normal geomagnetic field at the Earth’s
surface is approximately 0.5 G or 50 000 gammas
(1 gamma= 105 G), but varies somewhat both
with geographic locale and with time. The
physiologic significance, if any, of this weak
magnetic field is poorly understood. It is possible
to create an experimental area with almost no
magnetic field either by shielding the area from,
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or compensating for, the geomagnetic field.
Studies of the biologic effects of such magneti-
cally quiet environments are of interest because
of (a) the possibility of harmful effects when man
travels in space, removed from the geomagnetic
field, and (b) scientific interest in the possible
physiologic role of the normal geomagnetic field.

In a number of studies on various organisms
in magnetically quiet environments, various
effects have been reported; this material has been
reviewed by Conley [53]. Only studies on man
will be considered here.

Numerous studies have suggested correla-
tions between various health problems and either
geographic variations in the geomagnetic field
[211], or temporal fluctuations in the magnetic
field in a given area [20, 211]. However, the signif-
icance of these relationships is indeed tenuous.

In two closely related experimental studies
with volunteers in fields of approximately 50
gammas or less [29, 30], six men who spent
10 days in this low intensity magnetic field
remained in good health and felt no ill effects.
Various physiologic and psychologic tests were
administered to detect any effects of the ex-
posure; for the most part, the results were nega-
tive. There was, however, significant change in
the critical flicker or fusion frequency threshold
(CFF), or the frequency at which a flickering
light cannot be distinguished visually from a con-
stant one. These subtle changes in CFF cannot
be considered harmful. They do indicate that
removal of the geomagnetic field has a biologic
effect, and suggest the possibility that longer
exposures might cause more severe effects.

In conclusion, it has been shown that static
magnetic fields have deleterious effects in lab-
oratory animals, but there is little information
relating potential human injury to field strength,
field gradient, and duration of exposure. Given
this lack of information, the recommended
safety standards from SLAC (Table 8) and from
S. M. Vyalov (Table 9) can be regarded only as
tentative guidelines, subject to change on the
basis of new information. Little is known about the
biologic effects of human exposure to alternating
magnetic fields, and meaningful recommenda-
tions for safety standards cannot be made at
this time. Harmful effects have not been apparent

when human volunteers were kept in a mag-
netically quiet environment for up to 10 days.
There is evidence, however, suggesting that the
normal geomagnetic field may have some physio-
logic role, the significance of which is not yet
understood. Removal from the normal geomag-
netic field should be considered as a possible
hazard in future space voyages of long duration.

MECHANISM OF THE EFFECT OF
EMW AND EMF

Since the quantum energy is too small in the
RF and microwave bands to cause rupture of
even the weakest chemical bonds in any biologic
structures, several theories of a molecular mech-
anism of microwave action have been suggested:

a specific thermal effect;

nonthermal protein coagulation resulting
from resonant vibrations of the side
chains in the protein molecules;

pearl-chain effect which involves
orientation of suspended particles;

disturbance of electromagnetic function
regulation.

None of these hypotheses has yet been proved
[222].

The mechanism whereby RF and microwave
energy is absorbed is exceedingly complex,
especially in the heterogeneous structures of a
living organism. In accordance with the electrical
properties of human tissues (dielectric constant,
loss factor, conductivity), and varying with the
particular frequency, RF energy can be ab-
sorbed by energy loss due to ion conductivity and
dielectric loss due to relaxation of the dipole
molecules of water. As electromagnetic oscil-
lations increase, so does this latter phenomenon
increase in importance. The result is that electro-
magnetic energy is turned into heat energy at the
expense of the regulating oscillation of the water
molecules and ions [91]. It is thought, too, that
there may be a resonant absorption of radiation
by protein molecules at super high and ultra-
high frequencies [305]. Damage to functioning
of the cell’s membrane apparatus may be the
primary mechanism of action of electromagnetic
energy absorption [211].
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It may be assumed that the microwave field
intensifies or suppresses metabolic processes
(for example, tissue respiration) by influencing
enzymatic activity. It has been demonstrated
experimentally that metabolic changes are
sensed by chemoreceptors. Consequently, infor-
mation should then proceed to the CNS when
there is surface microwave absorption (A less
than 10 cm) [222].

Presman [231, 232] has suggested that electro-
magnetic fields give rise to a regulatory process
in the living organism (alongside the nervous
reflex and humoral processes), i.e., that intracellu-
lar processes are controlled, along with inter-
actions of organs and systems. Proceeding from
these considerations, it is possible that this regu-
latory mechanism might be disturbed under
microwave irradiation. Subbota and Kovach
[282], however, do not concur, since there is
no proof of the electromagnetic wave functional
regulatory mechanism in the organism.

A specific (e.g. nonthermal) microwave effect
has not been verified experimentally. Since
biologic objects are electrically heterogeneous
and since microwave-range electromagnetic
fields 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 extra-
thermal factor, but might well be a function of
an uneven distribution of heat in the organism
that could exert its own peculiar effect. The
alleged nonthermal microwave effects may well
be microthermal effects in the absence of con-
clusive experimental evidence to the contrary
[217]. Investigations reported to show neurologic
effects at nonthermal microwave intensities do
not indicate clearly whether the changes pro-
duced by microwaves are due to generalized
thermal effects, or to more specific influences on
particularly vulnerable tissues. The lack of pre-
cise temperature-measuring or power-density
measurement devices may play a part in the
assumption of nonthermal or specific micro-
wave effects.

An RF 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. Studies by McAfee
[173] indicate that thermal stimulation of the
peripheral nervous system may produce the
neurophysiological and behavioral changes
reported.

According to the best evidence available, the
most important effect of microwave absorption
is the conversion of the absorbed energy into
heat, which, under proper physical and physio-
logical conditions, may manifest itself by a
temperature rise which is a function of the
thermal regulatory processes and active adapta-
tion of the animal. The end result is either re-
versible or irreversible change depending on the
conditions of irradiation and physiologic state of
the individual.

On the basis of published material on the bio-
logic effect of low-frequency electric fields (EF),
it is difficult to reach a conclusion about the
biophysical mechanism of the effect of EF. There
are contradictory data about the frequency-
selective character of the biologic effect of EF,
but there are still no data about the relation of
the biologic effect to intensity and duration of
EF action over a wide range of parameters [211].

Physiologic systems, from an electrical point
of view, are assumed to be a combination of
resistors and capacitors. When a steady direct
current is passed through tissue, the tissue
behaves like a simple electrolytic resistance path.
In the presence of electrical currents, the body
behaves like an electrochemical system. On the
other hand, for anatomical reasons such as the
presence of membranes, it generates potential
differences between different parts of the body.
Therefore, when considering the possibility of
electric currents acting on the body, the end re-
sult will be integration of the intrinsic currents
plus the externally applied currents [76].

When animals, isolated organs, neoplastic and
non-neoplastic tissue cultures, and simple chemi-
cal systems have been exposed to high magnetic
fields, a great variety of biologic effects has been
produced [42]. So far, no definite magnetic
dose-effect relationship has been established.
Effects have been predicated on the basis of
field strength alone, as well as on the inhomoge-
neity of the paramagnetic strength of the field.




RADIO-FREQUENCY AND MICROWAVE ENERGIES, MAGNETIC AND ELECTRIC FIELDS 439

The mechanisms proposed for the biologic
action of magnetic fields, reviewed by Busby
[42] and Grissett [102], include:

(a) generation of electromotive force in
moving conduciors;

{(b) force exerted on moving charge carriers
at critical sites;

(c) diamagnetic and paramagnetic effects—
an impressed magnetic field alters the
orbital character of electrons in a man-
ner so that the magnetic field produced is
in opposition to the externally applied
field;

rotational diffusion—an increase 1n
magnetic field will reduce rotational dif-
fusion and a decrease will enhance rota-
tional diffusion leading to decrease in bio-
chemical reaction rates;

«

~—

(e) alteration of bond angles, which may in-
fluencc chemical reaction rates;

(f) alteration of tunneling rate of protons in
hydrogen bonds of macromolecular
systems.

PROBLEMS REQUIRING FUTURE
RESEARCH EFFORT

Since the intrusien of man into space involves
drastic changes in his environment—changes
which can range from reduced magnetic fields to
very high fields created in the spacecraft (which
may also include radio-frequency effects)—it is
important to assess the need for research in
these areas as related to space biology. Investi-
gations in these areas are difficult. Definitive
experiments that can be demonstrated readily
afid repeatedly and, hopefully, understood are
lacking. It is a fact that any biologic consequence
of a field, particularly if it is a weak field, is quite
remarkable. Because of the challenging nature,
it is most important that good, repeatable,
readily demonstrable effects be sought and found;
these effects need not be a great number, but
must be unambiguous {277].

In general, the distinctive feature of the action
of electric and electromagnetic fields is the de-
pendence of the field effectiveness on the

geometry of the object being affected. It is
necessary, therefore, to know the physical
properties of the object of study [211].

It is not always possible to use generally
accepted electrophysiologic methods in studying
the influence of microwave fields on the organism,
since the sensors (electrodes, thermocouples)
can act as receiving antennas so that substantial
high-frequency voltages are induced during
irradiation. These voltages may give rise to
secondary but sometimes very strong stimuli
ranging up to thermal coagulation of protein
in tissues. Unfortunately, investigators have, at
times, overlooked this [222].

In experimental studies on animals, it must
be remembered that changes in the organism
depend, to a major degree, on the geometric
dimensions of the animals, due to the depth of
penetration of microwave energy which varies
with wavelength. It is known that at a given
wavelength (for example, A=10 cm), vitally
important organs in mice and rats may absorb
the electromagnetic energy, while in dogs and
especially in man, almost all of this energy is
absorbed by the superficial tissues of the head,
thorax, and abdominal wall. The brain, heart,
and other vital organs may escape direct irradia-
tion in these cases [222].

The features of the microwave effect on
the organism are known at present only for
certain discrete points in the electromagnetic
spectrum. Information on the mechanism
of action on various organs and organ systems
is incomplete, and little study has been directed
toward the peculiarities of the microwave effect
on the permeability of cell membranes, tissue
respiration, and other organic functions. Very
little attention has been given to the combined
influence of electromagnetic energy and various
environmental factors (high temperature, oxygen
deficiency); time-intensity relationships, the
type of modulation, and other parameters
should also be taken into account [222].

Since most reported low-level effects relate to
behavioral and CNS changes, studies are needed
to determine the nature and mechanism(s) of
the nervous system’s reactions, if any, to electro-
magnetic and magnetic fields and to investigate
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the degree to which the individual’s performance
capabilities may be affected. The neuroendocrine
and central nervous systems, because of their
important integratory and regulatory functions,
should be given attention as possible sensitive
areas. The question whether reported CNS
changes in man, if they are validated, would be
important enough to affect his performance
at the low permissible doses, which do not
endanger his health and comfort, should be
resolved [83].

In any assessment of the hazards of exposure
to nonionizing electromagnetic energy, it is
extremely important to use a team approach
of physical and biologic scientists working
together. Physical scientists include individuals
well-grounded in electromagnetic field theory
and electronics. Biologic scientists include
those with experience in genetics, behavioral
sciences, physiology, biochemistry, and path-
ology, as well as individuals with broad or
horizontal training in human or veterinary
medicine. The physical scientists and biologic
scientists should be complemented with bio-
physicists who provide a bridge between these
two major orientations.

Specitically, the problem of dosimetry is over-
riding, for interpretation of biologic research is,
without question, dependent on good dosimetric
measurement. In addition to accurate measure-
ment of the ambient electromagnetic fields,
the amount of energy actually deposited in the
tissue under investigation should be determined.
Therefore, there is need for an accurate general
purpose reader, the development of implantable
probes should be encouraged, and an integrating
dosimeter would be of considerable utility in
hazards assessment. In this context, it should be
remembered that, although good dosimetry and
implantable probes are essential, they would be
of no value without a precise definition of the
biologic problem under consideration. Labora-
tories with proper EM sources, and exposure,
dosimetry, and animal facilities are required.

It is important that research be conducted
so that all aspects of the study are quantified, in-
cluding the fields induced both inside and out-
side the tissues, type and degree of the effect,
whether the effect is harmful, harmless, or merely

an artifact, whether it is a thermal or nonthermal
effect, and how it relates to the results obtained
by other investigators. Body size of the experi-
mental animal with appropriate scaling must
be taken into account along with accurate in
vivo dosimetry so that an investigator’s results ob-
tained with one animal species can be related to
those of another investigator using other species.
Since body absorption cross sections and internal
heating patterns can differ widely, an investigator
may think he is observing a low-level or a non-
thermal effect in one animal because the inci-
dent power is low, while in actuality, the animal
may be exposed to as much absorbed power
in a specific region of the body as another larger
animal with much higher incident powers. This
points out the need for both physical and physio-
logic (comparative) scaling of animal species.

Particular attention should be paid to instru-
mentation problems—to the development of
more adequate probes for making measurements
in the presence of EMW or EMF. Field strength,
electrophysiological, and thermal probes which
will give artifact-free readings, will not distort the
field in any way, and which will not give rise to
inadvertent stimulation of the tissue due to in-
duced currents, are essential before any degree
of reliance can be placed on findings of altered
physiology or behavior due to EMF or EMW.

More research is needed to determine the
effects of physical characteristics of an exposed
individual as well as the effects of external
factors such as temperature, humidity, and air
currents on his tolerance to EM fields. It is
necessary to show the differences in effects and
potential hazards in whole-body and partial-
body irradiation under various EM exposure
and heat stress conditions. Information is needed
on the significance of maximum absorbed power
density, average absorbed power density (per
unit volume), and the average absorbed power
density (per unit body surface area) to potential
hazards for both continuous and intermittent
exposures.

The greatest need today in the assessment of
biologic effects of EMW, EMF, electric and mag-
netic fields is to maintain a realistic perspective
on the nature of these radiations and the possible
effects from exposure. The mechanisms which
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produce cell damage, the biological tolerance of
the most susceptible tissues, and safe levels of
intensity must be established in an organized
fashion. Ultimately, clear differentiation must be

made between hazard and biologic effeci.

COMBINED STRESSES

During flight in space, man is subjected to
an entire range of factors (electromagnetic
radiation, accelerations, vibrations, weight-
lessness, changes in barometric pressure and
gas composition, numerous emotional-psychic
effects) which will act on him in a variety of
combinations and sequences. Under occupa-
tional conditions, people working with microwave
generators are subjected not only to the micro-
wave, but also to other factors such as soft
x-rays, noise, noxious gases (CO and others),
and high and low temperatures in the environ-
ment. Their importance in pathogenesis of dis-
ease has not been adequately studied [221].
Interaction between stresses may manifest
itself as addition of responses, the individual
stress responses may be antagonistic and cause
some canceling, or there may be simply no
apparent interaction [308].

The subject of combined stresses which could
have implications for space exploration has
been reviewed or noted by several authors
[34, 195, 232, 245, 308]. In recent years, in-
formation has become available on combined
effects of RF and microwave energies and
other factors on the organism. Synergism
or other forms of interaction of microwaves and
ionizing radiation have been noted by several
investigators [196, 197, 233, 234, 287, 288].
Microwave modification of response to x-irradia-
tion is related to duration and sequence of micro-
wave exposures as well as the time between the
exposure and the x-irradiation [195].

The effect of hypothalamic depressant drugs
on the response to microwave exposure has
been reported by Michaelson and associates
[193, 195]. Studies have been reported on the
influence of differences in ambient temperature
on the response to microwave exposure [195].
Petrov and Yarokhno [223] noted inhibition
of adaptation to hypoxia when rabbits were

exposed to lerawaves il
with a reduced O, content.

The potential of microwaves to increase or
reduce the injurious effects of x-irradiation
couild have appiication in space operaiions
and clinical radiation therapy. A possible
mechanism may be that hypoxia reduces the
formation and toxic effect of free radicals.
Any molecular alteration may modify target
molecules. Thermogenesis and stress may
influence metabolism and endocrine response.
The severe injury from x-irradiation at lethal dose
levels may exceed or nullify any modifying
capability of microwaves. The specific effects
of frequency, power density, and x-ray doses
and dose rates, and temporal separation of
the two radiation modes have not yet been
adequately determined, nor has the significance
of this synergism been established for human
exposure [245].

Adaptation to EF has rcsulted in increased
resistance of mice to ionizing radiation exposure
in the lethal range [131]. Interaction of magnetic
fields with other factors has been reported
as a reduction of ionizing radiation lethality
by pretreatment with magnetic fields [3] and
increase in lifespan in tumor-bearing mice
[104]. On the other hand, in experiments
on Drosophila melanogaster, synergistic effects
of a magnetic field with x-irradiation, starvation,
hyperoxia, or hypoxia were not observed [51].

These isolated reports of interactions of
combined radiant energies as well as other factors
suggest areas of investigation which could
provide basic information on mechanisms of
action as well as practical approaches to counter-
act undesirable effects of these radiant energies.
Information should be obtained on the inter-
action of combinations of various radiant energies
in addition to stresses on the body as a result
of acceleration, gaseous atmospheres,
agents, hypoxia, exercise, heat, cold, vibration,
weighlessness, and noise.

toxic

SUMMARY
The effort in this chapter has been to review,
synthesize, and critically analyze the literature
on human response (which, of necessity, requires
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concurrent consideration of other animal species)
to RF and microwave energies, magnetic and
electric fields. Although there is considerable
agreement among scientists, there are lacunae
of disagreement. It is especially recommended
that apparent discrepancies be studied and
analyzed in detail, taking into consideration all
the biophysical factors inside and outside the
body that might influence the individual’s
response, paying due regard to the regulatory
systems that might be involved in regulation after
exposure to these energies and fields.

The features of the microwave effect on the
organism are known at present only for certain

discrete points in the electromagnetic spectrum.
Information on the mechanism of action on
various organs and organ systems is incomplete.
Very little attention has been given to the com-
bined influence of electromagnetic energy and
various*environmental factors (high temperature,
oxygen deficiency), time-intensity relationships,
and the type of modulation.

Free international exchange of information and
closer personal contact between scientists would
help resolve the discrepancies and divergence of
opinion in understanding biologic and clinical
effects of exposure to RF and microwave
energies, magnetic and electrical fields.
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