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l. INTRODUCTION 

In the United States and other technologically advanced countries, 
microwave radiation is becoming an integral part of daily life. Examples 
include industrial and consumer microwave heating and cooking devices, 
microwave diathermy, radar guidance systems in the aerospace industry, 
and radar weather-mapping systems. 

This chapter re-examines many reported physiologic effects of micro
wave radiation. Data have frequently been replotted or recalculated to 
facilitate comparisons with other studies and to emphasize alternative 
viewpoints. Interpretation of data in terms of health hazards has been 
avoided, but limitations of the data have been delineated as completely 
as possible to allow the reader to evaluate the extent to which results 
support conclusions. 

Except for Section IX, consideration is generally limited to studies 
involving temperature elevation of the systems investigated; Interpreting 
and understanding is inherently simpler for thermal effects than for non
thermal effects, since the cause, tissue heating, is reasonably well under
stood. The discussion of these phenomena in Section II of this chapter will 
be at a rather low level to facilitate an understanding by those readers not 
well versed in the physics of electricity and magnetism. In taking this 
approach, the authors will, no doubt, be found guilty of oversimplification 
in many cases. It is hoped that those readers desiring a more sophisticated 
treatment will consult one of the excellent reviews available in the literature 
(Schwan, 1958; Schwan and Piersol, 1954). 

Even when experimental animals are subjected to a substantial thermal 
stress, investigators occasionally find that their results cannot be inter
preted solely in terms of thermal effects; such auxiliary effects, which have 
been referred to as direct, athermal, and nonthermal, are discussed in Sections 
IV through VII. 

Section IX outlines the variety of effects reported in the literature which 
occur at power levels well below those required to produce temperature 
elevations in the irradiated subject; unlike the auxiliary effects that occur 
at thermal power levels, these latter effects, if valid, can unambiguously be 
categorized as nonthermal. Unfortunately, a general lack of detailed 
information regarding these effects prevented the type of critical analysis 
undertaken in the other sections of this chapter. 

II. ELECTROMAGNETIC WAVES AS THEY INTERACT WITH TISSUE 

A. Propagation of Electromagnetic Waves 

Whenever an electric charge oscillates, it radiates electromagnetic waves. 
These waves consist of oscillating electric and magnetic fields which, in a 
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vacuum, propagate at a speed of approximately 3 X 1010 cm/sec. The 
velocity of propagation, V, is equal to the product of the wavelength, X, 
and the frequency of oscillation, 'Y· 

V = -yX (1) 

The units of V, 'Y, and>..· will be taken as cm/sec, cycles/sec or Hz, and cm, 
respectively. Table I illustrates some of the more familiar types of electro
magnetic radiation. 

In this review, we are interested in electromagnetic radiation which falls 
in the frequency range 200 MHz (200 X 106 Hz) to 24 GHz (24 X 109 Hz). 
These frequencies fall into the microwave category shown in Table I. In 
this range electromagnetic waves are produced by special vacuum tube or 
solid-state oscillators. The oscillator forces electrons to oscillate back and 
forth in a metal transmitting antenna, thereby producing electromagnetic 
waves. This process is also reversible, for if these waves strike another 
antenna, a receiving antenna, they will force electrons to oscillate back and 
forth. This commutative phenomenon forms the basis of electromagnetic 
radiation communication systems. Information can be placed on an elec
tromagnetic carrier in a number of ways including amplitude and frequency 
modulation. 

One of the more familiar applications of microwave radiation is ri!i.dar. 
Radar is made possible by the fact that electromagnetic waves are reflected 
by some materials including metal surfaces and water vapor in clouds. A 
radar antenna is used for both transmitting and receiving purposes. It is 
generally quite directional; that is, it will transmit and receive signals in a 
limited direction. For most purposes, the radar antenna dish rotates about a 

TABLE I 

Familiar Forms of Electromagnetic Energy 

Form Frequency (Hz) Wavelength (m) 

Electrical power in 60 5 X 106 

the United States 
AM radio 5 X lQL2 X 107 600-150 
FM radio and tele- 4 X 107-2 X 108 7.5-1.5 

vision 
Microwaves 2 X lQL3 X 1011 1.5-1 X 10-3 

Infrared 3 X 1011-4 .. 3 X 1014 1 X 10-s_7 X 10-7 

Visible 4. 3 X 1014-7.5 X 1014 7 X 10-7-4 X 10-7 

Ultraviolet 7.5 X lQlLl X lQ16 4 X 10-1-3 X 10-s 
X-rays 1 X 101s_3 X 1020 3 X 10-Ll X 10-12 

-y-rays 1 X lQlL3 X lQ23 3 X 10-1o_ 1 X 10-15 
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vertical axis while sending out short pulses of electromagnetic waves and 
then receiving the reflected pulses. The radar system correlates the time 
that elapses, between the departure of the outgoing pulse and the arrival 
of the incoming pulse, with the antenna direction. This information is then 
used to pinpoint accurately the position of the reflecting objects such as 
airplanes or cloud formations. The magnitude of the incoming reflected 
pulse is lower than the outgoing pulse by a factor of millions and sometimes 
billions. To detect the incoming pulse, the outgoing pulse power must be 
made as large as possible. 

Usually the region that is more than ten wavelengths from the trans
mitting antenna is called the far-field. In this region the spatial relationship 
between the electric and magnetic fields in the electromagnetic wave is that 
shown in Fig. 1. In this diagram, we are considering an electromagnetic 
wave propagating in a direction perpendicular to the motion of the electron 
in the transmitting antenna. The electric field, E, is always perpendicular 
to the direction of propagation and lies in the plane formed by the line of 
propagation and the motion of electrons in the antenna. The .direction of 
the electric vector continuously changes in this plane while its magnitude 
forms a sine wave function. The magnetic field, B, which is always perpen
dicular to both the E field and the line of propagation, traces out a sine 
wave function in the same manner as the E field. The illustration in Fig. 1 
depicts the situation at a particular instant in time, and the reader should 
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FIG. 1. Propagation of an electromagnetic wave. 

,.. I 

I 



EFFECTS OF MICROWAVE RADIATION 167 

imagine the entire wave to be moving along the line of propagation at 
approximately 3 X 1010 cm/sec. 

At distances less than about 10 wavelengths from the transmitting 
antenna, the near-field, the situation is somewhat more complicated than 
that illustrated in Fig. 1; the main difference stems from the fact that the 
maxima and minima of the E and B fields do not occur·at the same points 
along the direction of propagation as they do in the far-field case. In this 
review we are concerned mainly with exposures in the far-field, and no 
attempt will be made to describe the near-field case. Near-field exposures 
become particularly important when one is considering radiation from 
microwave ovens, from microwave diathermy equipment, and from micro
wave oscillators under test. For the experimenter who is investigating the 
biological effects of microwave radiation, far-field exposures are usually 
preferable, since measurements of the field strength in the near-field are 
very difficult (see, for instance, Vogelman, 1961). It would appear that 
results obtained from far-field experiments are, in most cases, applicable 
to the near-field case as well, since the basic interactions of electromagnetic 
radiation with the biological system are the same in both situations. 

B. Energy of Electromagnetic Waves 

Electromagnetic waves of all frequencies carry energy. This is most 
obvious when we are warmed by sunlight. Quantum mechanics tells us that 
electromagnetic waves have both "wavelike" and "particlelike" char
acteristics. Actually, the electromagnetic waves can be thought of as being 
divided into packets. The particlelike packets are referred to as photons. 
The energy, e, of a photon is given by the following relationship: 

E = hv (2) 

where h is Planck's constant and v is the frequency of the electromagnetic 
radiation. We see from this relationship that the energy of photons is 
directly proportional to the frequency of the radiation. Not until the fre
quency approaches or exceeds 1016 Hz do photon energies become com
parable to the binding energy of electrons to atoms; this high-frequency 
radiation-x-rays, -y-rays, etc.-is referred to as ionizing radiation. Even 
weak chemical bonds such as the hydrogen bond have energies that are 
several orders of magnitude greater than the energy of microwave photons. 
It seems quite reasonable, therefore, that microwave photons cannot dis
rupt the electronic structure of atoms, nor, individually at least, can they 
disrupt chemical bonds. We bring up the subject of photons here only to 
demonstrate that electromagnetic waves do carry energy. For most pur
poses it is more convenient to think of microwaves strictly in terms of 
waves. 
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In carrying out studies of the biological effects of microwaves, it is 
necessary to know the power (energy/unit time) which strikes a unit 
surface area. Field strength measuring devices for microwave frequencies 
normally express the power per unit area, power density, directly in watts 
per square centimeter. These devices employ various types of receiving 
antennas which direct the electromagnetic energy to a detecting device 
such as a bolometer or a crystal diode. Excellent discussions of the problem 
of field measurement are available in the literature (Vogelman, 1961; 
Rosenthal, 1969). 

C. Penetration of Electromagnetic Waves into Biological Tissues 

What happens when microwave energy strikes a biological tissue such as 
muscle or fat? Schwan has demonstrated both theoretically and experi
mentally (1969) that, for the frequency range of interest here, 60 to 70% 
of the incident energy is reflected. The remaining energy, unlike infrared 
energy from the sun, is not all absorbed right at the surface; rather, it 
penetrates into the tissue and attenuates exponentially: 

I = Io exp(-x/D) (3) 

Here Io is the power density of the absorbed energy at the surface, and I is 
the density at a depth x. The depth of penetration, D, is a constant which 
characterizes the attenuation rate for a particular tissue at a particular 
frequency. The term D is defined as the depth at which I has been reduced 
to 37% of Io. As is shown in Fig. 2, D is a strong function of the water 
content of tissue as well as the frequency of the radiation; both of these 
characteristics provide good clues regarding the molecular mechanism of 
absorption as discussed in the next section. It can be seen from Fig. 2 that 
D drops off rapidly at the higher frequencies, particularly in tissues of high 
water content. 

Details of penetration and absorption become much more complicated 
when tissues of different water content are situated in layers; this is the case 
for the human body with skin, fat, and muscle layers as well as bone. The 
problem arises because reflections occur whenever electromagnetic waves 
strike an interface separating two different materials. The reflected waves 
from the interface of two tissue layers return to the previous interface 
(tissue-tissue, or tissue-air) and are transmitted and/or reflected again. 
These reflected and transmitted waves interfere with one another and, 
depending on the thickness of the layer, can cause cancellation or reinforce
ment of the wave. Intuition tells us that these phenomena create a potential 
for preferential heating of certain tissue layers. Rigorous mathematical 
treatments demonstrate, however, that, in practice, very little preferential 

' 
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FIG. 2. Depth of microwave penetration into selected tissues as calculated from the 
data of Schwan (1969). 

heating is to be expected (Schwan, 1957, 1969). This is due mainly to the 
-. fact that biological tissues absorb UHF and microwave radiation so rapidly 

that the transmitted and reflected waves are damped out before they are 
able to undergo any significant interference. 

Reflections of waves at air-tissue and tissue-tissue interfaces stem from 
the fact that electromagnetic waves propagate at different velocities in the 
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different media. These velocities are always less than the velocity in a 

vacuum, 3 X 1010 cm/sec. The actual velocity in biological tissues is 
strongly dependent on the water content. This brings up an important 
question: In media other than a vacuum, is the relationship between 
velocity, frequency, and wavelength given in Eq. (1) still valid? The 
relationship is indeed valid, with the frequency remaining constant and 
independent of the medium. Therefore, a change in velocity as electro
magnetic waves enter a different medium leads to a corresponding change 
in wavelength. This sudden change in wavelength at the interface leads to 
the aforementioned reflections. No attempt will be made here to develop 
the mathematical descriptions of these phenomena. Readers seeking a 
complete description can find it in the review articles listed previously. It 
would also be rewarding for readers to consult any optics book which 
describes the reflection of light from surfaces; the reflection of light is com
pletely analogous to the reflection of radio waves from biological tissues. 
In fact, the interference phenomenon which suggests preferential heating 
in certain tissue layers is closely related to the utilization of nonreflecting 
coatings on the lenses of various optical systems. 

D. Mechanism of Energy Absorption 

Previously it was pointed out that UHF and microwave frequency 
photons do not have sufficient energy to disrupt either the electronic 
structure of atoms or chemical bonds. Therefore, we must consider the 
direct interaction of biological tissues with electric or magnetic com
ponents of the electromagnetic waves. Interactions with magnetic fields can 
be ruled out immediately, since biological tissues are almost transparent to 
magnetic fields; the magnetic interactions that do occur cannot lead to 
tissue heating. 

Turning to the electric component of the electromagnetic wave, a number 
of possible interactions come to mind. Electric fields do, after all, interact 
with charged particles, and biological tissues contain many charged entities, 
including ions, proteins, and membranes. However, interactions involving 
these changed groups have been found to be important mainly at frequen
cies below 200 MHz and could not possibly explain the heating phenomena 
observed at microwave frequencies. 

We recall from Fig. 2 that absorption at microwave frequencies was 
strongly dependent on the water content of tissues. This suggests that water ~ 

may play some role in the absorption process; however, water molecules do 
not carry a net electrical charge, and we know from the pH of biological 
materials that the number of free H+ and OH- ions is extremely small. 
The answer lies in the distribution of charge within the water molecule. The 
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molecule may be considered as two positive H+ ions, each attached to a 
negative oxygen ion in such a way that the H-O-H angle is 105°. There
fore, the water molecule has an electric dipole moment, which means that 
the total charge is distributed in such a way that one side of the molecule 
is positive and the other side is negative. 

What happens when water is placed in an electric field? Since positive 
and negative electrical charges move in opposite directions in an electric 
field, the water molecules will tend to rotate so that their dipoles align with 
the field. The degree to which the molecules are aligned is referred to as the 
polarization of the sample. The actual polarization is small for even the 
largest electric fields that can be generated in the laboratory, since the 
water molecules in the liquid state are rapidly rotating and diffusing. The 
molecules do not rotate at a single frequency but over a broad distribution 
of frequencies centered near 20 GHz and extending from about 100 MHz 
to 1000 GHz. The rotation rate of water molecules in the liquid state is 
determined by the frictional-like forces which result from the interaction 
with neighboring molecules. 

In order for a sample of water to heat up in an electromagnetic field, 
energy must be absorbed. In the situation to be considered here, energy is 
absorbed by the water whenever the electric field does work in rotating 
electric dipoles. Let us consider what happens when the electric field de
creases to zero and increases in the opposite direction in a sine wave 
fashion. At low frequencies the polarization of the sample follows the 
electric field exactly; that is, the polarization is zero when the field is zero 
and increases in the opposite direction in direct proportion to the mag
nitude of the electric field. In addition, no work is performed by the field 
when it is alternating at low frequencies. Although this may seem a bit 
strange, it is due to the fact that the water molecules are rotating so rapidly. 
In other words, when the electric field changes direction, the water mole
cules reorient themselves without any help from the electric field. 

Let us now imagine a situation in which the water sample is exposed to 
200-MHz electromagnetic radiation. In this case the electric field is 
changing direction 200 million times per second. Most of the water mole
cules are still rotating much faster than this. Statistically, however, there 
are some water molecules rotating more slowly than 200 MHz, and the 
electric field performs work on them in attempting to speed up their rota
tion-that is, to help them overcome the internal frictional forces. Work 

" done by the electric field is converted to heat energy in the molecular 
system. 

As the frequency of the electromagnetic radiation is further increased, 
the dipole polarization decreases and goes to zero at about 1000 GHz; at 
this frequency none of the water molecules in the sample are able to follow 
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the field. At the same time, the absorption of energy increases, reaches a 
maximum near 20 GHz, and then decreases to zero at about 1000 GHz. 
The reason that the absorption of energy does not continue to increase can 
be understood from the definition of work. Work is performed whenever a 
force acts over a distance or, in our case, whenever a torque acts over a 
rotation. In a situation where the electric field changes direction so fast 
that no rotation is allowed between oscillations, no work can be performed. 
(This phenomenon can be demonstrated quite well by attempting to push a 
playground swing much faster than its natural frequency). As the radiation 
frequency exceeds 20 GHz, more and more dipoles are unable to follow the 
field and less work can be performed. 

Elegant theories describing the interaction of electromagnetic fields with 
molecular electric dipoles have been developed. Perhaps the most re
warding approach was taken by Debye (1929), who considered a model in 
which the molecules were taken as small spheres rotating in a viscous fluid. 
Although drastically oversimplifying the situation in liquids, this model has 
provided quite accurate predictions for many liquids, including water. 

There seems to be little doubt that the interaction of biological systems 
with microwave radiation is dominated by water. In addition to the fact 
that absorption in tissues is strongly dependent on water content, the 
absorption in tissue as a function of the frequency of the electromagnetic 
radiation closely corresponds to that in pure water. 

III. TECHNIQUE OF MICROWAVE IRRADIATION AND 

EVALUATION OF EXPOSURE 

There is currently no method that permits true dosimetry on biological 
systems exposed to microwave _radiation. The power incident to the ani
mal's surface expressed as power density (mW/cm2

), is the most common 
parameter used to approximate the energy absorbed by the animal. This 
measurement is usually conducted by means of a standard-gain receiving 
antenna positioned in the far-field or by calculating the power density 
contours from a knowledge of the power delivered to a standard-gain 
transmitting antenna and the distance from the antenna. The power 
density contours are changed when an animal is inserted into the field, and 
this, coupled with reflection of the beam, introduces uncertainties into 
these methods of estimating the power incident to the animal's surface. , 

The energy absorption by the animal is often approximated by calo
rimetry conducted at the position of the experimental animal; the problems 
inherent in the assumptions required with this technique are obvious. 
Measurements or calculations for near-field exposures yield results that are 
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even more uncertain. These techniques, at best, establish relative power 
levels within a given exposure system, but obviously do not measure power 
absorption by the animal. 

Given the difficulty in measuring a meaningful power density, it is 
desirable to conduct biological experiments to permit, at least, a comparison 
of the results in terms of empirical physiologic parameters which may 
reflect power absorption by the animal. 

The rectal temperature change is a complicated function of power den
sity, frequency, exposure duration, and ambient conditions. There is no 
simple relationship between the exposure duration and power density 
required to produce a given physiologic effect-that is, a change in rectal 
temperature. 

An analysis of this problem has been conducted with mice exposed to 
3000-MHz radiation. Figure 3 shows the theoretical relationship between 
energy density, power density, and temperature rise in the mouse. Jacobson 
and Susskind (1958) have demonstrated good experimental agreement 
with the calculated curves. 

If the animal is being simultaneously heated and cooled, we obtain 

dT/dt = aP - b(T - To) (4) 

where heating and cooling processes are represented by the first and second 
terms, respectively. The term P is power density in mW/ cm2; T is rectal 
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Fm. 3. The relationship between power density and change in rectal temperature in 
the mouse. Calculated from the data of Jacobson and Susskind (1958). 
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temperature at time t; a and b are constants; and T 0 is initial rectal tem
perature. 

Integrating Eq. (4) gives 

T _ _ aE[l - exp(-bE/P)] 
To - (bE/p) (5) 

where Eis energy density in mW-min/cm2
, and the other terms are as 

defined above. Equation (4) defines the relationship between temperature 
rise, energy density, and power density (Fig. 3). 

Biological effects could be more intelligently evaluated and compared 
with other studies if the relationships illustrated in Fig. 3 were established 
for each study. The analysis presented above was only a preliminary study , 
and may not be valid for larger animals; such an approach deserves the 
attention of investigators desiring to study microwave effects in animals 
undergoing substantial temperature increases during exposure. 

One of the most satisfactory approaches to quantitating the effects of 
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microwave exposure was developed by Ely et al. (1964). It formulates the 
time-power density curves associated with a given temperature rise in 
larger laboratory animals. This information is useful in evaluation of 
hazard aspects of radiation, and, of course, such quantitative relationships 
should be established as the foundation for biological studies. The studies 
of Ely et al. were conducted at 2880 MHz; dogs were premedicated with 
chlorpromazine (6 mg/kg) 1 hour prior to whole-body exposure. General 
anesthesia was used for localized exposures where body temperature was 
not directly the quantity of interest. 

The microwave generator was "on-and-off" cycled with a rectal therm
istor feedback circuit designed to maintain the temperature at a desired 
level. The time average of the microwave field was used to determine the 
steady-state power density. The "on" power density was limited to 100 
mW /cm2 to minimize the problem of differential heating, a major difficulty 
at higher power densities. 

This system was used to establish the relationship between a steady-state 
power density, I', and its associated temperature. 
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The steady-state power density required to maintain a given temperature 
rise is shown in Fig. 4. Differences in animal adjustment to irradiation are 
clearly shown by this analysis which demonstrates the failure of the 
cooling mechanism in the dog at higher temperatures. The steady-state 
power densities are more reproducible than power densities associated with 
an arbitrary temperature rise achieved after an unknown r~te of heating; 
the animal's response to the heat stress is clearly delineated (Fig. 3). 

Hearon (Ely et al., 1964) derived the equation 

I' = J[l - exp( -t/r)] (6) 

where r is the cooling constant in seconds and I is the power density re
quired to produce a given temperature rise in time t. 

The cooling constant, r, was estimated either from the slope of a curve 
relating the logarithm of the temperature change (log t:.T) to t (sec) or by 
timing the interval necessary to produce a measured temperature increp,se. 
Values of r were plotted with respect to their steady-state power densities, 
I', at the temperature of interest (Fig. 5). The dashed curve is placed in the 
direction of shorter time constants and lower power densities to treat the 
data conservatively with respect to exposure. Values of r taken from the 
curve were substituted into Eq. (6), and curves relating I (inW/cm2

) to 
t (sec) were generated (Fig. 6). The dashed curve (Fig. 6) represents the 
"safest" threshold power density-time values. The extrapolated values, I, 
(Fig. 6), represent the minimum steady-state intensity necessary to achieve 
the temperature rise. Regions of the curve corresponding to t » r corre-

l'-----L----'-----'-----'--------' 
I 10 100 1000 10,000 1oopoo 

t ( seconds} 

Frn. 6. Calculated power density-versus-time curves; each curve calculated with T 

values selected from dashed curve in Fig. 5. 
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spond to I = I', and regions corresponding tot« r correspond to I > I', 
as predicted by Eq. (6). 

Ely et al. have coupled estimates of threshold temperature with curves 
of the type shown in Fig. 6 to estimate hazardous power density-time 
thresholds. This application of the data will be discussed under whole
animal irradiation. 

Although the techniques of exposure and data analysis discussed above 
are limited to studies involving temperature increases in the structures qf 
interest, they represent a sophisticated attempt to quantitate thermal 
response of animal irradiation in a systematic an.d reproducible manner. A 
vivid example of problems which can be encountered when small animals 
are exposed to power densities capable of causing rapid temperature 
increases is presented_in Fig. 7 (Addington et al., 1961). There was no 
correlation between power density, duration of exposure, and average 
temperature rise or survival. 

IV. TEMPERATURE CHANGES INDUCED BY MICROWAVE RADIATION 

A. Whole-Body Exposure 

Deichmann et al. (1959a; Deichmann, 1959) conducted extensive studies 
·-· on the biological effects of 24,000-MHz radiation (peak power 40 kW, duty 

cycle,.0.0006). 
, , , .. , ~ rectal temperature above 43°C resulted in the death of both rats and 
· · vmfoe; the minimum lethal exposure times to achieve this critical tern

. ·- perature are presented in Table II. 

TABLE II 

Minimum Survival Times (Minutes) of Animals Exposed t& 
Microwave Radiationa 

Power density (mW/cm2) 

Frequency 
Animal (MHz) 170 80 57 37 

Rat 24,000 35 56 80 135 
2,800 38 

200 100 
Mouse 24,000 5 13 35 140 

a Calculated from the data of Deichmann (1959) and 
Michaelson et al. (1967a, b). 
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FIG. 7. Rectal temperature changes in guinea pigs exposed to 200-MHz radiation. 
Values in parentheses are percent mortality. 

Pathologic changes were seen in the lungs, subcutaneous tissues, liver, 
and spleen of animals exposed to 30 mW/ cm2, but cutaneous burns were 
not observed at power densities below 170 mW /cm2• The depth of penetra
tion at this frequency is «1 mm. 

Deichmann and his co-workers compared the effects of microwave and 
infrared energy on the thermal response of rats. The infrared power density 
was carefully determined by a calorimeter constructed from an integrating 
heat sink equipped with a thermistor probe. The infrared source was a 
250-watt heat lamp and an aluminum foil mask to form a beam pattern 
equivalent to that of the microwave energy radiated from a 10-dB standard
gain horn. 

Distinct differences were noted between the effects induced by micro
wave and infrared beams of equal power density. Microwave radiation 
induced a more rapid and a more intense temperature change than in
frared radiation of the same power density. The time-temperature profile 
induced by exposure of rats to 43 mW/cm2 of microwave energy could be 
reproduced only by exposure to 117 mW /cm2 of infrared energy. 

Rats exposed to 24,000-MHz microwave radiation (300 mW /cm2
) died 

in 15.5 and 18.5 minutes with and without hair, respectively; animals with 
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and without hair died in 48 and 120 minutes, respectively, when exposed to 
infrared radiation. 

The differences between the ability of microwave and infrared radiation 
to induce hyperpyrexia may be related, all or in part, to the "shielding 
effect" of hair for infrared energy. 

The effects of environmental temperature and air volume exchange on 
survival of rats exposed to 24,000-MHz radiation have been studied 
(Deichmann et al., 1959b). A surprising prolongation of life was achieved 
by a modest increase in the air volume exchange. Rats exposed to 250 
mW /cm2 survived 47 minutes at an ambient temperature at 15°C; the 
placement of a blower 30 cm from the rat (outlet velocity, 3,230 fpm, 
140 fpm at 0 pressure) increased the survival time to intervals between 8 
and 24 hours. 

Environmental effects have been studied at 2800 MHz and 200 MHz, 
but there is no way to quantitatively compare the lower-frequency data 
with those obtained at 24,000 MHz. 

Environmental parameters should be carefully measured and recorded, 
especially when small animals are exposed to microwave energy. The role of 
air volume exchange at lower frequencies needs to be determined; the use 
oi an intermittent blower in a thermostatically controlled system could 
substantially alter experimental results if air volume exchange is still 
important in spite of the increased depth of penetration at lower frequencies. 

The experiments of Ely et al. at 2880 MHz (1964) contributed much 
information about the thermal response of animals and culminated in the 
power density-time relationships (Fig. 4) discussed in Section III. The 
dogs in their study received premedication with chlorpromazine; the rats 
and rabbits were not premedicated. 

Michaelson et al. (1965, 1967a; Howland et al., 1960) have studied dogs, 
rabbits, and rats exposed to 2800-MHz, 1240-MHz, and 200-MHz radia
tion. The thermal response of the dogs exposed to power densities greater 
than 100 mW/cm2 could be divided into three phases: (1) initial heating, 
(2) thermal equilibrium, and (3) thermal breakdown. 

The initial heating period lasts 20 to 30 minutes after onset of exposure 
and is associated with a 3°F rectal temperature increase. The equilibrium 
phase lasts approximately 40 to 50 minutes and is not associated with 
obvious evidence of discomfort despite an average rectal temperature 
increase of 6° or 7°F. 

The breakdown of thermal equilibrium was initiated by a rapid increase 
in rectal temperature associated with signs of acute distress followed by 
death of the animal; a rectal temperature increase of 8°F (to 107°F) was 
designated the "critical temperature." 

Initial studies conducted with pulsed radiation (duty cycle 7.2 X 10-4) 
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at 2800 MHz showed no significant change in behavior, rectal temperature, 
or complete blood count of dogs exposed to 45 mW /cm2 for 60 minutes 
(Michaelson et al., 1958). Dogs exposed to 100 mW/ cm2 for 6 hours of 
normal ambient conditions remained in thermal equilibrium. Dogs exposed 
to 165 mW /cm2 for 3 hours responded with irritability, panting, increased 
salivation, vasodilation, weakness, and finally prostration (Howland and 
Michaelson, 1959; Michaelson et al., 1961). No correlation existed between 
the weight, sex, age, or surface area of dogs exposed to 2800-MHz radiation. 

Superficial and deep burns were intermittently seen along the lateral 
aspect of the thorax following exposure at 165 mW /cm2

• The wounds were 
deep, clean, and identical to third-degree burns grossly and histologically; 
they became evident after a latent period of approximately 1 week. The 
localization of the burns has not been clearly explained, but such factors 
as vascularization, rate and time of heating, and standing waves produced 
by reflection of energy from the ribs or the Plexiglas cage may be important. 

The ability of the animal to withstand microwave-induced thermal 
stress is decreased by increases in environmental temperature and humidity, 
but these factors appear to be more important at 24,000 MHz. Dogs ad
ministered pentobarbital (30 mg/kg, intravenously), morphine sulfate 
(4 mg/kg, subcutaneously), and chlorpromazine (2 mg/kg, intramus
cularly) were more sensitive to thermal stress induced by microwave radia
tion. The rate of temperature change over the first 4°F rise increased in 
the order pentobarbital (1.4°F /min) > morphine sulfate (0.06°F /min) > 
chlorpromazine (0.04°F /min). Animals did not necessarily reach the same 
stage of anesthesia, tranquilization, or analgesia, and, except under the 
specific conditions stated. above, generalizations on the rela.ti.Y-e_effecti.ve
ness of the drugs are not possible. 

Ely et al. (1964) reported that chlorpromazine (6 mg/kg, intramus
cularly) had no significant effect on rectal temperature increase in dogs. 
The reason for the discrepancy in the reports of chlorpromazine action is 
not clear. Morphine sulfate and chlorpromazine had much less effect than 
the barbiturate which would definitely be a poor drug choice for studies 
where the nature of the thermal response would be important. 

No statistically significant differences were detected between the tem
perature increases of animals exposed to 2800-MHz ( + l.8°F) and 1200-
MHz ( + 2.2°F) radiation for 6 hours at 100 mW/ cm2

; differences were, 
however, noted in the subjective responses of the animals, suggesting that 
temperature measurements may be insensitive indicators of response to 
radiation. 

Animals irradiated at 2800 MHz and 1285 MHz lost weight during ex
posure, and the percent weight loss per hour was a linear function of the 
power density from 20 mW/ cm2 to 165 mW/ cm2 in dogs. This relationship 
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is expressed as 

.1W = 0.0111 (7) 

where ~ W is percent weight loss per hour and I is the power density 
(mW /cm2

). Radiation effects may more rationally be gauged by weight 
changes than by temperature increases, especially if the relationship in 
Eq. (7) is true for smaller animals such as rats or mice where temperature 
measurements are not reproducible. Michaelson et al. (1961) meas
ured temperatures 15 to 60 minutes postmortem in dogs killed during 
microwave exposure. The temperatures inside the liver, gall bladder, 
urinary bladder, stomach, and lungs were 2°F to 4°F higher than simul
taneously recorded rectal temperatures. Temperatures measured within 
the testes and anterior chamber of the eyes were 6°F lower than simul
taneously recorded rectal temperatures. The problem of local or uneven 
heating assumes major importance in the interpretation of physiologic 
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Frn. 8. Effect of electric field polarization on rectal temperature in dogs exposed to 
200-MHz radiation. Parallel orientation refers to the situation in which the microwave 
electric field is polarized along the long axis of the dog; perpendicular orientation refers 
to the situation in which the electric component is perpendicular to the axis of a dog and 
parallel to the vertical axis of a standing dog. 
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TABLE III 

Distribution of Temperature Rise in Dogs Exposed to 
200-MHz Radiationa 

Site of temperature 
measurement 

Rectum 
Stomach 
Subhepatic 
Subdiaphragmatic 

Temperatureb 
(OF) 

113 
116 
116 
114 

a Calculated from the data of Addington et al. 
(1961). 

b Power density not specified; data recorded 12 
minutes after irradiation stopped. 

effects indU<;ed by microwave heating and must be carefully c-onsidered in 
assessing biological hazards related to rectal temperature increases. This 
problem will be discusssed in more detail in the section on partial exposures 
(Section IV,C). 

Addington et al. (1961) demonstrated the importance of polarized electro
magnetic fields at 200 MHz on the thermal response of the dog. The ex
posure required to produce a given temperature rise when the electric 
field polarized is perpendicular to the long axis of the animal is approxi
mately twice that required when the long axis is parallel to the polarized 
field. A linear relationship exists between temperature rise and exposure 
(mW-hr/cm2) when polarization of the beam is considered (Fig. 8). The 
rapid heating seen with parallel orientation of the animals may have been 
associated with substantial differential heating which caused the scatter 
seen in these experiments. 

The data in Fig. 8 were obtained from animals (mean weight = 44.8 lb) 
exposed for less than 60 minutes to power densities between 10 mW /cm2 

and 330 mW /cm2• Power densities of 10 mW /cm2 and 22 mW /cm2 did not 
cause temperature increases at 3°F in animals exposed for 60 minutes in 
either orientation, and no deaths were recorded following exposure to 165 
mW/ cm2 for the same time period. 

The rectal temperatures were below those measured at other locations 
in animals exposed to 200-MHz radiation (Table 111); extremely high 
intra-abdominal temperatures were recorded. The rectal temperatures of 
guinea pigs killed by 200-MHz radiation were consistently 0.5°F to l.0°F 
below their intraperitoneal temperatures. 

A circularly polarized wavefront from a helical antenna assembly was 
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used to irradiate dogs at 200 MHz, 165 mW /cm2 (Michaelson et al., 
1967a,b). These studies produced a heating curve characterized by an 
equilibrium phase which occurred later and lasted longer than is seen in 
animals exposed to 3000-MHz radiation. The exposures necessary to pro
duce a given rectal temperature rise were an order of magnitude lower 
(Fig. 7) than those reported by Addington et al. (1961), who used linearly 
polarized radiation. 

Other factors may have contributed to the differences in response in 
the two experiments, but the polarization of the incident beam may be of 
paramount importance if power densities are related to biological hazard 
on the basis of rectal temperature increases. This problem merits further 
consideration. 

Data showing species sensitivity to microwave radiation (Table IV) 
indicate no correlation between surface area, weight, or basal metabolic 
rate· and exposure (mW-hr/cm2

) necessary to induce a 3°F temperature 
rise. The temperature rise is a complicated function of power density and 
exposure (Fig. 3); the time required for a given temperature rise (Table 
IV) does not take these factors into consideration but represents the mini
mum analysis which should be available from any study of microwave 
effects. A consistent finding has been the exquisite sensitivity of the rabbit 
to microwave-induced heating (Howland and Michaelson, 1959), with 
death ensuing after 2 to 3 hours of exposure at only 30 mW/ cm2; this 

TABLE IV 

Species Sensitivity to Microwave 1rradiation° 

Species 

Dog 
Dog 
Rat 
Guinea pig 
Rabbit 
Dogb 
Doge 

Basal me~abolic rate 
Weight 

(kg) Cal day-1 Cal m-2 

10.4 542 831 
3.9 
0.34 26 686 
0.7 48 700 
3.0 160 809 

Exposure [(mW-hr)/cm2] 

to achieve 3°F rectal 
temperature rise 

200 MHz 2,800 MHz 

490 310 
520 
140 25 
41.0 
41.3 16.5 
15 
36 

a Calculated from the data of Addington et al. (1961) and Michaelson et al. (1965, 
1967a). 

b Dogs with body axis parallel to electric field polarization. 
• Dogs with body axis perpendicular to electric field polarization. 
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animal is a poor experimental subject for studies of biological effects in
duced by whole-body irradiation. 

The 2800-MHz radiation was more effective than the 200-MHz exposure 
in causing a temperature rise in all species studied (Table IV), and the 
relative sensitivity of the animals remained the same at both frequencies. 
It is not possible to directly compare the results of 24,000-MHz radiation 
with these data, but the thermal response of rats following 24,000-MHz 
radiation appears no different from the response at 2800 MHz (Table II). 
The thermal sensitivity of the rat decreases in the order: 24,000 MHz > 
2800 MHz > 200 MHz. Unfortunately, the rat was the only animal studied 
in which a comparison of the three frequencies is possible. The frequency 
dependence of biological effects is important, and there is need for further 
investigation in this area. 

B. Experimental Human Exposure 

Perhaps the only controlled experimental exposure of human subjects to 
microwave radiation (2880 MHz) was conducted by Ely et al. (1964). The 
exposures were frontal with appropriate eye and testicular shielding 
(Table V). 

The decrease in rectal temperature does not rule out a rise in average 
body temperature, but during exposure the subject was in excellent thermal 
control with only minimal sweating and no rise in average body tempera
ture. Equipment limitations prevented extension of the human studies 
to higher power densities. 

Ely elal. applied the analysis discussed earlier (Section III) to establish 
threshold microwave exposures relevant to human subjects. Estimates of 
the parameters necessary to establish the power density and time relation
ships (Fig. 9) are given in Table VI. 

TABLE V 

Experimental Exposure of Man to Microwave Radiation at 
3000 MHza 

Power Total power Ambient 
density in profile tempera-

(m W /cm2) area (watts) ture (°C) 

100 
220 

250 
400 

24 
25 

Duration Change in rec-
of tal temperature 

exposure during exposure 
(min) (°C) 

48 
48 

-0.4 
-0.15 

a Calculated from the data of Ely and Goldman (1957) and Ely 
et al. (1964). 
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FIG. 9. Power density versus time curves for human exposure calculated from maxi
mum permissible temperatures. 

The selection of the maximum permissible temperature rise was some
what arbitrary, and the estimation of the steady-state field necessary to 
maintain a 2°C temperature rise was based on (1) 70-kg body mass, (2) 
2.0-m2 total-body area with a profile of 1.0 m2, (3) 100% absorption effi
ciency, (4) 0.83 specific heat, and (5) maximum heat dissipation of 1000 
watts above metabolic rate at rest in "average" ambient conditions. This 
temperature rise could be maintained in the most sensitive of the animals 
exposed to 20 mW /cm2• The thermal mass of the body in terms of profile 

TABLE VI 

Parameters Used for Analysis of the Sensitivity of Man to Microwave Exposur& 

Steady-state 
· field to main-

Initial Maximum Observed tain observed Cooling 
temperature temperature temperature temperature rise constant, 

Structure (OC) (OC) rise (°C) (mW/cm2) -r (sec) 

Whole body 37.0 39.0 2.0 100 (50 joules/cm2) 

Eye 37.0 45.0 8.0 155 100 
Testis 35.6 37.0 1.4 5 250 

• Calculated from the data of Ely and Goldman (1957).and Ely et al. (1964). 
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intake was used to calculate the whole-body curve (Fig. 9), because the 
cooling rate in the human was a complex function presumably due to an 
effective sweating mechanism not present in other subjects. Environmental 
parameters such as temperature, humidity, clothing, metabolic rate, and 
physical work would change the value of 1000 watts (Bazett, 1949) as
sumed for heat dissipation and, consequently, the shape of the curve. 
Hoeft (1965) 1 has conducted a theoretical analysis of the exposure times 
required to produce a 5°C temperature rise in man and experimental ani
mals as a function of power density (Fig. 10). 

The curves were calculated from: 

Llt = MC LlT/[ul/J + H - Aa(0 + LlT)] (8) 

where Llt is the time necessary for a given temperature rise, LlT, to be 
produced by a power density, I, in a body of mass, M, specific heat, C, 
surface area, A, and effective cross section, u. The term J is Joule's con
stant, H is metabolic heat, a is the air-body heat transfer coefficient, and 
0 is the initial air-body temperature difference. We have calculated power 
density-time curves for LlT = 2°C and have compared the curve obtained 
by using Hoeft's assumptions of body weight, effective cross section, and 
surface area on the one hand with the curve calculated from the values 
assumed by Ely et al. on the other (Fig. 11). The metabolic heat term, H, 
was neglected because it does not significantly affect the value of t over 
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Fm. 10. Power density versus time thresholds calculated for a 2°C body temperature 
rise. (After Hoeft, 1965.) 
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FIG. 11. Power density versus time curves for human exposure. The dash-dot-dash 
curve was calculated from Hoeft's equation and his assumptions for constants (Hoeft, 
1965). The dashed curve was calculated from Hoeft's equation with constants assumed 
by Ely et al. (1964). The solid curve follows the analysis of thermal response to micro
wave radiation given by Ely et al. All three curves were calculated by assuming a body 
temperature increase of 2°C. 

the range of power densities considered. The power density values calcu
lated from Eq. (8) were only slightly different for the two sets of a~sumed 
value~, but the analysis of Hoeft (1965) underestimates the infinite-time 
power density calculated from the semiempirical treatment of Ely et al. 
by-;pp~oximately 8CfmW/cm2 (Fig: 11), a serious discrepancy-in terms of 
hazard evaluation. 

The data of Hoeft (Fig. 10) suggest that the steady-state power density 
required to maintain a 5°C temperature rise is the same for all animal 
species. This suggestion is not supported by the data of Ely et al. (Fig. 4) 
showing, in fact, that different steady-state power densities are necessary 
to maintain a 5°C temperature rise. If this suggestion were true, the steady
state power density required to induce a given temperature rise in any 
species would be the same and could be directly related to man. 

C. Partial-Body Exposure 

A statistically significant correlation was found between body weight 
and minimum lethal exposure time (P :::; 0.01) when either the back or 
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FIG. 12. Time required for a 5°C temperature rise during abdominal exposure of a 
rabbit to 24,000-MHz radiation. 

abdomen of rats was exposed to 24,000-MHz radiation (Deichmann, 
1960). The response of abdominal viscera to dorsal exposure (Fig. 12) 
showed that the rate of temperature rise increased with ,the power density 
until a maximum value was obtained at 100 mW/ cm2, above which the 
rate of temperature increase in all the organs was constant. 

The results of abdominal exposure to 2450-MHz radiation in the rabbit 
(Table VII) clearly indicated the need for careful evaluation of the dis
tribution of the temperature rise in animals subjected to microwave heating 
(Imig and Searle, 1958). The temperature changes recorded in the ileum 
and stomach were +43°C and +23°C, respectively, and corresponded to 
changes in oral and rectal temperatures of only - l.2°C and +0.8°C, re
spectively. The power densities were not measured, but the skin was not 
damaged following a 30-minute exposure, and the threshold temperature 
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TABLE VII 

Temperature Changes in the Anesthetized Rabbit during 
Irradiation with 2500-MHz Microwaves<> 

Site of measurement 

Ileum 
Stomach 
Gall bladder 
Urinary bladder 
Rectal 
Oral 

Time after onset 
of irradiation b 

3 min 30 min 

+14.4b +42.9b 
+5.4 +23.1 
+0.3 +6.3 
+3.0 +9.7 
-0.1 +o.8 
-0.2 -1.2 

• Calculated from the data of Imig and Searle (1958). 
b All temperature changes in °C. Power densities not 

available. Beam directed to abdominal region. 
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for skin injury is 42.5°C. These studies demonstrate how intra-abdominal 
temperatures, incompatible with tissue survival, can be seen with only 
trivial changes of rectal temperatures. The intra-abdominal temperatures 
exceeded the abdominal skin temperature in the rabbit, but in large and 
small dogs the temperatures measured within several organs were always 
less than that of the abdominal skin (Table VIII) following 3600-MHz 
radiation. 

All the intra-abdominal organs showed significant temperature increases. 

TABLE VIII 

Temperature Gradients Established in Abdomen of Anesthetized Animals following 
Irradiation of Abdominal Wall with 2500 MHz• 

· Rabbit Small dog Large dog 

Organ 42.5°C 50.0°C 42.5°C 46.0°C 42.5°C 45.8°C 

Stomach +2.5 +2.5 -0.5 -4.2 -1.5 -5.8 
Liver +3.3 +4.2 -0.7 -6.5 -2.0 -6.3 

·Ileum +1.5 +3.0 -0.7 -4.5 -1.3 -4.8 
Gall bladder +3.5 0.0 -0.8 -4.5 -1.5 -6.0 

• Calculated from the data of Imig and Searle (1958). All values represent changes 
from the stated abdominal wall .temperature in °C. Power densities not available. 
Temperatures are for abdominal skin. Temperatures below 42.5°C were not associate 
with thermal skin damage. 
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The liver sustained the greatest increase in temperature in the rabbit but 
the least increase in the dog. 

This points out the care which must be utilized in extrapolating results 
from one animal species to another. Conclusions based on data measuring 
only rectal temperature changes must be considered in the light of the data 
presented above. The roles of heating rate, exposure duration, radiation 
area, and depth of penetration on local heating phenomena are unknown. 

Imig and Searle (1958) have appropriately concluded that the pattern of 
irradiation must be correlated with total body area, weight, organ mass, 
depth, and anatomic position of the organ from the surface. Unfortunately, 
no systematic studies of such phenomena are available. 

The differential heating caused by exposure of the head to 2450-MHz 
radiation was measured with intracrania-1, rectal, and scalp thermocouples 
in the anesthetized dog (Fig. 13). The power levels were adjusted to cause 
temperature rises approaching the threshold for skin injury (42°C). The 
highest intracranial temperatures were recorded inside the cisterna magna 
and closely paralleled the scalp temperatures; frontal lobe and midbrain 
temperatures were equal but were less than the cisterna temperatures. 

Midline intracranial temperature measurements were conducted as a 
function of depth from the subdural space to the floor of the cranial vault 
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Frn. 13. Temperature changes in anesthetized dog during irradiation of the head at a 
frequency of 2450 MHz. 
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(Searle et al., 1961) following a 2-hour exposure. The highest temperature 
was recorded in the subdural space; the intracranial temperatures decreased 
in order of depth, with the lowest temperature recorded on the floor of the 
cranial vault. The rectal temperatures were equal to those recorded on the 
floor of the cranium. The maximum temperature difference in the brain 
tissue was approximately 4°C to 5°C. The rectal temperature remained 
constant and the thermal gradient increased to approximately W°C when 
the same experiment was conducted in dead animals. 

Radiation at 2450 MHz directed to the head of anesthetized dogs did 
not result in mortality until rectal temperatures exceeded 42°C, and then 
the terminal event seemed to be circulatory collapse and shock; no visible 
evidence of central nervous system dysfunction was noted terminally 
(Searl et al., 1961). 

Glutamic oxaloacetic transaminase levels have been measured in the 
cerebrospinal fluid (CSF) and serum of animals exposed for 2 hours to 
2450-MHz radiation sufficient to cause moderate scalp damage. Enzyme 
levels were determined every 12 hours for a week after irradiation. The 
serum enzyme level peaked at 20 hours after exposure, but the CSF enzyme 
levels never exceeded the control values. The increase in serum enzyme 
levels was consistent with the visually apparent scalp damage, but this 
relatively sensitive indicator of cellular injury failed to detect damage to 
brain tissue under conditions expected to produce cisterna magna tempera
tures in excess of 41°c. 

In another experiment the heads of dogs were irradiated for 180 Ininutes 
on 5 successive days at power levels sufficient to maintain a threshold 
scalp temperature of 42°C. The animals were examined daily during the 
exposures and for 3 weeks after the 5-day exposure period. No changes 
were detected in gait, muscle coordination, reflexes, or general behavior 
patterns. The animals were sacrificed after the 3-week observation period, 
and the brains were exainined for gross lesions. No pathologic, neurologic, 
or behavioral changes were detected in any of the animals. 

Equal surface areas of the head and thorax exposed to 2800-MHz, 165-
mW /cm2 radiation produced different temperature responses (Michaelson 
et al., 1967a). The rectal temperature increased twice as fast when the head 
was exposed, but the maximum rectal temperature (approximately 106°F) 
was the same with irradiation of either area. These authors concluded 
that the difference in rectal temperature resulting from these two partial
body exposures suggests altered brain function in the control of thermal 
regulation when the head is subjected to Inicrowaves. This may be true, 
but there is certainly no a priori reason to expect the rectal temperature 
response to be the same following exposure of equivalent portions of the 
body. 
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The studies involving irradiation of the head were often of preliminary 
nature. The power and temperature measurements were unsophisticated 
and, in most cases, were conducted in the near-field, but no evidence was 
obtained for localized heating within the brain structures. Any theory 
predicting localized heating within brain tissue must take these results into 
consideration, particularly if they can be reproduced with stereotactic 
temperature measurements and more precise estimates of radiation 
exposure. 

Behavioral changes seen following head irradiation but not after trunk 
irradiation have led some investigators (Livshits, 1957a,b) to suggest a 
direct or nonthermal central nervous system effect of microwave origin. 
The studies of McAfee et al. (1961; McAfee, 1962, 1969) conducted at 3000 
MHz in decerebrated cats do not support such an interpretation but indi
cate that the neurophysiologic and behavioral changes result from thermal 
stimulation of the peripheral nervous system. 

These investigators demonstrated, regardless of the heating method em
ployed, that the nocioceptic response of a decerebrate cat occurred when the 
temperature at isolated nerves (radial or sciatic) or areas of the skin rich 
in cutaneous nerve fibers reached a threshold temperature of 45°C. The 
nocioceptive response consisted in respiratory changes, increased blood 
pressure, and reflex (crossed extensor) changes. 

A strong nocioceptive response was elicited when radiation directed to 
an isolated scalp flap, skin of the paws, lower legs, face, or head caused 
the temperature within the subcutaneous tissue to reach 45°C. When the 
same radiation was directed to the abdomen or back of the animal, regions 
poorly supplied with cutaneous sensory nerve fibers, the nocioceptive re
sponse did not occur until the temperature reached 55°C. Histologic studies 
failed to show evidence of tissue damage in regions that had been main
tained at 46°C to 47°C for 1 hour, suggesting that nerve injury was not 
involved in the production of the response. These investigators postulated 
that microwave radiation, because of its penetrating characteristics, 
reached the subcutaneous sensory fibers, heated them to the critical level 
of 45°C, and elicited the nocioceptive response with associated behavioral 
changes. Other heating methods of equivalent intensity would not elicit 
a response because the cutaneous blood flow prevented penetration of the 
heat and maintained the subcutaneous fibers at body temperature (McAfee 
et al., 1961). 

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 which can be encountered when comparing 
responses obtained by irradiation of different regions of the animal. 

Experiments and conclusions deserve careful consideration when physio-
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logic changes in animals exposed to thermal level microwave radiation are 
attributed to direct, nonthermal, or athermal effects. 

V. HEMATOLOGIC EFFECTS 

A. Changes in Cell Populations 

Rats exposed to 24,000-MHz, 7-mW /cm2 (Becker and Botlier, 1965; 
Livshits, 1957a) radiation for a total of 196 hours, administered in 1- to 
3-hour daily exposures, showed no significant changes in hemoglobin, 
reticulocyte, hematocrit, and total or differential leukocyte values. 

A single exposure to 20 mW /cm2 for 10 minutes produced a significant 
(P < 0.01) drop in erythrocytes and leukocytes (Deichmann et al., 1962) 
(Table IX). 

Similar results were obtained with rats exposed to 10 mW/ cm2 for 3 
hours every second day to a total of 11 days. Sham-irradiated animals did 

, not appear to be used in this study. The leukocyte responses were equal 
in both Osborne-Mendel and Fischer strain rats, but the erythrocyte, 
hematocrit, and hemoglobin values were decreased following irradiation 
in the Fischer animals, while they were increased in Osborne-Mendel 
animals. If such strain-dependent phenomena are present in other animal 
species, the iterpretation of animal experiments is even further complicated. 

Hematologic responses of animals exposed to 2800-MHz, 1285-MHz, 
and 200-MHz radiation have been studied by Michaelson et al. (1964, 
1965, 1967a). The hematocrit changes were variable, but, in general, a 
decrease was seen following exposure of dogs to 2800 MHz at 20 mW/ cm2 

TABLE IX 

Hematologic Effects of 24,000-MHz 
Radiation on the Rat• 

Cells 

Erythrocytes 
Leukocytes (total) 
N eutrophils 
Lymphocytes 

Percent 
change 

+3.0 
-17.2 
+35.2 
+18.2 

• Calculated from the data of Deich
mann et al. (1962). Single exposure, 20 
mW/ cm2 for 10 minutes. Rectal tempera
ture 1°c. 
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and 50 mW /cm2 ; at 100 mW /cm2 the hematocrit was increased. A progres
sive decline in pre-exposure hematocrits was noted (Michaelson et al., 

1967a) in animals exposed daily to 50 mW /cm2 and 100 mW /cm2• The 
hematocrit changes were generally consistent with the alterations in vas
cular volume which could be expected as a consequence of the thermal 

stress, but an increased hematocrit was reported 6 months following the 
cessation of multiple 20-mW /cm2 exposures at 1280 MHz. The statistical 

significance of this finding (Michaelson et al., 1965) was not established, 
and, if valid, this change would be difficult to explain on the basis of 
thermally induced volume changes. 

The hematocrit changes seen at 2800 MHz were not significantly differ
ent from those seen at 1280 MHz under the same exposure conditions 
(Michaelson et al., 1965}; 

Rectal temperatures increased in the dogs exposed to 50 mW/ cm2 and 

100 mW/ cm2 at both frequencies; 20 mW/ cm2 decreased the rectal tem
perature. The animals exposed to 20 mW /cm2 experienced a 0.25% weight 
loss per hour, indicating a significant thermal stress with a decrease in the 
rectal temperature. 

Humans occupationally exposed to microwave radiation have been re
ported to develop reticulocytosis (Lidman and Cohn, 1945); Barron et al., 

1955). The complexity of reticulocyte changes in dogs is illustrated by the 
results of 2800-MHz exposure which caused a reticulocytosis peaking 34 
days after exposure at 100 mW /cm2 for 7 hours; a 50-mW/cm2 exposure 
for 9 hours produced a transient decrease in reticulocytes (Michaelson 

et al., 1964). The number of animals studied and the statistical significance 
of the studies were not stated. 

Reticulocyte changes following a single exposure to 1285 MHz at 100 
mW/ cm2 for 6 hours were reported to be no different from pre-exposure 
values (P < 0.05) in eleven dogs (Michaelson et al., 1964). 

Daily 1285-MHz 6-hour exposures lasting 4 weeks produced reticulocyte 
changes at power densities of 20 mW/cm2

, 50 mW/cm2
, and 100 mW/cm2 

(Michaelson et al., 1965). Compared to the sham-irradiated animals, these 
changes were characterized by an initial decrease lasting approximately 
2 weeks followed by a reticulocytosis lasting 2 weeks. The response to 
similar exposure at 2800 MHz was not determined. If· the results of the 
multiple exposure experiments are valid, the reticulocyte response may 
represent a cumulative effect analogous to the response of the lens to radia
tion (see Section VIII,A). 

The leukocytic changes are the most consistent hematologic alterations 
produced by microwave exposure. Immediately following irradiation at 
2800 MHz, a 50 to 60% reduction in the lymphocytes and eosinophils is 
coupled with a 30% increase in the polymorphonuclear cells (Table X). 



TABLE X 

Percent Change in Leukocyte Values following Microwave I rradiationa 

Rectal 
temperature Power Time after irradiation 

change Frequency density 
Cells (FO)b (MHz) (mW/cm2) Immediate 24 hours 1 month 2 months 

Total WBC +3°F 2800 100 00.2 23 -32.6 -26.2 
+3°F 1285 100 32.9 30 -14.2 -2.9 
+3°F 200 165 44.0 75 

Polymorphonuclear 2800 100 30.4 31.4 -34.0 -15.2 
cells 1285 100 39.0 22.8 -24.6 -24.1 

200 165 45.0 45.5 
Lymphocytes 2800 100 -50.5 000 -31.5 -42.5 

1285 100 -52.0 18.0 +14.7 +23.8 
200 165 -32.0 120.0 

Eosinophils 2800 100 -68.0 20.0 -6 +20.0 
1285 100 -62.0 25.4 0 +7.7 
200 165 -65.0 49.0 

a Calculated from the data of Michaelson et al. (1967a, b). Radiation exposures were 6 hours in duration. 
b Estimated temperature rise at the end of 6 hours; values not given for animals on which hematologic studies were con

ducted. 
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Twenty-four hours following exposure, the lymphocyte and eosinophil 
counts have returned to normal or above normal values, and variable 
changes from pre-exposure values are reported to occur, in some cases, up 
to 2 years following irradiation (Michaelson et al., 1967a,b). 

The changes in total leukocytes, neutrophils, and lymphocytes were 
significantly greater in animals exposed to 100 mW /cm2 at 1285 MHz 
when compared to changes seen following 2800-MHz irradiation at 100 
mW /cm2 (Michaelson et al., 1965). The immediate changes were com
parable to those seen in rats following 24,000-MHz exposure (Table IX). 
No such frequency dependence was reported for the erythrocyte indices. 
The changes described above can occur in animals subjected to hyper
pyrexia, and Michaelson (Michaelson et al., 1967a) suggests that micro
waves can act as a stressor agent, with effects on regulatory and inte
grative mechanisms of the body resulting in alteration of homeokinesis. 
The stressor agent would exert its effect via stimulation of the pituitary 
adrenal axis. 

Rectal temperature elevations to 40°C produced in dogs by immersion 
in warm water is associated with a marked increase in 17-hydroxycorti
costeroid levels which can be abolished by hypophysectomy (Richards and 
Egdahl, 1956). Similar studies (Barlow et al., 1956) have established that 
mild to moderate hyperpyrexia (42.5°C) equal to that produced by micro
wave radiation can stimulate adrenal secretory function. It is well known 
that the pattern of changes seen in the leukocyte count following micro
wave irradiation can be produced by adrenal steroid administration. 

B. Erythrokinetic Studies 

Exposure of dogs to 2800 MHz at 50 mW/ cm2 and 100 mW/ cm2 was 
reported (Michaelson et al., 1961, 1964) to increase the disappearance 
rate of 51Cr-labeled erythrocytes. A hemolytic process coupled with partial 
sequestration of the labeled cells was suggested to explain the increased 
rate of label disappearance (Livshits, 1957a). No experimental data (for 
example, red cell half-life) were given to permit an estimate of red cell 
life span, and neither the nature of the controls nor the number of animals 
studied was given. 

A valid 51Cr survivartime must be conducted in a steady-state condition 
when the animal is free from changes in vascular volume (Wintrobe, 1961). 
It is not clear that animals subjected to the thermal stress associated with 
the power densities listed above are in such a steady state. Increases in 
blood volume have been reported for dogs exposed to only 50 mW/ cm2 at 
1240 MHz (Michaelson et al., 1967a,b). 

The role of burn production in the development of clinically significant 
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hemolysis in humans is well known (Lidman and Cohn, 1945); subcutaneous 
burn production may be important if hemolysis does in fact exist following 
irradiation. Subcutaneous burns may not be visible if they heal without a 
skin slough (McAfee, 1969), and this further complicates the problem of 
evaluating the origin of a hemolytic process. 

Studies of 59Fe uptake have been conducted in dogs irradiated at 1240 
MHz, 50 mW /cm2 (Michaelson et al., 1967a). In one study the rate and 
degree of 59Fe incorporation were increased when compared to pre-exposure 
values in two dogs following 17 days of irradiation. The isotopic studies 
were conducted over a 35-day period and included the time during which 
the animals were irradiated. 

In a second study (Table XI), the maximum incorporation of 59Fe oc
curred earlier in microwave-treated dogs, and the initial plasma clearance 
half-time seemed to be prolonged. The degree of maximum incorporation 
was increased in the irradiated animals. The prolongation of the 59Fe 
initial plasma clearance half-time and earlier maximum incorporation of 
59Fe were suggested to indicate an effect of ~crowaves on the bone marrow 
(Michaelson et al., 1967a). 

Another 59Fe study conducted at 2800 MHz, 50 mW/ cm2 (Michaelson 
et al., 1964), reported a depression of the total iron plasmifturnover rate 
which slowly returned to normal 3 months after exposure. 

The important parameter in the ferrokinetic evaluation of bone marrow 
function is the quantity of iron entering or leaving the plasma per unit 
time (Wintrobe, 1961; Harris, 1963). The plasma iron turnover rate is 
calculated from the plasma iron concentration, the blood volume, and the 
half-time of 59Fe clearance. It is not clear that the plasma iron turnover 

TABLE XI 

69Fe Uptake and Clearance by Dogs Exposed to 1240-MHz Radiation• 

59Fe Kinetics 

50% maximum incorporation 
90% maximum incorporation 
Maximum incorporation 

Percent of maximum degree of in
corporation 

Control 
(22 dogs) 

2.6±0.7b 
6.8 ± 1.9 

15.0 ± 5.6 

77.1 ± 8.0 

Irradiated 
(2 dogs) 

2.8 ± Ob 
6.45 ± 1.9 

11.25 ± 1.8 

84 ± 1.4 

a Calculated from the data of Michaelson et al. (1967a); 50-m W /cm2 

exposures. 
b Time in days. Values for two irradiated animals averaged. 
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rate was the quantity calculated; no values or error analyses were pre
sented, and the number of animals and the nature of the controls were not 
clear. Blood volume changes have been reported in animals subjected to 
50 mW/ cm2 and 100 mW/ cm2 at both 2800 MHz and 1280 MHz (Michael
son et al., 1967a), and plasma iron levels and iron-binding capacities are 
changed in dogs exposed to the same power densities at 2800 MHz 
(Michaelson et al., 1964). 

The decreased plasma clearance of 59Fe and the increased rate of reap
pearance of the isotope into the erythrocytes seen following exposure of 
dogs to 1289-MHz radiation are not compatible with any simple pathologic 
process (Harris, 1963). The 59Fe kinetics do not indicate a change in 
bone marrow function unless they are associated with changes in the 
plasma iron turnover rate. These changes may not reflect those caused 
by microwave radiation unless they can be shown not to occur in sham
irradiated animals. 

C. Osmotic Fragility 

Dogs exposed to 1285 MHz, 100 mW /cm2
, for 6 hours developed an 

increased erythrocyte fragility (Michaelson et al., 1967a) observed at 12 
months but not at 24 months following irradiation (nine animals). No 
values are given during the time between the radiation exposure and the 
12-month measurement, but the erythrocyte fragility was unchanged 
immediately following exposure to 2800 MHz, 165 mW/ cm2 or 100 
mW/cm2

• 

The hemoglobin, hematocrit, and reticulocyte values were presumably 
normal at the time the increased fragility was recorded. The fragility 
changes were very small (50% hemolysis in 0.51% saline in irradiated 
animals versus 0.46% in control animals), and the meaning of such a 
change is entirely obscure, particularly if the other hematologic parameters 
were normal. 

D. Summary 

The pattern of leukocyte changes following irradiation are the most 
consistent and probably the best understood of the hematologic effects. 

The erythrocyte changes are compatible with alterations in vascular 
volume and could be associated with a mild hemolytic process, but the 
data are certainly not conclusive. 

The changes in reticulocyte counts and isotope kinetics are, at best, 
variable and deserve further study before hemolysis or bone marrow de
pression can be seriously entertained as results of microwave exposure. 
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VI. SEROLOGIC CHANGES 

A. Serum Chemical Changes 

199 

Deichmann et al. (1963) irradiated two dogs at 24,000 MHz, 24 mW/ cm2 

(pulsed duty cycle 0.00006), for 2631 hours and 3970 hours. The rectal 
temperatures decreased 0.8°F with or without radiation exposure when 
the animals were in the irradiation chamber. 

Equivocal changes .were observed in serum levels of cholesterol and 
cholesterol esters, but total cholesterol values were unchanged. The ratio 
of free cholesterol to cholesterol esters tended to decrease in both animals. 
The blood volume decreased approximately 16% in both animals. 

Changes were not seen in the hematocrit, hemoglobin, erythrocyte, 
protein-bound iodine, or total and differential leukocyte values. 

The serum levels of calcium, blood urea nitrogen, nonprotein nitrogen, 
and serum glucose were unchanged following exposure of dogs to 1240 
MHz, 50 mW/cm2, for an unknown time period (Michaelson et al., 1967a). 

Serum protein levels decreased from 6.95 gm% to 6.43 gm%; the total 
protein was not fractionated into albumin and globulin components. Heat 
stress may cause total protein levels to decrease in human subjects (Deich
mann et al., 1963; Mendez, 1959); however, the mechanisms responsible 
for the decrease are not well understood. The principal changes occur in 
the albumin fraction, but gamma globulin fractions may also be altered 
by heat stress. Rehydration of the subjects during heat stress did not pre
vent the protein changes. The microwave-induced protein changes may, in 
part, be related to the increase in blood volume occurring after microwave 
irradiation. 

The exposures at 1240 MHz, 50 mW /cm2, also caused an increase of 
8 mg/liter in serum chloride level immediately following each exposure 
and mildly decreased the venous carbon dioxide (CO2) content (Michaelson 
et al., 1967a) following each exposure. Alterations in ·bo·dy water-and/or 
electrolyte kinetics were suggested as explanations for the protein and 
chloride changes; the possibility of impaired pulmonary gas exchange was 
mentioned as an explanation of the CO2 changes. It seems more reasonable 
that the decreased venous CO2 content reflects increased pulmonary venti
lation associated with mild stress. 

Serum electrolytes, arterial blood gases, and pH should be determined 
if the chloride and CO2 changes are to be correctly explained. 

B. Immunologic Studies 

Rabbits immunized against sheep erythrocytes (1.0 ml, intravenously, 
of a 10% saline suspension) and exposed to 2800-MHz radiation at 100 
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mW /cm2 developed an antibody with a prolonged half-life and reached the 
peak titer later than control animals (Michaelson et al., 1967a). Prior to 
irradation the peak titer occurred at 7.6 days, and following irradiation 
the peak was seen at 9.4 days. The antibody half-life increased from a 
preexposure value of 6.3 days to a postexposure value of 7.9 days. 

Animals passively immunized with anti-sheep erythrocyte antibody 
developed a shortened antibody half-life after irradiation at 2800 MHz, 
100 mW /cm2

• The animals were administered 30,000 to 100,000 units of 
antibody where a unit is the volume (ml) of serum capable of inducing 
50% hemolysis in a 2.5% saline suspension of sheep erythrocytes. The 
half-life decreased from 3.5 days prior to irradiation to 1.8 days post
exposure. 

The irradiation was continued until a critical temperature developed; 
hence, these animals were subjected to extreme stress. We are aware of 
no investigations of the effects of such severe stress on antibody production 
and kinetics. The results are interesting, and studies of this nature at low 
power levels may provide a more meaningful insight into the nature of the 
antibody changes. 

C. Endocrine Functions 

The function of the rat pituitary-testis-prostate axis was evaluated 
following exposure to 24,000-MHz radiation by measuring 65Zn concen
tration in the dorsolateral prostate (Gunn et al., 1961). 

The concentration of this isotope is greatly decreased in castrated or 
hypophysectomized animals and can be restored to normal levels by ad
ministration of testosterone or gonadotrophin, respectively. The pituitary
testis-prostate axis may be depicted as follows: 

Pituitary d h" Testes -----,• Dorsolateral prostate 
Gona otrop m Testosterone 

Pituitary, testicular, or prostatic damage may be reflected by a decrease 
in 65Zn uptake. Stimulation of isotope uptake by administration of tes
tosterone and gonadotrophin establishes the functional integrity of the 
prostate and tests, respectively. 

Rats exposed to 470 roentgens of whole-body x-irradiation were shown to 
decrease gonadotrophin production with only minimal discernible testicular 
changes. X-irradiation of this intensity does not directly affect the pituitary 
(Gunn et al., 1961); hence, the minimal testicular effect of x-irradiation, 
depletion of spermatogonia, was sufficient to evoke changes in gonado
trophin production by the pituitary gland. This result suggests that testicu
lar morphology and function may be important regulators of pituitary 
activity. 
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Uptake of 65Zn was studied in rats following a single 5-minute testicular 
exposure to 24,000 MHz, 250 mW /cm2

• This exposure was sufficient to 
produce an intra testicular temperature of 41 °C and cause moderate to 
severe testicular edema but no tubular damage. Studies of 65Zn uptake 
following irradiation indicated a diminished pituitary excretion of gonado
trophin. When infrared irradiation was used to simulate the microwave 
heating curve, isotope uptake was not increased. The authors (Gunn et al., 
1961) suggested the possibility of an "athermal effect" to explain the data. 

Intratesticular temperature measurement at high power densities is 
greatly complicated by the problem of differential heating (Ely et al., 
1964) which may account for part of the difference between the infrared 
and microwave exposures. The results are inconclusive, and further in
vestigation is merited. If testicular function and-morphology are important 
regulators of pituitary structure and function, then physiologic changes 
attributed to direct or nonthermal effects on pituitary function (Michaelson 
et al., 1967a) must be carefully considered in terms of the ability of radia
tion-induced testicular changes to cause changes in pituitary function. A 
change in pituitary function, of course, does not necessarily imply a direct 
effect of radiation on the pituitary gland because of its known response to 
stress, but the sensitivity of the testicles to radiation could explain changes 
in pituitary function seen in situations where the fatal stress would appear 
minimal or trivial. The exquisite sensitivity of the testis to microwave 
radiation has been well established (Ely et al., 1964). 

Daily exposure of dogs to 1240 MHz, 50 mW /cm2, administered in 
6-hour exposures for a total of 5 days was reported to increase 1311 uptake 
from 4 to 25 days after irradiation (Table XII) (Michaelson et al., 1967a). 
No sham exposures were reported. 

TABLE XII 

1311 Uptake in Dogs Exposed to 1240-MHz Radiation° 

Percent 131! uptake (24 hours) 
Days after 
irradiation Control Postirradiation 

4 18 40 
11 15 30 
12 21 22 
18 23 34 
25 24 33 

194 21 16 

a Calculated from the data of Michaelson et al. 
(1967a). 
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FIG. 14. Uptake (72 hours) of 1311 in dogs following exposure to 1280-MHz radiation 
at a power density of 100 mW/ cm 2. 

A single 6-hour exposure to 1280 MHz, 100 mW/ cm2, increased the 1311 
uptake (72 hours) between 881 and 985 days after irradiation (P ~ 0.005) 
(Michaelson et al., 1967a). The situation is more complex when considered 
in terms of the time course of the uptake (Fig. 14), which suggests that the 
131I uptake rises from normal values to peak between 850 and 1050 days 
after irradiation and then returns to normal. Radiation at lower power 
densities was not associated with abnormal 131I uptake values 194 days 
following irradiation, which makes the pattern of isotope changes even 
more difficult to understand. Does the 131I uptake increase immediately 
following irradiation, return to normal by 194 days, and increase again 

between 88i and 985 days? There seems to be little doubt that the uptake 
determined between 881 and 985 days after exposure is significantly in
creased when compared to that in "normal" dogs, but the correlation of 
this change with microwave-induced changes in thyroid physiology is not 
clear; similar studies on sham-irradiated and heat-stressed animals would 
be not only informative but necessary for adequate interpretation of such 
changes. The response of the thyroid gland to short-term heat stress is not 
unequivocally established. The experimental variability of 1311 uptake in 
rats exposed to ambient temperatures producing 0.5°C to l0°C increases 
in rectal temperature was too great to demonstrate a significant alteration 
of thyroid function; but the 131I release rate was significantly elevated 
(Johnson· et al., 1966). Some studies suggest that heat stress results in a 
slight depression of thyroid activity in the rat (Imig et al., 1948). 
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Acute temperature elevations in man are associated with an increased 
1311 turnover rate (Leblond, 1943). Michaelson et al. (1967a) have err).pha
sized the potential of microwaves to act as "stressor" agents producing 
hypothalamic stimulation which mediates the changes seen following 
microwave exposure. 

An important article by McAfee (1969) reviewed the possibility of a 
nocioceptive response, perhaps mediated via the reticular activating sys
tem, acting as a cause of the stress reaction. The roles of thyroid and 
adrenal stimulation as components of this stress reaction were discussed. 
The physiologic responses to thermal stimulation of peripheral nerve 
endings were outlined (arousal, hyperpnea, pupillary dilation, heart rate, 
adrenal and pituitary stimulation), and their similarity to direct effects of 
microwave exposure was discussed. Investigations appearing to provide 
convincing evidence for "nonthermal" microwave effects were suggested to 
be more correctly interpreted as unanticipated effects resulting from a 
thermally produced nocioceptive response. This remains to be seen, but it 
behooves investigators concerned with "direct" microwave effects to con
sider carefully the role of such a nocioceptive response in the interpretation 
of their results. 

VII. CHANGES IN TESTICULAR STRUCTURE AND FUNCTION 

The testis sensitivity to thermal stress and its poor ability to dissipate 
heat suggests that it may be the organ most susceptible to microwave 
radiation. This known sensitivity coupled with the possibility of genetic 
damage resulting from microwave exposure has stimulated several investi
gations of microwave-induced testicular damage (Ely et al., 19o4; Imig 
et al., 1948). 

The most systematic and thorough investigation of testicular response 
to microwave radiation was conducted by Ely et al. (1964), who assumed 
that all the effects of radiation resulted from heat generation. The maxi
mum "normal" human testicular temperature, based on these authors' 
animal experiments and the studies of Badenoch (1945) and of Newman 
and Wilhelm (1950), was set at 35.6°C. 

Threshold values of temperature and corresponding exposure times were 
established from their own studies and a review of the literature: 37°C for 
5 days; 37°C for 1 hour; 38.2°C for 1 minute. The criterion of any demon
strable histologic damage was used in the assessment of critical power 
densities and temperatures. The testicles of an anesthetized dog were 
locally irradiated through an opening in absorber material to protect the 
rest of the animal from the beam. 
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High power density studies ( > 100 mW/ cm2) showed the greatest tem
perature rise approximately 1 cm within the surface of the testis nearest 
the beam; therefore, needle thermistors were placed at this position. Differ
ential heating was negligible below 100 mW /cm2; consequently, all studies 
were conducted at lower power densities. 

The testes were removed 3 to 5 days following irradiation, fixed in 
Bouin's solution, sectioned at 6 microns, and stained with either hema
toxylin-eosin or periodic acid-Schiff reagent. The degree of histologic in
jury was graded on a I+ to 3+ scale (Table XIII). 

TABLE XIII 

Degree of Histologic Damage in the Testis following 
Whole-Animal Microwave Exposure" 

Animal 

118 
124 
110 
114 
116 
126 
132 
104 
136 
130 
112 
119 
122 
101 

Degree of Temperature 
injuryb (°C) 

0 36.0 
0 37.0 
0 38.0 
0 38.0 
0 38.0 
1+ 39.0 
1+ 40.0 
1+ 41.0 
2+ 37.0· 
2+ 43.0 
3+ 41.0 
3+ 42.0 
3+ 44.0 
1+ 42.0 

Duration of 
exposure 

(min) 

60 

60 

60 

60 

5.5 

• Calculated from the data of Ely and Goldman 
(1957) and Ely et al. (1964). 

b 1 + Minimal changes in seminiferous tubules; 
tubular lining fenestrated, possibly resulting from a 
loss of adhesion between cells, changes limited to 
tubules adjacent to capsule. Centrally placed 
tubules normal. 

2+ More marked dissociation of tubular lining 
cells associated with focal areas of pyknosis and ap
pearance of giant cells in the lamina. The most 
severely damaged area adjacent to capsule. 

3+ Necrosis, desquamation of cells, hemorrhage 
and lesser degrees of pyknosis, and cellular de
generation. 
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FIG. 15. Power density versus time curves calculated for dog testes of various intra
testicular temperatures. 

The most sensitive specimen was characterized by 2+ reaction at 37°C; 
the spontaneous incidence of such changes in a large population is unknown. 
No correlation was established between 2+ lesions and exposure duration 
or intratesticular temperature; 3+ lesions occurred only in testes heated 
over 41 °C for 60 minutes. The histologic changes were identical to those 
produced by other means of heating; similar changes have been associated 
with nutritional defects, toxins, trauma, and various disease processes. 

The patchy distribution and paucity of seriously damaged tubules 5 days 
following the most intense exposure led the authors to speculate that 
permanent sterilization would be unlikely; however, they emphasized the 
necessity for weight change observations, spermatozoa counts, and fertility 
studies before such a speculation could be confirmed. 

Rectal temperatures at 40.5°C in man are associated with a transient 
decrease in spermatozoa followed by complete recovery to normal levels of 
production (Macleod and Hotchkiss, 1941). 

The curves relating microwave power density and time of exposure to 
intra testicular temperatures are presented in Fig. 15; the curve calculated 
for man is given in Fig. 9. A power density of 5 mW/ cm2 was required to 
maintain a testicular threshold temperature of 37°C. Minimal histologic 
changes were seen at this power density. The importance of clothing and 
sweating on microwave-induced testicular heating was also demonstrated 
(Table XIV). 

Imig et al. (1948) compared the effects of infrared and microwave radia
tion (2500 MHz) on the testes of anesthetized Sprague-Dawley rats. The 
radiation was generated with a diathermy machine and was presumably 
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TABLE XIV 

Environmental Effects on Testicular Heating in 
the Dog Exposed to 3000-MHz Radiation• 

Power density to 
Environmental maintain 38°C intra-

conditions testicular tempera-
ture (mW/cm2) 

Unclothed, sweating 90 
Unclothed, nonsweating 40 
Clothed, sweating 38 
Clothed, nonsweating 20 

• Calculated from the data of Ely and Gold
man (1957) and Ely et al. (1964). 

continuous-wave energy. Power densities were not measured. Microwave 
exposure of 5 to 15 minutes was associated with histologic evidence of 
testicular degeneration at intratesticular temperatures of 31 °C to 35°C in 
50% of the testes studied. No histologic changes were seen in testes main
tained at 38°C for 10 minutes with infrared radiation. Only 67% of the 
testes were damaged by infrared exposure sufficient to raise the tempera
ture to 43°C. The changes seen after microwave irradiation were associated 
with testicular temperatures less than either the intra-abdominal or the 
"normal" range of testicular temperatures reported for the rat. The histo
logic picture of the damage was the same with infrared- and microwave
induced lesions, but, taken at face value, these results suggest that some 
factor other than thermaL-induced injury may be involved in microwave
induced changes. 

It is possible the data could be explained on the basis of differential 
heating which resulted in testicular damage with no temperature rise at 
the site of measurement. The small size of the rat testis would make the 
differential heating problem more difficult to evaluate than in the case of 
the dog testis studied by Ely et al. (1964). It is worth emphasizing that the 
threshold value of 5 mW /cm2 established by Ely et al. was based on the 
criterion of the least demonstrable change, and, as these authors point out, 
a considerably more severe testicular insult would probably be reversible 
and associated with only temporary sterility. 

Very little is known about possible mutagenic effects of microwave radi
ation. Sigler et al. (1965) allude to an association between Down's syndrome 
and paternal exposure to radiation from microwave equipment; this sub
ject is currently being explored in greater detail with an epidemiological 
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study conducted by intestigators at Johns Hopkins University in Baltimore 
(Cohen and Lilienfeld, 1970). 

VIII. THE EFFECTS OF MI CROW AVE RADIATION ON THE EYE 

A. Changes in Lens Opacity 

An excellent review of the ocular effects of microwave radiation has been 
published by Carpenter and Van Ummersen (1968). A major advantage of 
ocular studies is the ease with which an unequivocal defect can be identified 
by ophthalmoscopic or slit-lamp examination. Cataracts appear to be a 
nonspecific response of the lens to damage and may be defined as a defect 
or opacity in the crystalline lens of the eye (Fig. 16). They have been ob
served in disturbances of carbohydrate metabolism, following ingestion of 
toxic substances (naphthalene, dinitrophenol), and as a consequence of 
anoxia or ionizing radiation (Bellows and Nelson, 1944). Cataracts induced 
by ionizing radiation are posterior in location and are not functions of the 
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Fm. 16: Cross section of the eye showing relationship of crystalline lens to other struc
tures. 
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FIG. 17. Cross section of a dog lens; redrawn from a figure presented by Van Hey
ningen (1969). 

particle or photon energy (Krause and Bond, 1951; Cogan et al., 1953; 
von Sallman, 1954). While opacities produced by ionizing radiation are 
located in the posterior subcapsular position (Fig. 17), those caused by 
infrared radiation are anterior in location. 

The lens grows continually throughout life, the rate of growth decreasing 
with age. Following the fifth week of development in humans, all growth 
of the lens is the result of cell division occurring within the single layer of 
epithelium present at the anterior surface (Fig. 17). The cell divisions occur 
exclusively in the narrow region of cells anterior to the equator, known as 
the germinative zone, and the cells produced as a consequence of this 
division move to the lens equator and grow in length to become new lens 
fibers. As each fiber elongates, it curves around deeper and older forma
tions, and the tips of each fiber align themselves in the anterior and pos
terior poles of the lens. The junctions of these fiber tips form a short line 
or suture at the anterior and posterior poles. The new layers of young 
fibers are continually being differentiated, with each additional layer (Van 
Heyningen, 1969) going to form new lens cortex directly beneath the epi
thelium anteriorly and the lens capsule posteriorly. As lens growth con
tinues, the older cells lose their nuclei and become more and more com-
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pressed in the lens nucleus as fresh fibers are being added from the 
periphery. As long as lens growth proceeds normally, as described above, 
the lens remains transparent, but any factor that interferes with the normal 
growth pattern may produce regions of fibers which lacktransparency and 
are misformed. These regions of opacity are termed cataracts. The capsule 
of the lens is believed to be secreted by the epithelial cells and may be 
similar to the basement membrane secreted beneath cells in other regions 
of the body. The lens has no blood supply and must exchange nutrients and 
waste products with the aqueous and vitreous humors. 

Cataracts resulting from ionizing radiation (Imig et al., 1948) develop 
adjacent to the posterior capsule within the cortex. The first change occurs 
in the region of the posterior suture. The latent period-that is, the time 
between irradiation of the eye and opacity development-averages 25 to 
30 days for cataracts induced by ionizing radiation; as discussed below, 
this is much longer than for microwave-induced opacities. 

The nature of microwave cataractogenesis has been developed primarily 
from the studies of Carpenter (1969; Carpenter and Van Ummersen, 1968; 
Carpenter et al., 1961), Zaret et al. (1969), and Birenbaum et al. (1969). 

Two basic techniques have been used in the investigation of microwave 
cataractogenesis: (1) A closed waveguide system in which the eye of the 
animal is placed at the end of the waveguide and the power absorbed by 
the eye is determined from measurements of the forward and reflected 
power. (2) A "free-field" technique where the animal is placed into an 
anechoic chamber and radiation is delivered with an antenna system. In 
the second technique the power absorbed by the eye cannot be measured 
directly, and phantom calorimetric measurements are often performed at 
the position of the eye to estimate the exposure. Because of the large power 
densities needed to produce cataracts, "free-field" exposures are normally 
conducted in the near-field of the microwave antenna. 

The two techniques do not yield the same results; closed waveguide 
exposure produces an anterior cataract formation (Carpenter et al., 1961). 
The position of the cataract is determined by the system used to deliver 
the power to the eye and not by the frequency of the microwave beam 
(Table XV). Birenbaum et al. (1969) present a lucid description of the 
technical problems which must be considered in the design of systems 
used to irradiate animals for cataract production. They have developed a 
waveguide adaptor to channel the microwave beam to the small 0.5-inch 
aperture necessary to limit the beam to the eye. The use of this adaptor 
provides a more accurate and reproducible method for delivering the 
radiation. Insertion of the adaptor is associated with only a 0.3-dB insertion 
loss and effectively matches the eye to the waveguide eliminating the criti
cal E-H tuner adjustments. Development of this adaptor represents a 
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TABLE XV 

Rel,a,tion of Frequency and Mode of Exposure to 

Location of Cataract• 

Frequency 
(MHz) 

2,450 
2,450 
5,500 
8,200 

10,000 
10,000 

Location 
Mode of exposure of cataract 

Anechoic chamber Posterior 
Waveguide Anterior 
Waveguide Anterior 
Waveguide Anterior 
Anechoic chamber Posterior 
Waveguide Anterior 

• Calculated from the data of Carpenter and 
Van Ummersen (1968) and Birenbaum et al. 
(1969). 

significant technical advance m the design of systems used for eye 
irradiation. 

The adaptor was used to study cataract production in rabbits exposed 
to continuous-wave and pulsed radiation at 5500 MHz (Birenbaum et al., 
1969). The animals were anesthetized with chlorpromazine hydrochloride 
(20 mg/kg, intramuscularly) and sodium pentobarbital (35 mg/kg, intra
peritoneally) prior to exposure. The average power causing an observable 
loss of transparency (in at least a portion of the lens) in 50% of the animals 
was defined as the "threshold" value. Logarithmic time-threshold curves 
were obtained when the exposure times for cataract production were 
plotted against the corresponding "threshold" values in both continuous
wave and pulsed experiments. 

Carpenter (Carpenter and Van Ummersen, 1968; Carpenter et al., 1961) 
obtained virtually identical time-threshold curves at 8200 MHz and 10,000 
MHz using similar criteria for definition of "threshold" values. The data 
of Birenbaum et al. and Carpenter and Van Ummersen have been plotted 
on the same coordinate system (Fig. 18), and, in spite of the problems of 
biological variability, different instrumentation, and different frequencies, 
the agreement between the two laboratories is reassuring. The pulsed ex
periments were conducted from 400 to 1000 watts, peak power (duty 
cycle 0.001). There was no significant difference in the ability of continuous
wave and pulsed radiation to induce cataract formation (Fig. 18) (Biren
baum et al., 1969). Pulsed 10,000-MHz radiation with a peak power of 2.6 
watts, duty cycle 0.05, (average power 150 mW) (Carpenter and Van 
Ummersen, 1968) was not .established to be more effective in cataract 
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FIG. 18. Power density versus time thresholds for cataract formation. The solid curve 
represents a power function fit, y = 1188 exp ( -0163), of the 2450-MHz continuous
wave data (o) given by Carpenter and Van Ummersen (1968). The dash-dot-dash 
curve represents a power function fit, y = 1173 exp ( -0.172), of the 5500-MHz continu
ous-wave data (o) of Birenbaum et al. (1969). The dashed curve represents a power func
tion fit, y = 1263 exp ( -0.223), of the 5500-MHz pulsed-wave data ( L:,.) of Birenbaum 
et al. ( 1969). 

formation than continuous-wave radiation of the same average power. 
These results strongly support the view of average power and not peak 
power as the significant parameter in cataract production. 

The time-threshold relationship for cataract production by 2450-MHz 
free-field exposure assumes the same shape (Fig. 19) as closed waveguide 
curves obtained at other frequencies; unfortunately, the power values are 
not comparable because of their entirely different derivations (Birenbaum 
et al., 1969). The power values in the closed waveguide experiments repre
sent total power delivered to the ey(;) surface; the values in the free-field 
exposures were estimated from calorimetric measurements conducted on 
saline-filled plastic spheres. The power contours are greatly perturbed 
when an animal is placed into the free-field; this destroys field uniformity. 
Free-field exposures were further complicated because virtually all experi
ments were conducted within the near-field of the transmitting antenna, 
making power dissipation within the eye even more uncertain. 
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FIG. 19. Power density versus time threshold for cataract formation in the rabbit fol
lowing free-field exposure at 2450 MHz. Calculated from the data of Carpenter and 
Van Ummersen (1968). 

A power density insufficient to result in opacity formation following a 
single exposure may become an effective cataractogenic exposure if re
peated with appropriate timing and spacing of the radiation (Table XVI). 
Opacities were observed in five of five animals irradiated three times at 
280 mW/ cm2 for 3 minutes; the three irradiation exposures were separated 
by 4-day intervals. When the same individual exposures were delivered at 
7-day intervals for a total of five exposures, no opacities were observed in 
five of five animals. Carpenter suggested that an opacity is produced when 
an adequate power density acts for a sufficient period of time to initiate 



TABLE XVI 

Cumulative Effect of Microwave Exposure in the Rabbit at 24.i0 MHz 0 

Number of exposures 
Single Subthreshold Intraocular at intervals of: Number of animals 

Power density threshold exposure temperature 
(mW/cm2) (min) (min) (oC) 1 day 4 days 7 days + Opacity - Opacity 

280 5 3 47.2 5 7 0 
3 5 0 

5 0 5 
80 60 43.3 15 3 0 

10 2 0 
1 0 5 

a Calculated from the data of Carpenter and Van Ummersen (1968). 
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the sequence of events leading to opacification. If either the exposure 
duration or the power density is below a certain value, the damage is 
reparable and recovery can occur provided sufficient time elapses before 
the next exposure. The cumulative effect of repeated exposures to 2500-
MHz radiation has been carefully studied by Carpenter and Van Ummer
sen (see Table XVI). Michaelson (1969) has outlined the differences be
tween the cumulative effects described above and those seen in damage 
induced by ionizing radiation. 

Attempts to define a critical temperature above which opacities are 
produced and below which no opacification occurs have been unsuccessful. 
The response of the lens was independent of the degree of intraocular 
temperature rise and the duration of the temperature elevation (Carpenter 
and Van Ummersen, 1968). The failure to define such a threshold tempera
ture has led Carpenter (Carpenter et al., 1961) to suggest that microwave
induced opacities are not merely the result of microwave heating but are 
caused by some other property of the radiation. The opposite view is pre
sented by Baillie (Baillie et al., 1969), who concluded that opacity produc
tion, directly or indirectly, was a temperature-dependent phenomenon. 
This investigator failed to demonstrate a cumulative effect in dogs sub
jected to radiation during total-body hypothermia. 

There are no investigations reporting opacity production without an in
creased intraocular temperature. The minimum single exposure experi
mentally associated with opacification is 120 mW/ cm2 administered for at 
least 35 minutes (Carpenter and Van Ummersen, 1968). This exposure 
increases intraocular temperature to 43°C. The minimum power density 
associated with opacification under any circumstances is 80 mW/ cm2• This 
power density must be applied in 60-minute exposures given daily for 10 
days. We are not aware of a situation where a power density of less than 80 
mW/ cm2 has been experimentally related to opacification. Intraocular 
temperatures associated with free-field radiation are presented in Fig. 20. 

A power density of 80 mW/ cm2 delivered for 1 hour is associated with 
an intraocular temperature of 43.3°C which elicits no evidence of discom
fort in the rabbit (Carpenter and Van Ummersen, 1968). Power densities 
greater than 120 mW/ cm2 cause considerable discomfort in the rabbit, and 
at 10,000 MHz lethal temperature increases were produced by power 
densities required for opacification, necessitating the use of a shield to 
protect the animal's body. Facial burns with tissue sloughs were often 
observed at power denisites capable of opacity production, but they were 
not consistent findings, possibly because the studies were performed in the 
near-field. 

The analysis of Ely et al. (1964) (Fig. 9) yielded a threshold power 
density of 155 mW/ cm2 when calculated on the basis of an 8°C intraocular 
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FIG. 20. Intraocular temperature of the rabbit during irradiation at 2450 MHz, free
field. Each curve represents the power density as indicated from the data of Carpenter 
and Van Ummersen (1968). 

temperature rise or a maximum temperature of 45°C. An intraocular tem
perature of 42°C is slightly below any of the experimental temperatures 
shown to be associated with opacification (Fig. 20). The steady-state field 
predicted by the equation of Ely et al. necessary to maintain an intraocular 
temperature of 42°C is 120 mW /cm2, in excellent agreement with the mini
mum experimental value associated with opacification in a single-exposure 
experiment (Fig. 19). 

Animals subjected to experimental whole-body irradiation have not de
veloped lens opacities, and no ocular effects have been reported at fre
quencies below 400 MHz (Carpenter et al., 1961). The whole-body expo
sures were conducted at sufficient power densities to effect substantial 
temperature elevations in all the animals studied. Whole-body exposures 
at 400 MHz did not produce opacities even when the radiation was ex
tended to lethal levels (Cogan and Donaldson, 1951; Cogan et al., 1958). 
Michaelson (Michaelson et al., 1961) failed to observe opacities 1 year 
following whole-body irradiation at 2800 MHz, 165 mW/ cm2• 
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B. Metabolic Consequences of Microwave-Induced Opacification 

Merola and Kinoshita (1961) and Kinoshita et al. (1966) have studied 
biochemical changes occurring within the lens following microwave ex
posure. The desired degree of opacification was produced by varying the 
exposure duration of 2450-MHz, 280-mW /cm2 radiation. The specimens 
were irradiated by Carpenter's group at Tuft's University, using the closed 
waveguide technique. 

Microwave exposure apparently alters the permeability of the lens; the 
more severe the opacification, the greater will be the change in cation dis
tribution. The transparency of the lens must be altered before permeability 
changes can be detected. As the opacity matures, there is a large increase 
in water and total cation content of the lens tissue. The changes in perme
ability are probably related to alterations in the integrity of the epithelial 
cells and boundaries of the lens fiber. The capsule is freely perllleable to 
small molecules; cation movement. was not altered following removal of 
the capsule by collagenase digestion (Becker and Botlier, 1965). 

Kinoshita et al. (1966) could not detect changes in the levels of protein 
thiol groups, ·ammonia, or glucose prior to opacity formation. 

A 30 to 50% decrease of the ascorbic acid level occurred prior to opacifi
cation at a time when the ascorbic acid in the aqueous humor was un
changed. After the ascorbic acid level had been substantially decreased, 
the glutathione concentration began to decrease. Glutathione is another 
reducing substance found in high concentration in lens tissue. 

The decrease in ascorbic acid did not occur until 6 hours post-irradiation, 
and the isolated lens did not decrease the ascorbic acid content when heated 
to the same temperature as that produced by microwave exposure. 

The ascorbic acid was determined by 2, 6-dichlorophenol indophenol 
titration of the protein-free filtrate; glutathione was determined by a 
nitroprusside colorimetric assay. Both techniques detect only the reduced 
species of the two compounds, and it is possible that the sum of the reduced 
and oxidized species is unchanged by irradiation. 

The first observable change in cataracts produced by ionizing radiation 
and diabetes mellitus is a decrease in the glutathione content, in contrast 
to the decrease in ascorbic acid which was the first change demonstrated in 
microwave-induced cataracts. 

Available evidence suggests that the lens is unable to synthesize ascorbic 
acid; Hayman (1966) has been unable to demonstrate ascorbic acid syn
thesis from a precursor, n-glucuronate. 

The roles of ascorbic acid and glutathione in lens tissue are not under
stood; it has been postulated that these two compounds may contribute to 
oxygen uptake where the oxygen is used to reoxidize NADPH2 (Van 
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Heyningen, 1969). In the reaction, hydrogen peroxide is produced by the 
photocatalyzed oxidation of ascorbic acid by oxygen, and the glutathione 
may be important in the destruction of toxic amounts of H202. This func
tion is normally mediated via the enzyme catalase which is not present in 
lens tissue. The reaction pathway has been postulated to be: 

Ascorbic acid) (02 
Dehydroascorbic acid H202) c2GSH)CN ADP 

2H20 GSSG N ADPH2 

The change in ascorbic acid content is a unique alteration occurring in 
a tissue following microwave irradiation and, at present, cannot be ex
plained by the usual responses of tissue to nonspecific stress. Further in
vestigation of this phenomenon inay extend our understanding of the 
interaction of microwaves with biologic systems. 

On the basis of experimental studies, the health hazard posed by the 
possibility of microwave-induced cataract formation would appear to be 
minor because the power densities required for opacification are seven to 
eight times the maximum permissible exposure levels suggested for human 
exposure (10 mW/ cm2

). We are not aware of experimental studies demon
strating cataract formation associated with whole-animal irradiation. 

Well-controlled prospective epidemiologic studies associated with accu
rate records of microwave exposure will be required to determine whether 
occupational exposure to power densities in the range of 10 mW/ cm2 or 
lower can result in cataract formation. 

IX. NONTHERMAL EFFECTS OF MICROWAVE RADIATION 

A. Nonthermal Definitions and Maximum Permissible Exposure Levels 

The term nonthermal would generally be used to characterize those 
effects of microwave radiation that are not directly related to thermal 
stress; such effects have also been characterized as athermal, direct, and 
specific. 

To facilitate a consideration of safety standards and maximum permis
sible exposure (MPE) levels, nonthermal effects can be subcategorized 
into low-level and high-level effects. The latter, while not directly related 
to thermal stress, may occur at power densities which do elicit a thermal 
stress. Such high-level nonthermal effects have been discussed in previous 
sections of this chapter, and from these foregoing discussions it should be 
clear that the separation of high-level nonthermal effects from thermal 
effects is an extremely difficult problem for the investigator. The authors 
are not aware of unambiguous examples of high-level nonthermal effects 
at microwave frequencies. 
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While generally accepting the possible existence of high-level nonthermal 
effects, most investigators in the West and in the United States, in particu
lar, disregard the validity of most reported low-level nonthermal effects 
of microwave radiation. Accordingly, safety considerations in the West, 
based totally on the threshold of thermal stress, have led to a MPE power 
density of 10 mW /cm2 for all microwave frequencies. Under the 1968 
Radiation Control for Health and Safety Act, the U.S. Department of 
Health, Education, and Welfare, Bureau of Radiological Health, has the 
responsibility of establishing and enforcing standards of performance that 
keep microwave leakage below 10 mW /cm2 near such devices as microwave 
ovens. 

Soviet and Czechoslovakian investigators, on the other hand, base MPE 
levels on the existence of low-level (::; 10 mW/ cm) non thermal effects. The 
actual MPE values used in Eastern Europe depend on the exposure dura
tion; however, in all cases they are at least an order of magnitude lower 
than the Western standard: ::; 1 mW/ cm2 (Mar ha, 1971). 

B. Low-Level N onthermal Studies in Eastern Europe 

The emphasis of Eastern and Western research during the 1950's and 
early 1960's closely reflected the different viewpoints on low-level non
thermal effects. While Western scientists were concentrating on thermal 
effects, Soviet and Czech investigators emphasized low-level irradiation 
studies. 

Since the amount of detailed experimental information regarding Eastern 
European low-level nonthermal studies is limited, a critical analysis has 
not been attempted. Several recent comprehensive literature surveys have 
been published in the West (Dodge and Kassel, 1966; Dodge, 1969; Healer, 
1969), and three books, one from Czechoslovakia and two from the Soviet 
Union, are available in English translation (Marha et al., 1971; Presman, 
1970; Gordon, 1970). These sources should provide the interested reader 
with an excellent overall picture of the Soviet and Czech viewpoint on 
low-level nonthermal microwave radiation and other types of nonionizing 
electromagnetic radiation excluding lasers. 

Although a wide variety of effects are reported in the Eastern European 
literature, the majority involve the central nervous system; these latter 
effects are often suggested to result from changes in the structure and 
chemical reactivity of neural cells (Michaelson and Dodge, 1971). In gen- ~ 
eral, there seems to be no sharp dependence of the reported effects on the 
frequency of the radiation. There is some evidence that pulsed radiation 
may produce effects more readily than continuous-wave radiation of the 
same average power density (Marha et al., 1971); peak power densities 
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occurring in pulsed radiation such as that from radar transmitters can 
often exceed average power densities by several orders of magnitude .. 

C. Low-Level N onthermal Studies in the United States 

During the past several years, concern over possible low-level effects of 
microwave radiation has steadily increased in the West and the research 
emphasis 'Seems to be shifting accordingly. This concern is based partly 
on the limited number of experimental studies conducted in the West and 
partly on the recollection that Soviet scientists were aware of ionizing 
radiation hazards long before most Western investigators. 

An excellent review of low-level studies conducted in the United States 
during the past decade has been published by Frey (1971). The major 
effort during this period has been made by Frey himself. His studies have 
centered on brain function, sensory function, and heart function with 
emphasis placed on the development of proper experimental controls and 
techniques. Frey has apparently found some low-level nonthermal effects 
at average power densities as low as 0.1 mW /cm2

• In addition, his findings, 
like those of the Soviets, suggest that peak power density is the important 
parameter. Frey suggests a number of possible mechanisms responsible for 
his observed effects,. although there appear to be insufficient data to test 
these hypotheses. The problem of interpreting these effects is hindered by 
the lack of understanding of how the nervous system codes, transfers, and 
stores information. The authors are aware of no published attempts to 
reproduce Frey's results; hopefully, such endeavors are in progress or 
forthcoming. 

An important study not covered in Frey's review has recently been re
ported on by Kaplan et al. (1971). This study involves a careful attempt 
to duplicate a Soviet study by Presman and Levitina (1963a,b), Soviet 
scientists who espouse the view that low-level nonthermal effects produce 
neurophysiologic responses. The study involved monitoring the heart rate 
of rabbits undergoing dorsal irradiation of the head with 2400-MHz con
tinuous-wave microwaves at a power density of 10 mW /cm2• The American 
investigators found no significant difference between the heart rate during 
or after irradiation and the heart rate of the rabbits prior to irradiation. 
Under similar conditions, the Russians had reported changes in heart rate. 
After analyzing the inherent variability in heart rate observed in their 
studies, Kaplan et al. suggested that heart rate effects reported in the Soviet 
study might have been chance variation. 

While the above study alone does not allow a definitive statement on 
low-level nonthermal effects, the approach of duplicating Russian and 
other Eastern European studies is commendable. Unfortunately, the 
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dearth of experimental details available in the literature makes it difficult 
to replicate exactly most of the Eastern studies. 
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